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ABSTRACT

This dissertation presents the methods and experimental results of studies on electronic thermal
transport in mesoscopic conductors by means of radio frequency Johnson noise thermometry. In
particular, we present the application of these methods to study the electronic thermal conductivity
of monolayer graphene over a wide range of temperatures, charge densities, and magnetic fields.

A comprehensive theory of thermal noise in conductors is formulated in a language convenient
for high frequency measurements of mesoscopic samples. Auto- and cross-correlated Johnson noise
thermometry is demonstrated over the temperature range of 3 — 300 K and in magnetic fields up
to 13 T', achieving a sensitivity of 5.5 m K (110 ppm) in 1 s of integration time. Techniques for
overcoming the challenges of measuring devices with resistances that dynamically vary over multi-
ple orders of magnitude are presented. Impedance matching circuits, capable of withstanding the
harsh measurement environments of condensed matter experiments while remaining stable across
the extreme changes in temperature and magnetic field, are described. A systematic and robust cali-
bration procedure for converting noise power to electronic temperature is outlined which allows for
the inevitable drift of device resistance that often plagues mesoscopic experiments. With the ability

to measure electronic temperature, the thermal conductance between the electronic system and a
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thermal bath can be measured.

We quantitatively discuss the various cooling mechanisms of the quasi-relativistic electrons in
graphene and how they combine to create a complicated thermal network. Moreover, we present ex-
perimental techniques to disentangle these mechanisms allowing the study of each cooling pathway
independently. Using these methods, the electron-phonon coupling of clean graphene is quanti-
tatively compared to theoretical estimates and found to be an order of magnitude larger than that
predicted for graphene intrinsic acoustic-phonons and the disorder-assisted supercollision mecha-
nism. We find that at low temperature and high carrier density, the thermal conductivity of diffusive
monolayer graphene closely obeys the Wiedemann-Franz law.

Near the charge neutrality point, we present evidence that the electronic system in monolayer
graphene forms an electron-hole plasma with collective behavior described by hydrodynamics. This
charge-neutral plasma of quasi-relativistic fermions, known as a Dirac fluid, exhibits a substantial
enhancement of the thermal conductivity, due to decoupling of charge and heat currents. We report
an order of magnitude increase in the thermal conductivity and the breakdown of the Wiedemann-
Franz law in the thermally populated charge-neutral plasma in graphene. A novel hydrodynamic
framework in the presence of charge disorder — in the form of a spatially varying chemical potential
— is presented and compared quantitatively to our experimental results.

Lastly, measurements for the low temperature thermal conduction of graphene under a mag-
netic field are presented. We report data spanning from zero field, through the quantum oscillation

regime, and into the quantum Hall regime.
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Sometimes science is a lot more art than science. A lot of

people don’t get that.

Overview

THIS DISSERTATION DESCRIBES MEASUREMENTS OF THERMAL TRANSPORT in two-dimensional
systems. While it focuses primarily on extracting the electronic thermal conductivity of graphene,
the techniques described here are quite general. Probing the thermal characteristics in these ma-

terials requires a new thermometry technique capable of dealing with the challenges unique to



low-dimensional systems. Van der Waals heterostructures, for example, often contain several thin
electrical layers separated by atomic distances; precise knowledge of their individual temperatures is
critical in characterizing these structures. A good thermometer should have fast measurement times,
high accuracy, no magnetic field dependence, and a wide operating temperature range. Nanoscale
thermometry imposes additional challenges: the measurement process should be non-perturbative
to avoid thermal agitation of minute heat capacities, it should measure electron temperature directly
as weak electron-phonon coupling can result in different steady state electronic and lattice temper-
atures, it should be local and selective to distinguish temperatures of densely packed elements or
layers, and it should not require additional complicated processing of the device.

While the above requirements rule out many commonly used thermometry techniques, John-
son noise thermometry (JNT) stands out as a natural solution. Fundamentally based upon the
Fluctuation-Dissipation theorem, JNT is a primary thermometry having a straight forward inter-
pretation, independent of the material details. Analogous to radiation thermometry, JNT measures
temperature by passively monitoring fluctuations of the conducting components within the device
without the need for current excitations.

Chapter 2 outlines the fundamentals of Johnson noise thermometry and with a focus on measure-
ments of noise in mesoscopic systems at high frequency. A general framework for quantifying the
noise emitted by a device with a nonuniform spatial temperature profile is developed. We demon-
strate techniques for impedance matching devices with resistances which vary dynamically over mul-
tiple orders of magnitude. Experiments quantifying the performance of auto- and cross- correlated

JNT of a macroscopic resistor are presented.



Chapter 3 describes the various cooling mechanisms of hot electrons in low-dimensional systems.
The theoretical treatment of diffusive cooling of electrons in metals, known as the Wiedemann-
Franz Law, is presented as well as its limits in the high and low heating regimes. We then quanti-
tatively discuss the coupling of hot electrons to phonons with an emphasis on graphene electron-
phonon coupling.

Chapter 4 uses the foundations developed in the previous chapter to outline a technique to ex-
tract the electronic thermal conductivity using JNT paired with Joule heating. The intimate connec-
tion between dissipation (Joule heating) and fluctuations (Johnson noise) results in a measurement
which is insensitive to the device geometry or the form of the conductivity tensor.

Chapter s presents data on the thermal conductivity of monolayer graphene doped away from
the charge neutrality point. As expected for a degenerate Fermi liquid with a well defined Fermi
surface, we find good agreement to the Wiedemann-Franz law at low temperature. At high tem-
peratures we find electronic cooling to be dominated by coupling to phonons and we extract the
amplitude and thermal exponent characterizing the power transfer.

Chapter 6 details our experimental findings for graphene in the non-degenerate regime. Similar
to the data in chapter s, at low temperatures we find that graphene obeys the Wiedemann-Franz
law while at sufficiently high temperatures electron-phonon coupling dominates. However at in-
termediate temperatures, we find that inter-particle scattering results in a decoupling of charge and
heat currents at the neutrality point and the Wiedemann-Franz law is violated. We compare this
strongly-interacting electron-hole plasma of quasi-relativistic fermions (known as a Dirac fluid) to

hydrodynamic theories with weak disorder.



Chapter 7 presents a hydrodynamic description of the Dirac fluid with disorder treated as a spa-
tially varying chemical potential. Based on relativistic conservation laws, the hydrodynamic equa-
tions are presented for two-dimensional systems to first order. The Dirac fluid in graphene is briefly
reviewed and placed in the context of these equations. The experimental data of chapter 6 is then
compared to numerical results of this hydrodynamic model.

Chapter 8 contains our most recent results on extending our thermal conduction measurements
of graphene into high magnetic fields. The generalized transport coefhicients in two-dimensions
are defined in tensorial form and a description is given for their classical behavior in the presence
of a magnetic field. Thermal conductance of low temperature graphene is measured via Joule heat-
ing and Johnson noise from zero field to 13 T'. We find quantum oscillations in the thermal signal
which diverge as the system enters quantum Hall.

Appendix A contains technical information about the measurement apparatus and Appendix B

contains details of the hydrodynamic calculations from chapter 7



In theory, theory and practice are the same thing, but in

practice...

Adam Savage

Johnson noise thermometry

GIVEN ANY PROCESS IN WHICH AN APPLIED FORCE GENERATES HEAT, the reverse process must
also exist and, therefore, thermal fluctuations must cause fluctuations in that force. The idea that
the same physics governing the dissipation of an object moving through some environment is re-

sponsible for the apparent random motion of that object was originally described by Einstein in



the context of pollen grains [1]. The generalized fluctuation-dissipation theorem [2] quantifies this
statement for linear systems' by relating the power spectral density Sp(w) to the real part of the

generalized impedance Z(w) [3].

Sp(w) x kT R[Z(w)] (2.1)

Nearly a quarter of a century later, Nyquist [ 4] related Einstein’s description of Brownian motion

to the electrical noise measured by Johnson [s, 6]. Although all the key components were in place, it
would take until 1946 for the first noise thermometer to be built [7]. The general idea is to measure
the noise spectrum emitted by a device and thus determine its electronic temperature. Johnson noise
thermometry (JN'T) is analogous to radiation thermometry where the blackbody spectrum of an

object is used to determine its temperature — in fact, both rely upon modified versions of eq 2.1

2.1 THERMAL NOISE IN RESISTORS

JOHNSON NOISE, OFTEN REFERRED TO AS JOHNSON-NYQUIST NOISE, was first measured in
1927 [5]. Johnson found the fluctuations in the squared voltage across a resistor were linearly pro-
portional to both the resistance and the temperature and independent of the conductor being mea-

sured. The following year, Nyquist derived the form of the noise spectral density through a simple

THere a linear system is one where the force acting on a particle is proportional to its velocity — i.e. F/v is
constant



R R

Figure 2.1: Schematic of Nyquist’s famous thought experiment. Two resistors in thermal equilibrium are connected
end to end and allowed to transfer energy between them via thermal current fluctuations.

thermodynamic argument. Consider two identical resistors in thermal equilibrium at a temperature
T connected such that any noise emitted by one is absorbed by the other, as shown in Fig. 2.1. As the
resistors are in thermal equilibrium, we know the power being absorbed by a given resistor per unit
frequency must be equal to the thermal energy being emitted, £gT'". If we represent the Johnson
noise of the first resistor as a series voltage source with squared fluctuations, VJQN, the power dissi-

2 V. 2
pated in the second resistor per unit frequency is given by I“R = (%) R as the total resistance

of the circuit is 2R. Setting this equal to kpT'/A f leads us to Nyquist’s famous result.
SV (w) = 4R]€BT (2.2)

This derivation holds regardless of the conductor, be it an electrolytic solution or graphene in a
quantum Hall state. However, there is a glaring problem with extending this formula to high fre-
quency; similar to the UV-catastrophe in black-body radiation, Nyquist’s formula extends to infinite

energies as it lacks a high frequency cutoff. This is fixed by quantum mechanics resulting in a rolloft



of the noise spectrum centered at fuww = kT

Sy (w) = 4hw R(Z) % b /2BT) — (23

This high frequency cutoff was seen experimentally by Schoelkopf, et al. [8] and is only of practical

import at high frequencies (> 1 G H z) and low temperatures (< 1 K).

2.2 RESISTOR NETWORKS: THE JOHNSON NOISE TEMPERATURE

As NOISE IS A RANDOM PROCESS, finding the spectral density of multiple resistors connected to-
gether into a network is not a simple matter of adding the voltages and/or currents via Kirchoft’s
laws, but instead the mean squared voltages (V2) and/or mean squared current (I2) must be com-
bined. This is a property of Gaussian distributed noise: adding together two Gaussian distributions,
each with mean 0 and variance o, with result in another Gaussian distribution with mean 0 and
variance 207

To find the noise emitted by two resistors in series with resistance 21 and Ry and temperature 77

and 15, we add their mean squared voltages.

(V?) = dkp(Ri Ty + RoTo) Af (2.4)

TThis is why mean squared error is often a useful metric. If errors are unbiased and Gaussian distributed
then summing their variance is appropriate.



While in the case of the same two resistors in parallel we must add their mean squared currents.

2 _ h T >
(1) = ko (3 + 2 ) Af (25)

This process can be extended to any network of discrete, two-terminal resistors in analogy to Kir-
choff’s laws.
An effective “Johnson noise temperature” for a given resistor network can be defined as the tem-

perature, Ty v, such that the total noise emitted between two given terminals of the network is:
(V2 = 4kgRAf x Tyn (2.6)

where R is the total two-terminal resistance. For an arbitrary network with many terminals, 77y v
will differ depending upon which two-terminals the noise is measured between. For resistors in

series we can see from Eqn. 2.4

R R
(V?) = 4kpR (RIT1 + an) Af (2.7)

and thus we can define the Johnson noise temperature for this network as:

T =3 o, 8)
i



Similarly from Eqn.2.5 we see that for resistors in parallel

(V3 =(I*) x R* = 4kBRAf( T1 + RETQ) (2.9)

R
TJpJ%rallel _ Z EE (2.10)
i

These equations are unified by considering the relationship between the power dissipated in a par-
ticular resistor F; from a voltage across the two terminals of the network (or equally a current across

the network) compared to the total power dissipated over the entire network Fy. For the resistors in

series P;/ Py = R;/ R and for resistors in parallel P;/Py = R/R;. Thus in both cases:

P
TN = P T (2.11)

In fact, this is quite general and holds for any combination of resistive elements. It stems from the
fluctuation dissipation theorem and can be summarized by the statement: The voltage fluctuations
created between two terminals of a resistor network due to the thermal fluctuations of a given ele-
ment in that network are exactly given by the normalized power dissipated in that element due to an
external voltage placed on those terminals.

In the continuous limit, Eqn. 2.11 can be used to find the noise emitted by a device with a spatially
non-uniform temperature profile T'(7) by solving for the spatial power dissipation profile P (7).

fP )« T'( f‘)dr (212)
P 2.12

TN =

I0



where 7’is over the spatial dimensions of the device. Eqn. 2.12 is the main result of this section.

2.3 JOHNSON NOISE IN RF circuITsS

WHEN MEASURING JOHNSON NOISE AT HIGH FREQUENCY, it can be useful to reformulate the
problem into the language of microwave circuits. The Nyquist theorem, Eqn. 2.2, can be rewritten
to describe the average power, (P), absorbed by an amplifier coupled to a device with reflection

coefficient I'2:

(P) = kpTAf (1-1?) (213)
and
Z-Z
=752 (2.14)

where Z is the complex impedance of the device and Z is the characteristic impedance of the mea-
surement circuit — typically 50 £2. In this form is it quite easy to see the thermodynamic origins of
the Nyquist equation. A device at temperature 7" radiates a power of kg7 per unit frequency; some
of that power is absorbed by the measurement circuit, and some is reflected back to the sample. All
the resistance dependence of the noise power is captured by I” T, With this new formulation, the im-

portance of minimizing I" becomes apparent. For high frequency Johnson noise thermometry to be

Tthis is also a nice proof for why I" in any non absorptive 2 port device must be symmetric, I = I5. If
this was not true, we could place the device between two resistors in thermal equilibrium and one would heat
the other. Two-port devices which report asymmetric coefficients often include internally terminated third
ports.

II
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Figure 2.2: High level schematic of a typical Johnson noise thermometry measurement circuit. Noise from an
impedance matched sample is amplified and a measurement bandwidth is selected using a homodyne mixer and low-
pass filter. The noise power is then measured with a power diode or linear multiplier. A microwave switch acts as a
chopper and the signal is measured using a lock-in amplifier.

effective, we must match the impedance of the device to the measurement circuit. For devices with
two-terminal resistances far from 50 {2, it is beneficial to add impedance matching circuits to trans-
form the device to match Zy — a good rule of thumb is that resistances less than ~10 {2 or greater
than ~250 {2 tend to benefit from matching circuits. As can be seen from Eqn. 2.13, the larger the
measurement bandwidth A f the larger noise signal. In practice, measurement bandwidths are often
limited by either the impedance matching circuitry or the amplifier bandwidth; operating at higher

frequencies typically increases both these limiting bandwidths.

2.4 AN AUTOCORRELATION RF NOISE THERMOMETER

F1G. 2.2 SHOWS AN EXAMPLE OF A TYPICAL, Dicke style [7], radiometer used to measure the tem-
perature of a 50 {2 sample. Radiation from the resistor is coupled into a transmission line termi-
nated with a low noise amplifier (LNA). A typical noise spectrum, collected directly from the out-

put of the LNA, is shown in Fig. 2.3. The signal-to-noise ratio of a noise measurement is mostly

12
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Figure 2.3: A typical spectrum collected directly from the output of a low noise amplifier (Miteq AU-1291, ~65 d B
gain, ~100 K noise temperature) with the input terminated with a 50 {2 resistor. The spectrumiis flat until the am-
plifier gain begins to roll off above 500 M H z. The amplitude of the “white” spectrum is proportional to the resistor
temperature added to the amplifier noise temperature.

determined by the front-end LNA [9] so care should be taken in selecting the right amplifier. The
SiGe LNA (Caltech CITLF3) used throughout the majority of this thesis has a room temperature

noise figure, in the frequency range of 0.01 to 2 G H z, of about 0.64 d B, corresponding to an in-
trinsic noise temperature of 46 K.

Even though Johnson noise has a flat “white” spectrum, it is important to filter out unwanted
1/f low frequency fluctuations (< 100 kH z) as well as high frequency noise produced where
the amplifier gain begins to roll off. This can be done using high- and low- pass filters (producing a
spectrum similar to that shown in Fig. 2.4, or with a homodyne mixer and low-pass filter combo, as
shown in Fig. 2.2.

Once amplified and cleaned, the total noise power can be measured in a few ways: a spectrum

13
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Figure 2.4: A typical Johnson noise spectrum after amplification and filtering using SMA high- and low-pass filters
(mini-circuits SLP and SHP series). This square band can then be integrated to find the total noise power and thus the

temperature of the resistor.

analyzer or digital Fourier transform can read the spectrum directly, a linear multiplier can square
the signal and the mean voltage can be measured, or a high frequency power diode and low pass
filter combo can convert the power to a proportional DC voltage. Each technique has its own advan-
tages/disadvantages and in a typical experiment multiple techniques are used.

When presented with a new device or noise setup, a spectrum analyzer is often the first measure-
ment to be done; it provides the most in-depth look into the noise of the system and readily shows
problem areas such as narrowband noise, parasitic resonances, and/or amplifier performance. Af-
ter initial setup, however, spectral detail becomes less important and measurements speeds can be
significantly enhanced by moving to an all analog setup.

A linear multiplier (as shown in the schematic Fig. 2.2) can be combined with an RF power split-
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ter and a DC voltmeter to directly measure (V'2). Operating from DC to 2 G H z, the multiplier!
serves as a square law detector with 30 dB dynamic range. A JNT using a multiplier is fast and has
the added capability of measuring the autocorrelation function, (V' (¢)V (¢t — 7)), by simply adding
adelay, 7, to one arm of the splitter. While more complicated to set up, once operational a multi-
plier is a good combination of speed and versatility.

The simplest of the three power detectors discussed here is an RF power diode/low-pass filter
combo (e.g. Pasternach PE8ooo-50). These detectors input an RF signal and output a DC voltage as
shown in Fig. 2.5. The output capacitance of these detectors can be quite large so, if a thermal mod-
ulation faster than a few 100 H z is required, care must be taken in choosing an appropriate model.
Nevertheless, this is the detector used most commonly in the experiments detailed in chapters 6 and
8 due to its wide dynamic range (30 dB), small sample package, and ease of use.

Once the noise power is converted to a DC voltage it can be read by a common voltmeter. To in-
crease the sensitivity it is useful to modulate the noise power. When measuring mesoscopic samples
this can be done by modulating the electron temperature via Joule heating. However, in the case of
a macroscopic resistor, a microwave switch can be placed after amplification to act as a chopper. The
resulting signal can then be integrated using a lock-in amplifier.

We can test the noise circuit shown in Fig. 2.2 by attaching a resistor to a coldfinger and varying
the temperature from 3 K to 300 K. The results are shown in Fig. 2.6. As the sample temperature
is lowered, the noise reduces linearly as expected from Eqn. 2.13. However, if we extrapolate the data

to zero temperature, we see residual noise; this offset is due to all the other (temperature indepen-

T Analog Devices AD L5931
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Figure 2.5: Calibration curves for the Pasternach PE8000-50 power detector. A monochromatic signal of known
power is supplied using a microwave source (Stanford Research Systems) and the output is measured using a voltmeter
(Keithley 2400). The detector has a flat frequency response up to 1 GHz and shows linear behavior from -45 dBm to

-15 dBm (30 dB dynamic range)
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Figure 2.6: Johnson noise of a 50 {2 resistor measured by the circuit shown in Fig. 2.2. Inset show the lock-in amplifier
output. The signal is converted to noise power by the Nyquist equation. The solid line is a linear fit with an offset of
68 K due to amplifier noise

dent) noise sources in the system — primarily the front-end amplifier. It is useful to quantify this
offset in units of Kelvin and is often called the “system noise temperature”. Here we find a system
noise temperature of 68 K using a room temperature amplifier. More details on this circuit can be

found in Ref. [10]

2.5 UNCERTAINTY IN NOISE MEASUREMENTS

EVEN NOISE HAS NOISE. There are 2 main areas of uncertainty in a noise measurement. The first
comes from the fact that noise is stochastic and deals with how well you know the variance of a

Gaussian after measuring some amount of time. If the measurements you take are discrete and
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Figure 2.7: 500 repeated Johnson noise measurements of a 50 {2 resistor at 50 K using two different measurement
bandwidths. The high bandwidth data has smaller statistical fluctuations than the low bandwidth data.

uncorrelated then we get the usual 1//n dependence, but what do we do if we are measuring a
continuous signal? It turns out that this is an old problem which stems back to the 1940’ and mea-
surements of noise on telephone lines [11]. In 1944 Rice showed the effective number of uncorre-
lated measurements is related to the number of unique zero crossings of the signal and is given by
the product of the measurement time 7 and the effective noise bandwidth" A f. The surprising fact
that the wider the measurement bandwidth the lower the uncertainty, is counter to many experi-
ments where high Q filters are desired to lower the background noise; nevertheless, it can be seen
experimentally, as shown in Fig. 2.7

The second source of uncertainty comes from external noise sources, such as amplifiers, and boils
down to the question: of the noise you measure, what amount comes from the sample? Quantita-
tively, this can be thought of as a constant offset to the sample temperature and is called the system

noise temperature T,,}. In an autocorrelated noise measurement, 7}, can be estimated as the offset of

TThe effective noise bandwidth is defined as the width of a perfect square band that passes the same noise
power as the true filter function.
It should be noted that the system noise temperature can be quite different from an amplifiers intrinsic
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a linear fit to the noise power vs sample temperature, as shown in Fig. 2.6. This offset is highly sen-
sitive to the noise in the front-end amplifier, the sample impedance matching, and the bandwidth
being measured, as discussed in section 2.7.

Combining these two sources of error we arrive at the famous Dicke radiometer formula [7]:

- T+T,
0T = 7\/7_74}0 (2.15)

where 07" is the uncertainty in the measured temperature.

We can directly compare Eqn. 2.15 to experiments by repeating a measurement many times and
studying how it fluctuates about the mean. Fig. 2.8 compares two histograms, both containing
20, 000 autocorrelation measurements at 50 K with 50 ms integration time but using two differ-
ent bandwidths: 28 and 328 M H z. A sensitivity of 5.5 mK (110ppm) in 1 second of integration

time was achieved using 328 M H z bandwidth on a 50 K signal.

2.6 IMPEDANCE MATCHING

LIFE DOES NOT ALWAYS GIVE YOU 50 {2 SAMPLES. Eqn. 2.13 illustrates the importance of min-
imizing the impedance mismatch between the sample and the measurement circuitry — typically

50 {2. The central principle is to use non-dissipative components to transform the total impedance

noise temperature which often assumes a perfectly matched input impedance. See the section 2.7 for more
details
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Figure 2.8: Histograms of 20,000 auto-correlation temperature measurements for 28 and 328 M H z bandwidth
using 50 m s integration time. Histogram peaks are normalized to 1 for clarity. All data is taken on a 50 K resistive
load.

Figure 2.9: Schematic of an LC tank circuit setup in a low-pass configuration used to transform a sample resistance R
to match the characteristic impedance of a measurement circuit Z.

to Z(wp) = 50407 £2 at some frequency wy. Impedance matching mesoscopic devices has a unique
set of challenges: electrostatic gates and high magnetic fields can cause device impedances to change
by multiple orders of magnitude, cryogenic temperatures require the use of only thermally stable

components, and large magnetic fields restrict the use of ferrite inductors.

2.6.1 LC TANK CIRCUITS

A COMMON WAY TO ACHIEVE MATCHING is to use an LC circuit. These transformation circuits,

known as a tank circuits, can be arranged in several ways but the configuration most useful to these
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experiments is that of a low-pass filter — i.e a shunt capacitor followed by a series inductor as shown

in Fig. 2.9. The impedance of such a circuit is given by:
Z(w) = (Ry ! +iwC) ™ +iwL (2.16)

where L and C are the series inductance and shunt capacitance values, respectively. Proper matching

requires solving Eqn. 2.16 under the condition:
Z(wp) =50+ 0i £2 (2.17)

where wy is the center of the measurement band. Fig. 2.10 shows a plot of the real and imaginary
components of Eqn. 2.16 with Ry = 1 k2. For the right choice of C' and L, the imaginary part of
the complex impedance crosses zero when the real part is 50 §2. Combining Eqn. 2.16 and Eqn. 2.17

for a given Ry, wp and Zj gives us the needed inductance and capacitance values.

| RoZy 1
L = C = 2.18

While in theory adding a precise inductance and capacitance to a device is straight forward, in

practice real devices can have a not insignificant amount of stray capacitance*. To account for this we

can use a variable capacitor and tune the matching circuit to each device. One simple, temperature

Tstray inductance is also possible (particularly if long wire bonds are necessary) but is usually negligible for

the resistance and frequency ranges in this thesis
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Figure 2.10: The real and imaginary impedance of an LC tank circuit (Eqn. 2.16) with Ry = 1k2,C = 4.5pF’,and
L = 220 nH. The imaginary component cross zero as the real component is 50 2.

independent, magnetic field compatible capacitor that can be easily tuned is a set of twisted pair
wires. Fig. 2.11 shows an example of a matching circuit using a twisted pair capacitor before and after
tuning.

A vector network analyzer (VNA) is used to measure the sample reflectance I'> = S to ensure
the sample is properly matched. Fig. 2.12 shows how the reflectance changes for a 1 k{2 sample resis-
tance and 220 nH series inductance as the capacitance is tuned. When properly tuned we measure a
large dip in S%; signifying the sample is well coupled to the 50 {2 transmission line.

