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Hall signal dominated microwave transmission through graphene-loaded waveguides
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Microwave transmission line spectroscopy is used to observe the integer quantum Hall effect in two samples
of monolayer graphene with different geometries that are resistively coupled to a coplanar waveguide. We find
plateaus in transmitted power that do not vary significantly with microwave frequency but are significantly
different for two samples due to their shape. With each drop in transmitted power corresponding to an additional
quantum Hall edge mode that shorts the transmission line to ground, these well-known quanta of conductance
allow us to calibrate the sensitivity of the devices. One sample with short contact regions matched the sensitivity
expected when considering only the quantum Hall conductance of ve?/h; another sample with long contact

regions demonstrated a nearly threefold enhancement in sensitivity. We model this result with a purely resistive
circuit that introduces an additional resistance to explain the increased sensitivity.
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I. INTRODUCTION

The phase diagrams of two-dimensional electron systems
(2DES) in high magnetic field are a complicated interweaving
of vastly different phases in the quantum Hall (QH) regime:
fractional quantum Hall effect liquids, Wigner crystals, bub-
bles, stripes, and more [1-4]. There are many ways to study
the quantum Hall effects at high magnetic field and low tem-
peratures. Traditional Hall bar or Corbino ring architectures
yield important information, including the size of energy gaps
and signs of electron crystallization. DC transport using Hall
bar and Corbino ring geometries are two ways to simplify the
measurements of voltages along a sample, taking advantage of
Cartesian and plane polar symmetries respectively. Owing to
their simplicity, these geometries remain important for inves-
tigating the QH effect and other novel effects in 2DES [5-8].
Variations from these highly symmetric cases need more ad-
vanced methods of analysis. The van der Pauw geometry,
typically four contacts placed along the circumference of a
circular disk or at the corners of a square, has been a conve-
nient way to measure anisotropic effects [9] as well as Hall
and longitudinal coefficients of isotropic samples in a mag-
netic field. However, there has been a significant amount of
work since then to extend the theory and improve calculation
efficiency in practical devices [10]. In fact, a descendant of
van der Pauw geometry known as a sunflower is a convenient
way to enable angle-resolved transport [11] for materials with
complicated anisotropy.

Other methods are often utilized to gain additional insight
into the nature of the many competing electronic phases of
2DES. Some of these methods are motivated by minimiz-
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ing the need for contacts in materials where Ohmic contacts
are difficult to achieve [12—15] while others lend additional
information that is not easily accessible by transport measure-
ments. Microwave transmission line spectroscopy (MWTS)
has been a particularly important tool for understanding the
competition of electron solid phases in 2DES hosted in
GaAs/AlGaAs quantum wells [16—18]. All of these examples
use coplanar waveguides (CPWs) which are capacitively cou-
pled to the 2DES. This architecture leads to a measurement
of the longitudinal conductivity and is of value for studying
the pinning modes of electron solids [19]. Understanding such
phases are a large motivation for utilizing alternatives to DC
transport, where some of these phases show up as the reentrant
integer QH effect [20,21]. While MWTS spectroscopy has
made a significant impact on the study of GaAs/AlGaAs
quantum wells, it has not yet had similar success in the area
of van der Waals (vdW) materials. This is primarily due to
the low sensitivity in capacitively-coupled CPWs that come
from the small areas of high-quality, single crystal exfoliated
samples in standard 50 € measuring systems and from the
larger disorder of large-area chemical vapor deposition (CVD)
grown samples which could be patterned with long narrow
CPWs.

In this work, we study monolayer graphene that is directly
contacted to a CPW and observe that the transmitted mi-
crowave power is mainly determined by the Hall rather than
longitudinal conductivity. For one sample, we also observe
almost a tripling of the expected sensitivity, which we model
with an additional resistance along the center line of the CPW.

II. EXPERIMENTAL SETUP

In MWTS, incoming MW radiation travels down 50 €2
impedance lines to on-chip CPWs that reduce down to

©2025 American Physical Society



S. DIETRICH et al.

PHYSICAL REVIEW B 111, 195410 (2025)

0.0 Jro 0.00
Sample A ‘\//" Sample B
= B=9T 1 B=18T L _0.02
% 0.2 f= 0.5 GHz f= 0.5 GHz
= T =300 mK T =60 mK
o - —0.04
= —0.4 - I
A I 7
6
- I - —0.06
—0.6
(a) (b)
0.0 - 0.0
0.5 GHz
- —0.1
) /\<
- —0.2
8 -1.0
z
o
—
o~
w
- —0.3
—1.5
- —0.4
—2.0
(c) (d)
7.3 GHz 7.5GHz F -0.5
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-25 0.0 2.5 5.0 75 100 125 150 -3 0 3 6 9 12 15
Vy (V) Vy (V)

