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Effect of disorder on phonon emissions from a two-dimensional electron gas
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We report heating measurements in GaAgB¥d, ,As heterostructures with tunable mobilities in the tem-
perature range 100-710 mK. We find a power-law dependence on temperature for the phonon emission power
P=dTP. With decreasing mobility, the exponemtchanges systematically from 5:48.10 to 3.86:0.02; the
prefactord increases by more than an order of magnitude. These results explicitly corroborate the prediction by
Girvin [in Phys. Rev. Lett77, 1143(1996)] that the phonon emission changes character due to a disorder
induced change in the screening from static to dynaf#6163-182(7)51228-§

The temperatureT) dependence of the electron-phononinvolving electron-phonon interactiodsan explicit demon-
scattering rate (. of a clean metal follows & power  stration of the effect of disorder on phonon emission in a
law with «=3 at temperatures below the Debye 2DEG is therefore lacking.
temperaturé. The power lawT® arises from the phonon I this paper, we report heating measurement-a0 in
phase space and the statically screened phonon matrix efwo GaAs/AlGa _,As heterostructures in which the disor-
ment. Since both the mean energy per phonon and the nurfi€r is changed by varying the electron mobilities. The

ber of electrons which are sufficiently thermally excited toSamples were grown using the molecular beam epitaxy
emit a phonon are proportional , this gives rise to a (MBE) techmque. The distance between the 2 DEG an_d the
T«*2=T5 dependence in the phonon emission powein top surface is 650 A. Two samples were mesa-etched into a
: i 2 _standard Hall bar geometry with a channel width of 300
electron heating experiments below T Klowever, our un and a distance of 78@m between the voltage probes. Ohmic

Sg:isetgnrggﬂtglrlsmsordered metals is limited due to W'delycontacts were made by alloying indium in ambient forming

In a clean two-dimensional electron g@DEG) with a gas. The resistance of the samples was measured using low-

_ ) frequency ac lock-in techniques. However, we have also
density n trapped at the interface of a GaAs{la _,AS  checked that the results presented in this paper are the same

heterojunction, Pricehas obtained for dc measurements. A dilution refrigerator was used for
5 5 — study in the temperature range ¥00<710 mK.
P(W/m?)=1.65< 10°[ T(K)]%/yn(m~?) (1) Figure 1 shows the mobility. as a function of for the

L . . . two samples studied. The density is measured by theBow
by taking into account thstatically screenegiezoelectric Hall effect and the mobility is calculated by=1/(pne)

coupled phonon matrix element. THIS power law arises where p is the resistivity measured &=0. All symbols
from the same phy3|_cs as thgt in the case of clean metal ari’@present data points measured Tat 300 mK. The first
has been observed in a multi-quantum-well sample below Lample(solid circleg has no free carriers when cooled down
K (Ref. 7 and in heterostructurés. in complete darkness. We use a red light-emitting diode
Recently, in an attempt to explain the resBIit-T* ob-  mounted on top of the sample to induce carriers into the
served in between quantum Hall plateaus in a 2DEG in higieDEG at low temperatures via the persistent photoconductiv-
magnetic fields B), Girvin predicted that the phonon emis- ity effect!? The vertical bars in the low region represent
sion power in a dirty sample is significantly enhanééthis  the mobility range for 1086 T<710 mK at a givem with
is due to the fact that electrons in a disordered medium carthe top side of the bar being the high In the highn regime,
not move fast enough to respond adiabatically to the electrithe mobility change within the sanmierange is smaller than
field generated by phonons, and so the static screening afiie size of the symbol. The squares are data points for the
proximation used in previous theoretical studies fails. Thesecond sample whose is changed by applying negative
power lawP~T#* was derived by taking into accoudly-  voltage to a metallic gate located 3%@n away in the back
namic screeningn dirty samples. To connect this theoretical of the sample. This sample has=1.6x 10'* cm™2 and u
prediction to the experiment, one needs to assume that the44 800 cn?/V s atT=300 mK when cooled in the dark.
effective disorder seen by the 2DEG increases in iglan  The increasing: with increasingn in both samples is due to
assumption not intuitively cleafalthough the longitudinal increasing screenintf.We see that our samples cover the
conductivity o, does reduce markedly in high). More-  range from 2200 to 44 800 &V s. We also notice that, un-
over, since it is also possible to explain the resulPef T* like the Si sample in Ref. 12, the resistance in our samples
in between quantum Hall plateaus in terms of quantum criti-always increases with decreasifigeven at the highest that
cal dynamics with dynamic scaling exponent1 without  we studied.
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FIG. 2. The input Joule heating powBr=1°R as a function of