After matching, the noise spectral density emitted into the measurement circuitry is no longer
flat but instead shaped by I" in accordance to Eqn. 2.13. This point becomes clear when looking at
the noise spectra emitted by an impedance matched sample at various temperatures — as shown
in Fig. 2.13. Two features of these spectra stand out prominently: first, the background noise is no

longer flat but has structure and, second, the increase in noise as the sample temperature is raised
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Figure 2.11: Images of an impedance matching circuit before (left) and after (right) capacitance tuning. A long piece of
twisted pair wire shunts the sample and an inductor (Coilcraft RF Air Core) is placed in series. To tune the capacitance,
the twisted pair wire is cut shorter and shorter while the reflectance is monitored.

Figure 2.12: Reflectance curves while tuning a matching circuit for Rp = 1kf2and L = 200nH. The rightmost
curve (green) corresponds to the lowest capacitance and the leftmost curve (blue) corresponds to the highest. Each
curve is the result of cutting off a section of twisted pair wire as shown in Fig. 2.11.

23



Figure 2.13: Amplified noise spectrum from a device, impedance matched using an LC tank circuit, at various temper-
atures. The background noise is no longer flat as the amplifier is not properly terminated at all frequencies. As the
device temperature is raised, the spectral density increases non-uniformly as different frequencies couple differently
to the circuitry as determined by Eqn. 2.13

is not the same at all frequencies. The result is that we are no longer free to select just any measure-
ment bandwidth but must carefully choose filters suited to the reflection profile.

In most mesoscopic measurements, the resistance of the device under test varies throughout the
experiment; whether electrostatic gates modulate the carrier density, strong magnetic fields drive the
system into quantum hall, or cryogenic temperatures modify the conductivity, matching networks
should operate over a wide dynamic range of input impedances. The response of a single stage LC
matching network coupled to a variable resistance device is shown in Fig. 2.14. The device is opti-
mally matched around 450 {2 but maintains more than 10 d B coupling between 200 {2 and 1 ££2.

As the resistance drops, we see the appearance of the trivial solution to Eqn. 2.16 of Ry = 50 {2 and

Tin this case a graphene device modulated via an electrostatic gate
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Figure 2.14: Reflection coefficient |51 1 |2 for a single stage LC matching network as a function of device resistance.
The left plot shows the full data set with a maximum coupling efficiency of more than 30 d B. The right plot shows the
same data with the color scale adjusted to highlight 1 d B changes up to a maximum of 10 d B (corresponding to 90%
coupling efficiency). All data taken from a graphene device at low temperature using an electrostatic gate.

w=0Hz.

2.6.2 MULTI-STAGE MATCHING

MAGNETO-THERMAL TRANSPORT STUDIES discussed in chapter 8, require devices to vary in resis-
tance over multiple ordered of magnitude. Single stage LC networks are insufficient to cover this
wide range. Fig. 2.15 shows the loss of coupling in a single stage LC tank circuit at high device resis-
tances. In this situation, multiple LC stages can be used to increase the dynamic range.

Multi-stage LC networks allow you to match a wider area of the resistance-frequency spaceT by

TThis is a well known solution to a similar problem in audio recording. Multi-stage impedance transform-
ers are used to capture the full audio range [12].
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Figure 2.15: Reflection measurements of a single stage LC tank circuit coupled to a graphene device at different resis-
tances. At high resistance the coupling drops off and reflection is high.

Figure 2.16: Schematic of a double-stage LC matching network. The device resistance Ry is transformed to match the
characteristic impedance of the measurement circuit Z using two LC tank circuits. This results in a wider matching
bandwidth and/or larger dynamic range depending on the values of the reactive elements.

giving you multiple solutions to the equation Z(w) = Zj. An example schematic of a two-stage LC

tank circuit is shown in Fig. 2.16. The resulting impedance takes the form:

_ 1 -1
Z(w) = { [(Roil + iwCh) L4 ile] + iwC’g} +iwlo (2.19)

Eqn. 2.19, under the constraint defined by Eqn. 2.17, can have multiple solutions for the same set
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Figure 2.17: Real and imaginary components of Eqn.2.19for R = 1k{2,Cy = 1.9pF, L1 = 430nH,C5 =
8.6 pF,and Ly = 96 nH. The impedance goes to 50 + 01 {2 at two nearby frequencies.

of inputs. This makes it possible to increase the matching bandwidth for the same dynamic range.
Fig. 2.17 plots the real and imaginary components of Eqn. 2.19 for a specific choice of inductances
and capacitances designed to cross 5007 {2 at two nearby frequencies for the same device resistance.
It can be shown for a fixed resistance that the maximum bandwidth occurs when the impedance is
dropped by geometric factor [9] — i.e each stage transforms the impedance by the same multiplica-
tive factor. For an N stage network of the form shown in Fig. 2.16, the ¢th inductance and capaci-
tance are given by a generalized form of Eqn. 2.18.

(ROQN—22'+1 Z02z'—1) <R02N—2i+1 Z02i—1> -

L; = C;= (2.20)

wo wo

Applying Eqn. 2.20 to a two-stage LC network with a graphene device we can increase the matched
bandwidth to ~150 M H z, as shown in Fig. 2.18.

However, if instead we want to match to larger range of resistances, we can move one of the so-
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Figure 2.18: Measured reflection coefficient |511|2 for a double stage LC matching network as a function of device
resistance for reactive components following Eqn. 2.20. The left plot shows the full data. The right plot shows the same
data with the color scale adjusted to highlight 1 dB changes up to a maximum of 10 dB. The attached graphene device
is optimally coupled at ~1 k{2 and has an effective noise bandwidth of ~150 M H z.

lutions to Eqn. 2.19 to a higher resistance. This increases the dynamic range of the matching circuit
at the expense of bandwidth. For example, by lowering the first capacitance of the network shown
in Fig. 2.18, we move the high frequency solution from ~1 k{2 to ~4 k{2, increasing the dynamic
range to include quantum hall resistances, as shown in Fig. 2.19.

The more stages added the wider the matched area in resistance-frequency space but also the
more sensitive to stray capacitance the circuit becomes. In practice, devices with a 300 nm SiO2
back-gate dielectric often have 3 — 6 pF’ stray capacitance; this can be reduced to less than 1 p f with
the use of insulating substrates and local top-gates, or by increasing the back-gate dielectric to 1 m.

Reducing the stray reactance also addressed the another challenge that comes with multiple match-
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Figure 2.19: Measured reflection coefficient |Sll|2 for the same double stage LC matching network shown in Fig. 2.18
as a function of device resistance with the first stage capacitance lowered. This moves the high frequency solution

to a higher resistance; effectively increasing the dynamic range at the cost of bandwidth. This technique enables the
continuous measurement of graphene devices from zero field into the quantum Hall regime

ing stages — it is no longer trivial to tune the circuit using a gimmickT. For these more complicated
networks, surface mount ceramic capacitors can be soldered directly to the sample package, as shown

in Fig. 2.20, and adjustments can be made by careful removal and replacement*.

2.7 SYSTEM NOISE TEMPERATURE

A FACTOR OF TWO IN SIGNAL TO NOISE can be the difference between graduating in two years
and eight. From the Dicke radiometer formula, Eqn. 2.15, the measurement time scales as the system

noise temperature squared. Each component of the measurement circuit should be chosen with this

Tewisted pair wire is one form of a gimmick used to fine tune the circuit capacitance
1'Emaking sure to only apply heat the capacitor locally to avoid damaging the sample.
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Figure 2.20: Image of a two-stage LC matching network soldered directly to a custom cryogenic sample package and
wire-bonded to a graphene device. Inductive elements have gold leads allowing direct wire-bonding. The sample is
placed on an insulating sapphire substrate with a local top-gate to reduce the stray capacitance.

in mind and, as such, it is important to understand how each element affects the system as a whole.
The system noise temperature, T}, is the temperature at which your sample emits the same noise

power as the sum of all the “unwanted” noise in your system — i.e. your signal to noise ratio is given

by T'/T;,, where T is the sample temperature. Quantifying noise in this way lets us write the output

voltage of our circuit, Vo, (which is proportional to the integrated noise power) as:

Vour = G(I) (T + T, (1)) (2.21)

where I'? is reflection coefficient between the sample and the amplifier and G is a generalized gain
factor set by the LNA amplification together with the insertion loss of the microwave components
integrated over the bandwidth defined by the external filters. In general, both G and T}, are func-
tions of I". All defining characteristics of a given measurement circuit can be swept into 7, and G.

In principle these factors must be measured but reasonable estimates can aid in the circuit design.
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It is useful to distinguish the difference between the intrinsic noise temperature 7" and the sys-
tem noise temperature 75,. T§j' corresponds to the noise emitted by the circuit relative to the John-
son noise of a perfectly matched resistor, while 7T}, is relative to the sample being measured — i.e. T{}"
can be reported on a device’s specification sheet while 77, is a function of the sample under test and
can therefore change with experimental parameters such as electrostatic gate voltage and external
magnetic field. In general T}, is always equal to or greater than 77"

While T is primary determined by the front-end amplifier, every component, 4, with a finite
intrinsic noise 7" contributes an amount inversely proportional to the gain before that component,
G For example, if a circuit has three amplification stages with gains G'1, G'2, and G'3 with intrinsic

noise temperatures 17", T5', and T3', respectively, the total system intrinsic noise value is given by:

mn mn
" — TN 2 3 )
0 1+ 7G1 + eRer (2.22)
or in general
S
Ty = —_t (2.23)

Hence, if the front-end amplifier has a gain or 30 d B, the noise from second amplifier is effectively
reduced by a factor of 1, 000.
Estimating 7, from T{}' requires knowing the matching function characterized by I". If I" is

frequency independent then T;, &~ T('/(1 — I'?). For arbitrary I"(w) you can integrate over the
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Figure 2.21: Schematic of a common noise model for active elements. A random voltage source is added in series with
the signal and a random current source is added in parallel.

bandwidth defined by external filters A fT.

1 TP
T, ~ — /"dw (2.24)

The above formulation is approximate as it assumes the system’s intrinsic noise can be described
entirely by a single parameter T{" — a good assumption if the sample is properly matched. However,
in general active components require two parameters to fully capture the noise behavior. A com-
mon technique is to model the circuit with an effective series voltage noise and parallel current noise,
as shown in Fig. 2.21. However, an equivalent description, which is often more useful in microwave

experiments, is that of a forward traveling noise power, T}‘OT, a reverse traveling noise power 770,

and some correlation between them. In the case of perfect matching, I — 0,77,

is completely

absorbed. However for finite /" we can write the amplified noise as:

(Py=G [T(1-T*) + T I*+T},] (2.25)

rev

TEqn. 2.24 approximates the external filter function as a perfect square filter of bandwidth Af. For the
full calculation you must include the full filter function.
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Rewriting this in the form of Eqn. 2.21 and solving for T}, and G yields.

T, (') = LR RS W (2.26)
n - 1— 1—12 rev 1— F2 for 2.2
and

G(I' =G(1-T?% (2.27)

Eqn. 2.26 is what determines the measurement uncertainty and therefore the speed of the mea-
surement. An interesting consequence of Eqn. 2.25 is that when the sample temperature is equal to

T’n

> the total output noise has no dependence on I'; no matter what resistance is being measured,

the output noise power is the same! Fig. 2.22 shows the total noise power, Eqn. 2.25, as a function of
sample resistance at several temperatures. The sample is optimally matche at ~10% (2. In accordance
with Eqn. 2.25, at low sample temperature the noise decreases as I” decreases while at high tempera-
ture the noise increases as the sample approaches optimal matching. The spacing between curves is

proportional to the generalized gain, G(I”), which is maximized when I” is minimized.

2.8 CALIBRATION

CIRCUIT LOSSES AND COUPLINGS ARE DIFFICULT TO CALCULATE A PRIORI, and while T}, can be

modulated away in a differential measurement, the generalize gain G (I") must be calibrated. If the
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Figure 2.22: Voltage proportional to the total integrated noise power as a function of input sample resistance for
different sample temperatures. The matching circuit is optimally matched (I is minimized) at ~103 £2. At low tem-
perature, the total noise decreases as I decreases, while at high temperature, the opposite is true. At T' ~ 50 K the
noise power is constant regardless of the input impedance in accordance with Eqn.2.25and 77, | =~ 50 K.

output voltage is written in the form of Eqn. 2.21 then G is given by:

d V;Jut
ar |

G(IN) = (2.28)

The challenge here is fixing I". If the device under test has a fixed resistance then calibration can be
done by recording V,,; for a few select bath temperatures. G is then given by the slope of a linear
fit to Vout (T). The inset of Fig. 2.6 shows Vot (") which was used to calibrate G yielding the main
panel. However, most mesoscopic devices do not have a temperature independent resistance and
thus more care must be taken in calibrating G(I”).

The exact method of calibration will depend on the device characteristics and the size of the pa-

rameter space being measured. If the impedance of the device is sensitive to external parameters but
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Figure 2.23: Output voltage proportional to the integrated noise given by Eqn. 2.21 as a function of device temper-
ature with fixed resistance. The slope of each line gives the generalized gain Q(R) while the extrapolated offset (di-
vided by G)is T, (R) The external parameters (e.g. gate voltage, magnetic field, etc.) that result in a given resistance
are generally different for different bath temperatures.

only has a weak dependence on temperature — i.e. |dI"/dT'| is small and Vi, (T) is locally linear
on a reasonable experimental scale — then calibration can be done by taking local derivatives of
Vout (T') everywhere in the parameter space. While this method is straight forward to implement, it
has several glaring drawbacks. Firstly, the time required to find local derivatives for the entire param-
eter space scales exponentially in the number of parameters. Secondly, it requires knowing the exact
parameters that will be measured ahead of time; if during the course of an experiment the parameter
space must be expanded or higher resolution is required, calibration must be done again.

A more robust method is to simultaneously measure both Vs and I" and then numerically
solve for dVi,y; /dT for fixed I". Whats more, if the right reactive elements are used for impedance

matching, I" becomes a function of only the sample resistance and fixing I" is equivalent to fixing
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Figure 2.24: Generalize gain and effective noise temperature exracted from data shown in Fig. 2.23. The circuit is
designed to optimally match an input resistance of ~1k 2. As expected from Eqn. 2.26 and 2.27, the gain is maximized
and the noise temperature is minimized when the device is effectively coupled — i.e. I is minimized. This two-stage LC
tank circuit shows effective coupling over 3 orders of magnitude of input resistance.

R. Fig. 2.22 shows V5, as a function of device resistance for various temperatures. It is important
to note that each temperature curve is a collection of many different parameter sweeps that all col-
lapse onto one smooth curve — i.e. it does not matter if the sample is 13 k2 due to electrostatic
gating at zero magnetic field, or due to the quantum Hall effect, the emitted noise is the same. If we
attempt to fix external parameters and raise the temperature the output voltage is nonlinear, but if
instead we fix the two-terminal resistance we arrive at Fig. 2.23. Linear fits to each line then give G
as the slope and T}, as the offset’. For the data shown in Fig. 2.23, the gain and noise temperature
are shown in Fig. 2.24; as expected the gain in maximized and the noise temperature is minimized
at R ~ 1 k{2 where the sample is optimally matched. This particular data was taken from a two-
stage matching network coupled to a graphene device and shows a dynamic range of ~3 orders of

magnitude in device resistance.

Tnegative T, is where the linear fit intercepts the horizontal axis; also given by the offset divided by the
slope
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Figure 2.25: High level schematic of a typical Johnson noise thermometry cross-correlation measurement circuit.
Noise from an impedance matched sample is sent into two independent measurement lines. Each line is then amplified,
ameasurement bandwidth is selected, and the signals are combined using a linear multiplier. A microwave switch acts
as a chopper and the signal is integrated using a lock-in amplifier.

2.9 CROSS-CORRELATED NOISE THERMOMETRY

A CHALLENGE IN NOISE MEASUREMENTS is isolating the noise you want to measure from the noise
you don’t. Dissipation between the resistive load and the LNA, such as coaxial attenuation and con-
tact resistance, can contaminate thermal transport measurements [13, 14]. Johnson noise from the
sample is added to the unwanted Johnson noise from these lossy components. Cross-correlation
techniques can mitigate this problem by amplifying the Johnson noise signal of interest indepen-
dently via two separate measurement lines [14, 15, 16, 17, 18] and discarding uncorrelated noise be-

tween the two channels. The output voltage of such a scheme can be written as:

Vout < (VN + Va1) x (Vyn + Vi2)) (2.29)

Vout o< (V) + (Van Vi) 4+ (VinVia) + (Vi1 Viea) (2.30)
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Figure 2.26: Auto- and cross-correlation Johnson noise measurements of a 50 {2 resistor measured by the circuit
shown in Figs. 2.2 and 2.25, respectively. Inset shows the raw output voltage. The signal is converted to noise power
by the Nyquist equation. The solid lines are linear fits, where the auto- and cross-correlation data exhibit an offset of
68 K and 2.6 K, respectively, due to amplifier noise

where V; is the instantaneous Johnson noise voltage and V;,1 and V;;2 are the instantaneous
voltage noise on the two channels. If all noise sources are uncorrelated then only the first term in
Eqn. 2.30 is non zero and Vs o <VJQN>.

Previously, cross-correlation measurements were limited to frequencies below a few MHz due to
the practical implementation of multipliers and digital processing speeds [17, 18, 19, 15]. However,
the 2 G H z analog multiplier (Analog Devices ADLs931) and LNA, combined with the lock-in am-
plifier modulation scheme described in Fig. 2.25, measure the correlated noise between the two chan-
nels, rejecting a large portion of the uncorrelated amplifier noise. The results are shown alongside an
autocorrelation measurement (Fig. 2.2) for comparison in Fig. 2.26; the offset due to amplifier noise

was reduced from 68 K to 2.6 K.
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Figure 2.27: Standard deviation of 1000 auto- and cross-correlation temperature measurements as a function of inte-
gration time for 328 M H z (left) and 28 M H z (right). In all cases, uncertainty follows the Dicke relation, Eqn. 2.15,
scalingas /7 and /A f. Data is taken from a 50 {2 resistor

Although the offset in the data is reduced by cross-correlation, the measurement time required to
achieve a given precision is not reduced. The time required to effectively average out the uncorre-
lated noise is still proportional to the amplifiers noise temperature. To be precise, T, is given by the

geometric mean of individual amplifiers noise temperatures.

Tn =V Tann2 (2"31)

where T},1 and 75,9 are the system noise temperatures of the two measurement lines. Using two
LNAs with similar specifications Eqn. 2.31 reduces to the Dicke formula, Eqn. 2.15. Fig. 2.27 illus-

trates this point by showing the standard deviation of 1000 temperature measurements as a func-

TCross-correlation can improve the accuracy of an experiment but not the precision
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Figure 2.28: Cartoon of a four-terminal device. If the voltage between terminals A and C is cross-correlated to the
voltage between terminals B and D, the result will be more sensitive to the temperature of the device than pairing A-B
and C-D

tion of integration time. Both auto- and cross-correlation measurements follow the Dicke formula

with similar magnitude and uncertainty scaling as /7 and \/Af.

2.9.1 MULTI-TERMINAL CROSS-CORRELATION

CROSS-CORRELATION CAN BE USED TO REDUCE the effects of contact and lead resistance with the
use of multi-terminal devices. However, as discussed in section 2.2, the voltage fluctuations on dif-
ferent pairs of terminals generally measure different areas of a device. For example, the four-terminal
device drawn in Fig. 2.28 will give very different results depending on which terminal are paired

— cross-correlation between V4¢ and Vg p will by more sensitive to the device temperature than
cross-correlation of V4 g and Vo p. The exact amount of overlap between the noise on any pair of

terminals can be found via the method described in section 2..2.
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Electronic cooling mechanisms in graphene

CHARGE CARRIERS IN CONDUCTORS exchange energy with the environment in many ways. If an
electronic system is directly heated — whether it be by Joule heating, optical pumping, or any other
direct energy transfer — the mechanisms with which the system cools can be quite diverse. In meso-

scopic samples there are typically three cooling mechanisms one has to consider. Firstly, if the ma-
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terial is electrically connected to a thermal bath, such as macroscopic electrodes, then hot electrons
can diffuse out and cold electrons can diffuse in; this diffusion is often referred to as Wiedemann-
Franz cooling and is the dominate thermal transport mechanism in metals at low temperatures [20].
Secondly, hot electrons can transfer energy directly to the lattice by coupling to acoustic and optical
phonon modes in the graphene itself or the nearby substrate (section: 3.2). Thirdly, electrons are
charged and can therefore radiatively cool; this radiation is primarily in the form of Johnson noise
and, although often negligible, can be the dominate cooling mechanism in ultralow temperature

systems coupled to superconducting leads [21, 22].

3.1 WIEDEMANN-FRANZ

IF A MATERIAL HOSTS MOBILE CHARGE CARRIERS at a fixed temperature, each quasiparticle can
transport a quantized amount of thermal energy and a quantized charge through the system; it then
stands to reason that the electronic thermal conductivity must be related to the electrical conduc-
tivity. First observed at room temperature in 1853 by Wiedemann and Franz [23], the electronic
thermal conductivity (x) of metals is directly proportional to the electrical conductivity (o) at room
temperature. Twenty years later, Lorenz expanded upon the idea [24] and showed the ratio of the
thermal conductivity to the product of the electrical conductivity and temperature (1) was a con-

stant, L.
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Figure 3.1: Experimental Lorenz number of elemental metals and degenerate semiconductors at low temperatures.
Taken from ref [25], reprinted with permission from Springer, license number 4067330556225

Eqn. 3.1is now known as the Wiedemann-Franz law (WFL) where L is the Lorenz ratio (also known
as the Lorenz number). Fig. 3.1 shows experimentally measured Lorenz numbers for various metals
and semiconductors as a function of conductivity and carrier concentration. The quantitative value
for £ can be approximated under the Drude model [20] but it was not until Sommerfeld in 1927
that a full derivation using Fermi-Dirac statistics was presented [26]. Under the assumptions of

a degenerate Fermi gas and only elastic collisions, the theoretical value of the Lorenz number was

shown to be:
2 kZ
T 'B 944 x 1078 W0 /K2 (3.2)

505362

The requirement that quasiparticles only scatter elastically leads the value of £ to deviate from Ly in

the presence of strong electron-electron scattering and inelastic electron-phonon scattering.
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3.1 LINEARIZATION

To UNDERSTAND THE BEHAVIOR OF DEVICES under low energy excitations, it is useful to linearize
the WEL. In the linear response regime the temperature variations across a device are small com-
pared to the absolute temperature scale of the problem, T,. For a uniform two-dimensional device
connecting two thermal baths with temperatures Ti, = AT'/2, the steady state thermal power trans-

ported via the WFL is given by:

QWF = <L> LTy AT = ?AT (33)

where W and L are the sample width and length, respectively, and R is the two-terminal electrical

resistance

3.1.2 HOT-ELECTRON SHOT NOISE

A COMMON WAY TO DEVELOP A TEMPERATURE GRADIENT is via Joule heating, where the electron
temperature is raised with reference to the cold electrodes held at T4, In the case of only WF conduc-
tion — i.e. no alternative cooling pathways such as phonons — the temperature rise in the high bias
regime scales linear with the applied current, producing noise very similar to the shot noise seen in

vacuum tubes. This well known effect is termed “hot-electron shot noise” [27, 28, 29] and can be
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seen as the limit of the WFL with T, >> Tj,.

(3-4)

where 3 is a constant related to the temperature profile in the device. If we set the power dissipated

to be proportional to the current squared, such that Q = I’R, we find:

Solving for the temperature profile and the noise produced, eqn. 3.5 reduces to [27]:

Sr = \ZE%I

Eqn.3.6 has the same form as shot noise with Fano factor of v/3 /4.

3.2 ELECTRON-PHONON COUPLING

AT HIGHER TEMPERATURES, the cooling of hot electrons is dominated by coupling to acoustic

(3.5)

and optical phonons in the hexagonal lattice as well as the nearby substrate [30, 31]. In many experi-

ments involving optical heating or Joule heating, a quasi-equilibrium can be formed where the elec-

tron temperature and the lattice temperature can be different. In the particular case of monolayer
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graphene this is especially true as the high phonon conductivity and relatively weak electron-phonon
coupling can result in a lattice temperature that is well thermalized to the thermal bath (7},), but

an electron temperature (7¢) which is not. The interaction between these fermionic and bosonic
systems in graphene is quite rich with even the power law for the temperature dependence varying
depending on the Fermi level, device disorder, and bias voltage. A general form for the heat transfer

between the two systems can written as:

Qpn = A T (T~ 1)) (7)

where A is the area of the device, Y., is a coupling constant, and J is the is the power law expo-
nent. Depending on the mechanism 0 can vary between 3 [32, 33] in disordered samples, or 4 — 5 in
clean devices [30, 31]. These relatively high power laws result in phonons dominating at high temper-

ature but becoming negligible when cold.

3.2.1 LINEARIZATION

To FIND THE LINEAR RESPONSE behavior (AT < Tj,) we can Taylor expand to first order for
Te ~ Tb to find:

Qeph R AS ey TOH AT (3.8)

Eqn. 3.8 can be compared directly to eqn. 3.3. First we see that while both cooling mechanisms scale

as the device width, they have inverse dependences on the device length and, therefore, the bath
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temperature at which one mechanism will dominate over the other is geometry dependent.
The literature on electron-phonon coupling in graphene is vast [34, 35, 30, 31, 36]. Here I present
a condensed review of the main mechanisms relevant to the experiments presented in this disserta-

tion.

3.2.2 BLOCH-GRUNEISEN TEMPERATURE

IN MOST THREE-DIMENSIONAL METALS, where the Fermi surface is large, the characteristic tem-
perature scale for phonon dynamics is given by the Debye temperature. However, in semiconduc-
tors and semimetals the Fermi surface can be substantially smaller than the Brillouin zone leading

to a second temperature scale which governs the scattering of electrons and phonons. The Bloch-
Griineisen temperature, T'gg, is the temperature at which the most energetic phonons have a typical

momentum equal to the Fermi momentum([37, 38].