FIG. 1. (a), (b) Low frequency transmitted power as a function of gate voltage V, for Samples A (a) and B (b). v values are listed below
each plateau. Sample A shows steps between QH plateaus that are over twice as large as those in Sample B. The insets show the geometries of
the graphene layers. (c), (d) Lower panels demonstrate how the plateau structure lacks any significant frequency dependence for frequencies
up to a few GHz. Curves in all panels have been normalized to the value of the v = 0 plateau. Curves for Sample A (c) have frequency steps
of 0.8 GHz and are offset by 160 mdB. Curves for Sample B (d) have frequency steps of 1.0 GHz and are offset by 40 mdB. Data for each
sample were measured at the respective magnetic fields listed in the upper panels.

appropriate dimensions for the graphene heterostructure while
retaining impedance matching. The CPW architecture allows
for broadband measurements of the absorption and phase-shift
from a graphene sample using a vector network analyzer
(VNA). In this work, we focus on the transmission coefficient
of power, |S,|>.

Our resistively coupled CPWs in graphene have ohmic
contact to the graphene layer at both the center line and
grounding planes. The additional contact between the center
line and the graphene is the main difference from capactively
coupled structures. Heterostructures are formed by dry trans-
fer assembly on intrinsic Si wafers with a 285 nm oxide layer.
Cr/Au (3/80 nm) CPWs are deposited over the heterostruc-
tures. The grounding planes and center conductor make direct
contact to the graphene layer via trenches etched through

the top hBN layer. Trenches run the length of the graphene
regions. It is designed such that the center-line inductance per
unit length L and the center-line-to-ground-plane capacitance
per unit length C provide Z = \/L/C = 50 Q. The graphene
adds a conductivity Gy that acts as a direct shunt to ground.
The density of charge carriers in the graphene layer are con-
trolled by a voltage V, applied to a thin graphite back gate
relative to the two grounding planes on either side of the center
line.

Data in this study comes from two geometrically different
samples, where the aspect ratio of the graphene differentiates
them. Sample A has a high aspect ratio with dimensions of
3 x 33 um?, while Sample B has a small aspect ratio with
dimensions of 20 x 3 um?. The two geometries are illus-
trated in the inset of Figs. 1(a) and 1(b). Both samples have
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similar hBN layers separating the graphene layer from the
gate: 78 nm for Sample A and 84 nm for Sample B. The CPWs
of the devices have center-line widths of 1.0 and 33.3 yum and
room temperature resistances of 110 and 90 €2 for Samples
A and B respectively. Measurements of Sample A occurred
at a magnetic field of 9 T and at a temperature of 300 mK.
Measurements of Sample B occurred at a magnetic field of
18 T and at a bath temperature of 60 mK.

III. EXPERIMENTAL RESULTS

Rather than the longitudinal conductivity dominating vari-
ations in transmitted power as seen in capacitively coupled
samples, our resistively coupled graphene-loaded CPWs show
major contributions from the Hall conductivity in |S,;|?, re-
sembling two point DC conductance of a QH sample. In
such a configuration, the total conductivity of the graphene,
G, contains both the longitudinal and Hall conductivities.
At high magnetic fields and with the aspect ratios of the
graphene studied, the Hall conductivity dominates. This can
be clearly seen in Figs. 1(a) and 1(b) where the plateaus are
as expected for the integer QH effects with the filling factors
v indicated. Only the integer QH is observed, likely due to
reduced sample quality from close proximity of contact and
the single-graphite gating structure that leaves the graphene
exposed to surface contaminants. However, there are two no-
table features in the sequence of plateaus between the two
samples. First, jumps betweenv =2 — 3,6 — 7, and 10 —
11 are absent in both samples. Gate geometry calculations
confirm the location of these plateaus. We note that these
occur distinctly at v = 4n + 2 associated with the fourfold
degeneracy of monolayer graphene, but a detailed explanation
of this observation is beyond the scope of this paper.

The other feature is that the sizes of the jumps vary greatly
depending on the geometry of the sample. These plateaus
should allow us to calibrate the sensitivity of the device since
they each correspond to an additional edge channel conduc-
tance, which is G, = ¢?>/h = 38.7 1S when considering full
degeneracy breaking. Figures 1(a) and 1(b) demonstrate how
the drops in transmitted power are much stronger for Sample
A than Sample B. On average, Sample A shows drops of
36 mdB per Landau level while Sample B shows drops of
14 mdB. These correspond to sensitivities of —1244 and —179
dB/S respectively. For both samples, the plateau structure is
independent of microwave frequency, as shown in Figs. 1(c)
and 1(d). This motivates using a simple resistive model of a
two-point measurement of the Hall conductance. This inves-
tigation will focus on the frequency-independent variations
in the sensitivity differences between the two samples. Fig-
ure 2(a) shows how the center conductors are shunted to
the ground by the graphene. The two R, = 50 Q2 resistors
are equivalent to the MW source side (left) and the detector
side (right) of the VNA. The conductivity of the graphene
is considered to be Gy = NvG, when there are either N = 1
(Sample B) or N = 2 (Sample A) loaded slots in the CPW and
since oy, = 0 in the QH plateaus.

