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Thermoelectric transport of the half-filled lowest Landau level in a p-type Ge/SiGe heterostructure
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We investigate the thermoelectric transport properties of the half-filled lowest Landau level v =1/2 in a
gated two-dimensional hole system in a strained Ge/SiGe heterostructure. The electron-diffusion dominated
regime is achieved below 600 mK, where the diffusion thermopower S, at v = 1/2 shows a linear temperature
dependence. In contrast, the diffusion-dominated Nernst signal S. Xyd of v = 1/2 is found to approach zero, which
is independent of the measurement configuration (sweeping magnetic field at a fixed hole density or sweeping

the density by a gate at a fixed magnetic field).
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The half-filled lowest Landau level v = 1/2 state is one
of the most intriguing quantum ground states in a two-
dimensional electron system under a strong magnetic field
at low temperatures. Halperin-Lee-Read (HLR) theory states
that composite fermions at v = 1/2 consisting of one electron
and two flux quanta are effectively in a zero magnetic field
[1]. Over the past two decades, HLR theory has gained great
success for explaining v = 1/2 as the compressible compos-
ite fermion liquid state with a distinct Fermi surface [2-7].
However, recently HLR theory has been questioned for its
lack of particle-hole symmetry (PHS), which is supposed to
be preserved for spin-polarized lowest Landau levels [8]. As
an alternative, the particle-hole symmetric Dirac composite
fermion (DCF) theory for compressible state v = 1/2 has
been recently proposed [9,10]. The DCF theory is character-
ized by a Berry phase of m around the composite Fermion
surface, while the Berry phase for the particle-hole symmetry-
broken HLR theory is shown to be zero [9—12]. On the other
hand, Wang et al. show that in the limit of long wavelengths
and low frequencies, HLR theory and DCF theory are equiva-
lent for predicting the properties of v = 1/2 state [13,14]. Ac-
cording to a recent proposal, the diffusion-dominated Nernst
signals of v = 1/2 in the thermoelectric transport is propor-
tional to the Berry phase around the composite Fermi surface.
The Nernst signal of v = 1/2 is predicted to be nonzero with
linear temperature dependence for the particle-hole symmetric
case, and zero for the PHS-broken case [15]. Therefore,
measurements of Nernst signals at v = 1/2 provide a sensi-
tive experimental method for studying the PHS of v =1/2
and extracting the Berry phase around the composite Fermi
surface. We note that, in thermoelectric transport, the built-
in electric field E and temperature gradient VT are related
through E = SVT at thermal equilibrium, where S is the
Seebeck coefficient. Under external perpendicular magnetic
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fields, the proportionality coefficient S becomes a tensor; the
off-diagonal coefficient Sy, is the Nernst coefficient, and the
diagonal coefficient S, is thermopower.

In our previous experimental work [16], the electron-
diffusion dominant Nernst coefficient S,,¥ of v =1/2 was
measured to be very close to zero (within the noise level)
in an ultrahigh-mobility two-dimensional electron system
of GaAs/al,Ga;_,As heterostructure [16]. One challenge in
studying the electron-diffusion Sxyd in the GaAs/al,Ga;_,As
system is that Sxyd prevails over the phonon drag contributions
Syy® only at very low temperatures (below 130 mK in our
previous study), because the electron-phonon coupling in
GaAs-based materials remains strong even at very low tem-
peratures due to the piezoelectric effect [17]. Furthermore, at
very low temperatures, the thermoelectric signal is in general
very small. Therefore, it is appealing to perform similar ther-
mal transport experiments in another material system where
the diffusion-dominated regime can be achieved at higher
temperatures. Unlike the piezoelectric material GaAs, the
electron-phonon coupling in the Si system is mainly via the
deformation potential [17—19]. The phonon drag contribution
can be significantly suppressed in Si at about 1 K [17-19].
Moreover, decent integer and fractional quantum Hall effects
have been observed in high-mobility SiGe heterostructures
[20-22]. Considering that the electron effective mass in Si
is larger than the hole effective mass in Ge, the fractional
quantum Hall states in p-type Ge/SiGe heterostructures can be
observed at relatively higher temperatures [20-22]. Based on
the foregoing notion, it is compelling to perform Nernst signal
measurements of v = 1/2 in a Ge/SiGe hole heterostructure.

