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Determination of the electronic phase coherence time in one-dimensional channels
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We utilize the weak-localization effect in an array of one-dimensional channels to perform a quantitative
measurement of the electronic phase coherence time at temperatures between 100 mK and 4.2 K in the
two-dimensional electron gas formed in a GaAgf8d; ,As heterostructure. The measured times agree well
with theories of dephasing based on electron-electron scatt¢80363-18208)07103-3

[. INTRODUCTION whereL is the channel lengthr, is the phase coherence
time, 7 is the elastic scattering time, adl=v?7/2 is the

The electronic phase coherence lengfhdetermines the diffusion coefficient. Since motion along the channel is dif-
range over which quantum interference effects may be obfusive, the phase coherence length is related to the phase
served. As such, knowledge of this length is crucial for decoherence time by the diffusion coefficieh(;,=(Dr¢)1’2.
signing and analyzing experiments involving such interfer- Experimentally, the easiest way to determif®,y, is to
ence phenomena. In GaAs/8a _,As two-dimensional apply a magnetic field perpendicular to the sample. At suffi-
electron gas(2DEG) systems, previous experiments haveciently large fields, time-reversal symmetry is broken and the
used the weak-localization correction to the classical resismagnetoconductance saturates at its classical value:
tance of a quantum wire to determine the value of this
length!~3 Although the results obtained from these experi- 0Gw=G(0)~G(B>Bgy). 2
ments have been useful, these earlier measurements all p

sessed some limitation that precluded a precise determinatioenflossitgrgt'oglIf'ilfc?ﬁaé I?iée(a?(r::\?grsv:lazen;i?g irgasgl:]f;}igfe::?)fco
of |,; for example, if the wires are too narrow, the phase y P

coherence time is comparable to the elastic scattering timéei,ighasj t?qea':r]' V1\;helha_llf—v¥|drth orfbthlek g)gzélgagotngeatu:_a IS
in which case the theory used to extragtfrom the local- emely narro (V pT) for ou DUIK 2 » DUt Dy €O
ization correction is no longer validMagnetoconductance straining diffusion in the lateral dimension, we may broaden

fluctuations due to quantum interference can also limit théhhe r\1,\rl1|d|tr\]/vicc)jftrt1hie r|10$;ihvzvatrlct)rr11 Le?;“r% Innaf?dltlonéiwht?nnthe
accuracy of the measuremeént. channe s narrower than the mean free pattlectro

I this paper, we utiize the wealclocalzation effect to £ B PEHEET TE RG2S FE R0 TR e ek
make a quantitative measurementl gfin narrow wires be-

tween 4.2 K and 100 mK, and find excellent agreement wit of the localization effect 1 mT). Beenakker and van

the dephasing rate calculated from models based on eIectrghf‘-OUten(BVH) have developed a theory for the line shape of
electron interaction& Section Il provides a brief introduction e m_agnetpcp?ductance i this quasiballistic one-
to the weak-localization effect. Section Ill summarizes thedlmensmnal limit.
important experimental details of the work. Finally, in Sec. 22 D12

IV we discuss our results. 5G(B)=— T

Il. WEAK LOCALIZATION

1 1 —-1/2
T¢ B
o . . In Eq. (3),
The weak-localization effect is a quantum correction to a©)

the classical Drude conductance. This correction arises from 9.5% 2427
the constructive interference of time-reversed pairs of back- 8= % T BWZ
scattered electron trajectories, which increases the probabil- Ui
ity for backscattering, resulting in a decreased conductancesq, specular boundary scattering, whefe=%/eB.
The amplitude of this correction is proportional to the num-
ber of phase-coherent backscattered trajectory pairs. In a
channel whose widthV is shorter than,,, electron diffusion

is constrained to one dimension and the amplitude of this Qur channels are formed by applying a negative bias volt-

IIl. SAMPLE DESIGN AND MEASUREMENT

correction i8 age to a split gate on the heterostructure surface that depletes
5y 12 1 the electron gas located 420 A below these gates. The 2DEG
sGu 2P (L1 (1) has ne=3.9x 10°m™2, wue=4.0x10° cn?Vs, and r
WL h L ¢ Ty T ’ =15.2 ps. The gates are patterned using electron-beam li-
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which implies that perfectly diffuse boundary scattering in
- our channels would redud2 to about 20% of its value in the
bulk 2DEG.