The sensitivity, 17, can be written as

. AP(dB) _ 10log, (Py/Py)

, 1
AG G, M

center line

O:U
A

FIG. 2. (a) Simple model of a two-point quantum Hall measure-
ment where the top horizontal wire represents the center line of the
CPW and the bottom horizontal wire is the two grounding planes.
G; is the conductance of the graphene. (b) T-network model that
accounts for the additional center-line resistance Ry on either side
of the sample.

where P, = V02ut /R, indicates the power transmitted through
the CPW when the sample is in the v QHE state and we
assume a AG = G, for each Av = 1 transition between Lan-
dau levels. To determine how these powers depend on the
circuit elements, we use Kirchhoff’s junction and loop rules
to express the the voltage at the analyzer V;,, in terms of the

incident voltage Vj,. For the simple model of Fig. 2(a),

1

Vou == ‘/ina
"7 2+ NvG,R,

(@)
which can be used with Eq. (1) to calculate the sensitivity for
the simple model. It predicts sensitivities of —434 dB/S for
Sample A and —217 dB/S for Sample B. These sensitivities
correspond to 16.8 and 8.4 mdB drops in transmitted power
per Landau level. This model closely predicts the sensitivity
of Sample B. In fact, Sample B has a sensitivity 38 dB/S
lower, an effect likely due to a small amount of contact resis-
tance to the graphene. Conversely, this simple model greatly
underestimates the sensitivity of Sample A. This significant,
nearly threefold, deviation from the observed sensitivity is a
shortcoming of this simple model. Any additional resistance
of the sample (i.e., contact resistance) would only decrease
the sensitivity as seen in Sample B. Thus, we model the
increased sensitivity as due to an additional resistance along
the center line of the CPW. The model is shown in Fig. 2(b),
where the graphene forms a T-network with two resistors
Ry . These resistances provide the increased sensitivity of the
CPW. A general expression for the transmitted power when
the graphene is in the QH effect state at filling v is given by

P, = (%uVin)*/Ro, A3)

R,
~ 2(R,+Rr) + NvG,(R, + Rr)?’

Yo “4)

Figure 3(a) shows the transmitted power for each Landau
level. The slopes of the linear regressions give the AP due to
changes in sample conductance of G,, allowing us to extract
the sensitivity according to Eq. (1). Figure 3(b) demonstrates
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FIG. 3. (a) Transmitted power at each Landau level with filling
factor v for Sample A (red) and Sample B (blue) at f = 0.5 GHz.
(b) Dependence of the sensitivity, 1, on Ry based on the model of
Egs. (3) and (4). Colors match the plot above for the two samples.
Dots with dashed lines mark the 1 and Ry of each sample.

how the sensitivity varies with the additional center-line resis-
tance according to Eq. (4). For the relevant values of Ry the
sensitivity increases nearly linearly and the sensitivity roughly
doubles with an additional 50 2 resistance on either side of
the sample. We also recover the simpler model’s sensitivities
of —217 and —434 dB/S for the singly and doubly loaded
CPWs as Ry goes to zero, as expected. After extracting the
sensitivity of —1244 dB/S from the slope of |S5 |? in Fig. 3(a),
this model predicts an Ry value of 93.6 €2 for Sample A.

IV. CONCLUDING REMARKS

The T-network model of Fig. 3(b) reproduces the observed
sensitivity for Sample A as calculated for the known Hall

resistance of the QH plateaus, with Ry of 93.6 2. While this
simple model reproduces the observed sensitivity in Sample
A, by presenting a higher impedance than 50 2 to the sam-
ples, the real situation in the sample is likely different. The
Au/Cr center lines of the CPWs should not have sufficient
resistance at low temperature to explain the above Ry values
from the model. The origin of the sensitivity enhancement
relative to the model of Fig. 3(a) with G; = NvGy on QH
plateaus is more likely an effect of the finite size of the
contacts. Calculations of such effects can require considerable
complexity [10].

In sum we have measured two graphene samples with large
disorder by modern standards [6] at microwave frequency
and found almost no frequency dependence. The microwave
sensitivity to the two-point conductance, Gy, of the graphene
calculated from the slope of |Sy;|? is compared to what is cal-
culated taking Gy = ve®/h on QH plateaus in a 50  system.
Sample B, which had short contact regions, matched these ex-
pectations. Sample A, which had long contact regions, showed
a nearly three-fold enhancement and can be modeled with a
simple T-network circuit. The lower quality samples used in
this study primarily exhibit only the integer QH effect, yet we
believe that the observed results hold great significance for
studying the fractional QH effect and electronic solid phases
in various two-dimensional electron systems.
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