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The two componentsS,, and S,, of the phonon-drag thermoelectric power in two-dimensional
electron gases (2DEGs) are found to be relatedShy= aB(dS.,/dB) in the integer and fractional
quantum Hall regime. A similar relation exists for electrical resistivigy, = aB(dp.,/dB), and
we show that experimentally the constamt is the same in both cases indicating the universal
character of such relations for transport in 2DEGs. These results link the behavigy, oivhich
hitherto has not been understood, to that &if and thus opens a new way of explaining this
quantity. [S0031-9007(97)03363-2]

PACS numbers: 73.40.Hm, 73.50.Jt, 73.50.Lw

More than 15 years after the discovery of the quantunjl2—14], but in contrass,, is hardly understood at all.
Hall effect (QHE) [1], the experimentally observed relationThe drag contribution taS,, is expected to be zero
by Chang and Tsui [2] between the two independent comfL0,15], leaving only the diffusion contribution which,
ponents of the resistivity tensg¥ of a two-dimensional at high magnetic fields, is expected to behave like the
electron gas (2DEG) in high magnetic field#s (where derivative ofS,, with respect taB. In three-dimensional
Pxy > pix), i€, degenerate semiconductor$,, indeed shows only a
dp diffusion contribution and no phonon drag, even under

= (1) conditions where phonon drag completely determisigs
dB [16]. However, experiments on 2DEGs reveal tiSat
wherea, is a scaling constant, remains puzzling. The vais dominated by phonon drag [12—14] with no diffusion
lidity of Eq. (1) has been confirmed in a number of ex-contribution being evident. Further, its field dependence
perimental studies [3—6] in both the integer and fractionatesembles the derivative df,, which is only expected
QHE. It correctly describes not only the zerogin when  for diffusion. This unexpected behavior, which occurs
Py is in a plateau, but also faithfully reproduces all thein both the integer and fractional QHE (IQH and FQH)
finer details of the magnetoresistance curve. The empiriregimes, has remained a mystery for over a decade.
cal relation has been studied theoretically by Vagner and In this Letter we will show that, for a variety of 2DEG
Pepper [7] using a scaling argument, and more recently byamples and a wide range of temperatures and figlds,
Simon and Halperin [8] who proposed an analysis baseb experimentally related t8,, by an equation analogous
on inhomogeneities. A phenomenological analysis of théo Eq. (1),
peak heights of Shubnikov—de Haas oscillations by Co- ds
leridgeet al. [9] suggested that, is related to the effects Syx = a,B d;‘ : (2)
of small angle scattering in quantum transport. So far these
studies have been limited to electrical transport, and it iurthermore the factorsy, and «, are the same for
therefore of interest to ask whether a similar relation alseach sample, with very similar values between different
holds between tensor components of other transport phgamples. This is an important result for two reasons:
nomena, this paper answers the question in the affirmativg) It expands the generality of Eq. (1) to another transport
for the case of the thermoelectric tensor. property. Instead of looking for an explanation of Eq. (1)
_ The thermopower (TEP) tensos, is defined by specific to%’, it is now clear that one needs to explain
E = SVT, whereE is the electric field which appears a universal feature of transport in 2DEGs. (ii) It sheds a
in the sample as a result of an applied temperatureompletely new light on the origin of phonon dragSp.
gradientVT, and in a perpendicular magnetic field hasin 2DEGs and allows all previous experimental results to
two independent componenss, andS,,. The principal be integrated into a consistent framework.
driving mechanisms for TEP are diffusion and phonon In Fig. 1 experimental data are shown f6f, and
drag [10], but in this work we focus on drag since it p.., together with S¢2¢ and p¢il, in the IQH and
dominates the experiments. FQH regime for a low-density, “high-mobility” sample

The phonon-drag component §f, in 2DEGs is well (n = 1.75 X 105 m™!, u = 93.0 m?*/Vs; for data on
understood both theoretically [11] and experimentallyS,, see Ref. [17]). pc3lc and S;;lc are calculated curves

Pxx = a,B

0031-900797/78(24)/4621(4)$10.00  © 1997 The American Physical Society 4621



VOLUME 78, NUMBER 24

PHYSICAL REVIEW LETTERS

16UNE 1997

P, (kQ)

a (10%)

[ (a) ]
5.0f -
| pc)o(alc 4 J
[ W
2.5 - 2 b
| 0
P 01 gl
L T
0.0 } . (K)

1op® L
|

.\::

1/2

constant forT < 40 K [3,18], but a constant, for TEP

is more noteworthy since, in contrast 4Q,, the absolute
magnitude of botl$,, andS,, varies by several orders of
magnitude in this temperature range due to phonon drag
[12-14,17]. This result also stresses the common origin
of Sy, andS,,.