Tpe = 2mshE (3-9)
kg
Above this temperature, momentum conservation dictates that only a fraction of the available
phonon modes can scatter electrons. This is because the largest momentum change an electron can
experience is 2k — a complete backscatter — and, as such, only phonons with momentum equal
to or less than 2k can participate in scattering processes. This has been shown in GaAs based 2D

electron systems [39] and in graphene [40] where T'g can be controlled by tuning the Fermi level
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using an electrostatic gate.

3.2.3 ACOUSTIC PHONONS

IN TYPICAL METALS AT LOW TEMPERATURE, the dominate phonon modes in the system are acous-
tic [20]". In graphene, however, energy transfer between electrons and these acoustic phonons (AP)
is limited by the mismatch between the Fermi velocity (v) and the sound speed in the material (vy).
Energy and momentum conservation limit the energy that each phonon collision can remove from
the electronic system, resulting a maximal energy transfer of 2hvkp per collision. Nevertheless, ex-
periments have shown that the electronic cooling in many graphene devices at low temperatures is
dominated by AP scattering [41, 42, 43] .

Theoretical predictions for the the power law § and the coupling constant X, _,j, have been
shown to depend upon the device temperature and the amount of disorder. In the dirty limit, the
energy and momentum conservation discussed above can be circumvented by disorder-assisted colli-
sions called “supercollisions” resulting in a power law 6 = 3 [32]. In the clean limit at low tempera-
ture, Kubakaddi [44] showed 0 = 4 with a coupling constant:

m*D?|ulkj;

Yewp= %
T 15phPvil

(3.10)

where D is the deformation potential,  is the chemical potential, and p is the mass density of the

TThe optical phonon branch has finite energy at £ = 0 and thus at low enough temperatures these modes
are frozen out
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Figure 3.2: Numerical calculations of the thermal conductance between graphene electrons and acoustic phonons

as a function of temperature normalized to the chemical potential (14). the thermal conductance G scales as T9-1,
Go x ,u4 is a temperature independent normalization constant. For temperatures below I’z the electron-phonon
power law § scale as T* while at high temperature Viljas et al. find § ~ T, Reprinted with permission from Ref. [30]
by the American Physical Society license number: 4077361227141.

lattice. Eqn. 3.10 was reproduced by Viljas et al. [30] and extended to high temperature where it was

found that ¢ approaches 5. The transition from these two regimes is shown in fig. 3.2.

3.2.4 OPTICAL PHONONS

ALTHOUGH THE ENERGIES ASSOCIATED WITH OPTICAL PHONONS in graphene are quite large
compared to the thermal energies in typical low temperature experiments, each collision can re-
move a significant amount of energy from the electronic system. Bistritzer et al. [31] showed that,

at sufficiently high temperatures, even the ~200 meV graphene intrinsic optical phonons can dom-

inate the electronic cooling in suspended samples. For encapsulated devices, remote phonons in the
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boron-nitride have been shown to have a surprisingly significant effect both theoretically [30, 31, 45]
and experimentally [35]. At higher temperature (2 270 ), Sohier et al. [34] showed that despite
the relatively low occupancy, graphene intrinsic optical phonons can have a more pronounced effect

on the electrical resistance than acoustic phonons.

3.3 PHOTON COOLING

FOR A DEVICE COUPLED TO A MICROWAVE CIRCUIT, energy is radiated via photons over the mea-
surement bandwidth [46, 47]. This is equivalent to 1D blackbody radiation and is the noise which
is measured in Johnson noise thermometry. The power transferred is given by eqn. 2.13 and is con-
sidered to be negligible compared with the Wiedemann-Franz and phonon cooling powers for the
temperatures and bandwidths covered in this dissertation. However, for devices at low temperature

with superconducting leads this can become a significant source of cooling [47].

3.4 THERMAL NETWORK

WHEN HEAT IS INJECTED INTO THE ELECTRONIC SYSTEM OF GRAPHENE, each of the mecha-
nisms described above plays a role in thermalizing the system to an external bath. For the devices
and experimental parameters used in this dissertation, a simplified thermal model can be used (il-

lustrated in fig. 3.3). The electronic system is connected to the bath by two parallel cooling paths: a

50



Figure 3.3: A thermal model of the electronic cooling pathways in graphene. Heat injected into the electronic system
can flow directly to the bath via Wiedemann-Franz conduction, or to the lattice via electron-phonon coupling. The
lattice and the bath are connected via the lattice conductivity which is large in graphene.
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diffusion channel and a lattice channel. The diffusion channel is governed by the electronic ther-
mal conductivity, while the lattice channel contains both an electron-phonon coupling term and
the lattice conductivity of graphene. In practice the lattice conductance is typically many orders of
magnitude larger than the electron-phonon conductance’ resulting in the lattice being well sunk to
the bath [10, 41, 48]. The temperature dependence of the two channels follow different power laws
resulting in the low temperature behavior being governed by diffusive conduction while cooling at

high temperatures is dominated by the lattice channel.

TThe ratio of the lattice conductance to the electron-phonon conductance is geometry dependent. In long
samples the phonon conductance may bottleneck the lattice cooling channel.
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Since the dawn of time, man bath sought to make things

smaller.

Thermal conductance via electrical noise

A COMMON TECHNIQUE in studying the various cooling pathways in a mesoscopic sample is to in-
ject a pulse of energy into the system and monitor the time dependent electron temperature as the
system returns to equilibrium. However, these “pump-probe” experiments suffer from a few difhi-

culties: Firstly, they yield a thermal time constant which is a convolution of the various heat capaci-
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ties and thermal conductances in the problem. Secondly, the large temperature rise needed to resolve
the thermal decay makes it difficult to study the linear response of low energy excitations. A steady
state experiment avoids these difficulties and enables the measurement of thermal conductance in
linear response at the expense of time-resolution.

In a steady state thermal experiment, a constant heating power, Fp, is injected into the electronic
system and the electron temperature rise, AT, is measured. For the experiments in this dissertation,
this is accomplished via Joule heating in a two terminal geometry while monitoring the change in
Johnson noise temperature, 77y — as discussed in chapter 2.2. We can define the ratio of the ap-
plied power to the change in the Johnson noise temperature as a thermal conductance:

Py

G = ATJN

(4.1)

It is important to note that Gy, is not the traditional thermal conductance which describes the total
heat power flowing through a material in response to a spatial temperature gradient; it is instead a
generalized thermal conductance describing the heat power transferred between the electronic sys-
tem and the bath under Joule heating. To extract meaningful microscopic parameters from Gy, it is
necessary to model how the heat is entering and leaving the system as a function of these parameters.
For the devices and experimental parameters presented here, the simplified thermal model shown in
fig. 4.1 can be used to extract information about the electronic thermal conductivity and the electron-

phonon coupling.
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Figure 4.1: Simplified thermal diagram of the electronic cooling pathways in graphene relevant for the experimental
conditions presented here. A current induces a heating power into the electronic system which conducts to the bath
via two parallel pathways: diffusion and coupling to phonons.

4.1 RECTANGULAR DEVICES

FOR A TWO-TERMINAL RECTANGULAR DEVICE, the temperature measured by Johnson noise —
as given by Eqn. 2.12 with spatially uniform P(r) — is simply the spatially averaged temperature.

Therefore, the total thermal power dissipated in linear response is then given by:
PR=P=Q= (" L Se pn6Ty ") A

where W and L are the sample width and length, respectively, T4, is the bath temperature,  is the
electronic thermal conductivity, X, and ¢ are the electron-phonon parameters described in
Ch. 3.2, and ATy is the Johnson noise temperature minus the bath temperature. In Eqn. 4.2 we

have used the steady-state requirement that the total heating power entering the system equal the
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total power transferred to the bath (Py = Q). The geometric factor 3 depends on the shape of the
electronic temperature profile which is affected by the relative strength of the two cooling terms in

Eqn. 4.2 and must be calculated.

4.1.1 ELECTRONIC CONDUCTION ONLY

IN THE ABSENCE OF PHONONS, the temperature profile, and therefore /3, can be solved analyti-
cally. In a rectangular geometry, symmetry reduces the problem to one dimension () along the
source-drain direction. For simplicity we assume that the graphene sample is homogeneous, that the

approximately uniform electrical current is given by

dv dT
J= —Ua - aa (43)
and that the heat current is given by
. dvV. _dT
q= _O[Tdix - Rdix (4-4)

where d7'/dz is the temperature gradient in the sample, —dV//dz is the electric field in the sample,
and o/ is the Seebeck coefficient. From Eqn. 4.3 we see that the electrical conductivity, which is de-
fined as the relation between the electric current and a potential gradient in the absence of a thermal

gradient, is simply given by 0. Unfortunately, the thermal conductivity (k) is not symmetrically de-



fined as the relation between the heat current and the thermal gradient in the absence of a potential
gradient, but instead as the relation between ¢ and d7'/dz in the absence of a charge current J. We

therefore find:

To?
/{-FT =r(1+2T7). (4.5)

K

In the latter equation, ZT" is the thermoelectric coefficient of merit. In the limit of negligible thermo
electric effects k =~ k.
The continuity equation for the electric current yields:

_ 4

O_dx

(4.6)

In the linear response regime, the Joule power per unit length, P, is given by J - E and thus the

continuity equation for the heat current with a source term becomes:

2 dq
p=t_ (47)
o dx
combining the above equations we obtain
d?T

assuming that & is approximately homogeneous throughout the sample.
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The contacts serve as thermal baths and thus are held at the same temperature T;,. Writing
T(x) =Ty + AT(z) (4.9)

and solving Eqn. 4.8 using this form for the solution with the boundary conditions AT'(0) =

AT(L) = 0 we find a parabolic temperature profile:

AT (z) = %x(L — ) (4.10)

The average temperature change in the sample, which is directly measured through Johnson noise

thermometry, is

L
dx PL?
0

Plugging in the power per unit length P in terms of ¢ and the external voltage V} yields:

Vi o
12 k

AT N = (4.12)

We find AT’y to be independent of the sample dimensions. This non-uniform temperature profile
is illustrated in Fig. 4.2.

Combining Eqgs. 4.2 and 4.11, we obtain the relation between the experimentally measured G,
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Figure 4.2: Cartoon illustrating the non-uniform temperature profile within the graphene-hBN stack during Joule
heating in the diffusion-limited regime.

and the microscopic quantity of interest & as:

Py 12w

G = m = Tﬁ (4.13)

All the information about the heating profile is contained in the constant factor of 12. — i.e for
a two-terminal rectangular geometry under Joule heating 8 = 12. If the electronic conductance

follows the Wiedemann-Franz law, such that K = LoT', then Eqn. 4.13 becomes

_12WLoT,  12LT

G I3 R (4-14)

where R is the directly measurable, two-terminal electrical resistance.

4.1.% PHONON COOLING ONLY

THE LIMIT OF ELECTRON-PHONON DOMINATED COOLING can be modeled by phonons effectively

removing an isotropic amount of heat per unit area; the balance between this and Joule heating leads
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to a uniform temperature profile,

AT(Z’) = TO = ATJN (4.15)

The heat balance equation (Eqn. 4.2) then becomes

PPR=WL Y. 0Ty ATy (4.16)

and thus the microscopic parameters governing electron-phonon coupling are related to the experi-

mentally measured thermal conductance in the linear response regime by

G = WL X pp 6T (4.17)

4.2 WEDGE DEVICES

UNLIKE IN RECTANGULAR DEVICES, where the Johnson noise temperature is simply the mean
temperature, in more complicated geometries the effective temperature measured in a noise exper-
iment must be calculated from the Joule heating temperature profile. An instructive example of a
more complicated geometry which can also be solved analytically is a semicircular wedge as shown in

fig. 4.3. The continuity equations for charge current in cylindrical coordinates yield
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Figure 4.3: Sketch of a wedge shaped device and boundary conditions for Joule heating. Red boundaries represent

contacts where temperature is fixed at 7},. A voltage 1/ is placed on the contact at 7 = 71 while the second contact at

1 = 719 is held at ground. Cylindrical symmetry leaves heat and charge currents independent of angle.

Jr) = -7

In(ry/re) r
and for heat current with a Joule heating source term

Py 48T  rdT
o 1= dr2 = rdr

(4.19)

Combining Eqns. 4.18 and 4.19 and solving using the thermal boundary conditions of fixed tempera-

ture at the contacts, the temperature profile is given by:

T(r) = m In (;) In <
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The mean temperature and the Johnson noise temperature can be calculated by integrating Eqn.

4.20 yielding,

(AT) = ]QT(r)rdr//mr dr

VO2 o r} + r%
= —1 .
4 klIn(re/ry) [r% + r% n(ra/m1) (421)
72 T2
ATy = /Q(T)T(r) rdr//(j(r) rdr
I m
Vi
T 12s (422)

The difference between the spatially averaged temperature and ATy illustrates the power of com-
bining Joule heating with Johnson noise thermometry — the spatial distribution with which heat
is injected into the system is the same as the spatial weighting function for Johnson noise measure-
ments. Rewriting Eqn. 4.22 in terms of Gy, assuming the Wiedemann-Franz law we arrive at the

same form as Eqn. 4.14,

12L7T4
G = R > (4.23)

All geometric dependence is contained in the experimentally measurable two-terminal resistance 12

and we find, similar to the rectangular geometry, 5 = 12.
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4.3 UNIVERSALITY OF (3

ABOVE WE HAVE DERIVED TWO ANALYTIC EXAMPLES where 3 was shown to be 12. In fact, it can
be shown that 8 = 12 is universally true in the linear response regime regardless of the geometry of
the device or the form of the conductivity tensors, & and &, provided the following conditions are
met:

1. The device has only two electrical terminals which serve as thermal heat sinks and sources of

Joule heating current
2. Electron cool is provided only by Wiedemann-Franz diffusion
3. 0 and & are spatially uniform

4. The elastic mean free path of the charge carriers is shorter than all other relevant length scales

in the system

The following derivation is adapted from a work done by Dr. Brian Skinner, MIT, altered for
clarity and brevity:

Without loss of generality, we can imagine a unit voltage applied across an arbitrary two terminal
device, so that the electric potential ¢(r) has ¢ = 1 at the source electrode and ¢ = 0 at the drain.
For a generic conductivity tensor & (which may be aftected by magnetic field) the electric current
J(r)is

J(r) = =6V (4.24)



Thus, the continuity equation V - J = 0 becomes

V-6Vp=0 (4.25)

This equation, together with the boundary conditions, defines the electric potential. The bound-
aries at non-contact edges are assumed to be reflecting, so that (64)) -1 = 0, where 7 is a unit
normal vector to the boundary.

The electron temperature T'(r), defined relative to the bath temperature Ty, obeys the heat diffu-
sion equation

P(r)=—-V - (kRVT), (4.26)

if there are no extraneous sources of heat dissipation, such as electron-phonon coupling, then the
steady state condition will set P equal to the dissipated Joule heating power per unit area. The Joule
power is given by J - I, or

P(r) = (6V9) - (Vo) (427)

If we assume the generalized Wiedemann-Franz relation in the linear response regime, & = LT,

we arrive at the following relation governing the temperature:

(6V) - (Vp) = —LT,V - (6VT). (4.28)

Together with the boundary conditions, this equation defines the temperature profile T'(r). We



assume that the contacts are good heat sinks, so that 7" = 0 at both contacts, and that no heat is lost
at the boundary of the sample: (VT') - 7, = 0.

Eqn. 4.28 makes clear that there is a close relation between the temperature profile and the electric
potential. It can be shown that Eqn. 4.28 and the boundary condictions are satisfied by the ansatz,

T(r) = 57801 = (7). (429)

From Eqn. 4.29 we can calculate the Johnson noise temperature via Eqn. 2.12:
&*rP(r) T
gy = P TE

R
LT

Py
[ o= o) [5¥60)] - [For)] (430

Here we have used Py = V2/R = 1/R (assuming our voltage units). Combining Eqn. 4.29 and

4.30 we can write AT; is terms of only the temperature profile:

ATyy = LTy R / 4% T(r)V - (6VT)

—

= ﬁTbR/dQT(ﬁT(T’)) - (6VT(r)). (431)

Eqn. 4.31 was found using integration by parts, and noting that either 7" or VT vanishes at the

boundaries of the sample.



The geometric factor [3 is defined by

1_ATn LTy (432)
B QR '
Plugging in Eqn. 4.30
5= o | Erott-9)6¥9) - (Vo) (439

On the other hand, inserting Eqn. 4.29 into eqn. 4.31 and rearranging gives

5= 17 € [Fea -] [s9e - )
1 L
=1 PO d*r(1 = 29)*(Ve) - (6V)

~ i | [0 @90 - [@rasa - o0 690 G

The second term in Eqn. 4.34 is identical to the right hand side of Eqn. 4.33 multiplied by 2, and it is

therefore equal to 2//5. Thus:

(S B A
5= 1 [ Er¥e) - @9e)

1 2 S e
o O GRG)

1
= Tn /d27“ P(r) (4.35)

The final step in Eqn. 4.35 comes from realizing the integrand is simply the Joule heating power
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Figure 4.4: Simplified schematic of thermal conductance measurement setup. A low frequency Joule heating current
is pass through the sample using a lock-in amplifier and the corresponding temperature is measured using Johnson
noise thermometry. A bias tee is used to combine the DC and RF signals. The noise signal is measured as the second
harmonic of the heating current as AT ~ I?

given in eqn. 4.27, and thus

B =12 (436)

4.4 EXPERIMENTAL SETUP

To SENSITIVELY MEASURE ATy, the autocorrelation Johnson noise thermometry circuit de-
scribed in chapter 2 can be modified to allow a DC current to Joule heat the sample. Fig. 4.4 shows

a simplified schematic of a thermal conductance measurement setup. A low frequency (f~ 13 Hz)
current is generated by a lock-in amplifier” at frequency w = 27 x f and passed through the sample*

using a bias tee. If the current is given by:

I(t) = Iysin(wt) (437)

TThis lock-in is also used to measure the two-terminal resistance R
It is because of this need to pass a DC current through the matching network and into the sample that
the LC tanks used are setup in a low-pass configuration



Figure 4.5: Electron temperature of a two-terminal graphene device (inset) as a function of a Joule heating current
for three different bath temperatures. The temperatures follow an 12 heating law with the curvature determined by
the generalized thermal conductance G, which increases with the bath temperature. Here electron temperature is
defined as the Johnson noise temperature as discussed in section 4.1

the total heating power dissipated in the device is

Py(t) = I2Rsin?(wt) (4.38)

and the corresponding temperature rise in Johnson noise temperature is

2
ATJN(t) = I(gj sin2(w t)
th
IZR
= 2%;}1 (1 —cos(2wt)) (4-39)
t

The 2w component of the corresponding noise signal is then measured by a second lock-in ampli-

fier detecting the second harmonic of the Joule heating current (phase shifted by 7/2) as shown in

Fig. 4.4.
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Figure 4.6: Thermal conductivity extracted from Gy, measured using a circuit similar to that shown in Fig. 4.4 assum-
ing 3 = 12. Atlow temperature & can accurately be extracted from (&, and the measured thermal conductivity
follows the Wiedemann-Franz law (solid blue line). At higher temperatures phonons spoil the assumptions needed for
[ = 12 and prevent the accurate measurement of %

Fig. 4.5 shows how the electronic temperature of a mesoscopic device responds to a heating cur-
rent. As expected in the linear response regime, the temperature rise follows an I 2 heating curve
with curvature governed by the generalized thermal conductance. The thermal conductivity, &, can
be extracted in the low temperature regime using the factor 3 = 12 derived in section 4.1 — a exam-
ple of which is shown in comparison to the Wiedemann-Franz law in Fig. 4.6. Atlow temperature
the assumptions required to show 3 = 12 are met and the measured thermal conductivity follows
the Wiedemann-Franz law. At high temperatures appreciable electron-phonon coupling creates an

additional energy loss mechanism and & can no longer be accurately extracted from Gi,.



Thermal conductance in high density

graphene

WHEN THE FERMI LEVEL OF GRAPHENE is doped far from the Dirac point (pt > kpT'), graphene

has a well defined Fermi surface and the assumptions in Sommerfeld’s derivation of the Lorenz ra-
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Figure 5.1: (left) Device image and (center) electronic thermal conductivity of graphene on SiO2 measured by Fong
et al. [41] using Johnson noise thermometry. Dashed line is a fit to the Wiedemann-Franz law. Below 1 K the device
shows WF behavior while at higher temperature the measured conduction is higher due to phonons coupling. The
longer device used in this study resulted in phonons dominating conductance at a lower temperature. (right) The
corresponding measured Lorenz ratio vs carrier density. Reprinted under the Creative Commons Attribution 3.0
License from Ref. [41].

tio hold. In 2013, Fong et al. [41] verified the Wiedemann-Franz for graphene on SiO2 (Fig. 5.1) us-
ing Joule heating and Johnson noise thermometry. The device measured had a mobility of ;1 2
5,000 cm?/V s and a length which emphasized phonon scattering, resulting in the Wiedemann-
Franz law (WFL) only being verifiable until 1 /. Nevertheless, a Lorenz ratio varying between

1 — 2 Lo was measured for various charge densities (Fig. 5.1) at low temperature. Above 1 K the
thermal conductance increased above the WFL due to electron-phonon scattering as described in
section 3.2. A few months later, Yigen et al. [49] performed similar Joule heating experiments us-
ing resistive thermometry with higher quality suspended graphene (1 > 35,000 cm?/V s). As
shown in Fig.s.2, the shorter device geometry allowed them to measure the WFL to a much higher
temperature of ~150 K finding experimental Lorenz ratios of about 0.5 L.

In this chapter we present similar data on higher mobility samples encapsulated with hexagonal
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Figure 5.2: Electronic thermal conductivity of suspended graphene measured by Yigen et al. [49] using resistive ther-
mometry. Two curves correspond to different carrier densities. Solid lines are fits to the Wiedemann-Franz law. Below
~ 150 K the device shown WF behavior while at higher temperature the measured conduction is higher due to
phonons coupling. Device is 650 nm long. Reprinted with permission from [49]. Copyright (2014) American Chemical
Society.

boron nitride (hBN).

5.1 DEVICE CHARACTERISTICS

MONOLAYER GRAPHENE IS MECHANICALLY EXFOLIATED, encapsulated in hexagonal boron ni-
tride, and contacted along its 1-dimensional edge [s0] to form a (2 pm x 6 pm) channel (Fig. 5.3).
A typical two-terminal channel resistance R of this device varies between 150 and 800 {2 depending
on the back gate voltage. The mobility, u, of the device can be estimated by fitting the two-terminal
resistance as a function of charge density n, as shown in Fig. 5.3, to find pz = 330, 000 em? Vs at
3 K and j1 = 60,000 cm?/V s at 300 K.

As maximal noise power is collected when the device is impedance matched to the measurement

chain, an LC tank circuit is placed on chip to transform the graphene to 50 {2 (as disscussed in sec-
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Figure 5.3: (left) Microscope image of the two-terminal graphene device (2 pum X 6 ,um) used in thermal conduction
studies presented in this chapter. (right) Estimated resistivity vs carrier density from two-terminal resistance. Solid red
line is a fit used to estimate a carrier mobility of 1 &~ 330,000 cm?/V s.

I LC
3 matching
P network

-80 l

75 100 135 150 175 200
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Figure 5.4: RF reflectance off the two-terminal graphene device presented in this chapter. The sample impedance is
transformed using a single stage LC network (inset) resulting in a measurement bandwidth of 25 M H z centered at
133 M H z. See section 2.6 for details on impedance matching.

tion 2.6 and Refs. [s51] and [52]) within the measurement bandwidth. The matching network de-
fines a bandwidth of 25 M H z centered at 133 M H z, as shown in Fig. 5.4. The total noise power
emitted into this bandwidth is amplified and measured via the circuit and procedure outlined in
chapter 4 resulting in a measured output voltage (proportional to the total noise power) similar to

that shown in Fig. 5.5
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Figure 5.5: Measured DC voltage proportional to the total noise emitted from a graphene device as a function of bath
temperature and back gate voltage using the circuit outline in chapter 2.

5.2 THERMAL CONDUCTANCE

FOR THE RESULTS SHOWN HERE, the graphene device is measured away from the charge neutrality
point with hole densityn ~ 5.7 x 10'9¢m =2, where R varies between 280 and 480 {2 from 3

to 300 K. The Johnson noise thermometer is calibrated to a given sample following the procedure
outlined in chapter 2 and the thermal conductance, Gy, is extracted as discussed in chapter 4.

The thermal conductance of our device falls into two temperature regimes as shown in Fig. 5.6.
ForT < 100 K, Gy, linearly depends on temperature and is well described by the Wiedemann-
Franz law. The dashed line in the left panel of Fig. 5.6 shows the theoretical Wiedemann-Franz con-
ductance (Gyy ) with an offset of 0.015 W/ K. The fitted [41, 49] Lorenz number is 2.38 x

107 8WN K 2, 3% below the theoretical value. As the charge density is swept, the Lorenz ratio

74



Figure 5.6: (left) Graphene thermal conductance from 3 K to 300 K . Blue dashed line shows the theoretical
Wiedemann-Franz conductance for our device geometry offset by a fitted constant. (Inset) shows the total conduc-
tance with Gy  subtracted. Above T' ~ 80 K, the conductance departs with a power law of 3.88 == 0.02. (right)
Same data with the fitted offset removed, shown on a log-log scale.

varies similar to that seen in ref [41], always remaining close to L.

At higher temperature, the measured G, is larger than Wiedemann-Franz conductance indi-
cating a different energy transfer mechanism dominates above 100 K. Fig. 5.6(right) shows the
same data on a log-log plot making clear the two different power laws in the different regimes.

