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Metallic Behavior in Dilute Two-Dimensional Hole Systems
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We have studied the metallic behavior in low-density two-dimensional p-GaAs systems, close to the
apparent metal-insulator transition. Two observations are made concerning the origins of the metallic-like
behavior. Within a given sample the strength of the metallic behavior is almost independent of the
asymmetry of the confining potential, and is predominantly determined by the low-temperature resistivity
(i.e., by krl). In all our samples we find that at low densities, close to the transition from insulating to
metallic behavior, the fractional decrease in conductivity with increasing temperature scales as T /Tr.
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The scaling theory of localization argues that there
should be no metallic state in two dimensions (2D) for
noninteracting electrons (or holes) [1]. Experimental
studies of a wide variety of low disorder 2D semicon-
ductor systems have, however, revealed an unexpectedly
large decrease in the resistance as the temperature is
lowered from 7 ~ 1 K, suggesting the existence of a 2D
metal [2—6]. Although numerous theories have been put
forward to explain this effect, the origin of this metallic
behavior is still a subject of great debate. Is it a true
quantum phase transition, where the resistivity continues
to decrease, giving a finite resistance at 7 = 0, or is it a
finite temperature phenomena that can be explained by
existing semiclassical mechanisms?

Recent experimental studies have shown that a tran-
sition back to insulating behavior occurs at high carrier
densities, in agreement with the early studies of weakly
interacting systems [7,8]. Furthermore, even in the lower
density “metallic” regime, where the resistance drops
sharply with decreasing temperature, quantum corrections
to the conductivity are still present as 7 — 0 [9,10]. These
localizing corrections, due both to weak carrier-carrier in-
teraction effects, and to phase coherent weak localization,
indicate that the system is still Fermi liquid-like [9], and
question the existence of a true metallic phase even when
interactions are strong.

If we consider the possibility that there is no true 2D
metal in these systems, then what is the origin of the
widely observed metallic-like drop in resistance? A num-
ber of semiclassical mechanisms have been proposed, in-
cluding temperature dependent carrier-carrier scattering
in a two-band system [11,12], and temperature depen-
dent screening [13]. Using dilute 2D GaAs hole systems
we investigate the relevance of these models, at low car-
rier densities, close to the transition from metallic-like
to strongly localizing behavior. We find that the former
model cannot describe the metallic behavior in extremely
low density hole systems. However, we observe very simi-
lar behavior in several p-GaAs systems with different de-
grees of disorder, which suggests that a complex form of
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temperature dependent screening may be relevant to the
metallic behavior observed in low density 2D systems.

A number of GaAs-AlGaAs modulation doped hetero-
structures were studied. Samples A and B were grown
simultaneously on different (311)A GaAs substrates, with
a layer structure similar to that described elsewhere [14]:
Sample A was grown on an undoped substrate, whereas
sample B had an in situ n+ back gate buried 1.2 um be-
low the 2D holes. The simultaneous growth ensures that
the two samples have identical layer thicknesses, doping
densities, and impurity densities. The hole density could be
varied from p; = 0-10 X 10'9 cm™2, with the transition
from insulating to metallic behavior occurring at p;, ~ 1 X
10'° cm™2 (r; ~ 25 if the hole effective mass is taken as
0.3m,, or ry ~ 31 if m* = 0.38m, [15]). The samples
are of exceptionally high quality, with a peak mobility of
1.1 X 10° cm?> V~!s™!. Sample C is a back-gated modu-
lation doped quantum well, described in Ref. [6]. The
peak mobility of 0.25 X 10° cm?> V™!s™! is lower than
samples A and B, with the transition occurring at a density
of 5 10 cm™2. Similar data to that presented here
were obtained both with other samples taken from the same
wafers, and from other high quality wafers.

