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Evidence for virtual-phonon exchange in semiconductor heterostructures
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Measurements of frictional drag between adjacent electron gases in double quantum wells provide
strong evidence for phonon-mediated electron-electron interactions, These interactions, which dom-
inate the contribution from simple Coulomb scattering at layer spacings larger than a few hundred
A. , are between 20 and 100 times stronger than expected for sequential emission and absorption of
real phonons. The observed range of the interactions, substantially smaller than the acoustic phonon
mean free path, points to an electron scattering mechanism involving virtual-phonon exchange.

Electron-electron (e-e) interactions can fundamentally
inHuence the nature of degenerate electron gases. While
direct measurement of e-e scattering rates is usually dif-
ficult, various transport techniques have been applied to
the study of these interactions. These include determi-
nations of electron dephasing times 7.~, in the diffusive
regime through the effects of weak localization, and re-
cently, in the ballistic regime~ through interference ef-
fects on p,m length scales. In alkali and noble metals,
e-e scattering rates have been estimated by comparing
thermal and electrical conductivities. 3 A more direct ap-
proach has been the measurement of frictional drag be-
tween isolated electron systems. 5 The contribution of
e-e interactions to the scattering rates determined via
these techniques has generally been attributed to Cou-
lomb processes. Phonon-mediated e-e interactions, how-
ever, are also potentially important.

In their pioneering work, Hubner and Shockley ex-
plored a regime in which phonons do provide a coupling
mechanism for electrons. This coupling, between elec-
trons in doped semiconductor layers separated by a thick
insulating region, 100 p, m, was manifested by the de-
velopment of a voltage in one layer while current was
driven through the adjacent layer. Real phonons were
found to be responsible for the interlayer interaction.
In this paper, we use a similar technique to explore e-
e interactions at much shorter distances, but still in a
regime where phonons dominate the interactions. In our
experiments, frictional drag between two parallel two-
dimensional electron gases (2DEG's) is measured. We
find that simple Coulomb scattering, which was impor-
tant in our earlier study, 5 is dominated by a second,
longer range, mechanism if the layer spacings exceeds a
few hundred angstroms. The temperature, density, and
layer spacing dependence of this second process strongly
suggest a phonon-mediated e-e interaction. Unlike the
experiment of Hubner and Schockley, however, the mag-
nitude of the coupling cannot be accounted for by real

phonon exchange. Furthermore, the observed range of
this phonon-mediated interaction, while long compared
to that of the Coulomb interaction, is much shorter than
the phonon mean free path. These observations provide
experimental evidence for an unusual electron scattering
mechanism involving the exchange of virtual phonons be-
tween the two 2DEG's.

The present frictional drag technique consists of mea-
suring the voltage Uri, induced in one 2DEG when a cur-
rent I is driven through a second, parallel 2DEG. Since
the layers are electrically isolated and tunneling is neg-
ligible, VD is due entirely to interlayer e-e interactions
and the ratio UD/I directly determines the interlayer
momentum relaxation rate, ~D . Details of the measure-
ment procedure have been given elsewhere. 5 A similar
technique has been used to study interactions between a
2D and a 3D electron system, and recently, between a
2DEG and a 2D hole gas. In our earlier study of drag
between two 2DEG's, ~~ exhibited a nearly quadratic
temperature dependence in a sample with closely spaced
layers. Calculations based on interlayer Coulomb scat-
tering were found in good agreement with the magnitude
of the scattering rate, although observed deviations from
a simple T2 temperature dependence were not accounted
for. The variation observed in rD for a small increase in
layer spacing further supported the importance of inter-
layer Coulomb interactions. For even larger layer spac-
ings, however, the observed scattering rates cannot be
accounted for by Coulomb interactions. In this paper,
we explore the interactions in this large spacing regime,
and examine the nature of the unexpectedly strong long-
range e-e coupling. First, we present the experimental
evidence for a phonon-mediated e-e interaction. We then
argue, based on the magnitude of the observed scattering
rates and the behavior at very large layer spacing, that
real-phonon exchange cannot account for this long-range
interaction, and instead, that a virtual-phonon exchange
process is the coupling mechanism.
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The samples used in this work are modulation-doped
GaAs/Al& s Gao 7As double quantum wells grown by
molecular-beam epitaxy. Two nearly identical 2DEG's,
each with an electron density N near 1.5 x 10 cm
and mobility exceeding 2 x 10 cm /Vs, occupy two 200-
A.-wide GaAs quantum wells separated by an undoped
A103GaQ7As barrier. Four samples, A, B, C, and D,
with barrier thicknesses of 500, 225, 175, and 5000 A. , re-
spectively, are discussed. They are otherwise structurally
identical.