To extract the electron-phonon coupling constants, as outlined in section 3.2, the thermal con-
ductance from electron diffusion must be accounted for. Fig. 5.6 inset plots Gy, with Gy sub-
tracted. Gy, departs from Gy p with a fitted power law of 3.88 £ 0.02 and an amplitude of
0.23 £ 0.03 fW/K*®8. We note that the high power law § ~ 4 in our measured data is in
sharp contrast to the sublinear temperature dependence of graphene’s lattice conductivity for 7' >
150 K [48], suggesting that it is unlikely the energy transfer bottleneck and hence the lattice is well
thermalized to the bath.

We compare the high temperature thermal conductance of our sample with the expected contri-
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Figure 5.7: Thermal conductance of a graphene device compared to estimated contributions from acoustic
phonons [31, 30] and the supercollision cooling mechanism [32, 33,42, 43].

butions from acoustic phonons [31, 30] and the supercollision cooling mechanism [32, 33, 42, 43]
given the measured mobility in Fig. 5.7; We estimate these contributions to be an order of magni-
tude too small to explain the observed G, From our experiment, we estimate that the thermal
conductance per unit area at 300 K to be 9.5 x 10* W/Km?. We find this to be comparable to
theoretical calculations which suggest that optical phonons, both in the graphene lattice and the
boron nitride substrate, may provide an energy relaxation channel substantially larger than acoustic

phonons in this high temperature limit [34, 35, 30, 31, 36].
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The Dirac fluid

WHILE THE TERM “FERMI LIQUID” is often used to describe the electron flow in a metal, the key
feature of Fermi liquid theory is that the electron-electron interactions are renormalized away leav-
ing something more analogous to a non-interacting gas than an ordinary fluid, like water. In strongly

correlated systems, however, these interactions can dominate causing behavior ranging from Mott
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insulators to high temperature superconductivity. In graphene near the charge neutrality point, a
unique situation occurs where quasi-relativistic electrons are holes coexist and interact. In the limit
of perfectly clean samples (and in the absence of phonon coupling), inter-particle scattering causes
dissipation to electrical currents as electron and holes are driven in opposite directions by an elec-
tric field. This effect has been notoriously difficult to observe as scattering oft of impurities and
phonons can easily dominate inter-particle scattering in traditional graphene samples on SiO». Even
in the case of clean samples, demonstrating that electron-electron scattering is dominate requires

a measurement that can distinguish between the momentum conserving inter-particle collisions
and the more traditional elastic scatting off impurities. One such measurement is to compare the
response of a device under an electric field to its response under a thermal gradient; while an electric
field drives electrons and holes in opposite directions, a thermal gradient drives them in the same
direction, therefore inter-particle scattering causes dissipation to electric current but not to heat

current (inset of Fig. 6.5c).

6.1 TEMPERATURE REGIMES

IN GENERAL THERE ARE THREE PRIMARY SCATTERING MECHANISM in graphene that can dom-
inate transport: impurities, inter-particle, and phonon. At low temperature, charge impurities in
graphene cause significant spatial variations in the local chemical potential resulting in what are

known as electron-hole puddles. Shown in Fig. 6.1 are scanning tunneling microscope images of
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Figure 6.1: Spatial maps of the density of states of graphene on hBN and SiOs. a, Topography of graphene on hBN.

b, Tip voltage at the Dirac point as a function of position for graphene on hBN. ¢, Tip voltage at the Dirac point as a
function of position for graphene on SiO4. The color scale is the same for b and c. The scale bar in all images is 10 nm.
d Histogram of the energies of the Dirac point from b as well as a Gaussian fit. The inset shows the same data but
also includes the histogram for SiO9 shown in red. Taken from ref [53], reprinted with permission from the Nature
Publishing Group license number 4082110543400
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Figure 6.2: The interaction regime emerges in very clean samples. Taken from D. Y. H. Ho et al. (in preparation, 2017)
with permission from S. Adam.

these puddles, taken for graphene on traditional SiOg substrates and on hexagonal boron nitride
(hBN) [53]. On hBN these puddles can be of size > 100 nm — which is comparable to the electron-
electron scattering length at moderate temperatures — and have a potential variation with standard
deviation ~ 5 meV . As temperature is increased, the effects of scattering off these charge impurities
lessens and, at high enough temperatures, phonon scattering becomes significant, as described in
section 3.2.

Whether there exists an intermediate temperature where inter-particle scattering becomes domi-
nate depends on the disorder level. D. Ho et al. [54] quantitatively compares the scattering rates in
graphene and finds that, for samples on hBN, a temperature window opens up where the electron-
electron scattering time becomes the fastest in the system, Fig. 6.2.

Using clean samples on hBN and the thermal techniques presented in the previous chapters, we

measured the electronic thermal conductivity of graphene at intermediate temperatures demonstrat-
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ing that conduction is dominated by inter-particle scattering.
Below we present the original text of Ref. [s5]. Reprinted with permission from J. Crossno, J.K.
Shi, K. Wang, X. Liu, A. Harzheim, A. Lucas, S. Sachdev, P. Kim, T. Taniguchi, K. Watanabe, T.A.

Ohki, and K.C. Fong. Science, 351(6277), pp.1058-1061 (2016). Copyright (2016) by AAAS.

6.2 OBSERVATION OF THE DIRAC FLUID AND THE BREAKDOWN OF THE

WIEDEMANN-FRANZ LAW IN GRAPHENE

UNDERSTANDING THE DYNAMICS OF MANY INTERACTING PARTICLES is a formidable task in
physics, complicated by many coupled degrees of freedom. For electronic transport in matter, strong
interactions can lead to a breakdown of the Fermi liquid (FL) paradigm of coherent quasiparticles
scattering off of impurities. In such situations, the complex microscopic dynamics can be coarse-
grained to a hydrodynamic description of momentum, energy, and charge transport on long length
and time scales [56]. Hydrodynamics has been successfully applied to a diverse array of interacting
quantum systems, from high mobility electrons in conductors [57], to cold atoms [58] and quark-
gluon plasmas [59]. As has been argued for strongly interacting massless Dirac fermions in graphene
at the charge-neutrality point (CNP) [6o, 61, 62, 63], hydrodynamic effects are expected to greatly
modify transport coefficients as compared to their FL counterparts.

Many-body physics in graphene is interesting due to electron-hole symmetry and a linear disper-

sion relation at the CNP [64, 65]. In particular, the Fermi surface vanishes, leading to ineffective

81



screening [66] and the formation of a strongly-interacting quasi-relativistic electron-hole plasma,
known as a Dirac fluid [67]. The Dirac fluid shares many features with quantum critical systems
[68]: most importantly, the electron-electron scattering time is fast [69, 70, 71, 72], and well suited
to a hydrodynamic description. A number of exotic properties have been predicted including nearly
perfect (inviscid) flow [73] and a diverging thermal conductivity resulting in the breakdown of the
Wiedemann-Franz law [74, 61].

Away from the CNP, graphene has a sharp Fermi surface and the standard Fermi liquid (FL) phe-
nomenology holds. By tuning the chemical potential, we may measure thermal and electrical con-
ductivity in both the Dirac fluid (DF) and the FL in the same sample. In a FL, the relaxation of heat
and charge currents is closely related as they are carried by the same quasiparticles. The Wiedemann-
Franz (WF) law [20] states that the electronic contribution to a metal’s thermal conductivity e is
proportional to its electrical conductivity o and temperature 7', such that the Lorenz ratio £ satisfies

2 2
ﬁz’“e—7;<k"> = Lo (6.1)

e

where e is the electron charge, kg is the Boltzmann constant, and Ly is the Sommerfeld value de-
rived from FL theory. Lo depends only on fundamental constants, and not on specific details of
the system such as carrier density or effective mass. As a robust prediction of FL theory, the WF law
has been verified in numerous metals [20]. However, in recent years, an increasing number of non-
trivial violations of the WF law have been reported in strongly interacting systems such as Luttinger

liquids [75], metallic ferromagnets [76], heavy fermion metals [77], and underdoped cuprates [78],
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Figure 6.3: Temperature and density dependent electrical and thermal conductivity. (A) Resistance versus gate volt-
age at various temperatures. (B) Electrical conductivity (blue) as a function of the charge density set by the back gate
for different bath temperatures. The residual carrier density at the neutrality point (green) is estimated by the inter-
section of the minimum conductivity with a linear fit to log(a) away from neutrality (dashed grey lines). Curves have
been offset vertically such that the minimum density (green) aligns with the temperature axis to the right. Solid black
lines correspond to 462/h. At low temperature, the minimum density is limited by disorder (charge puddles). How-
ever, above Ty;; ~ 40K, a crossover marked in the half-tone background, thermal excitations begin to dominate and
the sample enters the non-degenerate regime near the neutrality point. (C-D) Thermal conductivity (red points) as a
function of (C) gate voltage and (D) bath temperature compared to the Wiedemann-Franz law, 1" L (blue lines). At
low temperature and/or high doping (|u| > kgT), we find the WF law to hold. This is a non-trivial check on the qual-
ity of our measurement. In the non-degenerate regime (|u\ < kgT) the thermal conductivity is enhanced and the WF
law is violated. Above Tel—ph ~ 80K, electron-phonon coupling becomes appreciable and begins to dominate thermal
transport at all measured gate voltages. All data from this figure is taken from sample S2 (inset panel E).
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all related to the emergence of non-Fermi liquid behavior.

The WF law is expected to be violated at the CNP in a DF due to the strong Coulomb interac-
tions between thermally excited charge carriers. An electric field drives electrons and holes in oppo-
site directions; collisions between them introduce a frictional dissipation, resulting in a finite con-
ductivity even in the absence of disorder [79]. In contrast, a temperature gradient causes electrons
and holes to move in the same direction inducing an energy current, which grows unimpeded by
inter-particle collisions (Fig. 6.sc inset). The thermal conductivity is therefore limited only by the
rate at which momentum is relaxed due to residual impurities.

Realization of the Dirac fluid in graphene requires that the thermal energy be larger than the local
chemical potential yi(r), defined at position r: k37" 2 |p(r)|. Impurities cause spatial variations
in the local chemical potential, and even when the sample is globally neutral, it is locally doped to
form electron-hole puddles with finite yi(r) [80, 81, 82, 53]. Formation of the DF is further compli-
cated by phonon scattering at high temperature which can relax momentum by creating additional
inelastic scattering channels. This high temperature limit occurs when the electron-phonon scatter-
ing rate becomes comparable to the electron-electron scattering rate. These two temperatures set the
experimental window in which the DF and the breakdown of the WF law can be observed.

To minimize disorder, the monolayer graphene samples used in this report are encapsulated in
hexagonal boron nitride (hBN) [83]. All devices used in this study are two-terminal to keep a well-
defined temperature profile [s1] with contacts fabricated using the one-dimensional edge technique
[s0] in order to minimize contact resistance. We employ a back gate voltage V; applied to the silicon

substrate to tune the charge carrier density n = ne — ny, where ne and ny, are the electron and
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hole density, respectively (see section 6.5). All measurements are performed in a cryostat controlling
the temperature Thaen. Fig. 6.3a shows the resistance R versus Vg measured at various fixed tempera-
tures for a representative device (see section 6.5). From this, we estimate the electrical conductivity o
(Fig. 6.3b) using the known sample dimensions. At the CNP, the residual charge carrier density nmin
can be estimated by extrapolating a linear fit of log() as a function of log(n) out to the minimum
conductivity [84]. At the lowest temperatures we find 7imin saturates to ~ 8 x 102 em 2. We note
that the extraction of 1,5, by this method overestimates the charge puddle energy, consistent with
previous reports [83]. Above the disorder energy scale Ty ~ 40 K, Nin increases as Tiaen is raised,
suggesting thermal excitations begin to dominate and the sample enters the non-degenerate regime
near the CNP.

The electronic thermal conductivity is measured using high sensitivity Johnson noise thermom-
etry (JNT) 51, 10]. We apply a small bias current through the sample that injects a joule heating
power P directly into the electronic system, inducing a small temperature difference AT = T, —
Tharh between the graphene electrons and the bath. The electron temperature Tt is monitored in-
dependent of the lattice temperature through the Johnson noise power emitted at 100 M H z with
a 20 M H z bandwidth defined by an LC matching network. We designed our JNT to be operated
over a wide temperature range 3 — 300 K [10]. With a precision of ~ 10 m K, we measure small
deviations of Tt from Thaeh, i.e. AT < Tiaeh. In this limit, the temperature of the graphene lattice
is well thermalized to the bath [51] and our JNT setup allows us to sensitively measure the electronic
cooling pathways in graphene. Atlow enough temperatures, electron and lattice interactions are

weak [10, 41], and most of the Joule heat generated in graphene escapes via direct diffusion to the
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contacts (SM). As temperature increases, electron-phonon scattering becomes appreciable and ther-
mal transport becomes limited by the electron-phonon coupling strength [41, 85, 22]. The onset
temperature of appreciable electron-phonon scattering, Teph, depends on the sample disorder and
device geometry: Tejpn ~ 80 K [41, 10, 49, 86] for our samples. Below this temperature, the elec-
tronic contribution of the thermal conductivity can be obtained from P and AT using the device
dimensions (SM).

Fig. 6.3¢ plots K¢ (V5) alongside the simultaneously measured o (V;) at various fixed bath temper-
atures. Here, for a direct quantitative comparison based on the WF law, we plot the scaled electrical
conductivity as 0T'Ly in the same units as ke. At low temperatures, T < Tgi; ~ 40 K, where
the puddle induced density fluctuations dominates, we find ke =~ 071'L(, monotonically increas-
ing as a function of carrier density with a minimum at the neutrality point, confirming the WF law
in the disordered regime. As T increases (1" > Tgjs), however, the measured ke begins to deviate
from the FL theory. We note that this violation of the WF law only appears close to the CNP, with
the measured thermal conductivity maximized atn = 0 (Fig. 6.3d). The deviation is the largest at
75 K, where K. is over an order of magnitude larger than the value expected for a FL. This non-FL
behavior quickly disappears as |n| increases; ke returns to the FL value and restores the WF law. In
fact, away from the CNP, the WF law holds for a wide temperature range, consistent with previous
reports [10, 49, 41]. For this FL regime, we verify the WF law up to Te—pn ~ 30K Finally, in the
high temperature regime T > T¢j—pp, the additional electron-phonon cooling pathway causes the
measured thermal conductivity to be larger than k.. We find that near the CNP £, tends to decrease

just before Tej—pp, restricting the maximal observable violation of the WF law.
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Figure 6.4: Breakdown of the Wiedemann-Franz law in the Dirac fluid regime. The Lorenz ratio is shown as a function
of the charge carrier density and bath temperature. Near the CNP and for temperatures above the disorder (charge
puddle) regime but below the onset of electron-phonon coupling, the Lorenz ratio is measured to be an order of mag-
nitude greater than the Fermi liquid value of 1 (blue). The WF law is observed to hold outside of the Dirac fluid regime.
All data from this figure is taken from sample S1.
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Our observation of the breakdown of the WF law in graphene is consistent with the emergence
of the DF. Fig. 6.4 shows the full density and temperature dependence of the experimentally mea-
sured Lorenz ratio in order to highlight the presence of the DF. The blue colored region denotes
L ~ Lo, suggesting the carriers in graphene exhibit FL behavior. The WF law is violated in the DF
(yellow-red) with a peak Lorenz ratio 22 times larger than Lg. The green dotted line shows the cor-
responding numin (17) for this sample; the DF is found within this regime, indicating the coexistence
of thermally populated electrons and holes. We find that disorder and phonon scattering bound the
temperature range of the Dirac fluid, Tyis < T < Te1—ph.

We investigate the effect of impurities on hydrodynamic transport by comparing the results ob-
tained from samples with varying disorder. Fig. 6.5a shows 1pmn as a function of temperature for

three samples used in this study. nmin (7' = 0) is estimated as 5, 8, and 10 x 102 em—2

in samples S,
S2, and S3, respectively. All devices show qualitatively similar Dirac fluid behavior; the largest value
of £/ Ly measured in the Dirac fluid regime is 22, 12 and 3 in samples S1, S2, and S3, respectively
(Fig. 6.5b). For a direct comparison, we show £L(n) for all three samples at the same temperature

(60 K) in Fig. 6.5c. We find that cleaner samples not only have a more pronounced peak but also a
narrower density dependence, as predicted [74, 61].

More quantitative analysis of £(n) in our experiment can be done by employing a quasi-relativistic

hydrodynamic theory of the DF incorporating the eftects of weak impurity scattering [87, 74, 61]

EDF
E = U /o) (62
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Figure 6.5: Disorder in the Dirac fluid. (A) Minimum carrier density as a function of temperature for all three samples.
At low temperature each sample is limited by disorder. At high temperature all samples become limited by thermal
excitations. Dashed lines are a guide to the eye. (B) The Lorenz ratio of all three samples as a function of bath temper-
ature. The largest WF violation is seen in the cleanest sample. (C) The gate dependence of the Lorenz ratio is well fit

to hydrodynamic theory of Ref. [74, 61]. Fits of all three samples are shown at 60 /K. All samples return to the Fermi
liquid value (black dashed line) at high density. Inset shows the fitted enthalpy density as a function of temperature
and the theoretical value in clean graphene (black dashed line). Schematic inset illustrates the difference between heat
and charge current in the neutral Dirac plasma.
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where

o HUFlm
B T2Umin

7'[O—min
e2vply

£DF

and nd = (63)

Here v is the Fermi velocity in graphene, oy is the electrical conductivity at the CNP, H is the
fluid enthalpy density, and [, is the momentum relaxation length from impurities. Two parame-
ters in Eqn. 6.2 are undetermined for any given sample: /,,, and H. For simplicity, we assume we
are well within the DF limit where [,;, and H are approximately independent of n. We fit the exper-
imentally measured £(n) to Eqn. 6.2 for all temperatures and densities in the Dirac fluid regime
to obtain Iy, and H for each sample. Fig. 6.5C shows three representative fits to Eqn. 6.2 taken at
60 K. Iy is estimated to be 1.5, 0.6, and 0.034 pm for samples St, S2, and S3, respectively. For the
system to be well described by hydrodynamics, Iy, should be long compared to the electron-electron
scattering length of ~ 0.1 pum expected for the Dirac fluid at 60 K [73]. This is consistent with
the pronounced signatures of hydrodynamics in Sxand Sz, but not in S3, where only a glimpse of
the DF appears in this more disordered sample. Our analysis also allows us to estimate the ther-
modynamic quantity #(71") for the DF. The Fig. 6.5c inset shows the fitted enthalpy density as a
function of temperature compared to that expected in clean graphene (dashed line) [73], excluding
renormalization of the Fermi velocity. In the cleanest sample H varies from 1.1 — 2.3e¢V/um? for
Tyis < T < Te—ph- This enthalpy density corresponds to ~ 20 meV or ~ 4kgT per charge carrier
— about a factor of 2 larger than the model calculation without disorder [73].

To fully incorporate the effects of disorder, a hydrodynamic theory treating inhomogeneity non-

perturbatively is necessary [88, 89]. The enthalpy densities reported here are larger than the the-
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oretical estimation obtained for disorder free graphene, consistent with the picture that chemical
potential fluctuations prevent the sample from reaching the Dirac point. While we find thermal
conductivity well described by Ref. [74, 61], electrical conductivity increases slower than expected
away from the CNDP, a result consistent with hydrodynamic transport in a viscous fluid with charge
puddles [89].

In a hydrodynamic system, the ratio of shear viscosity 1) to entropy density s is an indicator of the
strength of the interactions between constituent particles. It is suggested that the DF can behave as a
nearly perfect fluid [73]: 77/ s approaches a conjecture by Kovtun-Son-Starinets: (n/s)/(h/kp) 2
1/4m for a strongly interacting system [90]. A non-perturbative hydrodynamic framework can be
employed to estimate 7, as we discuss elsewhere [89]. A direct measurement of 7 is of great interest.

We have experimentally discovered the breakdown of the WF law and provided evidence for the
hydrodynamic behavior of the Dirac fermions in graphene. This provides an experimentally realiz-
able Dirac fluid and opens the way for future studies of strongly interacting relativistic many-body
systems. Beyond a diverging thermal conductivity and an ultra-low viscosity, other peculiar phe-
nomena are expected to arise in this plasma. The massless nature of the Dirac fermions is expected
to result in a large kinematic viscosity, despite a small shear viscosity 7. Observable hydrodynamic
effects have also been predicted to extend into the FL regime [91]. The study of magnetotransport

in the DF will lead to further tests of hydrodynamics [74, 87].

91



6.3 SAMPLE FABRICATION

SINGLE LAYER GRAPHENE IS ENCAPSULATED in hexagonal boron nitride on an n-doped silicon
wafer with 285 nm SiOg [s0] and is subsequently annealed in vacuum for 15 minutes at 350 °C.
It is then etched using reactive-ion-etching (RIE) to define the width of the device. A second etch
mask is then lithographically defined to overlap with the sample edge, leaving the rest of the sample
rectangular shaped with the desired aspect ratio. After the RIE is performed, the same etch mask is
used as the metal deposition mask, upon which Cr/Pd/Au (1.5 nm /5 nm / 200 nm) is deposited.
The resulting Ohmic contacts show low contact resistances and small PN junction effects due to

their minimum overlap with device edge.

6.4 OPTIMIZING SAMPLES FOR HIGH FREQUENCY THERMAL CONDUCTIV-

ITY MEASUREMENTS

To MEASURE THE ELECTRONIC THERMAL CONDUCTIVITY K, of graphene using high frequency
Johnson noise the sample design should be made with three additional considerations: stray chip
capacitance, resistance of the lead wires, and sample dimensions that enhance electron diffusion
cooling over phonon coupling.

Johnson noise thermometry (JNT) relies on measuring the total noise power emitted in a speci-
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fied frequency band and relating that to the electronic temperature on the device; to maximize the
sensitivity, high frequency and wide bandwidth measurements should be made [10]. In the tem-
perature range discussed here, the upper frequency limit for JNT is typically set by the amount of
stray capacitance from the graphene, lead wires, and contact pads to the Si back gate. This is mini-
mized by using short, narrow lead wires and small (50 gm x 50 pm) bonding pads resulting in an
estimated 4 pI’ stray capacitance.

The amount of Johnson noise emitted between any two terminals is proportional to the mean
electronic temperature between them where each point in space is weighted by its local resistance.
Therefore, to maximize the signal coming from the graphene, contact resistance should be kept at
aminimum. To compensate for the narrow lead wires, we deposit a thicker layer (200 nm) of gold
resulting in an estimated total contact resistance of < 80 2.

Lastly, to effectively extract ke from the total electronic thermal conductance Gy, we want to en-
hance the electron diffusion cooling pathway with respect to the electron-phonon cooling pathway
(see section 4.1 for details). This can be accomplished by keeping the length of the sample short as
the total power coupled into the lattice scales as the area of the device while diffusion cooling scales
as 1/R. In addition, the device should be made wide to minimize the effects of disordered edges. We
find these high aspect ratio samples (~ 3 : 1) are ideal for our measurements and serve the addi-

tional purpose of lowering the total sample resistance allowing us to impedance match over a wider

bandwidth.
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S1 | S2 S3
length (y4m) 3 3 4
width (pem) 91 9 | 105
mobility (10° em?/V's) | 3 | 25| 0.8
Nimin (102 cm™2) 5 8 10

Table 6.1: Basic properties of our three samples.

6.5 DEVICE CHARACTERIZATION

IN THIS STUDY WE MEASURE three graphene devices encapsulated in hexagonal boron nitride
(hBN), whose basic properties are detailed in Table 6.1. All devices are two-terminal with mobility

estimated as

L

= 6.
R (6.4)

ILL%

where L and W are the sample length and width respectively, e is the electron charge, and 7 is the
charge carrier density. The gate capacitance per unit area Cy ~ 0.11 fF/ pm? is estimated consider-

ing the 285 nm SiOg and ~ 20 nm hBN dielectrics. From this we estimate the charge density

where Vjq is the gate voltage corresponding to the charge neutrality point (CNP) estimated by the lo-
cation of the maximum of the curve R(V). Fig. 6.6 shows the resistance of all samples as a function

of gate voltage.
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Figure 6.6: 2-terminal resistance IR vs. back gate voltage for the 3 samples used in this report.

6.6 BirorLAR DIFFUSION

THE BIPOLAR DIFFUSION EFFECT occurs when different charge carriers of opposite sign move in
the same direction under an applied temperature gradient. The thermal conductivity &, in the ab-

sence of net electric current flow, is given in Ref. [92]:

Ta? Ta? T 2
K= (/@e - aC) + (:‘ih - ah) 4 2 0oh (ae — ah) (6.6)
Oe Oh Oc+0h \Oe On

The first two terms in the above equations are the thermal conductivity of electrons and holes re-

spectively. The third term is the bipolar diffusion term, and accounts for the possibility of electrons
and holes flowing in the same direction.
Bipolar diffusion has been used to explain the thermal conductivity of narrow gap semiconduc-

tors, such as bismuth telluride, when the chemical potential is close to the midgap. Estimates of the
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Lorenz ratio in bismuth telluride have been reported as high as 7.2 Lo in Ref. [93]. In graphene, the
two types of charge carriers correspond to above/below the Dirac point. To use the formula (6.6) re-
quires the assumption that interactions between electrons and holes are negligible. If this is the case,
it is reasonable to employ kinetic theory to estimate o p, e b and Ke 1. This was shown in Ref. [94]
and we state the formalism here for completeness.