To test the validity of Eq. (2) over a wider pa-
rameter range, we have analyzed a variety of
GaAs/Ga _,Al,As heterostructures, including previ-
ously published data [12—-14]. Together with the new
data, the analysis covers broad ranges of temperature
(T = 0.2-10 K), density j = (0.4-6.7) X 10 m™?],
mobility (u = 3.8-266 m*/Vs), and magnetic field

0.5

L 0.0F -

(D - e
SVX

05} -

0 10 20 30

magnetic field (T)

(B = 1-30 T), and both the integer and fractional QHE
regime. Figure 2 gives a typical example for the mea-
sured quantitiesp, andsS,,, and calculated curvepgalc
ands¢dle, for a sample with a higher density and a lower
mobility than the previous one (A4 in Ref. [13]), high-
lighting the behavior in the integer QHE regime. Again
Seale strikingly resembless,,, with a quality @ = 0.05)
similar to that for’s’ (A = 0.08). The only obvious dis-
crepancy betwee§ ' ands,, is that the derivative tends
to accentuate structure which is weak in the experimental
regime. Sy« @s can be seen for the developing spin splitting at
v =5 in Fig. 2. This behavior is also found fgrea!c

XX

FIG. 1. Example for the fractional QHE
(a) Longitudinal resistivity p,. and p<!¢ calculated with

XX

Eqg. (1) atT = 297 mK, with a, = 0.030. The curve forp¢d!c
is offset by2.5 k2. (b) NE coefficientS,, ande;‘lc calculated
from S,, with Eq. (2) for T = 504 mK, a, = 0.027. The — v T T
curve for$¢¥l¢ is offset by 0.5 myK. Special filling factorsy

are indicated in the graph. The inset in the upper panel shows
the temperature dependence for fit parameterg/A) and «a;

(A) obtained in the rang® = 1 — 20 T. Both are constant
and agree within experimental error.

Py (KQ)

obtained from the measurgel,, and S, using Egs. (1)
and (2) and numerically evaluated derivatiwés,,/dB
andds,./dB, with a, or a; as a free parameter to give
the best fit to thep,, and S,, experimental data. We
define a quality factoA = [(S,, — S$2')*dB/ [[S}, +
(S¢21¢)2] 4B to quantify the relative deviation between the
two curves;A = 0 for perfect agreement andl = 1 if
no correlation exists. The agreement betwegp and
S;f;lc is remarkable £ = 0.09), reproducing the position
and shape of the oscillations with their characteristic
sign changes, as well as the relative magnitudes in
the IQH and FQH regimes almost perfectly. A slight
discrepancy can be seen around the even denominator
filling factors v = % % %, and% WhereSC,j;lC vanishes,
whereas the experimentdl,, is finite. However, this
additional background in the fractional QHE, which iSFIG. 2. Example for the integer QHE regime.
clearly of a different origin, does not significantly detract (2) Longitudinal resistivity p,, and ps'¢ calculated from
from the overall agreement betweeti2® and §,,. In  the Hall resistance,, with Eq. (1), &, = 0.033. The curve
fact, the value ofx, we obtain is insensitive to whether [Of P © is offset byl k. (b) NE coefficients,, and Sy

. . . .~ calculated fromS,, with Eq. (2) for T = 4.12 K (1.74K),
this background is subtracted or not. The inset to Fig. 1yith o, — 0.027 (0.022). The curves forsetle are offset
shows thata; and «, are independent of temperature. py 1.5 mv/K.
This is consistent with previous observations thatis  Ref. [13], sample A4.
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Original experimental data are taken from
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[6] and can be seen in Fig. 2. Summarizing, the fit ofwith @ the electrical conductivityi€ the thermoelectric
Egs. (1) and (2) to all investigated data is very good withtensor, andA the thermal conductivity. Because of the
a quality factorA in all cases better thad.1, and often Onsager symmetry relationg’ links Eg. (3a) to (3b)
less thar0.03, for a wide range of densities, temperatures giving rise to an electric current due ¥" in Eq. (3a) and
and fields. a heat current due t8 in Eq. (3b). In a TEP experiment