Figure 1 shows the measured interlayer drag scatter-
ing rate, ~D, divided by T, versus temperature T for
sample A. With its 500-A barrier, the contribution of
Coulomb scattering to v.o should be negligible for this
sample. The dashed line in the figure represents a real-
istic estimate of the interlayer Coulomb scattering rate
(~& T~). The estimate is based on calculationss con-
sistent, as discussed above, with the magnitude and spac-
ing dependence seen in our earlier measurements of v.&
in thinner barrier samples. Obviously, a different mecha-
nism dominates the interlayer interactions in this sample.

The long-range nature of the scattering mechanism
for sample A can be seen by comparing wD /T2 with
the deviations from simple Coulomb behavior observed5
for the more closely spaced layers in samples B and C.
Apart from a difference in the magnitude of Coulomb
scattering, r~ /T for the three samples is nearly iden-
tical. This is illustrated in the inset in Fig. 1. The dif-
ference in Coulomb scattering (7~ cc T ) between the
samples has been removed by simply subtracting the con-
stant values 0.41 and 1.08 x 10 /s K from the measured
~~ /T2 for samples B and C, respectively. The existence
of a second scattering process with a weak layer spacing
dependence is clear from the striking similarity of the
three data sets. This weak spacing dependence suggests

a phonon-mediated interaction, since low-temperature
acoustic phonon mean free paths in these samples are
orders of magnitude larger than these layer spacings.
Furthermore, the temperature dependence displayed in
Fig. 1, while obviously inconsistent with the constant
'rD /T2 expected for Coulomb scattering, strongly im-

plies a phonon-mediated interaction. The observed ~D
is remarkably similar to the well-known acoustic-phonon-
limited mobility scattering rate, 7. h, for 2D electrons
in GaAs. At high temperatures w h is linear in T, but
crosses over to T or T in the low-temperature Bloch-
GrCiniesen regime, where thermal phonon wave vectors
are less than 2k~. For the electron density of these sam-
ples the crossover occurs at a few degrees Kelvin. Thus,
~ h /T exhibits a temperature dependence broadly sim-

ilar to the observed ~& /T2.
Further insight into the nature of the scattering mech-

anism is provided by measurements as a function of elec-
tron density. Applying a bias voltage to an overall Schot-
tky top-side gate alters the density, N~, of the upper
voltage probe 2DEG while the density, Nl, of the current
carrying lower 2DEG's remains nearly fixed. Shubnikov-
de Haas measurements on the individual layers calibrate
the eff'ect of this gate bias. Figure 2 shows ~& /T2 vs
N~ for sample B at three representative temperatures,
offset for visibility. The most important feature of these
measurements is the peak in r& /T vs K~ in the 2.3-K
data. The peak occurs when the densities in the two lay-
ers are matched. This criterion was tested by applying
a small additional bias between the two 2DEG's, which
moves charge from one 2DEG to the other, much like
a simple capacitor. The inset in Fig. 2 shows the peak
position is shifted by interlayer bias and tracks the new
matched densities, marked by arrows.
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FIG. 1. Temperature dependence of frictional drag scat-
tering rate divided by T for sample A (500-A barrier). The
dashed line shows estimated Coulomb contribution. Inset:

/T for three barrier thickness (500, 225, and 175 A)
samples with differences in Coulomb scattering subtracted,
illustrating the long-range nature of the coupling mechanism
dominant in sample A.

FIG. 2. Dependence of frictional drag in sample B on elec-
tron density, N&, of voltage probe 2DEG at three tempera-
tures, offset for clarity. The arrow indicates where the two
layer densities are equal. Inset: drag at 2.3 K with interlayer
bias voltages (0, 5, and 10 mV) applied, offset, and plotted vs
top gate voltage, which varies Nv. Arrows denote the three
gate voltages corresponding to matched densities.
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The temperature dependence observed for this peak
at matched densities (Fig. 2) indicates its origin is the
long-range scattering mechanism discussed earlier, and
not Coulomb scattering. At 2.3 K, where ~r, /T for the
long-range process (Fig. 1, measured at nearly matched
densities) is nearly maximum, the peak in the density de-
pendence is large. At both 6.2 and 1.12 K, where ~~ /T2
for the long-range process is small, the peak is unobserv-
able in the density sweeps. This correspondence is con-
firmed in density sweeps at intermediate temperatures,
not shown in the figure.

