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Quantum conductance fluctuations in the large-size-scale regime
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We report the results of experimental studies of “universal” conductance fluctuations in a variety of
millimeter-sized GaAs/AlGa, _,As heterostructures. The ability to observe these mesoscopic fluctuations in
traditionally macroscopic semiconductor devices is due to the enhanced sensitivity of our magnetic field
modulation measurement technique, which allows a coherent interference effect to be observed and studied in
the large-size-scale regime where both the sample length and width are much greater than the quantum
scattering lengthd.50163-182806)04420-1

The study of mesoscopic semiconductor devices is a largserved and studied in semiconductor devices in a large-size-
and exciting area of researchin condensed matter physics. scale regime where, to the best of our knowledge, coherent
Coherent quantum effects, such as Aharonov-Bohm oscillainterference effects have not been previously observed. In-
tions, occur in these devices when an electron maintainfrmation concerning quantum scattering lengths is derived
phase coherence over the entire device region that is me&om proper analysis of these fluctuations. These lengths give
sured. Mesoscopic conductance fluctuations, or “universal’insight into the microscopic scattering mechanisms in semi-
conductance fluctuatiohd~** (UCF), are perhaps the most conductor devices, and are necessary design parameters for
robust of these coherent effects. UCF are sample-specifigovel quantum electron devicSUCF can be used to char-
variations in the transport properties of mesoscopic devices’interize these Scattering rates while aVOiding the fabrication
and are an area of active experimental interest that has beélfficulties associated with small devices.
intensely studied in small device structuréssually =1 UCF are a manifestation of the quantum interference of
um?).5-% Because some electrons must maintain coherenc@lectron waves passing over the weak random potential
over the entire device in order for these effects to exist, it hayariations within an entire device. The application of an ex-
generally been implicitly assumed that, at finite temperalernal magnetic field changes the interference pattern of the
tures, coherent quantum effects such as UCF could not béarious electron paths, leading to reproducible, aperiodic
observed in macroscopic or large-area devi¢gpically fluctuations in the conductance as a function of magnetic
=1x10" um?). Here we report the results of experimental field, G(B). These fluctuations have been referred to as
studies of UCF in millimeter-size GaAs/Aba, _,As devices ' Universal,” because, al=0 K, they have a rms amplitude
more commonly associated with studies of weak localizatiorhat is of the ordee?h (wheree is the electron charge, and
or the quantum Hall effect. The observation of a coherenf! is Planck’s constaitindependent of sample size and dis-
interference effect in this large-size-scale regime indicate§rder. A well-developed theory exists that describes the sta-
that a new perspective may be necessary when studyirg@:tical properties of UCB=® In this theory, a correlation
semiconductor devices. Quantum interference effects canné#nction, F(AB), can be defined that characterizes the range
be ignored priori in semiconductor devices with large areas©f the observed conductance fluctuations:

(or at moderate temperatujes

UCF have been reported previously in macroscopic de- F(AB)=([G(Bgd —(G(Buo)) JIG(Byct AB)
vices in ngnsemlconductor matenal systems. Milliken and —(G(Bgt+AB))]), @
Ovadyaht? reported conduction fluctuations in poorly de-
fined, large-area WO;_, films that were in the hopping re- where the angular brackets indicate an ensemble aveBgge,
gime. Smithet al!! have reported conductance fluctuationsis the applied magnetic field, aniB is an increment in the
in macroscopically long amorphous-metal films; however,applied magnetic field. A correlation fiel. is defined such
these films were 100-200 nm wide. Therefore, the overalthat the correlation function &B=B. is half the value of
area was still mesoscopic. In both instances, the fluctuatiorthe function atAB=0: mathematically,F(Bc)=0.5-(0).
were observed at significantly lower temperatuiless than The devices used in this study are langee Fig. ]; the
=150 mK) than those reported here. Furthermore, the signallength (L) and width (v) of the sample are both much larger
to-noise ratio is much better in our work reported here. than the electron scattering lengttss1 um) in the electron