Previous experiments have demonstrated reflections from

—'—c

= T T T B electrostatically defined boundaries to b®5% speculat!

- == aem = ® From the present data, we can use the classical resistance of
e ™ M the channels to place a lower bound on the specularity. Con-
== = == == sider a simple mod& in which boundary collisions are fully

specular with probabilityp, and fully diffuse with probabil-
ity 1 —p. In this model, the resistance of a single channel is

V+ V-|
@Lock-in

FIG. 1. Schematic of sample and four-probe measurement cir-

cuit. The dimensions of the 20 channels have been exaggerated for Lo .
clarity. where ps and py are the resistivities assuming perfectly

specular and diffuse scattering, respectivgly=m*/e’n,r
thography followed by Cr/Au metallization. Figure 1 is a andpq= 7l pg/2WIn(I/W). The sheet density in the channels
schematic overview of the sample design and measuremepan be directly measured from Shubnikov—de Haas oscilla-
circuit. As indicated, annealed ANi;_,Ge pads in the cor- tions (ns=3.74< 10" m~?). Although the small decrease in
ners of the sample are used to make Ohmic contact to thelectron density from its value in the bulk likely results in a
electron gas. Greatly enlarged in the schematic, the indismall reduction of the elastic scattering time in the channels,
vidual channels are 10&xm long and 800 nm wide. The we may place a lower bound gy by using the bulk value
sample contains four identical columns in series, each ofor 7.
which consists of five parallel channels separated vertically Unless noted otherwise, our measurements are made with
by 500 um. The metal wires connecting these parallel chana negative bias of 400 mV applied to the gates defining the
nels are negatively biased, allowing current to flow fromchannels, slightly larger than the depletion volta@30
source to drain only through the channels. All of the chan-mV). Typically, the depleted region of the electron gas ex-
nels have the same negative bias applied to them, allowintgnds a short distance beyond the edge of the surface gate, so
simultaneous measurement of the resistance of the entire ate expect that the channels are actually slightly narrower
ray. In performing four-probe low-frequency, current-biasedthan their lithographic width of 800 nm. The most conserva-
lock-in measurements of the sample resistance, a smadilve estimate of boundary specularity, however, is made with
enough bias currenf2 nA) is used to prevent hot carrier Eqg. (5) assumingW equal to the lithographic width, and
effects that can attenuate the phase coherence 1Bngth. establishes a lower bound @>92%. If we assume this
As alluded to in the Introduction, the array of channels isedge depletion width is equal to the depth of the 2D(g®-
necessary for a quantitative measurement because of maiggg W=700 nm), our model findsp=96%. Finally, if we
nertoconductance fluctuatioAg\t sub-Kelvin temperatures, assumep=100%, the channel resistance places a lower
these manifestations of universal conductance fluctuntionbound on the width at 610 nm.
are comparable in magnitude to the localization correction in
channels of length less thap. Unlike the localization fea-
ture, these fluctuations can be positive or negative at zero
field, which allows them to be suppressed by making the Figure Za) shows the magnetoconductance of the array at
channels longer thah, and by averaging over multiple 4.2 K and 385 mK. In addition to the weak-localization cor-
channels. rection centered at zero field, we observe a gradual negative
The sample is oriented perpendicular to the magnetic fieladnagnetoconductance. Other investigators studying similar
in a helium dilution refrigerator. To isolate the sample from sample geometries have observed the same behavior as the
radiation, all of the leads to the sample pass through coldesult of classical size effectd;a small perpendicular field
metal film rf blocking resistors and two stages of Cu-powdemay deflect electrons whose velocity is parallel to channel
filters® Such precautions are necessary, because any radiaalls into a boundary, and such collisions will lead to the
tion that reaches the electron gas can shorten the phase amhserved negative magnetoconductance for even the small
herence time. amount of diffuse boundary scattering present in our
In quasiballistic channels, the nature of boundary scatterexperiment® At higher fields (~80 mT) we observe a
ing strongly influences the diffusion coefficient, and with it, crossover to a positive magnetoconductance, which is likely
the amplitude of the localization correctidiq. (1)]. For  due to a magnetic suppression of backscattetimgorder to
specular boundary scattering, the diffusion coefficient is unuse Eq.(2) to determiner,, these classical size effects must
changed from its value in the bulk, because momentunibe separated from the localization correction. This is easy to
along the channel is conserved during boundary collisionsaccomplish because, as shown in Fi¢a)2the localization
Conversely, for perfectly diffuse boundary scatterifg,is  correction decays rapidly with increasing temperature, while
reduced. In the limit thak>W,*° the classical size effects remain unaffected. From our higher-
temperature measurements, we see that the magnetoconduc-
oo tW In<|—> (4 tance of the classical size effects over the magnetic field
iy range of interest is well described by the parabolic fit shown

L
R=V—V[pps+(l—p)pd], (5

IV. RESULTS AND DISCUSSION
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Magnetic Field (mT) localization correction in the current measurem@ént.