In this paper, we report the thermopower and Nernst
measurement results of v = 1/2 in two-dimensional hole
systems in an undoped strained Ge/SiGe heterostructure. The
diffusion-dominated thermopower S,,¢ at v = 1/2 shows a
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FIG. 1. (a) An illustration of the experimental setup, showing
the Hall bar sample cantilevered to a heat sink and surrounded by a
vacuum shield. (b) The longitudinal and Hall resistivity as a function
of magnetic field at 7 = 300 mK. The hole density and mobility are
labeled in the figure.

linear dependence on temperature below 600 mK. The effec-
tive mass mcp = (0.95 £ 0.25)my(B = 12T) of composite
fermions at v = 1/2 is extracted from the linear temperature
dependence, where my is the free-electron mass. Meanwhile,
the diffusion-dominated Nernst signal S,,¢ of v =1/2 is
found to be close to zero.

The data presented in this paper are from a two-
dimensional hole system in a high-quality, undoped, enhance-
ment mode Ge/SiGe heterostructure. Details of the growth
and device fabrication of the heterostructure have been re-
ported previously [21]. The two-dimensional hole system is
capacitively induced by applying a negative voltage on the top
gate. The Ge/SiGe sample used in our experiment is about 2
mm wide and 7 mm long. On the hot end of the sample, a
Ti/Au heater is created by lithography and metal deposition.
The 100-um-wide Hall bar geometry is defined by a Hall-
bar-shaped top gate. The measurement is performed in a He
cryostat equipped with a 15-T superconducting magnet. To
create a temperature gradient across the Hall bar, as shown in
Fig. 1(a), we seal our sample into a vacuum cell made of poly-
carbonate, and the entire cell is immersed into the *He liquid.
The cold end of the sample is attached to a silver rod which
is thermally coupled to the *He liquid, while the hot end is
suspended. To determine the temperature difference across the
Hall bar, two calibrated RuO, sensors are attached to the cold
and hot ends of the sample by stycast 2850 (24 LV). Standard
low-frequency AC lock-in measurement techniques are used
for measurements. The measurement frequency is 17 Hz for
electrical transport, while for thermoelectric transport, a lower
AC frequency of 2f = 3.4 Hz is used.

Figure 1(b) shows the magnetoresistivity and Hall resis-
tivity of sample with density n = 1.6 x 10! cm~2 and mo-
bility u = 1.5 x 10° cm?/V s as a function of magnetic field
at T =300 mK. The integer quantum Hall effect v = 1,2,3
and fractional quantum Hall effect v =2/3, 3/5 are well
resolved, indicating the high quality of the undoped Ge/SiGe
heterostructure used in our experiment. Correspondingly, the
thermopower Sy, shows [Fig. 2(a)] distinct v=1 and v =
2 integer quantum Hall state, and also v =2/3 and 3/5
fractional quantum Hall state [see the inset of Fig. 2(a)]. We
note that the hole density shown in Fig. 2 and Fig. 3 is about
1.45 x 10" cm™2, slightly lower than is shown in Fig. 1.
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FIG. 2. (a) The thermopower S, as a function of magnetic field
at different temperatures. The thermopower S,, nearv =1/2 atT =
313 mK along with the corresponding longitudinal resistivity R,, are
shown in the inset. (b) The temperature dependence of thermopower
S, at v = 1/2. The blue and red traces are the fit to the measured
data in the diffusion-dominated regime (blue circles with error bars)
and phonon-drag dominated regime (red circles), respectively. The
error bar scale is below the size of the blue circles. The diffusion
thermopower S,¢ shows a linear temperature dependence, while
the phonon-drag thermopower S,,° shows a power-law temperature
dependence of T%2.

Such shifts arise from different cooldown cycles for obtaining
the data in electrical transport (Fig. 1) and thermal transport
(Figs. 2 and 3). These measurement results are consistent with
previous observations [16,23,24]. The diffusion-dominated
thermopower S.? due to the thermal diffusion of carriers
is proportional to the entropy of the carriers (quasiparticles)
[25,26]. Hence, the S.¢ is maximum when the chemical
potential u is in the extended states of Landau levels, where
the entropy of carriers is at a maximal value. The S, is at a
minimal value when the chemical potential x is tuned into the
gap between Landau levels. The phonon-drag thermopower
Sy%, on the other hand, arises from the thermal transport of
carriers that gain momentum from phonons. Carriers in the
extended states are more likely to be scattered by phonons
than carriers in the localized states between Landau levels. As
such, both S,,¢ and S,,2 as a function of magnetic field exhibit
the same oscillations, which are in phase with the oscillations
of longitudinal magnetoresistivity R,, as well.