We begin by examining the relevance of the two-band
model to the metallic behavior in dilute 2D hole systems.
Figure 1(a) shows the characteristic drop in the resistivity
p of sample B with decreasing temperature. At this low
hole density of 2 X 10'° cm™2 (close to, but on the metal-
lic side of, the “metal”-insulator transition) p decreases by
50% as the temperature is reduced from 700 to 30 mK.

A lack of inversion symmetry in a 2D system can lift
the “spin” degeneracy of the electrons (or holes), creating
two distinct bands. If the carriers in the two bands have
different transport properties this can cause a metallic-
like temperature dependence of p. Indeed, studies of the
metallic phase in high density 2D hole systems, far from
the metal-insulator transition, show a strongly temperature
dependent positive magnetoresistance (B ) that is charac-
teristic of conduction in a two-band system [12,16]. Fur-
ther evidence that interband scattering causes the metallic

© 2001 The American Physical Society 126802-1



VOLUME 87, NUMBER 12

PHYSICAL REVIEW LETTERS

17 SEPTEMBER 2001

T/Tg
0.14 0.1 0.2 0.3
(a) I -
_0a2f 1
Lo}
2
S 0af 7
& Linear
< 0.08 :
’ p=po + p1 exp[-T4/T]
0.06 200 200 500
T (mK)
(l;s)m | G I
M e e 1
—~ 012F 4osmK | SR — ]
T B R
= gqf 2K [T R N,
% 176mK [T B T U B
< 0.08F ]
25mK —_— ]
0.06 1 1 1 1
-0.02 0 0.02 0.04 0.06 0.08 0.1
BL(T)
FIG. 1. (a) Temperature dependence of the zero field (B = 0)

resistivity in the metallic regime for sample B. The carrier den-
sity is 2 X 10'° cm™2, and the back-gate bias is 1.7 V. (b) Low
field resistivity p,, as a function of perpendicular magnetic field.

behavior comes from the fact that in Refs. [12,16] the mag-
nitudes of the increase of the resistivity with temperature,
p(T = «) — p(T = 0), is comparable to the increases in
resistivity with magnetic field p(B = ») — p(B = 0) (ig-
noring Landau quantization). However, these experiments
have been conducted at high carrier densities, (2—4) X
10" cm™2, far from the transition to strong localization,
and it is not clear that the results can be related to the be-
havior observed at much lower densities.

In contrast, we investigate the metallic-like behavior im-
mediately in the vicinity of the transition, where the metal-
lic behavior is strongest. Here the carrier densities are an
order of magnitude smaller than used in Refs. [12,16],
and the interactions are strong: ry = 17 [15]. This low
density has the additional advantage that complications
due to the anisotropy and nonparabolicity of the valence
band structure which occur at higher energies are avoided.
Figure 1(b) shows the low field magnetoresistance for
five different temperatures at p, = 2 X 10'° cm™2. Even
though there is a factor of 2 drop in the zero field resis-
tivity as 7' decreases from 700 to 30 mK, the absence of
a positive magnetoresistance shows that the B = 0 “spin
splitting” due to inversion asymmetry is extremely small.
These results suggest that the two-band model of tem-
perature dependent interband scattering is not appropriate
at low densities, and cannot be solely responsible for the
2D metallic behavior.

We now consider what the effect of changing the asym-
metry has on the metallic behavior close to the transition.
The asymmetry of the potential confining the holes is deter-
mined by the electric field applied across the heterojunc-
tion. The combination of front and back gates makes it
possible to tune the asymmetry and the strength of the in-
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terparticle interactions independently. It is therefore pos-
sible to separate these two effects and determine which is
responsible for the metallic behavior observed in low den-
sity 2D systems. Sample A was grown without a back gate
(i.e., Vpg = 0) and represents the least asymmetric case,
i.e., where the electric field across the sample is minimal.
The asymmetry is increased in sample B by the incorpora-
tion of an n+ back gate, which creates a large electric field
across the hole system. This built-in p-i-n structure gives
rise to an effective back-gate bias equivalent to the low
temperature GaAs band gap of 1.5 V [17]. The require-
ment that leakage currents should be below 1 pA limits the
back-gate bias range to 1.25—1.7 V. Itis not therefore pos-
sible to attain the flat-band condition V},, = 0in sample B.

