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Apparent metallic behavior at B=0 of a two-dimensional electron system in AlAs
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We report the observation of metalliclike behavior at low temperatures and zero magnetic field in two-
dimensional2D) electrons in an AlAs quantum well. At high densities the resistance of the sample decreases
with decreasing temperature, but as the density is reduced the behavior changes to insulating, with the resis-
tance increasing as the temperature is decreased. The effect is similar to that observed in 2D electrons in Si
metal-oxide-semiconductor field-effect transistors, and in 2D holes in SiGe and GaAs, and points to the
generality of this phenomenofS0163-18208)50724-7

The question of whether or not a metal-insulator transitiormajor axis, we are able to measure the resistance along these
can occur in two dimensions at zero magnetic field has beetwo directions. We observe anisotropy in the measured resis-
of great recent interest. Using scaling arguments, Abraham@nce, and the data along both directions show metallic be-
et all showed that a noninteracting two-dimensio2aD) havior at highn and insulating behavior at low.
carrier system with any amount of disorder will be localized  Qur sample was grown by MBE on an undoped GaAs
at zero temperature. Subsequent experiments provided e\it00) substrate. The 2DES is confined to a 150-A-wide AlAs
dence to support this theoretical predictforlowever, re- QW that is separated from the dopant ato{@ by a 300-
cently, various investigatots'® have discovered 2D carrier A_wide front barrier of Ab4Ga, sAs and a rear barrier con-
systems that show metallic behavior. They observe that for &isting of 25 periods of zi4GaAg/AlAﬂ0.5 A/8.5 A super-
range of 2D densitiesn), the resistivity of their samples | yice On a sample from this wafer, we patterned two Hall
decr_eases by nearly an (_)rder of magnitude as_the tempe_raturggrs oriented perpendicular to each otllershaped along
(T) is decreased. Whamis reduced below a critical density the [001] and[010] directions. The Hall bars were patterned

(n;) they observe a transition to insulating behavior. On y standard photolithographic techniques and a wet etch
difference between the earlier and the more recent expert-thiC contacts were made by alloying AuGeNi in apad '

ments is that the new samples have a much higher carri .
mobility (x). One theoretical investigation asserts that thisf?_|2 atmosphere for 10 min. A front gate of 350 A Au on top

higher . combines with a broken inversion symmetry in the of 50 A Ti was deposited on top of the active regions of the

confining potential well to allow spin-orbit effects to create Hall bars to controh. _
the metallic staté! while another hypothesizes that the ~Our T dependence measurements were performed in a
higher 1 allows for stronger electron-electron interaction, Pumped 3He refrigerator afT from 0.28 K to 1.4 K. We
and that this interaction causes the metallic statdowever, ~measuredr using a calibrated RuQresistor. We used the
there is still no clear model supported by experimental restandard low-frequency ac lock-in technigue with an excita-
sults to explain this metallic behavior. tion current of 1 nA to measure the four point resistance of
So far, the metallic behavior has been observed in 20he sample. The data were taken by fixing the front-gate
electron system&DES'S in Si metal-oxide-semiconductor Voltage (/4), and measuring both the longitudindt,() and
field-effect transistors(MOSFET'9,%® 2D hole systems transverseR,,) resistances as a function of a perpendicular
(2DHS's) in GaAs/AlGaAs heterostructurés;>'°and SiGe magnetic field B). These magnetoresistance measurements
quantum wellsQQW’s),”® and now in a 2DES in AlAs. To Wwere used to determireat thatV,. Gate leakage was moni-
provide an overview, and for further discussion, some of thdored throughout the experiment and it never exceeded 10
important parameters of these systems are shown in TablepA. The T was then raised to 1.4 K and continuously low-
AlAs is an interesting material for 2DES’s because it com-ered back to the bask (0.28 K) over a period of 3 h. The
bines some of the properties of GaAs with those of Si. Sincelensities andl' dependencies were repeatable at the same
it is grown in the same molecular beam epitdMBE) sys-  gate voltages. The results B, andR,, magnetoresistance
tems as GaAs samples, very clean samples can be fabricatedeasurements at 0.28 K fofy,=0 are shown in Fig. 1. Note
However, it is similar to Si in that the minima of the AlAs the high quality of the data, with the appearance of
conduction band are at thé points of the Brillouin zone. Shubnikov—de Haas oscillations at a field as low as 0.6 T
(The minima in Si are near th¥ points) In addition, in  and the fractional quantum Hall effect at Landau-level filling
AlAs QW's like ours, which are grown on thd00) surface  factor v=3 as well as av=3 (see Ref. 1
of the GaAs substrate, one can cause the electrons to occupy Before presenting th&'-dependence data, we will de-
the conduction-band ellipsoids either perpendicular to or parscribe some of the characteristics of our AlAs 2DES. Several
allel to the plane of the 2DES by varying the width of the observations lead us to believe that in our sample omly
QW.0ur data indicate that in our sample, oolyeof the  in-plane conduction-band ellipsoid is occupied. First, previ-
in-planeellipsoids is occupied. By patterning Hall bars alongous cyclotron resonancéCR) measurements on samples
and perpendicular to the direction of the occupied ellipsoid’srom this wafer reveal a CR effective masg,g=0.4ém,. "
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TABLE I. A summary of some of the important parameters in experiments that have reported evidence
for a metal-insulator transition in a low-temperature 2DES or 2DHS at zero magnetic field. Theulisted
the peak reporte@. Note that the different systems have a wide rangagfthe density below which an
insulating state ensues, but the resistivity values at the transitignare comparable. Also, all of these
systems have a fairly higim* and a relatively small density, leading to small Fermi enerdigg @nd large
rs values. Listed here are the rangeskef andr s over which the experiments show a metallic behavior.