Employing the ultrarelativistic band structure of graphene near the CNP, the transport coefh-

cients are given by:

d%k 9 hvgk £+ p
Oe = / o2 TE(k)vF‘F ( ks T ) ’ (6.72)
d?k o [ hvgk £ 1
Qe = + / ﬁTe(k)(h’U}:k + /L)UFF <M) y (67b)

N d2k hvgk + 1
Fre = / o Tell) vk £ )22 F (‘;{ﬂ) ,
where 7. j, are suitably defined energy relaxation times for electrons and holes, we use a = sign for
electrons/holes, and
1 e’

F(z) = T (11 e (6.8)

Given a choice of 7, it is straightforward to numerically integrate these equations. This was done
in Ref. [94] for some choices of 7; we have checked additional choices. We compare the result of
this two-band formalism at the CNP, to the same data for St used in Fig. 6.5. We can rule out the

canonical bipolar diffusion (BD) explanation of our data for the following reasons:

1. The BD theory predicts that £/ Lwr is independent of temperature at the CNP in a clean
sample. Adding disorder only adds a very weak temperature dependence [94]. This is in
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Figure 6.7: Comparison of the Lorenz ratio in graphene between bipolar diffusion theory [94] and our experimental
data. The sharp temperature dependence of L is inconsistent with bipolar diffusion (see green dashed lines). This

sharp behavior is predicted in hydrodynamics [89].

stark contrast to our data — see Figure 6.7. Hydrodynamic models do predict a sharp temper-

ature dependence in £ [89].

. Simple models of BD in the presence of charge puddles with local chemical potential fluc-
tuations of so meV or higher predict factor of 2 violations of the WF law [94], and a weak
dependence of £ on disorder, compared to hydrodynamics. In contrast we see a sharp de-
pendence on disorder, comparing our three samples (Figure6.s). In samples where chemical

potential fluctuations are comparable to 50 meV’, the WF law is obeyed to within 40% [s1].

. Working under the theory of [95], 7(k) ~ |k|, and hence the maximal Lorenz ratio £/ Lwr ~

4 [94] — well below to our experimental observation of £/ Lwr ~ 22.

. The BD theory of [94] predicts L/ Lwr 2 0.8 under all conditions. Hydrodynamics pre-
dicts that this ratio can become arbitrarily small in a clean sample, and we have indeed ob-
served L/ Lwr ~ 1/3 at finite density in the DF in sample St, only consistent with hydrody-

namics.
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Turn a switch and the light goes on. The layman’s per-
ception is that this is like opening a tap so that the water

starts running. But this analogy is misleading.

Jan Zaanen

Hydrodynamic framework

IN EXOTIC MATERIALS, as electron-electron interactions begin to dominate over electron-impurity
and electron-phonon scattering, new theoretical tools are needed to effectively model heat and
charge transport. One such method, described in detail below, is to abandon the idea of quasipar-

ticles altogether and instead rely on tracking macroscopically conserved quantities such as energy,
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Figure 7.1: Distinguishing different flow regimes. (Left) In conventional metals, the flow of electrical current is due

to electrons (balls) moving independently as a consequence of quantum physics while scattering against crystal im-
perfections (bumpers). (Right) In normal fluids such as water, the molecules collide with each other, equilibratingin a
macroscopic fluid that is described by the theory of hydrodynamics. Electrons in particular solids that form strongly in-
teracting quantum systems are also found to exhibit hydrodynamic transport properties (ref. [55, 96, 97]). Taken from
ref. [98], reprinted with permission from AAAS license number 4082140628269

momentum, and charge (hydrodynamics). The difficulty with this technique is the inclusion of mo-
mentum relaxing scattering events, such as those due to impurities. It is possible to include these
effects to first order by modeling the hydrodynamic equations in the presence of a non-uniform
(but slowly varying) potential similar that shown [s3] to exist in graphene. While this method has
been applied with much success to describe the Dirac fluid, it is worth noting that, for the devices
described in chapter 6, the electron-electron scattering rate is of the same order as other relevant
scatting rates in the system; as such, a Boltzmann approach with the inclusion of an inter-particle
scattering time is feasible [54] (Fig. 7.2 illustrates the regimes applicable to the two frameworks).
Below we present the original text of [89]. Reprinted with permission from A. Lucas, J. Crossno,
K. C. Fong, P. Kim and S. Sachdev, “Hydrodynamic transport in quantum critical fluids and in the
Dirac fluid in graphene”, Physical Review B93 075426 (2016). Copyright (2016) by the American

Physical Society
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Figure 7.2: Illustration of a few common theoretical frameworks used to model electron flow in solids and their ca-
pabilities to models systems with various electron-electron interaction strengths. Taken from ref. [54] adapted from
ref. [99] with permission from S. Adam

7.1 TRANSPORT IN INHOMOGENEOUS QUANTUM CRITICAL FLUIDS AND

IN THE DIRAC FLUID IN GRAPHENE

OVER A HALF CENTURY AGO, the theory of electronic transport in “standard” metals such as iron
and copper was developed. The key pillar of this approach is the validity of Fermi liquid theory,
which states that the interacting electrons in solids form nearly free-streaming quasiparticles [100].
At finite temperature, these quasiparticles form a weakly interacting quantum gas which is well
described by quantum kinetic theory. The transport properties of these quantum gases are by now

very well understood. A particularly important property of Fermi liquids is the Wiedemann-Franz
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law, which states that'

= 32 = Lws- (7.1)

Here & is the electronic contribution to thermal conductivity, o is the electrical conductivity, 1" is
the temperature, and £ is the Lorenz ratio. Implicit in the above equation is that the dominant
interactions are between impurities or phonons and quasiparticles, and in most metals this is true:
the interaction time between quasiparticles is typically 10* times longer than the interaction times
between quasiparticles and impurities or phonons [20].

Also over a half century ago, a study of the consequences of hydrodynamic behavior on correla-
tion functions and transport in interacting quantum systems was initiated [56]. Hydrodynamics
is a framework for understanding the collective motion of the quasiparticles in a solid, or any other
interacting quantum or classical system, so long as the microscopic degrees of freedom reach thermal
equilibrium locally. In a solid, this interaction time must be the fastest time scale in the problem to
see hydrodynamic behavior, but since quasiparticles in a Fermi liquid interact with each other only
very weakly, observing hydrodynamics in electron fluids is notoriously hard. Even in the purest met-
als where hydrodynamic behavior can be observed, such as in GaAs [57, 101, 102], the resulting fluid
is often a Fermi liquid. The resulting dynamics is the fluid dynamics of (quantum) gases. More re-
cent theoretical work on hydrodynamics in Fermi liquids includes [103, 104, 105, 106, 107, 108], and
recent experimental work includes [96, 97].

Fermi liquid theory is known to fail in a variety of experimentally realized metals in two or more

TBelow we have assumed that the charge of the quasiparticles is e, with e the charge of the electron -
this is essentially always the case.
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spatial dimensions — most famous among these is the strange metal phase of the cuprate supercon-
ductors [109, 110, 68] which does not have quasiparticle excitations. A slightly more theoretically
controlled and better understood example of a state of quantum matter without quasiparticles is the
quasi-relativistic Dirac fluid in the semimetal graphene. The Dirac fluid, which effectively lives in
two spatial dimensions, has also been argued to be strongly interacting at experimentally achievable
temperatures [67, 60, 79, 111] due to ineffective Coulomb screening [66]. Although it is separated
from the Fermi liquid by a crossover, and not a (thermal) phase transition, its proximity to a (sim-
ple) zero temperature quantum critical point at charge neutrality means that the phenomenology

of the Dirac fluid is expected to differ strongly from Fermi liquid theory. Due to the high spatial
dirnensiorlallity,T the development of a predictive quantitative theory of these systems is notori-
ously hard. A major theme in recent work has been quantum criticality [112, 113], which opens up
the possibility for borrowing powerful techniques from high energy physics, but even in this case
very little is known about experimentally relevant regime of finite temperature and density. One

of the only remaining techniques for understanding these systems is hydrodynamics, as many fea-
tures of hydrodynamics are universal and model independent, and the strongly interacting quantum
physics is captured entirely by the coefficients in otherwise classical differential equations. Such
fluids are quantum analogues of classical liquids such as water, which are strongly interacting (al-
beit with negligible quantum entanglement) insofar as they do not admit a controllable description

via kinetic theory. Furthermore, it has been shown [87] that strongly interacting quantum critical

T@ntum dynamics in one dimension, which is often integrable, is described using very different tech-
niques and has qualitatively distinct features.
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fluids have a somewhat different hydrodynamic description than the canonical Fermi liquids de-
scribed above, and this can lead to very different hydrodynamic properties, including in transport
(87, 60,79, 74, 73, 61, 114], as we will review in this paper.

Using novel techniques to measure thermal transport [s1, 41, 10], the Dirac fluid has finally been
observed in monolayer graphene, and evidence for its hydrodynamic behavior has emerged [s5], as
we will detail. However, existing theories of hydrodynamic transport are not consistent with the
simultaneous density dependence in experimentally measured thermal and electrical conductivities.
In this paper, we improve upon the hydrodynamic theory of [87], describe carefully effects of finite
density, and develop a non-perturbative relativistic hydrodynamic theory of transport in electron
fluids near a quantum critical point. Under certain assumptions about the equations of state of the
Dirac fluid, our theory is quantitatively consistent with experimental observations. The techniques
we employ are included in the framework of [88], which developed a hydrodynamic description
of transport in relativistic fluids with long wavelength disorder in the chemical potential. [88] was
itself inspired by recent progress employing the AdS/CFT correspondence to understand quantum
critical transport in strange metals [115, 114, 116, 117, 118, 119, 120, 121, 122.], but as we will discuss, this

theory is also well suited to describe the physics of graphene.

7..1  SUMMARY OF RESULTS

THE RECENT EXPERIMENT [55] reported order-of-magnitude violations of the Wiedemann-Franz

law. The results were compared with the standard theory of hydrodynamic transport in quantum
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critical systems [87], which predicts that

2,,2,.2
o(n) = oqt 2 (7.2)
UEHT& (7.2b)

where e is the electron charge, s is the entropy density, 7 is the charge density (in units of length_2),
H is the enthalpy density, 7 is a momentum relaxation time, and o is a quantum critical effect,
whose existence is a new effect in the hydrodynamic gradient expansion of a relativistic fluid. Note

that up to 0, o(n) is simply described by Drude physics. The Lorenz ratio then takes the general

form
. Lo
‘C(n) - (1 + (n/no)g)Qa (7-3)
where
vEHT
Lpr = ISQO_CL, (7.42)
Ho
2 QU
g = 621)1%7" (7.4b)

L(n) can be parametrically larger than Lwr (as 7 — oo and n < ng), and much smaller (n >
ng). Both of these predictions were observed in the recent experiment, and fits of the measured
L to (7.3) were quantitatively consistent, until large enough n where Fermi liquid behavior was

restored. However, the experiment also found that the conductivity did not grow rapidly away from
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Figure 7.3: A comparison of our hydrodynamic theory of transport with the experimental results of [55] in clean sam-
ples of graphene at T" = 75 K. We study the electrical and thermal conductances at various charge densities 12 near
the charge neutrality point. Experimental data is shown as circular red data markers, and numerical results of our the-
ory, averaged over 30 disorder realizations, are shown as the solid blue line. Our theory assumes the equations of state
described in (7.27) with the parameters Cy ~ 11,Cs =~ 9,C4 ~ 200,79 =~ 110,09 ~ 1.7,and(7.28) with
ug =~ 0.13. The yellow shaded region shows where Fermi liquid behavior is observed and the Wiedemann-Franz law
is restored, and our hydrodynamic theory is not valid in or near this regime. We also show the predictions of (7.2) as
dashed purple lines, and have chosen the 3 parameter fit to be optimized for Ii(n)

n = 0as predicted in (7.2), despite a large peak in k(1) nearn = 0, as we show in Figure 7.3.
Furthermore, the theory of [87] does not make clear predictions for the temperature dependence of
7, which determines «(7).

In this paper, we argue that there are two related reasons for the breakdown of (7.2). One is that
the dominant source of disorder in graphene — fluctuations in the local charge density, commonly
referred to as charge puddles [81, 123, 82, 53] — are not perturbatively weak, and therefore a non-
perturbative treatment of their effects is necessary.” The second is that the parameter 7, even when
it is sharply defined, is intimately related to both the viscosity and to n, and this n dependence is
neglected when performing the fit to (7.2) in Figure 7.3. We develop a non-perturbative hydrody-

namic theory of transport which relies on neither of the above assumptions, and gives us an explicit

TSee [80, 124] for a theory of electrical conductivity in charge puddle dominated graphene at low tempera-
tures.
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Figure 7.4: A comparison of our hydrodynamic theory of transport with the experimental results of [55] in clean sam-
ples of graphene at the charge neutrality point (n. = (). We use no new fit parameters compared to Figure 7.3. The
yellow shaded region denotes where Fermi liquid behavior is observed; the purple shaded region denotes the likely

onset of electron-phonon coupling.

formula for 7 in the limit of weak disorder. The key assumption for the validity of our theory is
that the size of the charge puddles is comparable to or larger than the electron interaction length
scale, which is about 100 nm. Experimental evidence suggests this is marginally true in graphene
samples mounted on hexagonal boron nitride [53], as was done in [55]. Although we cannot ana-
lytically solve our theory non-perturbatively, we perform numerical computations of the transport
coefficients in disordered fluids, and compare the results to the experimental data in Figure 7.3. Our
simultaneous fit to k£(n) and o(n) shows improved quantitative agreement with both sets of data
in the Dirac fluid regime. We further compare in Figure 7.4 the temperature dependence of x and
o between our numerics and the experiment, using no new fitting parameters, and find satisfactory
quantitative agreement in the Dirac fluid regime.
Figure 7.5 shows a cartoon of the regime of validity of our hydrodynamic theory. The fact that

the charge puddles may be substantial, while the entropy and energy densities are much more con-

stant, helps to explain why the perturbative description of transport is much better for x than o, as
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Figure 7.5: A cartoon of a nearly quantum critical fluid where our hydrodynamic description of transport is sensible.
The local chemical potential u(x) always obeys |/1\ <& kgT', and so the entropy density S/k‘B is much larger than the
; both electrons and holes are everywhere excited, and the energy density € does not fluctuate as

charge density |n
much relative to the mean. Near charge neutrality the local charge density flips sign repeatedly. The correlation length
of disorder £ is much larger than [, the electron-electron interaction length.

the perturbative approach works well in a nearly homogeneous fluid. In coming years the quality of
graphene samples will improve, and the charge puddle size may grow larger than 100 nm, allowing
us to observe the clean hydrodynamic limit described by (7.2). As present day samples are just clean
enough to observe hydrodynamics, our determination of the equations of state should be under-
stood as preliminary.

Although the focus of this paper is on the Dirac fluid in graphene, this is because of the experi-
mental motivation for this work. Our theory has broader validity, and we will introduce it in the
more general context of transport in a disordered electronic fluid near a quantum critical point with
manifest Lorentz invariance, with the microscopic Fermi velocity vg playing the role of the speed
of light. The Dirac fluid is not strictly Lorentz invariant, but we will justify the validity of our ap-
proach even in this system. While the Dirac fluid in graphene is currently the only experimentally

realized strongly interacting condensed matter system with evidence for electronic hydrodynam-
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ics [55], in the future surface states in topological insulators in three spatial dimensions may host
strongly interacting electron fluids [125]. Strongly interacting three dimensional materials includ-

ing Weyl semimetals [126, 127, 128] may also give rise to novel phenomena relevant for transport

[129, 130].

7.2 OUTLINE

THE OUTLINE OF THIS PAPER is as follows. We briefly review the definitions of transport coeffi-
cients in Section 7.2. In Section 7.3 we develop a theory of hydrodynamic transport in the elec-
tron fluid, assuming that it is Lorentz invariant. We discuss the peculiar case of the Dirac fluid in
graphene in Section 7.4, and argue that deviations from Lorentz invariance are small. We describe
the results of our numerical simulations of this theory in Section 7.5, and directly compare our sim-
ulations with recent experimental data from graphene [s5]. The experimentally relevant effects of
phonons are qualitatively described in Section 7.6. We conclude the paper with a discussion of fu-
ture experimental directions. AppendixB contains technical details of our theory.

In this paper we use index notation for vectors and tensors. Latin indices ij - - - run over spa-
tial coordinates « and y; Greek indices v - - - run over time t as well. We will denote the time-
like coordinate of A* as A’. Indices are raised and lowered with the Minkowski metric

diag(—1, 1, 1). The Einstein summation convention is always employed.
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7.2 TRANSPORT COEFFICIENTS

LET US BEGIN BY DEFINING the thermoelectric response coefficients of interest in this paper. Sup-
pose that we drive our fluid by a spatially uniform, externally applied, electric field E; (formally, an
electrochemical potential gradient), and a temperature gradient —0;T". We will refer to —9;T" as
T¢;, with (; = —T_lajT, for technical reasons later. As is standard in linear response theory, we
decompose these perturbations into various frequencies, and focus on the response at a single fre-
quency w. Time translation invariance implies that the (uniformly) spatially averaged charge current
(J;) and the spatially averaged heat current (Q);) are also periodic in time of frequency w, and are
related to E; and (; by the thermoelectric transport coefficients:

(Ji) oij(w)  Tayj(w) E;

e—iwt —
(Qi) Tagj(w)  Trij(w) G

In a typical disordered system, we expect that 0, a5, @;j and K;; are all proportional to d;5. In
our numerics, finite size effects introduce some anisotropy; our theory is valid in this more general
scenario.

In fact, (7.5) is somewhat subtle. Implicit in the definitions of the transport coefficients are a set
of boundary conditions. In the definitions in (7.5), we have assumed that we tune F; and (;, and
then measure J; and ;. However, usually in experiments one fixes J;, as electronic measurements

are far easier to control. One then can fix either F; or (;. So while it is straightforward to measure

109



0;; by setting ¢; = 0, one measures not ;; but instead x5, defined as

Qi) (gy=0 = Tri G- (7.6)
Straightforward manipulations give that 0 F; = —T'c;;(j, and therefore that
Kij = I_Qij — Tdiko,;llalj. (7.7)

These definitions are general and independent of our hydrodynamic theory.

7.3  RELATIVISTIC HYDRODYNAMICS

WE NOW DEVELOP A THEORY of relativistic hydrodynamics of the electronic plasma in a disordered
metal, where the disorder is introduced by a spatially dependent chemical potential jio(x). So long
as the length scale & ~ |p0|/|0xpo| over which this function varies is much larger than the electron-
electron scattering length lee ~ hvg/kgT), it is sensible to treat the fluid as locally homogeneous,
with parameters such as energy density and viscosity locally being functions of 11 alone. This exter-
nal chemical potential acts as an external source of energy and momentum for the electronic plasma,
and can be sourced by lattice defects or impurities, either in the (semi)metal itself, or in the substrate
itis placed on, for two-dimensional materials such as graphene [81, 53]. Our theory here is analo-

gous to [88], and similar to the earlier work [103] in non-relativistic fluids. However, [88] focused
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mostly on the mathematical consequences of relativistic hydrodynamics, particularly in regards to
holographic models. Our focus here is on practical consequences in realistic quantum critical fluids
where 1 < kgT', and where the equations of state are tightly constrained by scale invariance (see
Appendix B.1).

Previous theories of hydrodynamic transport assumed that disorder was parametrically weak,
and so momentum is a nearly conserved quantity [87, 60]. Such theories can be shown to be a per-
turbative limit of the more general approach that we advocate below: see [88] and Appendix B.3.
However, near the charge-neutrality point, non-perturbative effects can become important [88].
Since this is the regime where [55] observed evidence for hydrodynamic behavior, it is necessary to
treat transport in the charge-neutral fluid carefully and to study non-perturbative physics. We be-
gin with a general discussion of the equations of state of a relativistic plasma, and then outline our
non-perturbative hydrodynamic description of transport.

Though our focus in this paper is on the case of two spatial dimensions, it is straightforward to

generalize our theory to higher dimensions.

7.3.1 HyDRODYNAMIC EQUATIONS

LET US REVIEW THE STRUCTURE of relativistic hydrodynamics, which was derived carefully in
[87]. Hydrodynamics is a general framework which describes the relaxation of an ergodic and locally
thermalizing (classical or quantum) system to global thermal equilibrium, or as close to global equi-

librium as boundary conditions or external sourcing allow. The assumption of local thermalization
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implies that the only quantities with dynamics on long time scales (compared to the local thermal-
ization time e /UF) are quantities that are globally conserved, up to external sources. In a typical the-
ory, these will be charge, energy and momentum, and we will assume this to be the case for graphene
as well. Hydrodynamics is a systematic way to truncate equations of motion for the local charge
density n(x), energy density () and momentum density I7;(x), by treating the perturbative pa-
rameter as le.0),. In fact, it is typical to instead study the dynamics of the thermodynamic conjugate
variables: chemical potential (), temperature T'(z) and relativistic velocity u# (), respectively.

u* is subject to the usual constraint u,ut = —vg.

Note that throughout this paper, “charge density” n refers to the number density of electrons,
minus the number density of holes: 7 = Nelec — Nhole- Thus, there are no factors of e in the defini-
tion of n, or chemical potential p.f

The equations of motion of hydrodynamics are the local conservation laws, up to external sources.
We apply an external chemical potential 1o via an external electromagnetic field AL, = —po(x)/e,

Ai

¢ = 0. We employ relativistic notation with vg = 1 temporarily. The equations of hydrodynam-

ics are

0,TH = eFk!J,, (7.8a)

8,J" =0, (7.8b)

where Fi. = —F!l = ;10 are the only non-vanishing components, 7" represents the expecta-

"Therefore [n] = [length]~? and [u] = [energy].
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tion value of the local stress-energy density, and J# the expectation value of the local charge density.
TH and J* must be expressed in terms of j1, 7" and u* in order to obtain a closed set of equations.
One can show that there is a static solution to the hydrodynamic equations with u* = (1,0, 0),
T = Ty = constant, and p1(x) = f10(x) [88]. Recall that jig(x) is slowly varying on the length scale
&. We will take this solution as the background state of our fluid.

Hydrodynamics is a perturbative expansion of (7.8), where the perturbative expansion parameter
is the number of derivatives of space and time. At zeroth order, the equations of state are simply

that 7" and J# are given by the thermodynamic relations we derived above:

™ = (e + P)u"u” + Pn*", (7.92)

JH = nut, (7.9b)

with € the energy density and P the pressure. In the fluid’s rest frame, T i — ¢ T = P§Y, and
J' = n, with all other components vanishing. At first order, [87] showed that the most general
first derivative corrections to T#" and J#* consistent with symmetries and the local second law of

thermodynamics are

T = (e + P)utu” + Pt — 2PHPPY 00 ,uqy — PH (¢ —n) Opu?, (7.102)

JH = nut — Z—;L(n‘“’ + utu") (&,u — %8,,T — eFVp7extup> , (7.10b)

with 7, (,0q > 0,and P* = /¥ + utu”. Here 1 and C are the shear and bulk viscosity re-
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spectively, and o is a “quantum critical” conductivity [87]. Note that the external electromagnetic
fields show up in the hydrodynamic gradient expansion in the charge current; this happens because
the charged fluid is sensitive only to the gradient in the total electrochemical potential [100]. We
allow for P, n, n, { and o to all be position-dependent, with their position dependence related to
Hext> as we will describe shortly in more detail.

It has long been appreciated [87] that oq plays a fundamental role in hydrodynamic transport
near quantum critical points. More recently [114] argued that 7) could play a role in transport. We
will carefully detail how 7 affects transport in this paper, analytically and numerically.

In our extension of this theory to graphene, we will also allow for Coulomb interactions of the
fluid to be substantial enough to enter the hydrodynamic equations. However, this should only
alter the equations of state, as well as add a further contribution to F},, e [60], and we will detail
this in the subsequent section. The constraints imposed on hydrodynamics from local positivity of
entropy production [87] are unchanged in the presence of Coulomb interactions, which are entirely
accounted for via a modified Fyy .

It is sufficient in our calculation of o, & and & to simplify 7#” and J* and retain only the terms

linear in velocity. One finds, ind = 2:

T% = (e + P)v', (7.112)

T = P57 —n (9" + &7v") — (¢ — n)d" 9o, (7.ub)
. . o,

J'=nv' — e—%((%(u — o) — %&-T) . (7.11€)
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We stress the novel role of 0, a new dissipative transport coefficient in a relativistic fluid, without

a direct analogue in the canonical non-relativistic fluid. This term is related to the underlying ther-
mally excited electron-hole plasma, and the fact that electrons and holes can move in opposite direc-
tions under an applied electric field, contributing a net electric current.” There is no microscopic
thermal conductivity — instead, all microscopic dissipation related to electric and thermal gradients is

controlled by Oq-

7.3.2 HYDRODYNAMIC THEORY OF TRANSPORT

WE ARE NOW READY TO DETAIL our hydrodynamic calculation of the transport coefficients defined
in Section 7.2. We place our fluid in a box of length L in each direction, with periodic boundary
conditions on the fluid in every direction. We then apply a constant background F; and G} The
static solution above is no longer a solution to the hydrodynamic equations of motion, sourced by
these gradients. Now, we generically expect to excite both a spatial electric current J i anda spatial
heat current

Qi =T7h _ uJi. (7.12)

Teis qualitatively similar to the bipolar diffusion effect [92, 94] — however, in hydrodynamics the quasi-
particle lifetimes are limited by 2/ kT, whereas in the bipolar diffusion effect these lifetimes are parametri-
cally long, as in a Fermi liquid.