To quantify the effect of the back gate on the metallic be-
havior we fix the carrier density at p, = 2.1 X 10'% cm™2,
just on the metallic side of the transition. The potential pro-
file and hole wave function are calculated self-consistently
following Ref. [18]. The net electric field across the hole
system is the sum of the field due to the back gate and the
field due to the accumulation of holes: E = Ey, + ep; /€.
Here € is the dielectric constant, and Ey,g = Vi /d, where
d is the distance from the substrate to the heterointer-
face. The results are plotted in Figs. 2(a)—2(c), with the
solid line showing the potential profile. This figure shows
there is a large change in the electric field Epg from O to
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FIG. 2. Properties of the 2D holes at p, = 2.1 X 10'° cm™2

for different back-gate biases. (a)—(c) Potential profiles

V(z) (solid lines) and hole wave functions (z) (dashed

lines). (d) Perpendicular magnetoresistance p,, (T = 30 mK).

(e) Temperature dependence of the zero field resistivity.
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14 kV/cm as the back-gate bias is altered from 0 to 1.7 V.
In contrast the electric field due to the fixed carrier density
is constant at only 3 kV/cm.

The effect of these changes in the asymmetry of the
confining potential on the transport properties of the hole
system are shown in Fig. 2(d), where the magnetoresis-
tance is plotted for different V. The three traces exhibit
Shubnikov—de Haas oscillations with the same periodic-
ity, confirming that the density is constant. In contrast to
high density 2D hole systems the splitting of the heavy
hole band is negligible at these low densities. As a result
the oscillations show only a single frequency, with no sign
of the beating that occurs when two bands are occupied.

To determine the influence of the electric field on the
strength of the metallic behavior, defined by the decrease
in p with decreasing temperature, we plot the temperature
dependence of the B = 0 resistivity in Fig. 2(e). Although
metallic behavior is observed in all three cases, it is not
obvious how to quantify the strength of the metal because
each trace starts from a different value of p at 7 = 30 mK.
The change in resistance with T is clearly largest for the
strongest electric field (top trace), where Ap = 0.044/¢?,
compared to 0.02//e? for Vs = 0. However the compari-
son is complicated by the fact that the resistivity is larger
for Vi, = 1.7V than for Ve = 0 V. This is because
increasing the electric field due to the back gate pushes the
holes closer to the heterointerface, enhancing the scattering
from the remote ionized impurities in the AlGaAs. Thus
even though the carrier density is constant, the effective
disorder becomes larger with increasing Vyg. In these
measurements the density p,, Fermi wave vector kp, and
strength of interparticle interactions r, are all fixed, with
only the disorder related mean free path / and magnitude of
the asymmetry varying. The metallic behavior is therefore
sensitive either to the symmetry of the confining potential,
or to the disorder, or both.

To distinguish between these possibilities, we now com-
pare p(T) traces that originate from the same point at T =
30 mK—i.e., we fix kr/—and look for differences in the
size of Ap as T is increased. To fix krl we increase the
hole density from 1.8 to 2.3 X 10'° cm™?2 as the back-gate
bias is increased from O to 1.7 V. Although the carrier den-
sity and mean free path are now no longer constant in these
measurements, they vary by only 30%, whereas the total
electric field across the holes increases fivefold from 3 to
17 kV/cm. This can be seen in the plots of the potential
profiles and hole wave functions in Figs. 3(a)-3(c). The
corresponding temperature dependent resistivity traces are
shown in Fig. 3(d). Despite the large change in the confin-
ing potential, the traces are almost indistinguishable. This
confirms that the strength of the metallic behavior at low
densities is not determined by the asymmetry of the con-
fining potential, and is therefore not related to the degree
of band splitting. Instead, the data indicate that metallic
behavior is primarily affected by changes in the disorder.