The presence of this peak is an important key for
identifying the nature of the long-range scattering mech-
anism. In fact, absorption and emission of acoustic
phonons by a single 2DEG at these temperatures is
dominated by transitions with in-plane wave vectors
near 2k~, because of the large phase space available for
backscattering of electrons in two dimensions. Matching
2k~ for both electron systems, then, enhances phonon-
mediated interlayer e-e interactions. By contrast, we
have shown that at this layer spacing, momentum trans-
.fer via interlayer Coulomb interactions is dominated by
small angle scattering, 8 & 15 . It will exhibit no peak
at matched densities; instead, it increases smoothly
with decreasing Nv. This contribution to rr, /T is ev-
ident in Fig. 2 in the sloping background at 2.3 K, and
is dominant in the 6.2- and 1.12-K data sets. The peak
in the density dependence of r~, indicating a 2kF scat-
tering process, is therefore significant additional evidence
for phonon-mediated e-e interactions.

Thus, the temperature, spacing, and density depen-
dence of the interlayer scattering rates all separately
point to a phonon-mediated interaction. Together they
provide strong evidence for a phonon coupling mecha-
nism. The magnitude of ~D, however, is puzzling when
compared to the interaction of phonons with a single cur-
rent carrying electron layer. This interaction, character-
ized by w h, has been assessed through measurements
of the telnperature-dependent electronic mobility. Re-
lating ~ h to a phonon heat Hux and then to a voltage,

through published values of the lattice heat capacity
and thermopower, results in a 7D 10 times too small
at 7 K. Such a simple estimate, however, significantly un-

derestimates the real-phonon exchange contribution to
7D . We have made a more accurate estimate by calcu-
lating the nonequilibrium phonon distribution produced
by the current How in the first layer, and then allowing
these phonons to interact with the second 2DEG. This
calculation is similar to previous approaches for calcu-
lating ~ h, and includes deformation potential (13.5 eV)
and piezoelectric electron-phonon couplings as well as
screening effects. A benchmark of the accuracy of this
numerical calculation is the value it gives for r h, the
result is within 10%%up of that which we measure at 7 K.
Values of 7.& calculated with this model, while exhibit-
ing a roughly correct temperature dependence, are still
between 20 and 100 times smaller than those observed.
This is illustrated in Fig. 3, where ~& /T2 for sample C
(solid circles), is compared to the calculation. The cal-
culated rates, multiplied by 27, are plotted as a dashed
line. Although this disagreement in magnitude is large,
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FIG. 3. Temperature dependence of real-phonon ex-
change calculation (expanded 27x) compared to measured
drag for sample A (500-A barrier). Measurements of sam-
ple D (5000-A barrier) display a substantially reduced scat-
tering rate. Inset: Expanded view of drag in sample D shows
the temperature dependence of sample A is retained.

the qualitative agreement in the shape of the two curves is
striking. The overall temperature dependence of the cal-
culated rates derives from the availability of thermally ex-
cited phonons with wave vectors 2k~. As discussed above
for the phonon limited mobility, the resultant crossover
from a linear to a stronger dependence in T is character-
istic of the interaction of a 2DEG with phonons. The ob-
servation that real-phonon exchange, apart from a shift
in the peak of 7z, /T, reproduces the measured tem-
perature dependence further implicates phonons as the
coupling mechanism.

The small scattering rate calculated for real-phonon
exchange, however, discounts the identification of this
simple interaction as the interlayer coupling mechanism.
Virtual-phonon exchange has also been proposed as a
phonon coupling mechanism. Recent calculations
for this mechanism result in a magnitude of ~~ /T more
consistent with our measurements, while retaining the
characteristic temperature dependence described above.
The strength of a virtual-phonon interaction results in

part from the different dimensionality of the electron and
phonon systems. Because the electron system is 2D, only
the in-plane component of the 3D phonon wave vector is
constrained by momentum conservation. The relaxation
of energy conservation afforded virtual phonons, there-
fore, provides considerably enhanced access to phonon
phase space: For a given electronic transition, the allowed

intermediate phonon states are a line in phonon phase
space having a fixed in-plane, but arbitrary out-of-plane,
wave vectors. By contrast, just two points represent the
allowed states for energy-conserving real phonons.

The difference between the results of calculations for
virtual-phonon coupling ' and the present real-phonon
calculation, however, lies almost exclusively in the mag-

nitudes of the scattering rates. To clearly identify the
nature of the phonon interaction, further distinction is
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necessary. Discriminating between the two mechanisms
on the basis of temperature dependence is difficult, as
the dependences are so similar. There exists, however, a
fundamental difference in behavior for the two processes
at very large layer spacings. A real-phonon exchange
interaction will be independent of the spacing between
the electron layers d until d becomes comparable to the
phonon mean free path. Virtual-phonon exchange, on
the other hand, can be more strongly spacing depen-
dent because it involves phonons that do not conserve
energy. Clearly, the further apart the layers, the longer
these phonons must travel to produce interlayer coupling.
As this distance increases, the range of phonon energies
which can contribute to the virtual process must narrow,
and the interaction will get weaker. The observation of a
substantial reduction in the magnitude of ~~ for d well
less than the phonon mean free path would therefore di-
rectly support a virtual-phonon process.