w (M2Vs) ng (10" em™2) p. (kQ/sg)® m*/m,  Eg (K) rs
2DES Si-MOSFET(Refs. 3,6 7.1-1.0 0.85-1.7 70 0.19 4.3-15 9.6-5.7
AlAs 7.7 0.7 50 0.46 3.6-16 18-9
2DHS GaAs(Refs. 9,10 15 0.1-0.12 40 0.38 0.5-3.7 24-9
SiGe(Ref. 7 1.9 1.7 20 0.2-0.32 6-28 ~5-9

&The values forp, were determined following the method of Ref. 3: by drawing a separatrix between the
metallic and insulating curves and then extending that separatiixt0.
PThis rg is a rough estimate because the value afsed for SiGe is an estimate.

This mass is in excellent agreement with the expected CR, p exhibits a nonmonotonic dependence Tnit initially

mass if in-plane ellipsoids are occupi¥dt is very different
from mggr=m;=0.19m,, which would be observed if an el-

rises asT is lowered, shows a maximum, and then decreases
with decreasingl. These data are very similar qualitatively

lipsoid perpendicular to the plane were occupied. Secondp the results of previous experiments.

the data of Fig. 1 show minima iR, and plateaus iR, for

As already mentioned, a theoretical explanation for data

both even and odd filling factors, and the Shubnikov—ddike these, with experimental evidence to support it, does not

Haas oscillations show no beating. Moreover, the &g

exist. We expect, though, that the Fermi energy)( might

traces from the two perpendicular Hall bars show an anisotbe an important parameter. In our samiig, at the highest
ropy in . We conclude from these observations that onlydensity is 16 K and at the lowest density is 3.6 K. Qur
one of the two in-plane ellipsoids is occupied: the magnerange in these measureme(@28 K to 1.4 K is only about
toresistance data suggest that there is only one occupied sud order of magnitude smaller thdf:. Most of the 2D
band, while theu anisotropy indicates that the Fermi surface carrier systems investigated so far also h&ygecomparable

in the plane of the 2DES can be anisotropic, consistent witho theT range over which the experiment is done. This raises
a single in-plane ellipsoid being occupied. It is possible thathe possibility of finiteT effects causing the metalliclike be-
a slight angular deviation from the ideal growth direction havior. In fact, Heninit al* have fitted to their GaAs 2DHS
could account for the lifting of the expected degeneracy oflata an expressidinu/ uwo~1— (T/Eg)?] describing the tem-
the in-plane ellipsoids, as a splitting of only a few meV perature dependence of screeffrand found that the fit was
would be sufficient to produce a single occupiedvery good. Our data is not fit well by this equation, but we

subband>*’

cannot rule out this effect because the exact expression for

We now compare the characteristics of the 2DES in outemperature-dependent screening depends on details of dis-
sample with those of Si MOSFET’s. First, the conduction-order and material parameters.

band ellipsoids in bulk Si and AlAs are comparable, with

similar values form, andm;, .*® However, in contrast to our

sample, the SI-MOSFET 2DES'’s that have been studied so

far occupyout-of-planeellipsoids. As a result, transport in
the plane is isotropic with an effective mass=0.19m,.
The mobilities at bas& of our sample for the trace shown in
Fig. 1 (n=2.08x 10'* cm™2) are 6.1 M/V s for the highu
direction and 4.2 #1V s for the lows direction. The high-
est mobilities we measure, for the highest density-0.73
X 10" em™?), are 7.7 M/V s and 4.7 i/V s. These mobili-

ties are comparable to the highest mobilities reported for

Si-MOSFET 2DES'Ysee Table)L® Finally, as seen in Fig. 1

and Ref. 15, our sample exhibits clear fractional quantum

Hall effect, an effect rarely seen in Si MOSFET’s.