*The application of a constant ¢; on a periodic space is the reason why we cannot talk about driving the

system with a constant temperature gradient, since the temperature is a periodic function in space. One can
formally implement (; through deformations of the spacetime metric and external gauge fields [131].
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We can expand out J and Q° locally as a Taylor series in E; and (;. The transport coeflicients in
Section 7.2 are defined by retaining only the linear terms in F; and (;, and spatially averaging over
the local charge and heat currents. It is sufficient to perform a linear response calculation about our

previously identified static solution:

1= po(x) 4 Sp(x)e ", (7.132)
T ~ Ty + 6T (x)e ", (7.13b)
ut =1, (7.13¢)
u' ~ v (x)e (7.13d)

and then solve the linearized hydrodynamic equations - this is equivalent to only keeping terms
linear in E; and ¢; in the full solution. For ease of notation, we drop the “6” in front of the linear
response perturbations in the remainder of the paper, but one should keep in mind that p(x), T'(x),
and v* are henceforth perturbatively small quantities.

Following [88], the linearized hydrodynamic equations (77.8) can be shown to take the following
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form:’

—67281'01&' 672T0_18iu0018i 8]'71 ol
67281',[1,00'&& —6’2T0_1(9m(2)0@¢ Toajs T
?7,82 Saz' —8Z(C — 77)8]' — 8i776j — Ojn&- ’Uj

—e 10ioo(Ei — oti/e)
= 6_181'0'(&10(EZ‘ — uog}/e) (7.14)

enF; + Tos(;

Here

e+ P — pon

s = T (7'15)

is the entropy density of the background fluid. s and n are not independent, and are related by ther-

modynamic Maxwell relations: see Appendix B.1. We have also employed

0; P = no;p + s0;T. (7.16)

In particular, s and n are position dependent functions whose position dependence is entirely de-
termined by the local chemical potential: s(x) = s(7p, po(x)), and similarly for n, 7, and all other
coefficients in the hydrodynamic equations. The proper boundary conditions to impose on p, T
and v; are periodicity. This forms a well-posed elliptic partial differential equation and can be nu-

merically solved: see Appendix B.s. Combining (7.11) and (7.12), along with 1, T and v* as found

TIn this equation, derivatives act on all fields to the right, so 9,70, v" should be read as 9, (19, v™).
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from solving the linear system (7.14), we obtain J;(Ej, () and Q;(E}, (;). Spatially averaging these
quantities and employing (7.5), we obtain 07,0v;; and K;;.

We cannot exactly compute these transport coeflicients in general. However, one can prove [88]
that Onsager reciprocity holds. This is a non-trivial consistency check on the validity of our ap-
proach. Furthermore, there exist scaling symmetries combining re-scalings of 11, T" and v;, as well
as the equations of state; these are listed in Appendix B.2. These are helpful when we fit this theory
to the data of [55]. These scaling symmetries are also present in the theory of [87], with the excep-
tion of a further scaling symmetry which only affects the viscosity and the length scale of disorder in
this theory.

In the limit where

po = fio + ufi(x), (7.17)

with fi an O(1) function but u < [ig, the transport coefficients may be perturbatively calculated

analytically, and for < kgT', we find that

621)1%77,27'

e+ P
evinst

e+ P’
vETs?r

e+P’

, (7.182)

(7.18b)

=
%

(7.18¢)

and we find an analytical expression for 7 with the following approximate form near the Dirac
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point:

1 wvgu? (On 2 e? n+¢ o 4p® (719)
2 \ou oo(e+ P) & (e+ P3| 79

Details of this calculation and a more precise (and complicated) formula are given in Appendix B.3.
The requirement that we are “far” from the Dirac point is that 0q < e*vgn?7 /(€ + P). Everything
in (7.19) except for u is evaluated in the clean fluid with w — 0. (7.19) makes clear that ifn/€2 is
large, the n and p dependence of 7 is not negligible even when p1 < kgT', and we will verify this
in numerical simulations in Section 7.s. The validity of (7.2) for & is not guaranteed far from the
Dirac point in this perturbative limit, but can often be quite good in practice, when the density
dependence of all parameters is accounted for. Combining (7.18) and (7.19), we obtain the relativistic
analogue of the perturbative results of [103].

Noting thatn ~ pras o — 0, careful study of (7.2) shows that the Lorentzian form of (n) is
not altered by plugging in this hydrodynamic formula for 7, while the form of o(n) can be quite
distinct, with o(n) no longer growing quadratically at larger n. This helps explain why in Figure 7.3,

(7.2) gave a quantitatively good fit to £(n), but not to o'(n).

7.4 THE DIrRAC FLUID IN GRAPHENE

THE PREVIOUS SECTION DEVELOPED a general theory for relativistic fluids. It is often said that the
Dirac fluid in graphene is a “quantum critical” system in two spatial dimensions [132, 67, 73], and ex-

hibits behavior analogous to the quantum critical regime at finite temperatures above the superfluid-
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insulator transition, although technical differences arise. Let us review elementary features of the
quantum critical behavior of graphene, and argue that our formalism remains appropriate for trans-
port computations.

Assuming that the electrons in graphene are non-interacting, standard band theory calculations
on a honeycomb lattice in two spatial dimensions with nearest-neighbor hopping give two species of

Dirac fermions with low-energy dispersion relation

€(q) ~ hwrlq, (7.20)

Convincing experimental evidence for these massless Dirac fermions was given in [64, 65]. Thereisa
quantum critical point between electron and hole Fermi liquids at zero temperature in graphene, as
the chemical potential /1 is tuned through the Dirac point, 1t = 0. At (any experimentally accessible)
finite temperature 7', and at . < T, an effectively relativistic plasma of electrons and holes forms,
interacting via a 1 /r Coulomb potential. The strength of these Coulomb interactions is captured by
a dimensionless number g analogous to the fine structure constant:

€2 1 ¢

= Tneochos 137 o’ (7.21)

ag

where €; ~ 4 is a dielectric constant, ¢ ~ 3 x 108 m/s is the speed of light, vg ~ 1.1 10% m/s is the
Fermi velocity in graphene and e is the charge of the electron. In experiments, g ~ O(1), and so

unlike quantum electrodynamics (ciqep ~ 1 /137), interactions are strong. v plays the role of the
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speed of light in an effectively relativistic electron-hole plasma, and in an experimentally accessible
regime which we describe below, one can use relativistic hydrodynamics to model thermoelectric
transport in graphene.

The exception to the emergent Lorentz invariance is the photon-mediated Coulomb interactions,
which are the standard 1 /7 interaction of three spatial dimensions. Further, because v ~ ¢/300,
the Coulomb interaction is essentially non-local and instantaneous in time. Despite this, graphene
shares many features with a truly relativistic plasma with “speed of light” vg, including a “quantum
critical” diffusive conductivity oq [74].

Analogously to in quantum electrodynamics, «v is a marginally irrelevant interaction, and so the

effective coupling constant runs. At temperature 7" — 0, we should replace oy with [67]

(7)) A -1
Qeff = O <1 + 1 log T0> (7.22)

where A ~ 8.4 x 10% K is a cutoff related to the graphene band structure (the energy scale at which
the dispersion is no longer linear). Note that although the running of c.g causes a logarithmically
increasing velocity v in (7.20), when we write v in this paper, we are always referring to the bare
velocity, 1.1 x 10% m/s.

At the experimentally accessible temperatures (T ~ 70 K) where the plasma described above is
most likely not suppressed by local disorder in g [55], (7.22) gives cege ~ 0.25. And so the experi-
ments likely probe the dynamics of a strongly interacting quasi-relativistic plasma. It is such a regime

where hydrodynamics is a good approximation. More carefully, the electron-electron scattering
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length has quantum critical scaling [74]

h’UF

———F— ~ 100 .
o2 gy~ 100 o, (723

lee ~

where we have plugged in for experimentally reasonable values of the parameters. Indeed, pump-
probe experiments provide evidence that the electron-electron interaction time, lee /vp ~ 10713 g,
is consistent with (7.23) [70, 72]. Furthermore, it is believed that the dominant source of disorder
in graphene are charge puddles, which are fluctuations in the local charge density. It is now possible
to find samples of graphene where these fluctuations are correlated on the length scale (7.23) [53].
In these cleanest samples, the experimental evidence thus points to the validity of a hydrodynamic
description, such as the one we advocate in this paper.

Most computations of the thermodynamic and hydrodynamic coeflicients in graphene are based
on kinetic theory, which requires a quasiparticle description to be sensible, and so are valid as cegr —
0(To — 0), when the plasma becomes weakly interacting. However, the experiments are likely
not in this weakly interacting regime, and log g corrections to these properties are not negligible.
As such, we will allow 4/l coefhicients in the equations of motion to be fit parameters. We will also
neglect the fact that the running of (7)) allows for certain thermodynamic relations for a strictly
scale invariant, relativistic fluid to be violated. This assumption is justified in Appendix B.4.

We must also take into account the long range Coulomb interactions in our hydrodynamic de-

scription. This can be done following [60]. The Coulomb potential introduces a local electric field
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and must be included in FYy :

Aﬁxt = flext — P = Hext — Pext — 0 (7.24)

where

o) = [ & K(x=y) n(y), (725)

with K a Coulomb kernel whose specific form [95] is not necessary for our purposes, and the 7 the
charge density. At Ty = 0, K(r) = ae/7; at finite Tp, this is cut-off at long wavelengths due
to thermal screening [95]. In (7.24) we have separated the effects of Coulomb screening into two
contributions: ey, which alters the background disorder profile, so that 19 # ftext, and ¢, which
is the infinitesimal Coulomb potential created by the change in charge density dn, proportional to
FE;and (.

The time-independent equations of motion depend only on 7', v;, the sources E; and (;, and the
electrochemical potential

0D = 0u + dop. (7.26)

This is a direct consequence of the tightly constrained way that Fy and 1 enter the hydrodynamic
gradient expansion. If we solve for & instead of du, we find that Coulomb screening does not affect
dc transport at all: more precisely, the equations of motion are identical to those in Section 7.3, but
with 09 replacing d . That dc transport is insensitive to Coulomb screening of the hydrodynamic

degrees of freedom was also noted in [60] in a homogeneous fluid by appealing to the random phase
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approximation. It is therefore appropriate to directly apply the formalism of Section 7.3 to study dc
thermal and electric transport in the Dirac fluid in graphene. To maintain notation with Section 7.3,
we will continue to refer to @ as p in our linear response theory, with the understanding that this

includes corrections due to Coulomb screening.

7.5  NUMERICAL RESULTS

HAVING ARGUED THAT THE THEORY of Section 7.3 is an acceptable approximation for dc trans-
port in the Dirac fluid in graphene, we now present the results of numerical simulations of (7.14). In

our numerics, we assume that the equations of state of the graphene fluid are as follows:

(1) = ks Ty > o, Ho o Ho ’ (7.272)
2] hoe 2 kTt 4 ks Th ) 727
 KTE Cof mo \> Cuf po \*

S(/"LO) - (th)Q + 7 kBTD - 4 kBTO b (72‘7b)
ksTp)?

n(o) = | ;;Ug) 0, (7.27¢)

F

C(MO) = 07 (7-Z7d)
02

o(po) = 7,00, (7.27¢)

with Cp 2.4, 00 and 19 dimensionless constants. The form of 7 and s are consistent with thermody-

namic Maxwell relations — see Appendix B.1. We take the disorder profile to be random sums of sine

TSee also the discussion in [100, 133].
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waves, and normalize the disorder distribution so that

{ (1o — i0)?) = u(ksTp)>. (7.28)

The shortest wavelength sine wave in the problem is taken to have wavelength § = [ in all of our
numerics. There is an exact symmetry of the problem under which £ can be made arbitrary, so long
as we rescale 17 and ¢ by a factor of (& /lee)? — see Appendix B.2. We have chosen this value of € as it
is roughly consistent with previous experimental observations [53], and also the smallest value for
which a hydrodynamic description is sensible. More details on numerical methods are in Appendix
B.s.

An example of our numerical results is shown in Figure 7.6, where the results of varying the di-
mensionless viscosity 79 are shown. When the charge puddle sizes are ~ 20 K, as in experiment
[53], the value of 19 dramatically alters the transport coefficients as a function of density. In partic-
ular, the o(n) and a(n) curves are substantially flattened, an effect which is predicted using (7.19).
Further, the peak in x(n) is substantially smaller than predicted perturbatively, and x(n) does not
shrink to o asn — 00, as predicted in [87]. In contrast, in a limit of extremely weak disorder (tem-
perature at which the Dirac fluid emerges ~ 0.2 K), the transport coefficients are relatively insen-
sitive to the viscosity (assuming that 79/Cy ~ 1, as expected for a strongly interacting quantum
fluid).

We also show the consequences of a non-zero Cy in Figure 7.7. The most important effect of

Cly is that n and [ig are no longer proportional — in particular, when Cy > 0 we see that at larger
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Figure 7.6: Numerical computations of transport coefficientswithC7 = Cy = o9 = landCy = 0.Thetop
row hasug = 0.2, and the bottom row has ug = 0.002. Solid lines are our theoretical results (using the particular
disorder realizations studied) and the circular markers are numerical results. Averages are taken over 20 disorder
realizations. Ty = 75 K and we employ the value of U in graphene.

n both o and o decrease much more slowly with n. Whenever Cy # 0, the equations of state
become badly behaved at large y, because s(u) or n(f1) becomes a non-monotonically increasing
function. At lower temperatures (" S 50 K) in Figure 7.4, this begins to be an issue in the codes for
the equations of state we use to compare to experiment. This implies that higher order terms in the

equations of state (associated with more fit parameters) are necessary.
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Figure 7.7: Numerical computations of transport coefficients with varying C4, C7 = 0o = 1, Ny = 3, Cy =0.2
andug = 0.2.The sharp change in behavior when Cy < 0is a consequence of n(u) not being monotonically
increasing at large f1. Averages are taken over 20 disorder realizations. Ty = 75 K and we employ the value of vg in
graphene.

7.5.1 COMPARISON TO EXPERIMENT

WE NOW DESCRIBE IN MORE DETAILS the lessons to be drawn from our fit to experimental data,
shown in Figures 7.3 and 7.4. Due to a total of 6 fit parameters (3 which determine the overall scales
in the plots, and 3 which alter the shapes of curves), we did not perform an exhaustive analysis and
find a statistically optimal fit. We found that most choices of parameters do not agree well with data,
and the fit we have presented serves as a proof of principle that hydrodynamics can explain many
important features of the experiment [s5], as we now discuss.

To obtain data at lower temperatures, we have taken disorder realizations from Ty = 75 K, using
our standard assumption § = lee(Ty = 75 K), and simply lowered the temperature. We also
keep 1Ty constant as a function of Ty. Formally, this implies that at lower temperatures § < lee,
aslee ~ T this may be problematic for the validity of hydrodynamics. A conservative solution,

employing the rescaling symmetries of our theory, is to simply double &, and quadruple 7g: all data
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Figure 7.8: A comparison of our numerical computation of Ii(T) with experimental results of [55] at the charge neu-
trality point (n = (). The red data points are experimental data from [55], the blue curve is our disorder-averaged sim-
ulation (using identical parameters to Figure 7.4), and the green dashed curve is the perturbative prediction £ ~ T3
for comparison. Data is shown on a log-log scale. The yellow shaded region denotes where Fermi liquid behavior is
observed; the purple shaded region denotes the likely onset of electron-phonon coupling.

is exactly identical, except that for all data points taken in Figure 7.4, £ > le. and 1 increases.
Figure 7.8 revisits the T-dependence in £. Assuming that disorder is weak, we employ (7.18) and
(7.19) to determine the scaling of k: since s ~ T2 e + P ~ T3,0n/0u ~ T, and the viscosity
dependence in 7 is negligible, we obtain 7 ~ T"and k ~ T3. That numerics and experiment are
not consistent with this power law is a sign of the strong non-perturbative effects, and suggests that
observing power law signatures of hydrodynamics may only be possible in the cleanest samples: see
Figure 7.8. Figure 7.9 suggests that the sharp dependence in T" observed in experiment is a conse-
quence of Cy > 0 and is not a robust scaling regime.” As noted in [5s], this dramatic 7-dependence
of K, in contrast with the very weak T-dependence of o, at the Dirac point, is a tell-tale sign of hy-
drodynamics that is not captured by competing theories, such as the bipolar diffusion effect.

The fits to 0(n) and o (T") are not as good as the fits to k. Nonetheless, our theory does help to

TFor this particular simulation, the disorder becomes large enough at 7' < 7.5 K that disorder realizations
with C4 = 0.1 sometimes have unphysical thermodynamic behavior.
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Figure 7.9: A comparison of 1(T") in simulations with varying Cy. We take Cy = 1,Cy = 19 = 0.1,0¢9 = 1,
ug = 0.1(atTy = 75K). At large T both scenarios have k ~ T at lower T the fluid with Cy > 0 undergoes a
dramatic drop in % (7T"), similar to that observed in experiment.

explain the slow growth in o away from the Dirac point, as a consequence of a fluid with both non-
negligible viscosity and large disorder, as in Figure 7.6. Our simulations also correctly predict that
the conductivity is an increasing function of T, an entirely non-perturbative effect, in Figure 7.4.
This is at odds with predictions from kinetic theory in the Dirac fluid, which predict that o (n =
0,7) ~ ae_f? should be decreasing with 7" due to the T'-dependence in g [74]. Any residual
contact resistance [50] will also increase the growth rate of o°(n) away from the Dirac point, and as
such will be closer fit by our numerical results in Figure 7.3.

The most surprising thing about the fit is the large values of all coefficients, compared to previous
theories. For example, it is predicted [132, 67] that Cy < 3.4, and we find Cy ~ 10. This is a direct
consequence of the large values of the density n over which the Dirac fluid is present (as measured
by where strong deviations from the Wiedemann-Franz law occur). The naive theoretical estimate is

that the Dirac fluid should not extend past about 7 ~ 40 um =2, yet we see the Dirac fluid all the

TWe have used theoretically predicted values of Cy and Cs [67], and assumed that the Dirac fluid ends
when the i-dependent contribution to s is comparable to the T-dependent contribution.
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way to aboutn ~ 200 pm™2; we will comment more on this issue shortly. As in non-relativistic
fluid dynamics, our hydrodynamic theory has a large number of rescaling symmetries (Appendix
B.2), and these rescaling symmetries turn out to lead to very large values for all hydrodynamic coeffi-
cients as a consequence of the large scale on the density axis in Figure 7.3.

Another consequence of this rescaling is a dramatically large shear viscosity: 79 ~ 100. Itis now
canonical to normalize this by the entropy density, and so the “proper units” to measure 7 in are
no/Co ~ 10. This scaling is a consequence of a proposition [90] that strongly coupled theories
would haven)/s ~ h/4rmkg,orny/Co ~ 1/4m. The viscosity is a helpful measure of the inter-
action strength in a theory; if the interactions are perturbatively controlled by a small parameter g,

then we expectn) ~ g2

; only when the interaction strength is large can ) ~ s, up to a prefac-
tor of order unity. Hence, coming close to saturating the bound of [90] is a signature that the fluid
is strongly interacting. Our estimate for 1)9,/Cy is about 100 times larger than the bound of [90].
Smaller values of 77/s ~ 0.57/ kg have been reported in other experiments in cold atomic gases [58]
and quark-gluon plasma [134]. The possibility of adding the Dirac fluid to a list of strongly interact-
ing quantum fluids is tantalizing, and a more direct measure of ) in the Dirac fluid is of interest.
One possibility is that our bare coefhicients Cy, 779 etc. are anomalously large because [55] has
measured the average charge density in the entire sample. However, some regions of the sample
(notably close to the contacts on the edges [135], or regions very close to impurities) may have such
large local values of 119 that they are always in a Fermi liquid regime. So long as these Fermi liquid

regimes do not percolate across the entire sample, our hydrodynamic description of transport may

be quite reasonable in the bulk. However, these regions have a much smaller compressibility, and
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so can absorb a lot of charge relative to a clean Dirac fluid. It may be that the total averaged charge
density is then not equal to the averaged hydrodynamic charge density, leading us to overestimate n.
Rescalingn — An would rescale Cy — ACpand g — A2n0. Choosing A = 0.2, in accordance
with our previous estimates on the regime of the Dirac fluid at 7o ~ 75 K, we obtain Cy ~ 2 and
n0/Co ~ 2, which are both reasonable for a strongly interacting fluid.

As noted previously, we expect that future measurements in cleaner samples may give a wider
separation between lee and §. Together with a better understanding of edge eftects and the charge

puddle profile, we expect this approach to lead to cleaner estimates of Cp 2 4, 10 and 0.

7.6 PHONONS IN GRAPHENE

THROUGHOUT THIS WORK we have neglected the effects of electron-phonon coupling in graphene
[51, 41]. In this section, we provide some brief qualitative comments on the role of electron-phonon
coupling in the experiment [s5], and discuss signatures for future experiments.

Generically, phonons extract both energy and momentum from the electronic fluid, and in doing
so hamper a hydrodynamic description.” In graphene, the acoustic branch(es) of phonons have
dispersion relation [138]

wac(q) ~ hva|q] (7.29)

withv, &~ 2 x 104 m/sand so v, < vg. By considering conservation of energy and momentum

TThe hydrodynamic description of transport reduces to a diffusion equation for the conserved electrical
current. Historically, this was modeled via resistor networks [136, 137].
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in electron-phonon scattering events, one finds that the phonon energies are negligible, and thus the
scattering event can be treated as elastic from the point of view of the electrons.
If only acoustic phonons couple to the electronic fluid, we may approximate that the momentum

conservation equation is modified, following the phenomenology of [87]:

i Vi Tti
0 IT" =~ F i J, — —. (7.30)

extYV
Ta

The latter term implies that the momentum of the electronic fluid degrades at a constant rate 7, 1,
which we take to be
1 a
— =BT ) (7'31)
Ta

wherea > 0and B > 0 are constants that are phenomenological. [138] computed their values
using kinetic theory and found a = 4 far from the Dirac point. This effect has been observed ex-
perimentally [40], but a is expected to change near the Dirac point. Following arguments similar
to [20, 138], we can estimate @ by assuming a quasiparticle description of transport, and that the
dominant events are absorption or emission of a single phonon. Since acoustic phonons cannot ef-
fectively carry away energy, a Dirac quasiparticle of energy € can scatter into ~ € states. All phonons
with relevant momenta are thermally populated, and we estimate the scattering rate to be propor-
tional to the momentum of the phonon. Thus we estimate, using that the typical quasiparticle en-

ergyisewT,a:1—&—1:2.Jr

TAs there is no large Fermi surface with ¢ > kg7, no further corrections to a are necessary, as in usual
metals.
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Assuming that the charge puddles are small and can be accounted for perturbatively, x is approxi-
mately given by (7.2) at the Dirac point, with

1 u? on\? Au?
- - _ Ta = — Ta, .
T 204(e+ P) <8,u) B 0 +5 (7:32)

Our analytic theory predicts b = 1. The contribution x from electron-phonon coupling is negligi-

ble so long as

T<T = <2u2) e (7.33)

Note that 7% () is an increasing function — the weaker the disorder, the lower the temperature at
which electron-phonon coupling cannot be neglected in the Dirac fluid. The thermal conductivity

scales as

T2t T < T*
Ko~ (7.34)
T2—a T > T*

If a > 2, we find phenomenology quite similar to that observed in [s5], with £(7") growing non-
monotonically. We also find that

R(T™) = C(T)*™, (7.35)

a result which can be tested in experiment by measuring 7™ via the peak in & for different samples.
The prefactor of this proportionality C may not be very sensitive to the particular sample, since it
is independent of w. Figure 7.10 shows a sketch of (7", accounting for acoustic phonons, in three

samples with different disorder strengths u. This mechanism is also consistent with the fact that
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Figure 7.10: A sketch of /i(T), accounting for coupling to acoustic phonons, for samples of graphene with three differ-
ent amounts of disorder (measured by u). Wetake @ = 3,b = 1 in this plot.

the cleaner samples in [55] had peaks in (") at lower temperatures, which suggests our proposed
mechanism for the non-monotonicity in £(T") is sensible. Although our perturbative quasiparticle-
based argument found a = 2 above, the presence of local charge puddles may increase the effective
value of @ to somewhere between 2 and 4, and lead to £ (7™) be a decreasing function. A careful
analysis of electron-phonon coupling in disordered Dirac fluids is worth more study.

At higher temperatures, we expect optical phonons to couple non-negligibly to the electron fluid.
These phonons can exchange both energy and momentum effectively, and at this point we expect
the measured thermal conductivity to increase due to electron-phonon coupling. In [ss], there is a
sharp upturn in x(7T") at all densities at temperatures of 100 K, which is likely due to activation of

optical phonons in the boron nitride substrate [10].
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7.7  CONCLUSIONS

WE HAVE DEVELOPED A THEORY OF TRANSPORT in realistic hydrodynamic electron fluids near a
quantum critical point. This theory provides a substantially improved quantitative fit to £(n) and
o (n) simultaneously. We have further found reasonable quantitative fits to (7") and x(T") at the
Dirac point, giving us valuable information about the mechanism of momentum relaxation beyond
the theory of [87].

Although we have managed to find fluids where the growth in o (n) is quite slow, there are still
differences between the shape of (n) found numerically and in experiment. There are numerous
possibilities for residual discrepancies. One of the most important possibilities is that the disorder
is so strong that the full thermodynamic equation of state is necessary — in this paper, we have only
kept the three leading order terms. Alternatively, we may simply not have found the correct equa-
tion of state of graphene. A disorder profile more subtle than superimposed sines and cosines may
also be responsible for deviations with our theory, although our investigation into this possibility
suggests that other disorder profiles cause o (n) to have more substantial density dependence. We
have assumed that the disorder profile is unaltered both by changes in 7" and in jig. This is a very
strong assumption and need not be true. Finally, there may be other sources of momentum relax-
ation, such as out-of-plane distortions in the graphene lattice, or interactions with phonons. An
understanding of the aforementioned issues is an important future task, though may be quite chal-

lenging given the possibility that strong interactions in the Dirac fluid at 7" ~ 70 K may lead to the
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failure of standard perturbative techniques. The most fruitful direction for resolving at least some of
these questions may be directly in experiments: for example, techniques to directly resolve the local
charge density on length scales < 10 nm are well known [53], and can shed light into the evolution of
Ho as a function of 7', as well as the spatial correlations in pg.