To test for such an effect, we have measured the drag in
a sample with a 5000 A. barrier (sample D). Thermal con-
ductivity measurements in similar samples determine a
phonon mean free path orders of magnitude larger than
this (~mm), so ~~ would match that of sample C for
a real-phonon exchange process. Measurements for sam-
ple D, plotted in Fig. 3 as open circles, reveal ~~ /T~ is
nearly 8x smaller than for the 500-A barrier sample. The
observed temperature dependence, however, remains vir-
tually identical, as shown in the inset where r& /T2 for
sample D are plotted with an expanded vertical scale. In-
cluded for comparison are the rates for sample C divided
by 7.5 (solid line). This comparison provides a clear indi-

cation that the interlayer scattering mechanism is rooted
in the same physical process in both samples. The sub-
stantial change in the magnitude of the 7.&, then, is
evidence strongly supportive of a coupling mechanism
involving virtual-phonon exchange.

Our measurements further indicate that the length
scale appropriate to the interaction, while quite large
compared to the Coulomb interaction, is smaller than
5000 A. If we assume an exponential dependence, the
characteristic length is 2500 A. . While these measure-
ments provide a reasonable indication of the extent of
the interaction, a full understanding of the layer spac-
ing dependence for this virtual-phonon exchange interac-
tion will require further theoretical work, as well as addi-
tional measurements at intermediate layer spacings. The
spacing dependence we observe, however, provides ex-
perimental evidence supporting virtual-phonon exchange
independent of the details of any particular calculation.

In conclusion, we have presented measurements of fric-
tional drag between parallel 2DEG which reveal a long-
range e-e interaction whose temperature, layer spacing,
and density dependence are consistent with a phonon-
mediated coupling. Scattering rates calculated for real-
phonon exchange are substantially smaller than those ob-
served, and range of the phonon-mediated interaction is
much shorter than the acoustic phonon mean free path.
These observations support an electron scattering mech-
anism involving virtual-phonon exchange.

We thank H. L. Stormer and A. A. Grinberg for useful
discuss&ons.

'Present address: Department of Physics, Pennsylvania
State University, University Park, PA 16802.
G. Bergman, Phys. Rep. 107, 1 (1984).
A. Yacoby, U. Sivan, C. P. Umbaeh, and J. M. Hong, Phys.
Rev. Lett. 66, 1938 (1991).
M. J. Laubitz, Phys. Rev. B 2, 2252 (1970); J. G. Cook and
M. J. Laubitz, Can. J. Phys. 57, 1216 (1979).
P. M. Solomon, P. J. Price, D. J. Frank, and D. C. La
Tulipe, Phys. Rev. Lett. 68, 2508 (1989).
T. J. Gramila, J. P. Eisenstein, A. H. MacDonald, L. Pfeif-
fer, and K. West, Phys. Rev. Lett. 66, 1216 (1991).
K. Hubner and W. Schockley, Phys. Rev. Lett, 4, 504
(1960).
U. Sivan, P. M. Solomon, and H. Shtrikman, Phys. Rev.
Lett. 68, 1196 (1992).
A preliminary discussion of this effect and the layer spacing
dependence has been made: T. J. Gramila et cI, Surf. Sci.
268, 446 (1992).

P. J. Price, Solid State Commun. 51, 607 (1984).
J. C. Hensel, R. C. Dynes, and D. C. Tsui, Phys, Rev. Lett.
28, 1124 (1983).
P. M. Solomon and B. Laikhtman, Superlatt, Microstruct.
10, 89 (1991); A. H. MacDonald, T. J. Gramila, and J. P.
Eisenstein (unpublished) .
T, C, Cetas, C. R. Tilford, and C. A. Swenson, Phys. Rev.
174, 835 (1968).
R. Fletcher, J. C. Maan, and G. Weimann, Phys. Rev. B
82, 8477 (1985).
P. J. Price, Surf. Sci. 148, 145 (1984); H. L. Stormer, L.
Pfeiffer, K. W. Baldwin, and K. W. West, Phys. Rev. B 41,
1278 (1990), and references therein.
H. C. Tso, P. Vasilopoulos, and F. M. Peeters, Phys. Rev.
Lett. 68, 2516 (1992).' A. H. MacDonald et al. (unpublished).
J. P. Eisenstein, A. C. Gossard, and V. Narayanarmurti,
Phys. Rev. Lett. 59, 1341 (1987).