Included in Fig. Zb) and Fig. Zc) is a fit to the BvH
FIG. 2. (8) G(B)—G(0) vs perpendicular fiel(400 mV biagat  theory[Eq. (3)] for the line shape of the localization feature.
385 mK (solid) and 4.2 K(triangles. Dashed line is a fit to the The value ofr, obtained from the amplitude of the localiza-
classical background. (b) BvH theory[Eq. (3)] fit to 385-mK data  tion correction is held fixed, leaving the channel width as the
following subtraction of the classical background for the array bi-gnly free parameter. The fit is restricted to fields less than
ased at 400 and 1000 mV(c) Expanded view of low-field region. +1 mT [the range shown in Fig.(8)], as the BvH theory is
only strictly valid whenl,>W. This restriction exists be-
in Fig. 2(a) (dashed ling Following subtraction of this clas- cause the lateral confinement may become irrelevant at fields
sical background, we may use EH@) to determine the am- large enough for dephasing to occur before the electron
plitude of the localization correction. reaches the channel walls, effectively making the channel a
Figure 2Zb) is an enlargement of the 385-mK low-field two-dimensional system. As seen in FigbR the fit is quite
magnetoconductance following subtraction of the paraboligood over a much larger field scale. This is because the long
background. After using Eq2) to find §Gyy., from the mean free path and specular boundaries in our channels in-
amplitude of the weak-localization correction Efj) is used sure that, on average, several boundary collisions must occur
to extract the phase coherence timemf=150+5ps (,  before an electron may be backscattered and contribute to the
=9 um). The quoted uncertainty comes from the magnetolocalization effect. It is only when the width is larger than
conductance fluctuations presétitough suppressedespite  the mean free path that high fields induce a crossover to
averaging by the array. In using E@L), perfectly specular two-dimensional behavior wheh,~W. The fit for the
boundary scattering is assumed in order to calculateds  400-mV gate biased array shown in Fig. 2 yields a channel
discussed earlier, nonspecular boundary scattering could imvidth of 725 nm, in excellent agreement with the range for
pede diffusion along the channel, so the assumption of pethe value ofW inferred earlier from the classical resistance
fect specularity could result in a systematic undervaluing obf the channels. Although previous work was able to quali-
4. Our lower bound on the specularity, however, assures ugtively demonstrate that flux cancellation plays an important
that any such systematic error is fairly small. role in the localization line shapé the large uncertainty in
A second possible source of systematic uncertainty inthe width of the etched channels used in those experiments
volves neglecting the magnetoconductance of electronprevented the gquantitative check of the BvH theory possible
electron interaction¥*!° At low temperatures, Coulomb in- in the current measurement.
teractions introduce quantum-mechanical correlations to the As shown in Fig. 8), lower temperatures produce a
electron motion that affect the conductance. Theseinter-  larger amplitude localization correction as the result of the
actions are dominated by a magnetic-field-independemt increased phase coherence length. Using the procedure de-
temperature-dependérthannel. There is, however, a small scribed earlier, the amplitude of the weak-localization cor-
field-dependent component whose effects in our channgkction can be used to determine the phase coherence time at
measurements are indistinguishable from that of weak localeach temperature, and these values are plotted in Hy. 3
ization, so neglecting these interactions in our analysis coultietween 100 mK and 4.2 K. It is possible to study the tem-
inflate the inferred value of ;. Fortunately, even at dilution perature dependence of in this manner, because the other
refrigerator temperatures, the measured value of these fielduantities in Eq(1), D and 7, are temperature independent
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below 4.2 K8 At these low temperatures, loss of phase co-procedure outlined earlier, we fing, = 135 ps from the am-
herence is believed to be the resultese scattering events piitude of the localization correction; a small decrease jn
between the injected electrons and those in the Fermi sea. |§ expected for the narrower channel according to .

the limit of a one-dimensional channel, the dephasing ratgve also fit the BvH theory, Eq3), to the data for the chan-

calculated from such scattering is given'by nels gate biased at 1000 mV. The fit remains excellent for
2 23 the narrower channels, and the widt#=495 nm extracted
i: Z("l In E) + KT ) G from the fit agrees well with the value inferred from our
7, 2 hE; \kT) \DTAWnt classical resistance measurements.