Experimentally, it may be possible to generate samples of graphene with much weaker charge
puddles using suspended devices [139, 140]. Thermodynamic measurements can also be used to
determine the coefticients Cp 2 4, though these measurements are complicated by the presence of dis-
order, as we discuss in Appendix B.1. Nonetheless, measurements of the specific heat and compress-
ibility in the Dirac fluid will serve as valuable guideposts for future hydrodynamic models. Such
measurements have been made in the Fermi liquid [81], and their extension to the Dirac fluid form
the basis for worthwhile experiments.

Previous experiments which measured the ac conductivity [141] were not in the hydrodynamic
limit. Comparing the momentum relaxation time 7 between measurements of «, and a putative
Drude peak in ac transport, may provide a quantitative test of our theory. Studying magnetotrans-
port [87] may also be a fruitful direction in experiments. A theoretical discussion of transport at
finite frequency and magnetic field beyond the weak disorder limit will appear elsewhere. The ther-
mopower of graphene has recently been measured at 7' ~ 200 K [142], and it would be interesting
to measure 0, & and & in the same sample in the Dirac fluid and compare with our hydrodynamic

formalism.



Magneto—thermal transport

EXTENDING THERMAL TRANSPORT STUDIES of two-dimensional systems into high magnetic fields
will facilitate a new wave of condensed matter experiments. Paired with electrical transport, thermal
techniques are sensitive to inter-particle scattering [60, 55, 89], quantum criticality [113, 74], charge-

less excitation channels [75, 143, 144, 145, 146, 147, 148], and can even be used to extract the entropy
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of a system through the Gibbs relations [149]. Furthermore, Johnson noise and Joule heating are
particularly suited to magnetic experiments as, in the linear diffusive regime, the ratio of the John-
son noise temperature (section 2.2) to the heating power P is insensitive to the current profile or
form of the conductivity tensor (section 4.3) while remaining quite sensitive to the ballistic, chiral
nature of quantum Hall states.

The techniques and methods applied in this chapter are described in detail in chapters 2 and 4.

8.1 GENERALIZED TRANSPORT COEFFICIENTS

IN THE PRESENCE OF A MAGNETIC FIELD, an electric field in a conductor can induce a current with
a component perpendicular to the applied fields. In general, the transport coefficients (o, o, and k)

take on a tensorial form (6, &, and k) such that

J & @ E
_ (8.1)
7 Ta & —VT

For systems with two spatial dimensions (x, y) and a perpendicular magnetic field, the transport
coefficient are 2 X 2 matrices relating the local charge and heat current (Jand q, respectively) to
the local electric field (E ) and temperature gradient (ﬁT) The electrical conductivity, defined as

the response of the charge current to an electric field with no thermal gradient, is simply given by

TThe linear diffusive regime assumes cooling is dominated by Wiedemann-Franz like diffusion, the elec-
trical conduction is sufficiently diffusive (not ballistic), and the temperature rise is small compared to the
absolute temperature scale.
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&. However, the thermal conductivity () is not symmetrically defined as the response of heat cur-

rent to an applied temperature gradient in the absence of an electric field but instead defined in the
absence of a charge current. Thus,

(8.2)

The form of the transport coefficients are constrained by a number of symmetries: The oft diago-

nal elements of Eqn. 8.1 are related due to Onsager reciprocity' [150, 151] and rotational symmetry

requires all coefficients be antisymmetric — i.e all coefficients can be written in the form:

Oxy

—Ozy Ozx

(8.3)

For a degenerate Fermi liquid, it has been shown theoretically [151] and experimentally [152] that

the thermal-electric coefficient ¢ is related to the electrical conductivity &, component by compo-
nent, via the generalized Mott formula:

(8.4)

where f1 is the chemical potential and £

(kg /€)? is the Sommerfeld value of the Lorenz

number [26]. However, in clean graphene samples inter-particle scattering breaks the assumptions

TLet & and & be the two offdiagonal terms of eqn. 8.1. Time reversal symmetry and thus Onsager reci-
aj(B) = —

used to derive Eqn. 8.4 and violations of the Mott relation have been measured [142]. While a simi-
procity demand a;;;(B) = &ji(—B). But rotational symmetry forces & to be antisymmetric and thus

aij(—B) = @ij(B). Where the last step was done by rotating 7 along an in plane axis.
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lar theoretical treatment [151] has shown the validity of the generalized Wiedemann-Franz law

i = LoTé, (8:5)

several detailed calculations have predicted violations in graphene near landau quantization [153, 154,

155] and several more in the hydrodynamic regime [74, 60].

8.2 C(Crassicar Harr EFrFecT

IN LOW MAGNETIC FIELD or high carrier density, such that landau quantization does not signifi-
cantly modify the density of states, the tensorial form of ¢ can be calculated under the assumptions

of the classical Hall effect yielding:

1
ee =007 tan?(0py)
tan(GH)
o = 00 —OH) 8.6
7oy = 70 T a2 (0y) (8.0)
where
oo B
an(fp) =~ . (8.7)

0y is the zero field conductivity, 7 is the charge density, and B is the perpendicular magnetic field

strength.
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Figure 8.1: Normalized voltage (upper) and temperature (lower) profiles resulting from Joule heating a uniform, square
conductor in the classical Hall regime for Hall angles 0° (left), 45° (center), and 85° (right). The left and right sides of
each profile correspond to electrical terminals with the the boundary conditions of constant voltage and temperature.
For @), = 0° current flows uniformily from left to right and the temperature profile is parabolic as discussed in
section 4.1. As the Hall angle is increased, the current bends and the location of the peak temperature moves closer to
the contacts. Near 90°, all of the dissipation occurs at the contacts resulting in the formation of hot spots. All plots are
from finite element simulations [156]
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As the field strength increases, the changing conductivity tensor results in a changing current dis-
tribution, which, in turn, results in a changing Joule heating profile and steady state temperature
distribution. Finite element simulations [156] illustrate how a magnetic field can affect the tempera-
ture and current profiles of a uniform, two-terminal conductor with the anisotropic 6 and & given
by Eqn. 8.6 and Eqn. 8.5, as shown in Fig. 8.1. Boundary conditions are chosen to match a typical
experiment where macroscopic electrical contacts serve as a thermal bath. In the absence of an ex-
ternal magnetic field, the current is uniform producing a parabolic temperature profile as discussed
in section 4.1. However, this simple calculation breaks down at finite field where current begins to
bend, resulting in an anisotropic temperature profile. At large magnetic fields, where the Hall an-
gle approaches 90°, nearly all the dissipation occurs at two points near the contacts resulting in the
formation of hot spots. For a fixed Joule heating power, the spatial mean temperature of the sample
goes to zero as Hall angle is increased and the hot spot size approaches a singularity; the power of
Johnson noise measurements is that the measured Johnson noise temperature (section 2.2), Ty v,
naturally weights regions of higher local dissipation more such that as the dissipation approaches a
singularity, so too does the spatial weighting function for 7'y ;v — i.e. Johnson noise is sensitive to

the temperature of the hot spots.
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Figure 8.2: Microscope image of the graphene device used in this chapter. Multiple devices of various geometries are
made from the same hBN-graphene-hBN stack on an insulating sapphire substrate. The two-terminal device used in
this chapter is the second from the left and has a dimension of 4 pim X 4 pm. A lithographically defined local top gate
is used to control carrier density.

8.3 GRAPHENE CHARACTERISTICS

MONOLAYER GRAPHENE IS MECHANICALLY EXFOLIATED, encapsulted with hexagonal boron
nitride (hBN), and contacted along its one dimensional edge [50] to form a square, two-terminal
device (4 pm x 4 pum). These dimensions are chosen as a balance between the requirements that
the device be longer than the electronic mean free path yet short enough that Wiedemann-Franz
cooling dominates over electron-phonon cooling, as discussed in chapter 4. Samples are fabricated
on insulating sapphire substrates with a local top gate to electrostatically control carrier density as
shown in Fig. 8.2. The gate capacitance is measured using the integer quantum Hall effect. The low

temperature, two-terminal resistance varies between 0.2 and 4.3 k{2 by varying the top gate £5 V,
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Figure 8.3: DC resistance of the graphene device at zero magnetic field as a function of carrier density controlled via
an electrostatic top gate. Gate capacitance is measured using the integer quantum Hal effect.

corresponding to a carrier density of ~ £1.6 x 10'2¢m ™2, as shown in Fig. 8.3. The conductivity
minimum is attained for a top gate voltage V; = —430 mV corresponding to an intrinsic electron
doping of 1.4 x 10" em 2. The FWHM of the resistance is 5 x 101%crmn =2 with a minimum carrier
density of 1pin ~ 1.2 X 10'%m =2, where 1y, is defined in accordance with chapter 6.

The sample is cooled to 1.7 K by a variable temperature, 4He vapor cryostat (Appendix A.2
equipped with a 14 T" superconducting magnet. The DC two-terminal resistance is measured up
to 13 T" and shown in Fig. 8.4. Integer quantum Hall states are present at fields as low as 0.5 T'
and the v = 1 symmetry broken state appears at high field. By analyzing the resistance values of
the quantum Hall plateaus, the contact resistance is estimated to vary between 50 and 170 §2 asa
function of density at 1.7 K. Low contact resistance is vital to Johnson noise thermometry as any

dissipation that occurs outside of the sample will lead to unwanted Johnson noise which can de-
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Figure 8.4: Two-terminal DC resistance of a monolayer graphene device at 1.7 K. (left) Resistance is shown on a log
scale as a function of carrier density and perpendicular magnetic field strength. (top right) and (bottom right) show
cuts at constant density and field, respectively.

grade the measurement. Using these estimates for the contact resistance, we can estimate the zero
field conductivity and thus the Drude mobility and elastic mean free path which vary between
0.2 — 2 x 10° em? /V'sand 200 — 650 nm, respectively, as a function of density, as shown in

Fig. 8.s.

8.4 ELECTRICAL NOISE IN HIGH FIELDS

VARYING BY OVER TWO ORDERS OF MAGNITUDE, the DC resistance of the graphene device must
be impedance matched using a wide dynamic range matching network. As described in detail in sec-

tion 2.6, an on chip, two-stage LC tank circuit in a low-pass configuration is used to transform the
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Figure 8.5: Estimated Drude mobility and elastic mean free path of the graphene device used in this chapter as a func-
tion of electron density at 1.7 K. Estimates are made from the two-terminal conductance at zero magnetic field
assuming a contact resistance estimated from the resistance of the integer quantum Hall plateaus. The Drude estima-
tion breaks down near the charge neutrality point where the carrier density is not simply given by the charge density
divided by the electron charge

sample impedance to near 50 §2. To meet the strict requirements of multi-stage matching, the device
was built on an insulating sapphire substrate and surface mount inductors and capacitors were di-
rectly soldered to a coplanar waveguide. All inductive elements were air-core as to be magnetic field
insensitive and used gold leads which facilitated the direct connection of the graphene sample via
wirebond, as shown in Fig. 8.6.

A vector network analyzer (VNA) can be used to test the high frequency coupling to the device.
As the sample resistance changes, different regions of the noise spectra are efficiently coupled into
the measurement circuit, as shown in Fig. 8.7. Ata DC resistance of 1 k{2 the noise bandwidth of
the matching network is ~150 M H z and >3 d B coupling continues for resistances above 100 k(2.

Quantifying the coupling in terms of a noise measurement for a circuit as detailed in section 2.4, we



Figure 8.6: Custom sample package used to measure graphene thermal conductance in high magnetic fields. The
graphene device is placed on an insulating sapphire substrate which is mounted to the sample package using double-
sided Kapton tape. The sample is then wire bonded directly to an air-core surface mount inductor which is part of a
two-stage LC tank circuit used to impedance match the high resistance device. The output of the network is soldered
directly to a coplanar waveguide which terminates in a high frequency SMP connector. An RF shield then encloses the

the device which can be loaded into a cryostat.

Figure 8.7: Reflection coefficient as a function of frequency and graphene DC resistance. The two-stage LC matching
circuit is designed to couple a wide dynamic range of resistances allowing the continual measurement of graphene
from zero magnetic field to quantum Hall states. When optimally matched at R ~ 1k {2, the circuit has a noise band-
width of ~150 M H z. As detailed in section 2.6, the high frequency solution of the two-stage network is intentionally

moved to a higher resistance creating a wider dynamic range.
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Figure 8.8: Generalize gain and noise temperature, as defined in section 2.7 and Eqgn. 8.8, for the graphene device and
matching network shown above. Gain is maximize, and noise temperature is minimized when the device is optimally
matched at 1 k2. This data is collected by varying the carrier density of graphene at three different magnetic field
values, 0, 1,and 13 7T". All data collapses onto the same line indicating the matching circuit is field insensitive and
depends only upon the graphene DC resistance.

can write the measured output voltage as

Vout = g(F)(T + Tn(F)) (8'8)

Calibration as outlined in section 2.8 yields G(I") and T, (") which are plotted as a function of the
DC resistance in Fig. 8.8. We find the calibration parameters to depend only upon the graphene DC
resistance and not upon temperature or magnetic field, indicating the matching network is stable
over the parameter range of our measurement. With the device matched and the circuit calibrated,
we can measure the total output noise from the sample (Fig. 8.9). During the course of an experi-
ment it is common for the background noise 7, to fluctuate on a long time scale (e.g. hours); thus
to reach the desired sensitivity it is necessary to perform differential measurements, as described in

chapter 4, by sinusoidally varying the a Joule heating current and measuring the cosinusoidal elec-



Figure 8.9: DC voltage proportional to the total noise emitted into the measurement bandwidth, as defined by Eqn. 8.8,
from a graphene device as a function of carrier density and magnetic field at 1.7 K. Horizontal streaks appear in

the data as the system noise temperature fluctuates over the course of the experiment illustrating the need for the
differential measurements performed in section 8.5.

tronic temperature rise with a lock-in amplifier.

8.5 MAGNETO-THERMAL CONDUCTANCE

WHILE INJECTING HEAT INTO THE ELECTRONIC SYSTEM, the steady state temperature rise pro-
vides information on how efficiently the system transports thermal energy to the bath. Applying the
methodology of chapter 4, a differential heating current applies a peak power of Fy to the graphene

device and the peak-to-peak differential Johnson noise temperature ATy is measured’. When

fCalibration of these differential measurements only requires the use of generalized gain, G. Any fluctua-
tions in the background noise are averaged out and 77, is only important in that it determines how long you
must average to reach the desired precision.
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Figure 8.10: Differential Johnson noise temperature rise of a graphene device in response to a differential heating
power of 0.4 nW as afunction of carrier density and magnetic field at T;, = 1.7 K. At low field and high density, the
electronic thermal conductivity is high in accordance with the Wiedemann-Franz law resulting in a small temperature
rise. As the field increases, so too does the electrical resistance and thus the thermal resistance and the steady state
temperature rise. However, the appearance of quantum effects results in a drastic reduction of AT’y v due to the
ballistic nature of the conduction channel.

the device’s thermal conductance is large, AT; v is reduced, while an enhancement of ATy sig-
nifies a reduction of the thermal conductance. Fig. 8.10 shows the differential (quasi-steady state)
electronic temperature rise of a square, two-terminal graphene device (described in section 8.3) for

a heating power Py = 0.4 nW. Much of the qualitative heating behavior can be understood via
the Wiedemann-Franz law; at low field and high density AT’y is found to be small, as the electrical
conductivity (and therefore the thermal conductivity) is large, while at higher fields, ATy is larger
due to magnetoresistance affecting the thermal conductivity. At lower density, we find quantum
oscillation in the thermal signal and a drastic reduction of AT’y in quantum Hall states.

To analyze this quantitatively, we can define a thermal resistance (/¢3,) as the inverse of the ther-
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mal conductance defined in chapter 4,

ATjNn
Ry = —— 8.
th 2 (8.9)

Its important to note that 2y, is not the traditional thermal resistance, which describes the total
heat current flowing through a material in response to a spatial temperature gradient; it is instead a
generalized thermal resistance describing the heat power transferred between the electronic system
and the bath under Joule heating. For a diffusive system" dominated by Wiedemann-Franz elec-

tronic cooling, the thermal resistance in the linear response regime is given by:

R

R =157 T,

(8.10)

where L is the Lorenz ratio and T}, is the bath temperature. Eqn. 8.10 is derived in section 4.3 and
holds under the following assumptions:

1. Heat conduction is provided entirely by electron diffusion of the form & oc &, where the

constant of proportionality is defined as LT}, by convention
2. The transport coeflicients are spatially uniform

3. The device has only two electrical terminals which serve as thermal reservoirs and sources of

Joule heating current

4. The elastic mean free path of the charge carriers is shorter than all other relevant length scales

in the system

THere a diffusive system is defined as one where the elastic mean free path of charge carriers is smaller than
all other relevant length scales in the problem
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Figure 8.11: (upper) Comparison of the thermal resistance R;j, = ATJN/PO (blue) and the electrical resistance R
(red) for monolayer graphene hole doped away from the charge neutrality point (n &~ —1.6 x 10'2¢m=2). (Insets)
show the expected classical Hall temperature profiles for select Hall angles from finite element simulation [156] under
the assumption of the WFL. (lower) The measured Lorenz ratio £ = (R/R:;,)(1/12T},) normalized to the Sommer-
feld value. For magnetic fields below a few Tesla, 2}, tracks R, but at high field, the behavior of R}, deviates sharply
from that of R.
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Figure 8.12: (upper) Comparison of the thermal resistance ;;, = ATJN/PO (blue) and the electrical resistance

R (red) for monolayer graphene with a carrier (hole) density of n &= —1.2 x 10 cm 2. Atlow field, R increases
while Ry}, decreases with quantum oscillations appearing in the thermal data around 0.3 7. Inthe v = 2 quantum
Hall state, the electrical data shown a plateau at the expected %h/e2 while the thermal resistance drops close to zero.
At the magnetic field strength corresponding to other filling fractions, v = 10,6, 1, and 2/3, the thermal signal shows
asimilar drop toward zero even though the electrical plateaus are not present. (lower) The measured Lorenz ratio

L = (R/Ry,)(1/12T}) normalized to the Sommerfeld value.

Fig. 8.11 compares R and Ry, for graphene with a large carrier density (n ~ —1.6 x 10"2em=2)
as a function of magnetic field strength at 10 K. For fields up to a few Tesla, we find that, while Ry,
qualitatively tracks the field dependence of R, the measured Lorenz ratio, £L = TlTb (R/Rup),
has a small field dependence, even in the so-called “classical” regime, in stark contrast to the pre-
dictions of Eqns. 8.10 and 8.5. In high field, where landau quantization becomes relevant, the be-
havior of Ry, begins to significantly deviate from that of R, eventually decreasing with field and
tending towards zero. At low density this behavior is even more pronounced as quantum effects

enter as low as 0.5 7. Fig. 8.12 shows similar measurements to Fig. 8.11 for a lower carrier density of
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n ~ —1.2 x 101 em ™2, Unlike the high density data shown in Fig. 8.11, at low density, Ry, de-
creases with magnetic field for low fields even though R increases. For all densities £ monotonically
increases with field until quantum oscillations are seen. At fields and densities where the electrical
data shows well developed plateaus, the thermal signal drops to near zero and the measured £ di-
verges as a result of the ballistic nature of quantum Hall states. In fact, this combination of Johnson
noise thermometry and Joule heating is particularly suited to the detection of quantum modulations
of the density of states; this is readily seen in Fig.8.12 where, although not fully developed electrically,
the thermal signal shows several more integer states, including the symmetry broken state v = 1,
and the fractional state v = 2/3. The sensitivity of this technique to quantum effects results from
its intimate connection to changes in entropy and carrier thermalization length. Fig. 8.13 shows the

entire thermal fan diagram at 7, = 1.7 K.

8.6 (CYCLOTRON RADIUS

GIVEN THE APPARENT VIOLATION of Eqn. 8.10 at finite magnetic field, it stands to reason that one
of the four assumptions listed above must be violated in graphene. The most obvious of which is
the assumption that the elastic mean free path is shorter than all other relevant length scales. In the
presence of a magnetic field, electrons in two-dimensional conductors travel along cyclotron orbits

of radius

(8.11)
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Figure 8.13: The measured Lorenzratio L = (R/ Ry, )(1/12T}) of asquare graphene device normalized to the
Sommerfeld value as a function of carrier density and magnetic field at 7;, = 1.7 K. Color axis shown on a log scale.
Quantum Hall states appear as lines of large Lorenz number

where v is the Fermi velocity and m* is dynamical mass of the charge carrier. Unlike traditional
conductors with parabolic dispersions, the dynamical mass graphene is a function of the Fermi en-

ergy (E'r) and given by the relativistic form

m* = Ep/v% (8.12)

= ﬁ\/ﬁ/@p (8.13)
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Figure 8.14: Characteristic cyclotron radius [ * (n) at which £ begins to deviate from L. Large cyclotron radius cor-
responds to small magnetic field. (insets) plot two representative examples of how [* is extracted; a linear fit to the log
of L vs cyclotron radius (1) is extrapolate to the constant, low field value E(B ~ O). Red shaded region represents
50% convince intervals of the fits. These values can be directly compared to the quasiparticle elastic mean free path
estimated by the zero field conductance in Fig. 8.5.

thus the cyclotron radius can be written as a function of carrier density and magnetic field, as:

A/
eB

= v/ (8.15)

re =

where lp = \/W is the magnetic length.

As we increase magnetic field for a fixed carrier density, we can quantitatively define a character-
istic cyclotron radius (I*) at which £ begins to deviate from /sLg by extrapolating a linear fit of the
log of L(r.) to the constant low field value £(B ~ 0). The insets of Fig. 8.14 show two represen-

tative examples of this procedure. [*(n) is the relevant magnetic length at which we see violations



of eqn. 8.10 for a given density. The main panel of Fig. 8.14 plots [* as a function of electron density.
The values found should be quantitatively compared to the elastic mean free path of the charge car-
riers which is estimated from the zero field conductance in Fig. 8.5. Essentially, the mean free path
imposes a length cutoft for variations of the local temperature — i.e the temperature cannot equili-
brate at scales shorter than the mean-free path, since over these length scales electrons move ballisti-
cally. The strong agreement between the data in Figs. 8.14 and 8.5 (rms normalized error of 23%) is
evidence that the deviations of £ from L are due to relevant dynamics occurring on a length scale
where electrons are ballistic. This is taken to an extreme in the limit of quantum Hall where conduc-

tion occurs only on ballistic edge channels and hence the measured Lorenz ratio diverges.
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RF Cryostats

ALL EXPERIMENTS REPORTED in this thesis were performed in one of three cryostats, each wired
for high frequency measurements. A custom sample mounting board was machined from copper
laminated PTFE (Rogers Corp, RT/ duroid®), as shown in Fig. A.1. Five coplanar waveguides, with

characteristic impedance 50 {2, are milled into the circuit board along with 14 DC lines and a DC



Figure A.1: Images of the circuit board used to mount samples. (Left) sample is placed in the copper free area in the
center of the board. Five coplanar waveguides are milled along the outer ring. 14 DC lines with bonding pads and a DC
ground are machined on one end. (Right) the backside of the circuit board where each RF waveguide is soldered to an
SMP connector and all DC lines are soldered to the pins on a “NanoD” connector.

ground. Each RF waveguide ends in a through board SMP male connector while all DC lines and
the DC ground connect to a through board “NanoD” connector. The entire circular board mea-
sures 1 inch in diameter allowing it to lowered into the small bore of a superconducting magnet.
The sample and SMD inductors/capacitors are fixed to the board using double sided Kapton
tape and all componets are wired together using either solder or direct wirebonding. Fig. A.2 shows
an example of a double-stage match network connected using only wirebonds. In practice, alu-
minum wire bonds have difficulty bonding to the soft pads of the SMD capacitors and so often
solder is used for these parts. Once connected, the sample is sealed in an RF tight copper box which

can loading into any of the three cryostats described below.
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Figure A.2: Example of components mounted on our circuit board. In this case, 2 inductors (blue elements with gold
leads), 2 capacitors (grey elements with silver leads), and one resistor (blue element with silver leads) forming a two-
stage LC matching network. Components are secured using double-sided Kapton tape and connected using aluminum
wirebonds.

A1 Janis

THE EXPERIMENTS DISCUSSED IN CHAPTERS § AND 6 were performed in one of two 4He closed
cycle Janis SHI-4 cryocoolers located at Raytheon BBN Technologies and Harvard University. The
Harvard system is shown in Fig A.3 and operates with the sample in vacuum over a continuous tem-
perature range of 2.8 — 320 K. Custom copper thermalization plates were machined to thermally
anchor SMA bulkheads at 50 K and base temperature. Solid, semi-rigid coaxial cables with cop-
per inner and outer conductors are run through the system. Often low-pass filters are placed at the
50 K stage to help reflect high frequency thermal noise from room temperature. A heater and ther-

mometer are mounted on the sample stage to control and measure the bath temperature using a
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Figure A.3: Janis SHI-4 cryocoolor used in parts of this dissertation. (Left) image of the closed system sealed and under
vacuum. Optical windows are available but are blocked for these experiments. (Right) image of the opened system
exposing the RF semi-rigid coax cables. The sample package is mounted onto the top plate which is cooled via a closed
cycle 4He system and the temperature is set using a heater, thermometer, and Lakeshore PID controller. Low-pass
filters are placed at the mid temperature plate to reflect room temperature noise.

Lakeshore PID controller. The sample package described above is mounted on a pedestal and bolted
directly onto the base plate. For experiments that do not require ultra-low temperatures or magnetic

fields, this system is my personal favorite as its versatile, reliable, and easy to maintain.