Figure 2 summarizes the dependence of the zeBre-
sistivity (p) for a range ofn from 2.73x 10 cm~? to 0.59
X 10' cm™2. The results for both high- and low-mobility
directions are shown. As with other experimehs. the
data can be split into three regimes. In the lowedtaces,
the behavior is insulating throughout tfierange measured,
with p rising monotonically ad is reduced. The highest
traces show metallic behavior throughout Theange, withp
decreasing monotonically a6 is reduced. For intermediate
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FIG. 1. Ry and R,y data for an AlAs 2DES rf=2.08< 10"*
cm™?) confined to thg100) plane.R,, is shown along two perpen-
dicular ([010] and[001]) directions. Some of the Landau level fill-
ing factors at which the quantum Hall effect is observed are marked
by vertical lines. The inset is a closer view of the low field data,
demonstrating the resistance anisotroppat0.
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FIG. 2. Resistivity vs temperature data from our AlAs 2DES. FIG. 3. (a) Arrhenius plots of p—py) vs 1T for tracesa
The high(low)-mobility direction data are shown by solidashed throughf. Only the highu direction curves are showib) Values
curves. The densities, in units of #@m~2, area: 2.73,b: 2.08,c:  of py, p;, and T, from fits of Eq.(1) to the datatracesa through
1.42,d: 1.22,e: 1.02,f: 0.82,9: 0.74,h: 0.72,i: 0.70,j: 0.65,k: f of Fig. 2. The open(closed symbols are from fits to the low
0.64,1: 0.63,m: 0.60,n: 0.59. The low-mobility curve for caseis (high)-u direction data. The dashed line in the lower plot is a least-
not shown because the Ohmic contacts failed at such a low densitgquares fit to the open circle points. The least-squares fit to the
closed circle pointgnot shown also extrapolates to very close to
Another possible model has been put forth by Pudatov. To=0 atn=0.
He suggests that the metalliclike data may be fitted by an

empirical dependence related to spin-orbit interaction: the spin-splitting energy in
2D carrier systems due to interface inversion asymmetry in-
p(T)=po+ prexp(—To/T). (1)  deed typically decreases with decreasing 2D dens#fit is

also interesting to compare the dimensionless rB§itEr in
The second term is intended to account for an energy gapur measurements to those of Hanetral? Since bothEg
caused by a spin-orbit interaction. Forwhere our 2DES and T, vary approximately linearly withn in the range
exhibits a metallic behavior throughout the measufled where the behavior is metallic, this ratio is a constant for
range(tracesa to f of Fig. 2), this equation fits our data well each experiment. For the data of Haneiral, T,/Er=0.2,
through the whol€l range. The fits are not shown in Fig. 2 while for ours,T,/Er=0.1. Despite a factor of 2 difference,
because they are indistinguishable from the data. To shothese ratios are similar enough to suggest thaiand E
the accuracy of the fits, we present representative Arrheniugiay be important physical parameters in all of the systems
plots of (o—pg) vs 1T in Fig. 3(@). For clarity, only the that show metallic behavior.
curves for the highe direction data are shown; the curves  Taken together, the results of recent experiments make it
for the low-u direction are very similar. Clear exponential very difficult to overlook the anomalous loW-behavior in
behavior is observed for more than a decadepof ) for  these systems. The similarity of the data and the parameters
the highest density traces, but as the density is reduced, tliem various systems, and the inability of any current theory
range over which exponential dependence is observed res describe them all, strongly suggest that there is new and
duces to about a factor of 5. In Fig(l3 we show, as a interesting physics here. A look at Table | shows the simi-
function of n, the values ofpy, p;, and Ty deduced from larities among some relevant parameters. The large values of
fitting Eq. (1) to the data. As expecteg, rises monotoni- the dimensionless parameteg (the interparticle spacing
cally asn is reduced. Alsop, is seen to rise smoothly and measured in units of the effective Bohr radiumnd of u
monotonically, which is more evidence that the fits aresupport the idea that electron-electron interaction plays a role
meaningful. TheT, vs n dependence seen in the lower partin stabilizing the metallic state. The combination of rather
of Fig. 3(b) is qualitatively the same as what Han@ihal®  small densities and large effective masses that leads to large
observe for their 2DHS data. Both show a dependence that ig values, on the other hand, also means small valu&s: of
close to linear, and that extrapolatesTtig=0 atn=0. We Ironically, precisely because of these sniall values, it is
note that a decreasiny, with n is consistent withly being  still questionable if it is meaningful to infer the existence of
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a zeroT metallic state from the available finife-data: phe- transition recently observed in other 2D carrier systems. The

nomena such as temperature-dependent scréefiiogn in-  generality of this phenomenon begs theoretical explanation.

deed lead to a decrease pnwith decreasingl at tempera-

tures that are not negligible comparedBp. We would like to thank Y. Hanein, D. Shahar, D. C. Tsui,
In conclusion, we present data from a 2DES that showsind J. Yoon for useful discussions. This work was funded by

the same metalliclike behavior and apparent metal-insulatahe National Science Foundation.
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