As the data show that symmetry related phenomena
cannot account for the large drop in resistivity in these
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FIG. 3. Properties of the 2D holes with the T = 30 mK
resistivity fixed at 0.055h/e* (kpl = 18), for three back-gate
biases. (a)—(c) Potential profiles and hole wave functions.
(d) Corresponding temperature dependence of the resistivity.

samples, we finally consider the effects of disorder and
screening, looking in particular at the functional form of
p(T). Previous studies have shown it possible to fit the
metallic-like p(T') to the empirical formula p(T) = po +
prexpl—T;/T] [5,9,11]. Although this formula provides
a reasonable fit to our data, as shown in Fig. 1(a), we note
that the resistivity can also be seen to increase approxi-
mately linearly with increasing temperature for T/TF <
0.2 [Figs. 1(a) and 3(d)]. This behavior is reminiscent
of temperature dependent screening in the clean limit
[19]. Indeed, previous experiments have shown that in the
metallic-like regime the fractional decrease in conductivity
with increasing T depends only upon T/TF for tempera-
tures down to 0.3 K [6]. We now re-examine this result, us-
ing higher quality systems and extending the measurements
to lower temperatures. Figure 4(a) shows the temperature
dependence of p at different carrier densities in the range
1.6-3.5 X 10'° cm™2 for sample B. These data are re-
plotted in Fig. 4(b) to show the fractional change in con-
ductivity Ao /o against T/Tr. Here Ao is the change
(decrease) in conductivity with increasing T, and Tf is
the Fermi temperature. Remarkably, all the data for the
different densities collapse onto a common curve, which
is linear at low T /T, and saturate at higher T/TF as the
2D system becomes nondegenerate.

The general applicability of this result is highlighted by
a comparison with the metallic behavior observed in the
quantum well of sample C [6]. The temperature depen-
dence of the resistivity for this sample [Fig. 4(c)] shows
metallic-like behavior for densities above 5 X 10'0 cm™2.
This can be more clearly seen in Fig. 4(d), where we plot
the corresponding fractional change in conductivity against
T/Tr. Although the metallic-like drop in p is much
smaller than in samples A and B, the Ao /o data again
collapse onto a common trace despite a threefold variation
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FIG. 4. Metallic behavior in different p-GaAs samples.
(a) Temperature dependence of the zero field resistivity at dif-
ferent carrier densities in sample B. (b) Corresponding Ao /o
as a function of the dimensionless temperature T /Tf, for 14
equally spaced densities in the range (1.7-3.5) X 109 cm™2.
(c),(d) Equivalent data for sample C.

in carrier density. As with sample B, Ao /o is linear in
T/Tr at low temperatures (T/Tr < 0.2), and flattens off
at higher temperatures.

The observation that Ao/ o scales as T /Tr, for samples
from different heterostructures, grown in different MBE
systems, is an intriguing result. Although the metallic-like
behavior takes a similar form, it is clearly stronger for the
higher quality samples where lower carrier densities can be
reached. Temperature dependent screening is an appealing
mechanism for the metallic behavior as it does not depend
on the details of the semiconductor system, and can cause
an approximately linear decrease in conductivity with
increasing temperature [19]: Ao/o = —C(T/TF) —
D(T/Tr)*? + O(T/Tr)*. Furthermore, if C and D are
density independent, the fractional change in conductivity
will depend only on T/TF. This would cause a collapse
of the Ao /o data onto a common trace, as seen in Fig. 4.