161



Figure A.4: Sample package mounted to the custom adapter made for the Oxford cryostat. Adapter has two machined
holes to house a heater and thermometer. Entire package is then affixed to the end of a long SS thin-walled tube and
lowed into the Oxford VTI.

A.2 OXFORD

THE OXFORD BRAND CRYOSTAT, used for the bulk of chapter 8, is a wet ‘He system with a variable
temperature insert (VTT) capable of operating from 1.7 — 300 K. It houses a 14 T" superconducting
magnet with a relatively small ~1.1 inch bore. The sample is inserted into the VTT and cooled via
cold “He vapor which is held at a fixed temperature by a heater and thermometer located at the
vapor inlet and controlled by a Lakeshore PID controller.

The sample package described above is attached via non-magnetic SS screws to a custom copper
adapter, as shown in Fig. A.4. This custom adapter was machined to house a Cernox® thermometer
(Lakeshore AA package) and resistive cartridge heater. The entire package can then be affixed onto

the end of along SS thin-walled tube and held in place by a set screw, as shown in Fig. A.s. A cop-
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Figure A.5: The business end of the custom made RF measurement probe for the Oxford VTI. The sample package

is affixed to a SS tube using a set screw. RF coaxial measurement lines connect the on-board SMP connectors to the
room temperature SMA bulkhead feedthroughs. DC connections are made via a nanoD connector (the nanoD plug is
removed in this image as DC lines were not needed in this experiment).

per plate in affixed to the tube about 1 foot above the sample package and contains space for up to
6 SMA bulk head connectors. Five semi-rigid coax are run from room temperature SMA bulkhead
feedthroughs to this mid-temperature copper plate; two of these coax have copper inner and outer
conductors and are used for noise measurements while the rest are an alloy of Copper and Nickel
(to reduce the thermal conductance to the sample) and are used as excitation lines and/or gate con-
trol lines. Low-pass filters are often placed on the mid-temperature plate to reflect high frequency
noise from room temperature. The heater and thermometer lines are connected to a DC military
feedthrough and the nanoD is connected to a Fisher feedthrough.

As shown in Fig. A.6, once the sample is installed into sample package and mounted onto the RF
probe, the entire unit can be lowered into the Oxford VTI. RF amplifiers can be placed either at low

temperature or at room temperature just outside the fridge. For all experiments in this dissertation,

163



Figure A.6: Image of the Oxford cryostat with VTl and RF probe during a measurement. All electronics are kept at
room temperature. The entire fridge is housed inside a shielded metal room.



all electronics were kept outside the fridge at room temperature.

A3 LEIDEN

FOR ULTRA-LOW TEMPERATURE EXPERIMENTS, a dry dilution refrigerator from Leiden cryogenics
was used, as shown in Fig. A.7. This entirely closed cycle system has a base temperature of ~10 mK
and a large bore (~6 inches) magnet with a maximum field strength of 5 7. To facilitate fast experi-
ment turn around times, it is equipped with a top loading probe which can bring a sample down to
base temperature in a few hours. To access the cold plates for maintenance or install a longer term ex-
perimental setup, the fridge vacuum shields can be removed with the help of 4 electrically controlled,
mechanical legs, as shown in Fig. A.8.

Inside, the system consists of two independent vacuum chambers and five large gold plated cop-
per plates thermally isolated from each other. The first and second plates are cooled by an electrically
isolated pulse tube and, during operation, typically run at 50 K and 4 — 5 K, respectively. The
outer vacuum chamber (OVC) contains the entire 50 K plate and the upper half of the 4 K plate
along with two sorption pumps and two heaters. The bottom half of the 4 K plate forms the top of
the inner vacuum chamber (IVC) which is sealed with a Kapton o-ring. Four large SS tubes connect
into the IVC to allow probes to enter; the central port is used for the main probe (described below),
one of the secondary ports is used to bring in 16 RF coaxial cables, and the other two are held in

reserve for future expansions. The bottom half of the 4 K plate also contains 2 sorption pumps
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Figure A.7: Image of the closed cycle dilution refrigerator made by Leiden cryogenics installed in the Kim lab. The
insertable, top-loading probe is seen in the upper half of the image enclosed in flexible bellows. The system sits on four
electrically controlled, mechanical legs to lift the system for easy maintenance.
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Figure A.8: Image of the Leiden cryostat being disassembled. The four electrically controlled legs are extended, lifting
the entire system for easy maintenance.



which pump out the IVC and can be heated (via internal heaters) to release exchange gas into the
IVC. The third plate contains the still/impedances and typically operates at a temperature of around
0.8 K. The still has an on-board heater allowing the He mixture evaporation rate to be controlled®.
The 5 T magnet is bolted onto the still plate and thus operates at the still temperature, as shown in
Fig. A.9. While running the magnet it is therefore import to watch the still temperature. The fourth
plate has no direct cooling mechanism but serves as both a radiation shield and a location to mount
the heat exchangers for the dilution circuit; during operation is typically sits around 100 m K. The
fifth and final plate contains the dilution mixing chamber and includes a long tail that dips into the
magnet bore. Fig A.10 shown a close up of the entire IVC (lower 4 plates).

To perform RF measurements, one of two options is available: firstly, if the number of cold mi-
crowave elements is small, all circuitry can be installed directly onto the insertable probe?, secondly,
the microwave components can be installed into the main body of the fridge and connected to the
sample via internal lines and an RF “clicking mechanism” that couples to the probe. As shown in
Fig. A.11, internal microwaves lines connect each stage; 14 coaxial excitation lines with copper/nickel
alloy inner and outer conductors and 2 measurement lines with superconducting niobium-titanium
inner and outer conductors run between the stages. All excitation lines are attenuated at each stage
to thermalize the electronic temperature (reduce the Johnson noise to the appropriate level).

The insertable, top-loaded probe is shown in Fig. A.12 with the electronically controlled bellows

In principle, raising the evaporation rate results in more cooling power and a high base temperature but
in practice the rate must be adjusted to find the proper balance for a given setup.

¥The cooling power of the probe is limited by the thermal contact to the cold plates so caution must be
taken if active elements such as amplifiers are required.
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Figure A.9: Image of the 5 I" superconducting magnet, made by American Magnet Inc, installed in the Leiden system.
The magnet is thermalized to the still plate and thus operates near 1 K.



Figure A.10: Close up of the Leiden IVC plates. Starting from the top, the shown plates are the 4 I, still, 100 m K,
and mixing chamber plates. The still is the silver piece seen on the left side of the image mounted on the top side of the
still plate. Image taken in Leiden, Netherlands while constructing the fridge. At the bottom of the image, the “tail” that
extends down into the magnet bore can be seen
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Figure A.11: Image of the microwave lines inside in the body of the Leiden cryostat. Shown here are the 14 excitation
lines connecting the still plate to the mixing chamber plate attenuated at every stage. Not shown are the 2 supercon-
ducting measurement lines installed alongside these without attenuators.
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lowered. The probe holds up to 8 high frequency lines and over 24 DC lines if needed. For each of
the five temperature stages in the main fridge body, the probe has a corresponding set of pneumatic
expanding thermalization plates; once the probe is fully inserted, these plates expand to thermally
sink each stage of the insert to a stage in the main body. A location to place 8 SMA bulkheads is
built into every temperature stage. Attached to the final (mixing chamber) stage in a long extension
arm which reaches into the magnet bore. The sample is placed at the end of this extender.

For the experiments in this dissertation, the number of cold microwave elements was small and
thus all components could be installed onto the probe itself. Fig. A.13 shows an example of one the
these circuits. A cold amplifier* is mounted to the 4 K stage and a bias-tee along with two direc-
tional couples are attached to allow for DC transport and RF reflection/gain measurements.

At the bottom of the probe (where the sample sits) is a plate with 16 SMP (smooth barrel) con-
nectors pointing downward that fit into matching connectors installed in the main fridge body.
When the probe is fully inserted, these connectors make an RF connection between the probe and
the main body of the Leiden allowing experiments that require more complicated circuitry to use
the ample space and cooling power of the main fridge. Fig. A.14 shows an image of the underside of

this “clicking” mechanism where 16 SMA connectors can be used to probe the sample.

TWhile most stages sink well, the 50 K stage is in the OVC and, therefore, has to thermalize through a SS
tube.
*Cal-Tech CITLF3
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Figure A.12: Image of the insertable, top-loading probe built for the Leiden dilution refrigerator with the retractable
bellows lowered. Each gold plated copper section mechanically expands once inserted to thermalize to a stage in the
main fridge body. Near the bottom of the probe, and extender is seen which, during operation, contains the sample and
is lowered into the magnet bore.
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Figure A.13: Animage of a microwave noise measurement circuit installed on the Leiden probe. A low noise amplifier
is mounted to the 4 K plate and a bias-tee along with two directional couples are attached. This setup allows RF
reflection and gain measurements of the sample and amplifier, respectively, as well as DC transport and RF noise
measurements.
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Figure A.14: Image of the underside of the “clicking” mechanism in the Leiden located in the main body of the fridge
at the end of the tail that extends into the magnet bore. 16 SMA connectors are available and correspond to the 16
SMP connectors on the end of the probe. When the probe is fully inserted, these connectors form an RF connection
between the probe and the main fridge body.
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Hydrodynamic framework

B.a THERMODYNAMICS

IN THIS APPENDIX AND IN EVERY SUBSEQUENT APPENDIX, we will work in units where i = kg =
vp = e = 1. Itis straightforward using dimensional analysis to restore these units.

We consider the equations of state of the relativistic plasma in a relativistic strongly interacting
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fluidind = 2. Without specific microscopic details, these are very general facts about relativistic

plasmas without an intrinsic mass scale (or gap). The discussion generalizes straightforwardly to

other d. The only relevant energy scales are the temperature 7" and the chemical potential p. We

have the general Gibbs-Duhem relation:

e+ P=un+Ts,

(B.x)

where € is the energy density, P is the pressure, s is the entropy density and n is the charge density

(n = 0 at the particle-hole symmetric Dirac point). In a relativistic fluid,
p=1F (L)
T

for some dimensionless function F. Thermodynamic identities imply that

ou T

oP I 3P — un
= =3T?F - uTF (Z) =
S=or T F(T) T

(B.4)

The hydrodynamic description is only sensible for y < 1" - for p1 > T' the standard Fermi lig-

uid description applies. Furthermore, the equations of state of the Dirac fluid are charge conjugation
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symmetric, implying that F is an even function of j1. So we Taylor expand:

py _Co  CorpN2 Oy pnt
Flp)=5+3 () 7 (%) (Bs)
Using (B.3):
3
n = CouT + 04%, (B.6a)
Cop?  Cypt
_ 2 _
s=CoT* + 5 7 (B.6b)

We also require that Cp, C2 > 0, so that s > 0 and that n/ is positive as ;¢ — 0, as it should be.

B.1.1 THERMODYNAMICS OF DISORDERED FLUIDS

ALREADY AT THIS POINT we can make interesting predictions about the thermodynamics of the
strongly interacting hydrodynamic regime in graphene. For concreteness, let us suppose that the

background chemical potential is

po(x) = fio + fu(x), (B.7)

with [ip a constant and /i a zero-mean random function; for simplicity, suppose that i is evenly

distributed about zero, and has a disorder correlation length of € 2 e, so that the hydrodynamic



description applies. In this case, spatially averaging over (10, we find

2Cy _ . Cy ,_ _9 /. N
(e) = =17+ CoT (g + (")) + - (Ao + 65 (%) + (")) +--- . (BS)
The - - - denotes higher order terms in the equation of state that we have neglected. A similar expres-
sion can be found for the charge density:

3c,
(n) = CyTiio + 7“% (%) + - (B.9)

Let us focus on a clean limit where /i is very small relative to 7. Let us also assume that we are
close to the Dirac point, so that only Cp and Ca terms need to be kept. Thermodynamics then gives
tight constraints on the behavior of measurable quantities: specific heat and compressibility, in an
experimentally testable regime, due to the ability to easily tune both 7" and fig (the average charge

density) experimentally. In the limit above, the (spatially averaged) compressibility K is

1 _ o)
—=——"=0T. B.

KC a'u 2 ( IO)
where as before, we use (- - - ) to denote a uniform spatial average. Note that the independence of X

to fip and [ is simply a consequence of the fact that we did not expand (B.s) to quartic order. The

spatially averaged specific heat

O(e
c= 8<T> =2C0T* + Ca (g + (%)) - (B.11)
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The experimental consequence of this result is as follows. Very close to the Dirac point, we expect

that K is approximately constant. Restoring all dimensional prefactors, we can therefore set

~ (h’UF)2
Cy =~ KhaT (B.r2)
and re-write
k3T2 /]2 4 <ﬂ2> ]{33T2 <la2> 2]Cn2
~ 202 20 ~ 202 2 . B.
¢~ 200 G2 T2k Cotez T2k T T (B.1)

We thus see that the quadratic dependence in ¢(n) gives us an independent measurement of C
through a measurement of the heat capacity. In principle, a quadratic polynomial fit to ¢(n) thus
determines both K and Cl, up to the residual effects of disorder, which will lead to an overestimate
of Cp. Repeating measurements of K directly, as well as ¢(n) at different T, provide non-trivial
checks on the above theory. It is important to note that this argument does 7oz rely on the validity
of hydrodynamics, only that graphene is gapless, fip < T, and that /i is very small. Of these three
requirements, the last poses the biggest experimental hurdle.

In the above argument, there is no reason a priori why to truncate the Taylor expansion to neglect
(' and higher order corrections, beyond appealing to the weak disorder limit. In particular, inclu-
sion of Cy complicates our ability to obtain an accurate measure of fig from n. The argument above
is simply meant to give a flavor for the constraints on measurable quantities imposed by scale invari-

ant thermodynamics. A more systematic treatment is likely necessary to make quantitative contact
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with future experiments.

B.» RESCALING SYMMETRIES OF DC TRANSPORT

SOLUTIONS TO (7.14) ARE INVARIANT, up to global rescalings, under certain rescalings of the lin-
earized hydrodynamic equations of motion. These symmetries are, assuming A > 0 is a constant

scaling parameter:

n— A2, x— Az (B.14a)

n—=An, 0= Ao, a—=> A, K—= Ak, P— AP; (B.14b)

a—= A, k= Nk, n—= A2, po = Mg, Co — X720y, Cy — X710y, etc;
(B.14¢)

a— A, kK— Ak, 00— Ao, n— A"n. (B.14d)

Everything not listed is invariant. ¢ and 7) have the same scalings, as do o and o, and so we have
only listed some of these parameters.

These rescalings are useful to help us compare simulations to experimental data from graphene.
The latter three rescalings can be used to help fix the overall magnitude of s and o, as well as the
values of n, as measured in experiment. These are exactly analogous to the symmetries of the Navier-

Stokes equation, which allow us to reduce all such hydrodynamic problems to a universal equation,
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up to a single dimensionless parameter. [55] neither measured the viscosity directly nor the charge
puddle size, and the first scaling above implies that we cannot determine viscosity alone. So, as men-
tioned in the main text, we assume that { = I, the shortest possible value of { for which hydrody-

namics seems sensible.

B.3 WEAK DISORDER

MANY ANALYTIC RESULTS CAN BE OBTAINED in the limit where the disorder strength is “small”.
We provide detailed derivations of all such results in this appendix. We introduce disorder as in
(7.17). Below we denote ng = n(fio), etc.

The perturbative solution is found exactly as was done in [88]: we split the velocity field into a

1;similarly,u ~T ~uh

constant piece v; ~ u’2, and a ﬂuctuating zero-mean piece V; ~ U~
It proves convenient to work in Fourier space. At O(u 1), the momentum conservation equation

becomes

— ik; (nop(k) + soT (k) = nokdi(k) + Cokik;;(k), (B.1s)

and the conservation laws become (at the same order)

0 =ik; (ﬁ(k)l_)z + no’[)l(k)) + O'(L()k‘2 <,u(k) — /;ST(I{)> , (B.16a)
0 = ik;Tp (3(k)v; + s09i(k)) — pooqok? (u(k) - /;{))T(k)) . (B.16b)
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Combining these equations we obtain expressions for 7', y and k;0;:

_ pon(k) + Tos(k)

kit (k) = kv, B.
%8 wono + Toso (B72)
ik;v; 2 . . - s
T(k) = "ok (e + o) (g00k* (10 + Co) (pof2 + To3)To — Tono(Toson — Tonod)) ,
(B.r7b)
() = —— %ok (0 + Go) (o + Tod)po + Toso(Toson — Tonod))
HAK) = sk (0 + Po)? 0F"\Mo T Go){Ho 05)Ho0 050{4050 0705)) -
(B.17¢)
Spatially averaging over the momentum conservation equation at O(u”), and defining:
(e+ P)r;'v; =) iks [a(—k)u(k) + $(—k)T (k)] , (B.18)
k
we find that
. kik; | Toson(k) — Tonos(k)|* + oqok? (10 + Co) |uoi(k) + Tos(k)[?
" Q0 (e0 + Po)
and that the spatially averaged momentum equation reduces to
0=mnoFE; +TysoC; — (60 + Po)Tiglﬁj. (B.20)

In this equation, we have used the fact that J; ~ no; atleading order in perturbation theory. The



resulting transport coefficients are analogous to (7.18):

n%
o= 0 B.
Oij ot OTW, (B.212)
_ nopso
Qi = Qljj = ————Tji, B.ZIb
K " e+ Py Y ( )
_ T's
K/Z] = . +0 OT’LJ (B'ZIC)

In the expression for o, we have not included a 09 contribution, as was done in [87], as thisis a
subleading order in perturbation theory.

Using our Taylor expanded equations of state for the fluid and assuming Cy = 0, since

3(6) = Coprof(k) = (k). (B.22)
we can simplify (B.19) to
- kikj (Toso — pono)” + 4oqok® (o + Co)pd | .
Ty = 2‘7( : > 3( I (i) (B.23)
" k U@(GO + P())

Similar results were presented (in a different format) in [114], though the practical consequences of
this formula, as discussed in the main text, have not previously been understood.

We cannot take the naive limit where oqg ~ 12 in order to recover (7.2) in full generality. The
simplest way to see that something goes wrong is to study & near fig = 0 (more precisely, fig ~ u):

if oq ~ u~2 we find that 7 ~ u ™%, and this implies that the heat current (and thus %) would be



parametrically larger than anticipated. Thus our perturbative scaling breaks down. The breakdown
of the perturbative theory for u ~ fig was also advocated in [88].

Although we have argued there are problems in principle with (7.2) when jig ~ u, even when
u is perturbatively small, in practice the mean-field model of [87] can be quite good in practice near
fip ~ u,as shown in Figure 7.6. Note that it is also important that CoT? > Chu? - when this
limit is violated, we see substantial deviations from (7.2) at all fig, as shown in Figure 7.6. This may

be a consequence of our assumption that o is independent of 1.

B.4 EQUATIONS OF STATE OF THE DIrRAC FLUID

THE THERMODYNAMICS OF GRAPHENE is similar to that presented in Appendix B.1, with some
minor differences. Perturbative computations and renormalization group arguments, valid as 7' —

0, give [132, 67]

2 2
Co = %G3) (aeff> ~ 3.44 (a) ) (B.24a)

s (&7} (7))
4 92 2 2
0, — 41082 (”f) ~ 0.88 <a> . (B.24b)
s o7y Qp

(B.24) can be derived by computing the thermodynamics of 2 species of non-interacting Dirac
fermions, with Coulomb interactions leading to a logarithmically increasing Fermi velocity [132, 67].

As aegr(T) is not a constant, this implies that the entropy has an additional contribution related to



the logarithmic 7" dependence of C 2 (efr). Assuming Cp and C above, and assuming Cy = 0 for
simplicity as its value for free fermions is quite small [60], we find:

s = CyT? [1 n O%f] + %pﬂ [1 + ‘%ﬂ (B.2s)

This equation directly implies € > 2P. Using the estimate ctegr ~ 0.25 from above, we see that the
corrections to s (and €) are rather minor (< 10%); n is unchanged. In fact, (B.25) is not quite right:
the computation of (B.24) is only a leading order perturbative computation: there are corrections to
(B.24) at higher orders in log aegr. Nonetheless, our general conclusion that e > 2P is possible in
graphene continues to hold, given any logarithmic running of the Fermi velocity.

As noted above, these theoretical computations of the thermodynamic coefficients in graphene
are all perturbative computations in cf, yet we only expect aefr/cg ~ 0.5: there is no reason
to expect that higher order corrections, which can be as large as ~ log e, are negligible. More
sensitive experiments may find discrepancies with Lorentz invariant hydrodynamics, associated with
these peculiar properties of the Dirac fluid. Similar logarithms can appear in 04 [74] and 77 [73], and

in both cases, for the reasons above, we neglect these logarithms and use the theory of Section 7.3.

B.s NUMERICAL METHODS

WE SOLVED THE HYDRODYNAMIC EQUATIONS (7.14) on a periodic domain of size L X L, em-

ploying pseudospectral methods [157] using a basis of N Fourier modes in each direction, with
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25 S N S 43. Forsimplicity, we set Ty = 1, as this can be restored straightforwardly by di-
mensional analysis. Our numerical methods involves approximating continuous partial differential

equations in the form

Lu=s. (B.26)

u contains the linear response fields p, T', v, and vy, evaluated on a uniformly distributed discrete
grid, and s contains the source terms, linear in F; and (;, evaluated at the same points. L is a matrix
with two zero eigenvectors, which correspond to constant shifts in y2 and T respectively. We thus
remove two rows of L and replace them with constraints that y1(0) = T'(0) = 0. A simple matrix
inversion thus gives u = L™ !s. Inverting this (4N? — 2) x (4N? — 2) matrix four times (once for
sources I, and (; ) limits the size of the domain we can analyze. More complicated algorithms
exist [158] to solve such problems but we did not find finite size effects to qualitatively alter our com-
parison to experimental data, as we discuss below.

As mentioned in the main text, our disorder realizations consisted of random sums of sine waves.

More precisely,

. . 2ngmr\ | 2N, T
po(x) =fio+ Y fio(na,ny)sin ( ¢e + —5— | sin By + —2Y (B.27)
[nal,|ny|<k v v

with fig a constant, fig (2, ny) uniformly distributed on [—c, ¢] where ¢ = /(2 — 0n,.0 — 0n,,0)/2
and ¢, , uniformly distributed on [0, 27). The lack of heavy tails in fig (1, ny), perhaps associated

with point-like impurities, is consistent with experiment [81]. The form of ¢ is chosen so that we do
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Figure B.1: Finite size effectswithug = 0.3,Cy = 3,Cs = 1,09 = 1,19 = 20. Numerical averages are
performed over 100 disorder realizations.

not add random charge density bias to our disorder (as the zero mode has no amplitude), and so that

all Fourier modes included at finite wave number have the same average amplitude.

B.s.t  FINITE S1ZE EFFECTS

THE FIRST SOURCE OF FINITE SIZE EFFECTS is simply related to the fact that we only have a finite
number of disorder modes. Averaging over a large number of ensemble samples allows us to approx-
imately, but not exactly, undo this effect: see Figures B.r and B.2. In both cases, we used 8% + 3 grid
points in each direction for various k. To the best of our knowledge, in all numerical simulations we
have studied, it appears as though the result converges to a finite fixed answer as k& — oo. However,
residual error from finite size effects may lead to some error in our estimation of the thermodynamic
and hydrodynamic coefficients of the Dirac fluid in graphene.
The other source of finite size effects is related to the finite number of grid points in our pseu-

dospectral methods. However, we expect standard exponential accuracy [157] in the number of grid
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Figure B.2: Finite size effects withug = 0.3,Cy = 1,Cy = 1,09 = 1,19 = 1. Numerical averages are performed
over 100 disorder realizations.

points per &, which we have taken to be at least 10 in all figures in the main text. Numerical evidence
suggests that our spectral methods have converged to within about 0.1-1% of the correct answer by
this relatively small number of grid points per £, depending on the precise equations of state used.
In the case of the experimentally relevant parameters used in Figure 7.3, we see exponential conver-
gence of our spectral methods with increasing grid points, with numerical error of only 0.1% by the
time the number of grid points per & is 11, as shown in Figure B.3. This spectral convergence is dra-
matically faster in the weak disorder limit.

Methods are known to improve our simple algorithms, which can reduce both types of finite size
effects discussed above. Given the preliminary nature of the experiments to which we compare our

simulations, we have found the numerical errors described above tolerable.
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Figure B.3: Exponential convergence of our pseudospectral code with an increasing number of grid points. We com-
puted K and o using our code, employing the “experimental” equations of state given in Figure 7.3, and the disorder
profile tio () = fig + 2ucos(2mx /L) cos(2my/ L). Red data points denote the error in x, and blue points denote
the errorin . Circles denote data at lig = 2u, and triangles at jigp = 0.4u. Absolute error is determined by (e.g.)
|o(N) — 0(29)|/0(29), where we use the data points at N' = 29 as a reference point.

B.s.2 DIMENSIONAL ANALYSIS

WE HAVE PERFORMED NUMERICAL COMPUTATIONS in dimensionless units, since we can trivially
restore the units to our numerical results via dimensional analysis. Settingh = kg = e = vg =

To = 1 completely non-dimensionalizes the problem, while setting no dimensionless parameters to
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unity. We can now trivially restore the units as follows:

I = hU]:
ksTo

X Lnumerics ~ (100 nm) X Lnumerics

M= kBTO X Unumerics ™~ (5 meV) X Wnumericss

62

—1
g = E X Onumerics ™ (025 ko ) X O numerics

kge nW
o= ? X Qtpumerics ~ | 20 7 X Qnumericss

k2T,

nW
R = X Knumeries ~ | 0.1 X Knumerics -

h K

(B.28a)

(B.28b)
(B.28¢)

(B.28d)

(B.28¢)

We have also noted the approximate scale of each important physical quantity in the problem for

convenience.
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