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We have observed a rapid decrease in the rate by which two-dimensional electrons in very
high-mobility (u == 107 cm?/Vsec) GaAs-Al,Ga, -,As heterostructures are scattered by acoustic
phonons as the temperature approaches 7 =0. This precipitous drop in scattering rate is caused
by strong phase-space restrictions for electron-phonon scattering. The characteristic temperature
for this transition is not the Debye temperature of the GaAs host material, but the temperature at
which phonons of twice the Fermi wave vector cease to be thermally excited.

The temperature dependence of the resistivity of a pure
metal undergoes a smooth transition from a linear T
dependence to a T° dependence as the temperature drops
below the Debye temperature, 8p.! This transition re-
flects a change in the character of electron scattering by
acoustic lattice vibrations. For temperatures 7>>6p, the
motions of the ions is essentially independent and electron
scattering becomes proportional to the square of the oscil-
lation amplitude, which is linear in 7. At temperatures
T < 6p, the correlation of the ionic motion can no longer
be neglected and a description in terms of interacting elec-
tron and phonon waves is required. The ensuing phase-
space restriction strongly reduces the possibilities for elec-
tron scattering which leads to the precipitous drop of the
resistivity for 7 < 6p.

The characteristic temperature scale for this transition
is ©p because of the relative radius kp of the Debye
sphere compared to a typical kr of the Fermi surface. In
common three-dimensional (3D) metals 2kr > kp and
acoustic phonons of all conceivable energies can contrib-
ute to the scattering of electrons. Yet, when the tempera-
ture drops below 6p, the higher-energy phonon modes are
no longer thermally excited and they cease successively to
contribute to the resistivity. This transition has been for-
mulated analytically and is known as the Bloch-Griineisen
(B-G) theory for the resistivity of metals.? In a more gen-
eral sense the temperature range in which electron-
phonon scattering processes in any conductor are dom-
inated by restraining k-space selection rules may be
termed a B-G regime.

We have observed such a B-G regime of a different kind
in the low-temperature transport of 2D electron systems
in GaAs-Al,Ga; —xAs heterostructures. The characteris-
tic transition temperature is not related to 8p (~350 K in
GaAs). In these low-density (~10'' cm ~2) 2D materi-
als, the radius kp of the Debye sphere greatly exceeds 2kr
and only a small fraction of acoustic phonons having wave
vector k, <2k can interact with the degenerate electron
system? at any temperature. Therefore, the transition
does not occur at ©p but rather at a temperature when
phonons with wave vector k, ~2kr cé¢ase to be thermally
excited. Its characteristic temperature T, is related to the
sound velocity s according to kp7T.=2krhs which
amounts to only a few K.

Our experiments were performed on 2D electron sys-
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tems in molecular-beam epitaxy grown GaAs-(Al,-
Gaj -, )As heterostructures of unprecedent carrier mobili-
ty.* Sample A4 had an electron density of n=2.2x10"!
cm ~2 with a peak mobility of 11.7x10® cm?/Vsec while
sample B contained n=1.7x10"'" cm ~? electrons with a
peak mobility of 7.2x10% cm?/Vsec. Those persistent
values were achieved after a standard low-temperature il-
lumination with visible light.* The samples were mounted
with vacuum grease on a solid copper block equipped with
a calibrated Ge thermometer (0.1-9 K) and a calibrated
Si thermometer (4-300 K) in a charcoal-pumped *He re-
frigerator capable of reaching ~0.3 K. Between ~0.3
and ~2 K, the samples were immersed in liquid 3He.
Above ~2 K the sample resided in *He gas heated by the
charcoal pump and by an extended copper tube surround-
ing the sample holder. The samples had the shape of a
4x4-mm square with small indium contacts diffused into
the corners. The carrier density was determined with
standard Hall measurements at base temperature and at
our highest temperature of 40 K. The results of these
Hall measurements and in situ low-temperature
Shubnikov-de Haas data all agreed to within 5%. The
resistivity of the samples was determined in the standard
van der Pauw geometry using lock-in techniques and
current values below 1 uA. For this current level no elec-
tron heating could be detected at base temperature. Data
taken with 100 nA coincided with those at 1 uA current
level.