Our ability to study UCF in “macroscopic” Hall bar de- gas. Therefore, the two-dimensional limit of the UCF theory
vices is due to our use of a measurement technique that applies. In this limit, the correlation field is proportional to
based on ac-magnetic-field modulation and lock-in amplifietthe square of the inverse of the quantum coherence breaking
techniques. This method allows changes in the resistance &ngth,Loc [Bcoc(llLQaz]. We definel o to be the length
a function of magnetic field to be measured with a greatescale over which the quantum coherence is maintained. This
sensitivity than standard dc magnetotransport technitfues.length is determined by the various scattering lengths in the
Our application of this technique to the study of mesoscopisample(such as the phase breaking length, the spin-orbit
effects at moderate magnetic fields allows UCF to be obilengthL g, and the thermal lengthy,=(hD/27kgT), where
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the voltage is measured betwdeandl. The small region is
still bigger than most devices typically used to study UCF. A
heterostructure containing a two-dimensional electron gas
(2DEG) with a carrier densityn,=3.4x10> m~2, and a zero
magnetic field mobilityu=4.4 nf/V s atT=4.2 K, was cho-
sen for these experiments. The short scattering lengths in this
low-mobility 2DEG ensure that the device is in the diffusive,
two-dimensional regime and in the low-magnetic field re-
gime, allowing a straightforward comparison with conven-
tional UCF theory; also, Shubnikov—-de Ha&@dlH) oscilla-

I small region tions are not observed at 3.0 K until above 0.6 T, thus
715 Y SR S R — allowing UCF to be observed over a large magnetic field
range which results in good statistics.

The devices are measured by an ac-magnetic-field modu-
lation and lock-in amplifier techniqu&,which is extremely
sensitive to changes in the resistance as a function of mag-
netic field. Equatior(2) predicts that while the amplitude of
UCF is extremely small in large-area devices, it is still

0.00

2macresponse R, 645 (ohms)
o
o
[4)]

;93'88 present. The enhanced sensitivity of this measurement tech-
4300 | nigue allows us to observe UCF in the large-device-area re-
G 4250 F gim_e, confirming the_ _theoretical predictions of E8). Ex-_

] » perimentally, in addition tB,., we apply an ac magnetic
o 42001 field of frequencyw with a constant amplitudB,. (For this
4150 [ work, Bo=5 mT, andw corresponds to a frequency of 12.5
N 461(1)8 Hz. BothBy. and'BO are'applied perpendicular to the 2DBG.
ra v As a dc current is applied to a device, the device response at
g 005 twice the modulation frequency«? is measured by using
“é 0.00 lock-in amplifier techniques. This ac response atig re-
9 lated to the second derivative of the device resistance with
s 0.0 respect to magnetic field. The dc current magnetoresistance
N 010 is measured simultaneously with the Besponse. In order to
0100 01 02 03 0.4 05 0.6 show a comparison between the Pesponse and “typical”
low-noise resistance measurements, the magnetoresistance
B, (Tesla) curves in Figs. (@ and Xc) were taken using standard ac

lock-in techniques and low ac currents00 ?f at 18 Hzx
FIG. 1. (8 Ryg45 the resistancéRef. 14 of the “small” re- with the modulated magngtlc.fleld O¢BO.:0)' .
gion. L=16 um, w=8 um. (b) 2 ac responséRef. 17 between 4 The modulated-magnetic-field technique is shown here to
and 5.(C) Rygs the resistance of the “large” region. Length, _be an extr_emely _powerful t_ooI for_ studyln_g small variations
L=500 um, and width, w=50 um. (d) The ac response ate2 in the _dewce resistance. Flr_st, th!s technique allows the ob-
measured between probes 2 and'3:3.0 K. Top: schematic of the S€rvation of small changes in resistance that cannot be mea-
device geometry. sured when more conventional dc magnetic field techniques

are used. We have measured fluctuations roughly corre-

D is diffusivity, kg is Boltzmann's constant, arifl is tem- sp;)nding to changes in device resistance as small as 1 partin
peraturg. Loc is dominated byLy, in this work because of 10°. Another strength of this measurement technique is that
the relatively large temperatures used in these experiment)€ fluctuations in the & response are centered around zero
F(AB=0) is the statistical variance of the conductance Signal and can be studied directly. In general, when studying
var(G), and describes the amplitude of the fluctuations. For &CF with more conventional methods, the measured con-

two-dimensional device, ductance has a slowly varying background, which must be fit
and subtracted from the total conductance in order to obtain
var(G)/(G)Zoc(LéC)/(Lw). (2)  thevariance. This numerical manipulation of the data adds to

the uncertainty in the analysis of the fluctuations.