FIG. 1. Electron mobilityw at T=300 mK as a function of  yhe effective temperaturE, at two lattice temperatures 50 and 100
densityn for two samples, the circles and squares. The vertical barg,k for n=0.53< 10 cm2 The solid and dashed reference lines
represent theu range for 10&T<710 mK. The density is pave a slope of 4 and 5, respectively.

changed by illuminating the sample with a red light-emitting diode

(circles, and by applying a backgate voltageuares )
ence. We see th& has a power-law dependence Brwith

. , , the exponent being close to 4.
At zero B, the disorder of the sample is characterized by By fitting the power-lawP=dT® to all data points for

the mobility. Theoretically, a sample is considered disor—l—e>2-|—L we can obtain the prefactat and the exponent
.dered if the electron mean free path)(is shorter thap the Figure 3 shows the exponentas a function ofx for each
inverse of the thermal phonon wave vectpr kgT/%is (i.e.,  n in Fig. 1. Each value is represented by a rectangle whose

qle<1), wheres is the sound velocity anki the Boltzmann  |ength is thew range within the experimental range, and
constant. In GaAs/AlGa, _,As heterostructures, piezoelec-

tric coupling to transverse phonofs=3070 m/s(Ref. 14]

dominates the electron-scattering process whernl K.13 5.5 - L
For the highestn in Fig. 1, we find 1.26:9l,<9.03 for
100<T<710 mK. On the other hand, 0.0441.,<0.36 for I
the lowestn. Our samples, therefore, can change systemati- » | \
cally from the clean limit to dirty limit in thel range stud-

ied, by tuningn. 5.0 ‘ - —| —

We performed electron heating measurements for @ach I T

in Fig. 1. Let us take the case of the lowest0.53 |
X 10 cm™2 to illustrate what we did. First, th& depen- |
dence of the resistanc® between two voltage probes is I

measured with an excitation currentlet 0.6 nA. This cur- Q 45} : .
rent is chosen so that there is no detectable heating in the 0 |[|
sample. Second, we meastReas a function ofl at a low | U[Pﬂ]

fixed lattice temperatur@, . The effect of largd is to heat
the 2DEG abovd | . The existence of an effective electron
temperaturdl . is expected since electron-electron scattering 40 = = = = = - ]
is so frequent in a degenerate semiconductor system that it —
keeps the system under quasi-equilibrium. Operationally, we ——
use theT dependence dR as a thermometer with which the
| dependence dR is compared. This is a standard method of
deducingT, of the heated 2DEG at a givén’ 3.5 b e

In Fig. 2, we plot the power inpl®=12R as a function of 10 10
T. on a log-log scale for the lowest The open and closed : v ( 1 O4 sz/\/s)
symbols are obtained at =50 and 100 mK, respectively.
We would like to mention that at other densities we only  FiG. 3. TheT exponentb in P=dT® as a function of mobility
measured the data & =100 mK. The data points merge ,, The data are plotted as rectangles, whose length ig.trenge
into a single linear relation wheR is larger than a charac- for 100<T<710 mK, and whose height is the uncertainty arising
teristic value at eacfi| . The solid and dashed lines, which from the fitting procedure. The dashed linesbat4 and 5 are
have a slope of 4 and 5, respectively, are drawn for refererawn for reference.
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T —— — only doesb deviate from the clean limit value, but the pre-
o ] factord is enhanced by more than one order of magnitude.
I | The power law in Eq(1) for a clean sample cannot ex-
plain the deviation oo from ~5 in our observation. Nor
does it describe the dramatic enhancement of the cooling
power. This is illustrated, in Fig. 4, by the open circles which

CI\J ] are calculated from Eq(1) for all n’'s in Fig. 1 atT

c =100 mK. Whenu>25 000 cn?/V s, the theoretical val-
a ues fall within the experimental rectangles, indicating that
| the samples are in the clean limit. On the other hand, the data
0 start to take off dramatically whep<20 000 crd/Vs, in-