Data were taken in rapid succession (~5 sec) while the
system slowly drifted in temperature over the course of
several hours. Our experiments focused on the tempera-
ture range below 40 K where acoustic-phonon scattering
dominates and optical-phonon scattering is negligible.
Four independent van der Pauw measurements, each with
90° rotation of the contact configuration, were taken suc-
cessively and then averaged. Rather than determining the
resistivity p of the specimens, we derived their mobility
u={(nep) ~'. This is the quantity which is generally re-
ferred to in 2D electron transport. The results of such
measurements for sample 4 are shown as the lowest traces
in Fig. 1. In the following we will analyze these data in
terms of different electron scattering mechanisms.

There exists extended literature on electron-phonon
scattering in 2D systems in GaAs-(Al,Ga, —,)As hetero-
structures.®~!? For electronic transport limited by acous-
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FIG. 1. Temperature dependence of mobility for 2D electron
system in sample 4. The lowest trace represents the experimen-
tal data points. Traces identified as 15-11.6 result from sub-
traction of all T-independent scattering contributions u; using
Hac' =pdath — ui~'. The numbers represent the value of y; in 10°
(cm?/Vsec). The full lines are the result of a numerical integra-
tion of Eq. (1) for piezoelectric longitudinal (p/), piezoelectric
transverse (pr), and deformation-potential (df, D=11.5 eV)
acoustic-phonon scattering. The trace identified as “ac” is the
sum proc' =pdr'+2u, '+ ' of all these acoustic-phonon con-
tributions counting “pt” twice for two transverse phonon
branches. The dashed trace is the same as ac but using a defor-
mation potential D =6 eV and neglecting screening [S =1 in Eq.
(1)]. At high temperatures (T2 5 K) the ac trace and the
dashed trace coincide with one another and with the data. They
have been truncated for clarity. 7. and T are the onset tem-
peratures for the B-G regime for transverse (¢) and longitudinal
(1) phonons.

tic phonons, the existing theories almost exclusively ad-
dress the high-temperature regime where all potentially
scattering phonons are thermally occupied. In this limit,
the equivalent to the high-temperature regime of the B-G
theory, the resistivity is linear in T leading to a 7~
dependence for the mobility. While there is some uncer-
tainty as to the correct value for at least one of the param-
eters (the deformation potential D for GaAs), there is
general agreement as to the 7 dependence. The only oth-
er processes contributing to electron scattering at those
J
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temperatures are interactions with imperfections of the
host material. They dominate at the lowest temperatures
and arise from several sources: remote ionized impurities
from the modulation-doping process, residual neutral and
ionized impurities in the host, interface roughness at the
GaAs-(Al,Ga; -, )As boundary, and randomness of the
(Al,Ga, -, )As ternary compound. For ultrahigh mobili-
ty material such as shown in Fig. 1, little is known as to
the relative contribution from these different scattering
sources. However, it is clear that all these processes are
temperature independent in a truly degenerate carrier sys-
tem. We examined the onset of 7 dependence for such
scattering processes in our 2D systems using an approxi-
mate expression given in Ref. 20 and found its effect to be
inconsequential for our analysis.