Both the varG) and the falloff ofF(AB) (i.e., B) depend Referring to Eq.(2), it is expected that UCF can be ob-
upon Loc. By measuring and analyzing these statisticalserved at low temperatures in the smaller region of the de-
properties, quantum scattering lengths are obtained. vice. Experimentally, in addition to the weak localization

The samples used in these studies were fabricated fropeak® centered atB,=0 T and a slowly changing
conventional, single-interface, modulation-dopedbackground;*®the resistanc® g 45[Fig. 1(a)] clearly shows
GaAs/Al Ga, -As heterostructures. The device geometrythe reproducible fluctuations, or magnetofingerprint, due to
(shown in Fig. 1 allows the longitudinal resistance of both a the UCF. The resistance of the large device segriggb;
“large” region (R 29 and a “small” region(Rs 49 to be  [Fig. 1(c)] shows no indication of similar fluctuations be-
simultaneously measured, wheRg ,, is the four-terminal ~cause they are smaller than the resolution capabilities of the
resistance when the current is passed from prolie§ and  standard ac lock-in measurement. Reproducible structure due
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FIG. 2. A and B are two different measurements of the 2 large region of a second device for various temperatures.

responsgRef. 17 between probes 2 and 3 a=3.0 K. Note, on
this scale, the two traces coincid@: 2w ac response witlB,=0
illustrating the size of the system noid®: 2w ac response between
probes 2 and 3 & =3.0 K after warming the sample above 200 K.

[Eq. (1)] of the 2w response has been analyzed, and a great
deal of qualitative information can be derived. A normalized
correlation functionF(AB)/F(0), can bedefined for the &
to fluctuations in the magnetoresistance is observed ind¢he 2response, and the trends observed will be the same as for the
response that is measured across both the small regiagorrelation of the overall conductance. This normalized cor-
(probes 4 and 5 and across the large regi¢probes 2 and)3  relation function,F(AB)/F(0), is shown in Fig. 3 for vari-
[Figs. 4b) and 1d)].}” The 2» response measured across theous data sets. There is a negative drop in these normalized
small region can be directly correlated with the magnetorecorrelation functions that arises from the derivative nature of
sistance fluctuations observed Ryg 45 thus, the conduc- the measurement technique. This drop would not be ob-
tance fluctuations observed by using the modulatedserved in the correlation functions of the direct conductance
magnetic-field technique are due to UCF. fluctuations.

A series of measurements was performed to ensure that Recall thathoc(llLQ&z; therefore, the falloff ofF (AB)
these fluctuations are not a measurement artifact, or do nig determined by the phase coherence leng{AB)/F(0) is
arise from some mechanism other than UQ@F.and B, the same for both the large and the small segment under the
shown in Fig. 2, are thed2 responses measured across thesame measurement conditioffsig. 3(@)]. This is a strong
large region(probes 2 and Bin two different experimental indication that the physical mechanism giving rise to the
sweeps separated in time by a few hours, but obtained whilBuctuations is the same in both device segments. Although
the sample was still maintained at low temperatures; thesthe exact pattern of the conductance fluctuations is different
data illustrate the reproducibility of the fluctuatiom®.(Fig.  before and after thermal cycling, the weighted correlation is
2) is the experimental data after the device has been warmealso the same in these cases. While the exact configuration of
to temperatures above 200 K and then cooled to 3 K. Th¢he scattering centers is changed by warming the sample, the
exact structure observed is different from thatAnand B; ensemble average that determirieg. remains the same.
however, the magnitude and the characteristic field of théAnother device, with a slightly larger electron mobility=
fluctuations are the same as before the device was thermallg7 nf/V s), but otherwise identical, was also measured. Due
cycled. This is the expected behavior for UCF. At the higherto the larger scattering lengths in this sample as indicated by
temperatures, the impurities and dopants change their elethe higher mobility, UCF theory predicts that the correlation
tronic configurations, so that when the device is agairfunction (not shown for this device would have a faster
cooled, the random potential is different. This new randontfalloff than the previously discussed device. The data indi-
potential leads to a new magnetofingerprint. As an illustracate that this is true.[The effective B, where
tion that the amplitude of the instrumental noise in the sys¥(Bc)/F(0)=0.5, is=1.7 mT compared with=2.5 mT]
tem is significantly less than the observed fluctuatidds, The temperature dependence of the fluctuations has been
(Fig. 2 is the ac response measured wigr-0 T. We have  studied in a second device nominally the same as the one
observed similar fluctuations in a variety of device geom-previously discussed in detaiFig. 4) and is in qualitative
etries and heterostructure materials in addition to those deagreement with the theory of UCF. Notice that, at a given
scribed here. temperature, the conductance fluctuations are uniform in am-