Another striking result is that the required valuesthere is no net currenti(= 0) and the TEP tensor defined
of a; and a, are always very similar as is obvious apove is given byS = ‘3¢’

from the figures, especially the inset to Fig. 1. Figure 3 The similarity between Egs. (1) and (2) could arise be-
summarizes the results for, anda, for many different  cayse’e and & fulfill similar roles in Egs. (3), each re-
samples with different mobilitiesu and densitiesn. lating a driving force £ or VT) to a current densityJ(

The values lay in the rang@.01-0.07 for all samples, . 7y Therefore, because at high magnetic fields Eq. (1)
showing no clear dependence @n or n though they is equivalent too,, = a,B(do,/dB) [5], it is reason-

.tend to decrease for _hlgh.er 'mob|I|t|es, a trend_ whichype 1o assume that the two independent components of
is most pronounced ifu is increased by persistent

e _— . €, €, and e,,, are related in a similar way, namely,
photoconductl\{lty.w The standard _deV|at|0n _of the fltsexx — a,B(dey,/dB), wherea, is nota priori identical
for a; and @, is ~15%. Systematic uncertainties may 5", Uging VT, = 0 (i.e., no transverse temperature
arise with TEP from the dimensions of the Sample’gradient) giVeSS,, — pruéx + pyresy and, omitting the

which, unlike the resistivity, are reflected directly iy. o € Which is experimentally found to be negli-
These errors are sample specific and are typicaltp%. 9ible i+ follows that

Taking all samples [19] into account, we see no significan

difference betweemr, and «, and conclude that the two ds de d
. . . L . XX Xy Pyx
scaling parameters are identical within experimental error. aB——= =aB—— py, + a;B——— €,
More insight in the emperical relation Eq. (2) can be aB dB A aB
gained by inspection of the tensor relations between the = Pur€ux T P€yy + _“pxxéyx, (4)
electric current density produced by an applied electric ar
field E, and the thermal current densiy due to a
temperature gradiemT whereAa = a; — a, = 0. Sincepxxeyx is at most 10%
of p,.ex the last term becomes completely negligible
7= 9F - evr, (3a) and Eq. (2) follows immediately from Eq. (4) sinSg, =

N N - Pxx€yx T Pyx€xx.

U=T<€E — AVT, (3b) Siilce as} and «, are practically identical over a
wide range of experimental parameters, the physical
mechanism responsible for the effect must be common

3 . T to both’p” and S'. The available evidence indicates that
5 0.10+ (@) illuminated - the relationships of Egs. (1) and (2) are specific to the
‘g - \ u l ] case of 2DEGs and are not exhibited by 3D degenerate
= i | gases. As noted above, it has been suggested [9hthat
g’ 0.05 I .\Eg . ng V‘ is related to small angle scattering in magnetotransport
b 000 T ¥ through its different effects on Landau level broadening
o = 10, (m?/Vs) 100 and the momentum relaxation time. Such a mechanism
- : seems hard to invoke for phonon drag TEP which
S 010 ® | primarily reflects the strongly temperature dependent
g ' l l | electron-phonon scattering rate [20].
" O A hint to a plausible explanation is provided by a re-
o 0.05 l X -N\ g i cent theory by Simon and Halperin [8] who suggested that
= Y, ﬁ u ] Eqg. (1) can be explained by macroscopic concentration
00 —*t—-~t——1—— fluctuations in the 2DEG. They argue that in resistivity

the macroscopically measured, is mainly governed by
fluctuations inp,, and only weakly dependent on the local
FIG. 3. Scaling parametets, (open symbols) and;, (closed ~ Value ofp,,. Extending this argument to TEP, the macro-
symbols) as a function of (a) mobility and (b) density for a scopically measured Nernst-Ettingshausen coefficignt
variety of samples. Data points are connected for the samgill mainly depend on fluctuations if,, andnoton the

sample illuminated (marked by arrows) and nonilluminated. ) PRI ;
Original data are taken from Ref. [12]: samples 2 ande} ( local value ofS,, (which is expected to vanish for phonon

Ref. [13]; samples A1 and Am), Ref. [14]; samples 1, 2, and d_rag). Ther_efore concentration quctgation_s would have a
3 (V¥); and samples from the same wafer as the sample in Fig. $imilar relative effect onS,, and p,, implying that the
A). scaling behavior for resistivity and TEP, as manifested in
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