Figure 2(b) illustrates the temperature dependence of ther-
mopower S, at v = 1/2. In HLR theory, the v = 1/2 state
can be regarded as quasiparticles effectively in a zero mag-
netic field. The temperature dependence of thermopower Sy,
at v = 1/2 is therefore similar to that of S, at B=0T
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FIG. 3. (a) The Nernst signal S,, as a function of magnetic fields
at different temperatures. The Nernst signal S,, near v =1/2 at
T =313mK along with the calculated p,,doy,/dB + py.do,,/dB
are shown in the inset. (b) The temperature dependence of Nernst
signal S,, at v = 1/2. The blue trace is the power fit of 7>6+0-15
and the black trace is the fit of a7 + bT>"*%3 to the measured S,,
at v = 1/2 shown as red circles with error bars, respectively. The
inset shows the detailed view of S,, at v =1/2 as a function of
temperature below 7' < 700 mK.

[27]. Specifically, the phonon-drag thermopower S,,% of v =
1/2 should have a power-law temperature dependence, while
the diffusion thermopower S,,¢ of v = 1/2 (indicated to be
entropy per quasiparticle per charge) should have a linear tem-
perature dependence [25,27]. From the fitting results shown
in Fig. 2(b), the phonon-drag thermopower (above 600 mK)
S, shows a power-law temperature dependence of 722
Below 600 mK, the diffusion-dominant thermopower follows
a linear temperature dependence. The crossover temperature
of 600 mK is similar to previously reported results [17-19]
and is also much higher than that (about 100 mK) measured
in GaAs-based materials [16,23,28]. According to theoretical
predictions [27], the diffusion thermopower S,,¢ of v = 1/2
is given by

_”kémCF(l + pcr)
6H’en

where mcp is the effective mass of composite fermions,
n is the density of carriers, and pcp represents the impu-
rity scattering parameter. Based on the coefficient from the
linear fit shown in Fig. 2(b), we estimate mcr ~ (0.95 +
0.25)mo(B = 12 T'), where my is the free-electron mass. Note
that we take pcr = 0 for the estimation due to the weak

st (w=1/2)= (1)

energy dependence of impurity scattering. We find that the
mcp obtained here is in agreement with the previously re-
ported results of mcp (v = 1/2) &~ 1.0my, which was obtained
from thermal transport measurements based on another two-
dimensional hole system in a GaAs/AlGaAs heterostructure
[23]. For this comparison, the difference of magnetic field at
v = 1/2 has been taken into account. Overall, the properties
of thermopower S, at v = 1/2 obtained from our experiment
are consistent with previous reports.

The Nernst signals S,, as a function of magnetic field
at different temperatures are shown in Fig. 3(a). It can be
seen that the magnitude of Nernst signal S,, also increases
with increasing temperature. The Sy, at T ~ 313 mK [inset of
Fig. 3(a)] displays distinct oscillations as a function of mag-
netic field. According to theoretical predictions, the diffusion-
dominated thermopower S.? and Nernst Sxyd for weakly
disordered, noninteracting two-dimensional electrons (holes)
in the quantum Hall regime should follow the generalized
Mott formula [27,29-31]:

T, @

E=E€F

S (ep. T. B) k3 do
ii(EF, ] = — 5 P -
e 3¢ P*de |,

where er is the Fermi energy of electrons (holes), and p o are
the electric resistivity and conductivity tensors, respectively.
According to the generalized Mott formula Eq. (2), the dif-
fusion Nernst signal Sxyd in the quantum Hall regime can be
regarded as the derivative of entropy, which is proportional
to the term of pyy dow/dB + pxx doy,/dB. We calculate this
term by using the magnetoresistivity oy, and p,, against
magnetic fields at 7 = 300 mK, and the calculated result is
qualitatively shown in the inset of Fig. 3(a) (red line). At
v = 1, the calculated term (or Sxyd trace) is zero. Away from
v = 1, the calculated term first shows a positive peak, then
drop to zero at the position where the p,, or oy, are maximal
values, then followed by a negative peak. Considering that
the fractional quantum Hall effect can be regarded as the
integer quantum Hall effect of composite fermions, Sxyd in the
fractional quantum Hall (QH) regime could also correspond to
the same trace shape as that of Sxyd near v = 1 [29-32]. Qual-
itatively, the oscillation of the measured Nernst signal S, at
T ~ 313 mK in the QH regime is consistent with the shape of
this calculated term, which suggests that the Nernst signal S,
at T ~ 313 mK is indeed in the diffusion-dominated regime.
Furthermore, at v = 1/2, the measured diffusion Nernst Sxyd
at T ~ 313 mK approaches zero and has the same order of
magnitude with the background noise.