The sensitivity of the modulated-magnetic-field measureplitude across the entire span of magnetic field, and the fluc-
ment technique allows these small fluctuations to be studiedyations are largest at our base temperature and decrease with
but the derivative nature of this method makes a direct, quarincreasing temperature until they cannot be experimentally
titative comparison with the statistical UCF theory for theresolved at temperatures abowd2 K. The variance of the
conductance difficult. Furthermore, we know of no theoreti-2w response, vé2w), depends upoh oc [Eq. (2)]. Loc de-
cal results concerning the effects of modulated magneticreases with increasing temperature, and this leads to the
fields on UCF to compare directly with our data. However,observed decrease in the amplitude of the fluctuations. This
the trends predicted for the conductance fluctuations wildecrease i can be investigated more quantitatively by
also be observed in thesdesponse. The correlation function studying the normalized correlation function. As predicted
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FIG. 4. Temperature dependence of thea response between '€SPOnse shown in Fig. 4. The open circles represent the experimen-

probes 2 and 3 for the second device. The curves are offset fd@lly obtained data. The solid line is an empiriGal® fit. The ex-
viewing purposes. Note that the reproducibility of the fluctuations isPefimental noise level is indicated by the open square.

again shown by these data. in gualitative agreement with the thermal lengthg,~0.42
. . . pum atT=2.3 K andL;,~0.23um at 8.0 K, and the range of

by UCF theory, the decrease lipc with increasing the tem-  yhaqe values is supported by values of the phase coherence
perature shift8¢ and subsequently the dropoff BIAB) 10 |ength independently obtained from fits to the weak localiza-
larger magnetic fields. This trend is illustrated in Figb)3  {jon peak.(The L ,~0.7 um at T=2.3 K and~0.4 um at
Experimentally, the vd2w) is observed to have & func- T=8.0 K from weak localization techniques.
tional dependencéFig. 5) in the temperature regime of this  The conductance fluctuations that we have studied in
work. This is dramatically different from th& ~ depen-  (hege |arge samples exhibit the traits of UCF. By using
dence that is expected from the results of standard measurgyqylated-magnetic-field measurement techniques, we have
ments of the variance of the conductance in this relatively,pseryed and studied in semiconductor devices, a coherent
high temperature reginfelt is most probable that this differ- jerference effect in a large-size-scale regime. Because a
ence arises because the esponse is related to the second g ,antum interference effect is observed in these devices,
derivative, not the conductance itself. It may also be pos&blgqey can no longer be considered macroscopic, as seems
that the observed temperature dependence in these largg,st intuitive, but must be thought of as mesoscopic device
samples is due to a different physical mechanism than thayctures. The enhanced measurement sensitivity demon-
described by conventional UCF theory. Because there is Ngirated in these measurements should allow other known
quantitative theory for the effects of a modulated-magneticyanwm interference effects to be studied in new tempera-
field on UCF, it is difficult to resolve this issue conclusively. e or size regimes, and even make possible the observation

In the absence of a theory of the modulated-magneticys noyel, small-amplitude, quantum effects that have not yet

field response, we have simply integrated twice t0 obtairheen discovered when using more conventional experimental
conductance fluctuations that can be compared directly W'“Ebchniques.

the existing theory(The necessary scaling factors are ob-

tained by a comparison with the dc resistance that is mea- We would like to thank W. R. Thurber for experimental
sured simultaneouslyFrom the fluctuations in this derived help, and B. A. Sanborn for many helpful discussions. This
device conductance,qc can be obtained from both the vari- work was performed while C.A.R. was a National Research
ance and . The values ot o derived by this process are Council Research Associate.
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electronic noise level than the ac current curves. Ther@-
sponse is strictly correlated with these simultaneously acquired
dc MR curves. The fluctuations in the ac current MR curves are
different than those in the dc MR curves and therefore, do not
correspond to thea2 response. This is as expected, because the
Fermi energy will be at a different location when gu3- dc
current is applied than when a 100-nA ac current is appliad.
change in the Fermi level leads to a change in the UCF patterns.

158, L. Altshuler, A. G. Aronov, D. E. Khmelnitskii, and A. I.
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17Because of the qualitative nature of the arguments in this paper,

the units of the @ response are left as arbitrary units in the
figures. The actual units shown are an ohm: (times ac voltage

at 2w) divided by the(dc current in the sample This value
remains constant over a range of dc current, indicating that the
samples are in the linear response regime, and not heating. The
sample current for Figs.(h), 1(c), 2, and 3a) is 3 uA, and the
sample current for a second device used in Fig9), 3, and 5 is

2 pA. These sample currents gave reasonable signal-to-noise
ratios without showing signs of sample heating.