Assuming Mathiessen’s rule, the total mobility
within our temperature range is

(e (7)) 7' =l (7)) P4t

With the mobility limit due to imperfections
ui=const=C, the total acoustic-phonon mobility u,.
can be determined by subtracting a constant, although
unknown, quantity from pg'; i€, pac(T)=(uw;'
—C ") 7! Since po at low T is vastly dominated by
pi=C, the correct value of C is very close to
Hiot{Tmin~0.3 K). The actual determination of C is facil-
itated by two guiding principles: (i) within noise limits C
cannot be smaller than y. at any T and, (ii) if a subtrac-
tion yields a largely 7-independent mobility at low tem-
peratures, C requires further reduction. Figure 1 shows
the result of such subtractions for sample 4 on a double
logarithmic scale for different C values and a given uncer-
tainty in the values of uir. The top trace labeled 11.6 rep-
resents our optimum choice for C. A further decrease in
the value of C by as little as a few 10* cm?/V sec creates a
majority of unrealistic negative values for u,c in the low-
temperature regime.

The residual noise level in uo(T') limits the precision to
which one can attain a full representation of u,.(7) at
these lowest temperatures. However, independent of any
such uncertainties, as the temperature falls below 7T'~35
K, we observe a rapid increase of u,.(T) by several orders
of magnitude, far beyond the high-temperature 7T ~!
dependence. This steep rise in the phonon limited mobili-
ty represents the transition to a B-G regime in the electron
transport of a 2D system. The characteristic tempera-
tures for the onset of the transition are, indeed, in the
range of T, =2krhs/kg which assume values T, =9.1 K,
T =5.3 K for sample 4 where / and ¢ indicate longitudi-
nal and transverse sound velocities. '4

The acoustic-phonon contribution to the low-temper-
ature mobility of 2D systems has been addressed only
briefly in the past.!® Price has sketched the algebra re-
quired in the B-G regime. The mobility u =et/m* is de-
rived by evaluating the scattering rate 7; ' for all different
phonon processes, j. In its general form the expression
for 7, lin 2D is™!413
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S(Q) represents a two-dimensional screening function '’
for a phonon with in-plane (x,y) wave vector Q. I(g) isa
form factor depending on the z component of the phonon
which reflects the finite thickness of the 2D wave function
usually parametrized?! as

p(z) = 5 B3z2%exp(—Bz) . )

| C; | is the scattering function for deformation-potential
scattering | Cgr|? longitudinal-piezoelectric | Cy|? and
transverse-piezoelectric scattering | Cp |2 N =[exp(e/
ksT) — 11! represents the Bose-Einstein distribution for
phonons of energy ¢ and f(E) is the Fermi distribution for
J

electrons of energy E. The integration has to be per-
formed over all 2D electron k states weighted by the
(1 —cos¢) term which reflects the angular change in the
electron momentum for each scattering event and over all
perpendicular components of the phonon wave vector.
The B-G transition is a consequence of the expression in
square brackets. It strongly reduces the scattering rate at
low temperatures when, for phonon absorption (first
term), the phonon population dwindles and phonon emis-
sion (second term) becomes prohibited by a sharp Fermi
distribution. For a degenerate system (kT < Ef), all
scattering events take place in a thin shell around the Fer-
mi circle and Eq. (1) simplifies'® to

= A (" [ dg (1 ~cose)SHQ) | 1@) P ;176 ), 3)
T ke Q)2 Y0 0

[
G =2 NIV +D),

where the effective mass m™* enters through the density of
states at Er. At high temperature G(g) = 2(kpT/¢) and
the integration simplifies considerably. The T dependence
of G(g) carries through leading to the well-documented
T ! dependence of u for acoustic phonon scattering in
the high-temperature limit. The explicit dependences are
given by several authors.!°”'* In the low-temperature
limit using Eq. (3) Price has derived '* temperature depen-
dences as T ~7 for deformation potential scattering and
T ~3 for piezoelectric scattering. The prefactors, relevant
for the crossover from deformation potential limited to
piezoelectric limited transport can also be derived analyti-
cally.??