The analytical theory of Ref. [19] shows that C and D
are density dependent, becoming larger as the carrier den-
sity decreases. This is consistent with the trend observed
between samples: the magnitude of Ao /o is larger for
the low density data (sample B) than the data at higher
densities (sample C). However, it cannot explain the ob-
servation that within a given sample all the Ao /o data
in the metallic regime collapse onto a single trace, with a
deviation of less than 13% despite a twofold or threefold
variation in carrier density. A more complex form of
temperature dependent screening which takes into account
self-consistent screening and multiple scattering effects,
may therefore be necessary to fully explain the dependence
of Ag /o upon T/Tr, as well as the functional form of
p(T) [20]. Nevertheless, T-dependent screening is clearly
important in dilute 2D systems, and can even qualitatively
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account for the experimentally observed suppression of the
metallic behavior by an in-plane magnetic field [21].

The results presented here show that the two-band model
of temperature dependent scattering does not describe the
metallic behavior observed in low density 2D hole systems.
Instead, we find that within a given sample the tempera-
ture dependence of the resistivity at low carrier densities
is predominantly determined by the low-temperature resis-
tivity (i.e., by krl), independent of the electric field across
the heterojunction. Furthermore, we show that for a vari-
ety of single heterojunction and quantum well samples, the
metallic behavior takes a similar form, with Ao /o scaling
as T/Tr. Surprisingly, these observations suggest that the
metallic behavior is not due to the strong interactions, nor
to the shape of the potential well, but is instead predomi-
nantly determined by the disorder. Although temperature
dependent screening may account for some aspects of the
data, further work will be needed to fully explain the cause
of the metallic behavior in dilute 2D systems.

We thank D.E. Khmel’nitskii, D. Neilson, and J.S.
Thakur for many interesting discussions. This work was
supported by EPSRC (U.K.).

[1] E. Abrahams et al., Phys. Rev. Lett. 42, 673 (1979); L.P.
Gor’kov, A. 1. Larkin, and D. E. Khmel’nitskii, JETP Lett.
30, 229 (1979).

[2] S.V. Kravchenko et al., Phys. Rev. B 50, 8039 (1994); 51,
7038 (1995).

[3] D. Popovié¢, A.B. Fowler, and S. Washburn, Phys. Rev.
Lett. 79, 1543 (1997); P. T. Coleridge et al., Phys. Rev. B
56, R12764 (1997).

[4] M.Y. Simmons et al., Physica (Amsterdam) 249B-251B,
705 (1998).

[5] Y. Hanein et al., Phys. Rev. Lett. 80, 1288 (1998).

[6] M.Y. Simmons et al., Phys. Rev. Lett. 80, 1292 (1998).

[7] A.R. Hamilton et al., Phys. Rev. Lett. 82, 1542 (1999).

[8] V.M. Pudalov et al., Phys. Rev. B 60, R2154 (1999).

[9] M. Y. Simmons et al., Phys. Rev. Lett. 84, 2489 (2000).

[10] V. Senz et al., Phys. Rev. B 61, R5082 (2000).

[11] V.M. Pudalov, JETP Lett. 66, 175 (1997).

[12] S.S. Murzin et al., JETP Lett. 67, 113 (1998).

[13] S. Das Sarma and E.H. Hwang, Phys. Rev. Lett. 83, 164
(1999).

[14] M.Y. Simmons et al., Appl. Phys. Lett. 70, 2750 (1997).

[15] In 2D, r, o m*/\/p_g, but m* is not well known for
p-GaAs. We take m* = 0.3m,: using a larger m* will
increase the r; calculated from the measured p;.

[16] S.J. Papadakis et al., Science 283, 2056 (1999); Y. Yaish
et al., Phys. Rev. Lett. 84, 4954 (2000).

[17] M.Y. Simmons et al., Microelectron. J. 28, 795 (1997).

[18] M.J. Kelly and A. Hamilton, Semicond. Sci. Technol. 6,
201 (1991).

[19] A. Gold and V.T. Dolgopolov, Phys. Rev. B 33, 1076
(1986).

[20] A. Gold, Phys. Rev. B 44, 8818 (1991); S. Das Sarma
and E.H. Hwang, ibid. 61, R7838 (2000); (private com-
munication).

[21] V.T. Dolgopolov and A. Gold, JETP Lett. 71, 27 (2000).

126802-4