— dicating that Eq(1) cannot be applied to disordered samples.
o For dynamically screened piezoelectric coupling in the
— ¢ ﬂ regime wherer,, in units of (/) ! is independent of the
%\ 100 ] °.,.|I : frequency and wave vectdr,
~— ° © © 0 o 2

- ° °°°§ogl j P(W/m?2) = 6.75% 10 [ To(K) ], )

hoyy

Heree is the electron charge ardis the Planck constant.
The power enhancement due to disordand thus poor
screening is built into the equation since,, is expected to
107" L e e be small in dirty samples. We would like to mention that
107! 10° using static screening in the formalism for deriving E2).
4 2 correctly reproduces the result in E@d) in the high mobility
K “ 0" cm /\/S> region? We calculateP at T=100 mK from Eq.(2) by

. . N using the experimentally measured,(T=100 mK) for the
FIG. 4. The prefactod in P=dT® as a function of mobilityv.  samples represented by the circle symbols in Fig. 1. The
The unitis chosen as such tihts equivalent t? at 100 mK. The  ragqits are plotted as solid circles in Fig. 4. In contrast to the
data are plotted as rectangles, whose length isutih@nge for 100 prediction from Eq(1) (open circley Eq. (2) (solid circleg
.<'|.'<710 mK, and whose height is the ungertainty arising from the roduces a strong enhancement comparable to the experi-
fétt'na)p;cr’]‘;egur(ez')2??22%?) iﬂg ifssesct?\'/reﬁles are calculated fro ental data. The quantitative discrepancy, however, is pre-
9 4 - resp y: sumably due to the following. Our samples cover both the
dirty and clean limit, and it is expected that E§) cannot
describe the phonon emission in the whole mobility range
that we studied. Even within the dirty limit, the strofig
dependence ofr,, due to localization in our low mobility
samples may give rise to frequency-dependsggt, which is
neglected in the derivation of EqR). One should therefore
be cautious when comparing quantitatively the theoretical
values with the experimental data in Fig. 4. We emphasize
that in the quantum Hall transition region,, is not only
small but largelyT and frequency independent. In this re-
gime, Eq.(2) is quantitatively very accurafeOur experi-

The change ob from ~5 to ~4 can be viewed as the . o .
. mental results call for a more detailed theoretical investiga-
change from 3 to 2 in th& exponenia for /7. ,,. One may . LT . e
tion of the phonon emission in the dirty limit where,,

be tempted to attribute this to a reduction in the e1‘fectivede ends stronalv of
dimensionality of the phonoris:*® However, this requires FI)n summargywe carried out electron heating measure-
large acoustic mismatch between the thin film and the sub- Y, 9

strate, which is not expected in the lattice matched structur%enrtnsog]i”tt\i’\ég Gvsésé éfeﬁ/éxasapfrimﬁgﬁgwf;i\.i,vsltirc])nvarc))/v_ver
grown by MBE. In addition, it is also unreasonable that the 9 ) P P

P . - beysP=dTP®. With increasing disordefy change system-
Lﬁ;g;é\é(c);ustlc mismatch, if any, depends on the mobility 0f':ttically from 5.15 to 3.8, and increases by one order of

magnitude. Our results explicitly demonstrate that the pho-
non emission is characteristically different in the clean and
dirty limits.®

whose height is the uncertainty marising from the fitting
procedure. On the high side, the uncertainty ib is bigger
since theT dependence oR is weaker, leading to larger
uncertainty in deducind@ .. Within our experimental error,
b systematically decreases from 5:13.10 at high mobility
to 3.80+:0.02 at low mobility. For comparison, we draw a
horizontal dashed line &=5 which is expected in a clean
sample, and adb=4 which is the result observed in between
guantum Hall plateaus at higB and expected in dirty
samples aB=0.

In Fig. 4, we plot the prefactod as a function ofu of
eachn in Fig. 1. Similar to Fig. 3, each result is represented
by a rectangle whose length is theange, and whose height
is the uncertainty ird due to the fitting procedure. We chose  This work was supported in part by the National Science
the units in such a way that the valuedis equivalent to the Foundation through Grants Nos. DMR-9311091 and DMR-
cooling power of the 2DEG per unit area at 100 mK. We see€9416906, and by the Indiana University Research Facilities
that as disorder increases, indicated by the decreasimgt  Fund.
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