The first term comes from momentum conserving processes, Finally, note that the measured dephasing rate shown in
involving large energy transfers. The secaityquish term Fig. 3(b) saturates below 200 mK. As the temperature de-
describes dephasing through many small energy transfé&€ases from 200 to 100 mK, the measured value of the
events that occur as electrons are scattered quasielasticaﬁ nductance contlnues .to decrease due to Fhe magnetic-field-
by the fluctuating electric fields generated by the diffusivelldependene-e interactions alluded to earlier, but the am-
motion of other electrons. This Nyquist dephasing dominate®litude of the Weak-lqcallzatlon'correctlon and thg L!mversal
below about 1.5 K for our sample parameters. Included incor_lduc_:tance fluctuntions remain unchanged. This is a clgar
Fig. 3(b) is a plot of the calculated phase coherence timedndication that although the electron gas temperature contin-
when the known parameters of our system are inserted intges to de(?rease, the phase cohere_nce time hfas saturated.
Eq. (6). Although our measured values fey, are about 25% Saturation of the weak-localization correction woul_d be
larger than those calculated, the agreement between the tvs\?:pected once the phase coherence length exceeds either the
is quite good considering that there are no adjustable paranf'2nnél length or the Anderson localization length™. ™
eters in the theory. This agreement strongly suggeststieat 't Saturation, howeverl,=11um, which is significantly
interactions are indeed the dominant source of dephasin?}"ort?gtzr‘la” either the channel length or our Jdestimate
over this temperature range for 2DEG systems. for e Therefore, we th|nI§ |t_ is likely that the saturation

In order to examine the reproducibility of our results, we S dué to high-frequency radiation coupling to electron gas
studied three samples fabricated on adjacent chips takdigspite the fllterlng present in the systgm.'Calc':uIatlons of the
from the same heterostructure wafer. For all thermal cycle§'€ct of such radiation on weak localization in 2DEG sys-

of all samples, virtually identical temperature dependencie®Ms demonstrate that attenuation of theﬁle())calization correc-
are obtained forr,, which is not surprising as the array is 10N OCcurs in the presence of such radiatiom the future,

designed to average over the disorder that exists in thil Would be interesting to experimentally test this hypothesis,
2DEG. We also performed our measurements at differen‘?spec'a”y in light of recent reports on phase coherence satu-
channel widths. This was accomplished by varying the biagation at low temperatures.

voltage applied to the gated array. Changing the bias voltage

by a small amoun¢25 mV) is sufficient to completely rear- V. CONCLUSIONS

range the appearance of the conductance fluctuations, but

. Using the weak localization effect in electrostatically de-
only changes the width of the channel by about 10*Aie g y

! . : fined quasiballistic one-dimensional channels, we have per-
find that such a small change in the channel width has g, meq a quantitative measurement of the electronic phase
negligible impact on our_measurementsm,f. . coherence time. Over the temperature range examined, the

We have also examined the impact of more dramatiGneagyred dephasing rate agrees well with that predicted by

changes in the gate bias voltage. Included in Fig) B data  heories based om-e interactions. At very low temperatures
taken with the array gates biased at 1000 mV. Shubnikov—d ' y P ’

. . . ‘ diation.
bias voltage. Previous studies have found the elastic scatter-

ing time is roughly proportional tanglz.18 Using this rela-
tionship to estimate the effect of the reduced sheet density on
the elastic scattering time in our channels, the measured 76% This work was funded at Harvard by ONR Grants Nos.
increase in the classical resistance of the channels indicat®0014-95-1-0104 and NO00014-95-0866, and by NSF
that the width decreases frollv~700 to ~510 nm as the Grants Nos. DMR 95-0-1483 and DMR 94-0-0396, and at
gate bias is increased from 400 to 1000 mV. Repeating theJCSB by AFOSR Grant No. F49620-94-1-0158.
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