To better understand the behavior of Nernst signals at v =
1/2, we examined the temperature dependence of this signal.
As shown in Fig. 3(b), the blue and black traces are curve fits
of aT™ and aT + bT" to the measured Nernst signal of v =
1/2 (shown as red dots with error bar), respectively, where a,
b, and n are the fitting parameters. The inset of Fig. 3(b) shows
the detail of the temperature dependence below the crossover
temperature. Note that the uncertainty of the measured Nernst
signal below the crossover temperature of 600 mK is compara-
ble to the measured signal amplitude, allowing the measured
data to be fit with the two different fitting functions shown
above. From a theoretical perspective, the power-law fit of
726015 shown in Fig. 3(b) is just for the phonon-drag
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contribution, but it still fits well with the measured data even
in the diffusion-dominated regime. This observation suggests
that the Nernst signal of v = 1/2 from the diffusion con-
tribution is negligible compared to the phonon-drag contri-
bution, even below a crossover temperature of 600 mK (in
the diffusion-dominated regime). One possible reason for the
negligible diffusion contribution is that the PHS of v = 1/2
(B=12T) is broken in our experiment. The broken PHS
may result from the Landau-level mixing, which exists to
some degree due to Coulomb interactions in realistic systems
[9,10,15]. As for the other fitting function of aT + bT37%03,
it does indeed possess a term with linear temperature depen-
dence. However, as compared to the aT” fitting, this more
complex term shows a larger deviation from the measured
data points (in general larger than the measured values), which
may also indicate that the diffusion contribution is negligible
here.

According to Wang et al. [33], the density of compos-
ite fermions in the Dirac composite fermion theory is pro-
portional to the applied magnetic field, and the density of
composite fermions is equal to the carrier density only at
v = 1/2. Thus, the coherent Berry phase cannot be observed
if sweeping the applied magnetic field during measurements,
because the density and effective magnetic fields for compos-
ite fermions are changing simultaneously. Motivated by this
constraint and while using the same device, we perform ther-
mal transport measurements around v = 1/2 by changing the
density (i.e., changing the front gate voltage V) consecutively
at a fixed external magnetic field B = 11 T'. Figures 4(a) and
4(b) show the thermopower S, and Nernst S, as a function of
Vi at B = 11T for different temperatures, respectively. Note
that each trace in Fig. 4(b) is the average trace of six raw data
traces measured at the same conditions. Again, the magnitude
of S,x and S, increase with increasing temperatures. At the
lowest temperature 7 = 334 mK, the thermopower S,, shown
in the inset of Fig. 4(a) displays the distinct fractional quantum
Hall states of v =1/3, 2/5, and 3/5 around v = 1/2. The
Nernst S, at 7 = 334mK is shown as the inset of Fig. 4(b).
The shape of S, in the fractional quantum Hall effect regime
is similar to that shown in Fig. 3(a), which corresponds to
the derivative of the entropy, namely, the derivative of ther-
mopower Sy,. For v = 1/2, the §,, is still very close to zero.
In short, all of these features of S, and S,, are qualitatively
similar to that observed from the conventional measurement
configuration (sweeping magnetic field with fixed carrier den-
sity) (see Supplemental Material [34]).

In conclusion, we study the thermopower and Nernst
signal of v =1/2 of a two-dimensional hole system in
a high-quality undoped strained Ge/SiGe heterostructure.
The crossover temperature differentiating the diffusion and
phonon-drag dominated regimes is about 600 mK, which
is much higher than that observed in piezoelectric, GaAs
heterostructures. The diffusion-dominated thermopower S“
at v = 1/2 shows a linear temperature dependence, which is
consistent with previous observations [16,23]. However, the
diffusion-dominated Nernst signal S,,¢ of v = 1/2 is found to
approach zero, which is independent of the measurement con-
figuration (sweeping external magnetic field at fixed carrier
density or sweeping carrier density at fixed magnetic field).
Though the diffusion contribution can be dominant at a higher
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FIG. 4. (a) (b) The thermopower —S,, and Nernst signals —S,,
as a function of front gate V; at B = 11T at different temperatures.
The different temperatures are shown in (a). The inset in (a) shows
the thermopower —S,, at 7 = 334 mK along with the longitudinal
resistivity R, vs Vy at B=11T. The inset in (b) shows Nernst
Sy and thermopower S,, at 7 = 334mK as a function of V; at
B =11T. The v = 1/2 is labeled by vertical black dashed line in
(a) and (b).

temperature (~600 mK) in the SiGe heterostructure than
that (~100 mK) in the GaAs heterostructure, the diffusion-
dominated Nernst signal at v = 1/2 is still shown to approach
zero, which is similar to what we previously observed in a
GaAs system [16]. One possible reason for the vanishing
Sy of v=1/2 is that the particle-hole symmetry of v =
1/2 is broken, presumably due to Landau-level mixing. In
addition, it is still possible that the Sxyd of v = 1/2 is nonzero
but too small compared to the phonon contributions and/or
background noise. More experimental studies are required to
examine the conditions under which the PHS of v = 1/2 is
preserved in the real system.
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