For a comparison with our experimental results over the
whole temperature range, we have numerically integrated
Eq. (3) and reproduce the results in Fig. 1. We show the
total theoretical acoustic-phonon limited mobility u,c
= (ugr'+pup'+2p,") "' and its components using
literature values for GaAs (Ref. 14) and a deformation
potential of D=11.5 eV. This model for the B-G regime
in 2D systems agrees quite well with the experimental
data over the whole temperature range. At high tempera-
tures it approaches the expected 7 ~ ' dependence while at
low temperatures it clearly reproduces the steep rise in the
experimental results. A detailed comparison between ex-
periment and theory at the lowest temperatures is some-
what complicated by the increasing noise level in the data
and a residual ambiguity in the exact level of scattering
from imperfections. However, from a sequence of
theoretical fits to the data with slightly different values of
C, we conclude that a purely deformation-potential limit-
ed low-temperature mobility with a 7 ~7 dependence is
not consistent with our results. The smaller negative ex-
ponent provided by the T ~° dependence of the piezoelec-
tric interaction is required as also seen in low-T electron
relaxation experiments.?® Furthermore, only a combina-
tion of longitudinal and transverse phonons having
different sound velocities and, therefore, different onset
temperatures 7, is able to provide a good description of
the data in the temperature range 1 K< 7 <8 K.

Our low-temperature data and their analysis also shed
some light on a recent controversy in the literature. '%-2%:24
It has been argued that high-temperature mobility data on
2D electron systems in GaAs can be explained within two
competing theoretical schemes. Either one uses the tradi-
tional value for the deformation potential of D ~6 eV and
neglects screening [S(Q) =1 in Eq. (3)] completely? or
one includes screening in an approximate two-dimensional
analog of the Debye theory and adopts'* D=13 eV.
Since there is independent recent evidence '®!° for such an
elevated value for D in GaAs, both models have their mer-
its.

On the basis of mobility data in the high-T acoustic
limit alone, one cannot differentiate between both models.
Our data which extend into the B-G regime favor the
model which requires the larger D value and includes
screening. For comparison, we show in Fig. 1 the results
for p,c using again Eq. (3) for all acoustic phonon pro-
cesses but choosing S=1 and D =6 eV. At high T, this
curve is indistinguishable from the result of the model we
presented earlier. However, at low temperatures theory
and experiments become incompatible since the neglect of
screening has raised all exponents in u,.(7T) by T 2 It ap-
pears, therefore, that theories on the scattering of 2D elec-
trons by acoustic phonons in GaAs cannot neglect screen-
ing. Once screening is adopted an elevated value for D is
required to describe our data. Whether such an enhanced
deformation potential is unique to GaAs-Al,Ga;-xAs
heterostructures, or whether it also indicates a value more
appropriate for bulk GaAs than the traditional D=7 eV,
remains unclear. '°

Even within our experiments there remains some uncer-
tainty as to the D value required to fit the data. This be-
comes evident when analyzing the data from sample B
(not shown). It reproduces all features seen in sample A
and the theoretical fit to the data is of the same quality as
the fit for sample 4. However, a deformation potential of
D =13.5 ¢V is required to fit the high-temperature data in
the presence of screening and D =7 eV when screening is
neglected. The slight discrepancy between samples 4 and
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B may actually derive from an insufficient knowledge of
the z extent of the 2D electronic wave function?! which
enters Eq. (3) via I(g) and linearly affects the high-7 mo-
bility. !4

In conclusion we have observed a B-G regime in the
two-dimensional electron scattering by acoustic phonons
in GaAs-Al,Ga;-,As heterostructures. The transition
temperatures of a few K arise from strong phase space
limitations for electron-phonon scattering as phonons of
wave vector 2kr cease to be thermally excited. Theoreti-

cal fits to our data indicate that a value D~11-13.5eV is
required for the deformation-potential and that the effects
of screening on the electron-phonon interaction need to be
considered.

We would like to thank J. P. Eisenstein and P. Little-
wood for many discussions, M. A. Schluter for a tutorial
on phase-space integrations, and R. L. Willett for com-
ments on the manuscript.
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