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Observation of universal conductance-fluctuation crossovers in mesoscopic Li wires

J. S. Moori Norman O. Birge, and Brage Golding
Department of Physics and Astronomy and The Center for Fundamental Materials Research, Michigan State University, East Lansing,
Michigan 48824-1116
(Received 6 June 1997

We have measured theflfesistance noise of quench-condensed mesoscopic Li wires as a function of
magnetic field over the range 0—9 T at low temperatures. The noise versus field reflects the crossover behavior
of universal conductance fluctuations. Since Li has negligible spin-orbit scattering ftheidé versus mag-
netic field shows two distinct reductions by factors of 2. The first results from the breaking of time-reversal
invariance and the second from Zeeman splitting of the conduction-electron-spin degeneracy. In the experi-
ment the thermal energy is larger than the Thouless energy; in this case the former energy governs the
characteristic magnetic-field scale for the Zeeman crossover. In mesoscopic Li wires with finite spin-flip
scattering due to magnetic impurities, thé bise also shows a reduction by a factor of 2 in a weak magnetic
field. At high magnetic field, however, theflhoise increases dramatically when the Zeeman splitting of the
magnetic impurities is larger than the temperature. We analyze the data from both experiments quantitatively
and find good agreement with theof{$0163-1827)07247-Q

I. INTRODUCTION exact value in one dimensiprtan also be obtained from
random matrix theory, based on the statistical properties of
The low-temperature electrical transport in weakly disor-the transmission matrix or the Hamiltonidi"® The eigen-
dered metals has been well understood since the 1'980s/alues of those matrices obey the level repulsion property of
Conduction electrons diffuse on the scale of the elastic meathe random matrix ensembles introduced by Wigner and
free path,l, (typically tens of nanometexswhich is deter- Dyson in the context of nuclear physits:'® the Gaussian
mined by static impurities, lattice imperfections, grain orthogonal ensembleéSOE) for a system with time-reversal
boundaries, and sample dimensions. Processes that desti@yd spin symmetry, the Gaussian unitary enseniGIgE)
phase coherence, such as inelastic electron-electron ®then time-reversal symmetry is broken, and the Gaussian
electron-phonon scattering, and phase breaking from spirsymplectic ensembléGSB in the limit of strong spin-orbit
flip scattering, occur much more rarely. At temperatures bescattering. The theoretical prediction for the UCF variance is
low 1 K the conduction electrons maintain phase coherence
over length scales of the order ofm. Quantum interfer- , 2 e?\? ks?
ence between multiply scattered paths of electrons on the (6G) ~15\h B
scale of the phase-breaking length,, leads to quantum
corrections to the electrical resistance, including the weakvherek is the number of independent eigenvalue sequences
localization corrections to the average resistdrmed the of the transmission matrix or Hamiltonias,is the eigen-
sample-specific universal conductance fluctuati0d€F).®>  value degeneracy, an@lis equal to 1, 2, or 4 for the GOE,
The UCF manifest themselves as reproducible, but aperiodi€;UE, and GSE, respectively. Equati@l) is an equality for
fluctuations in the conductance as a function of an externadne-dimension; for higher dimensions the exact numerical
control parameter, such as magnetic fledd gate voltag8.  prefactor must be obtained from Green's function
In sufficiently small samples, the conductance fluctuationgalculations.
have an amplitude of orde?/h that is nearly independent of ~ Application of a magnetic field or addition of spin-orbit
sample size and shape, hence the name “universal.” One dfSO) scattering changes the physical symmetry of a system,
the remarkable features of UCF is that their amplitude de¥esulting in the variation of the UCF magnitutfeA system
pends on the physical symmetries of the system under studith small spin-orbit scattering at zero magnetic field has the
such as time-reversal symmetry or spin symmetry. Hence thiighest symmetry$=1, k=1, s=2), with UCF variance of
UCF amplitude changes when the magnetic field exceeds:(e?/h)? given by Eq.(1). With application of a magnetic
certain values, and also varies in the presence or absence figfld, one should observe two distinct reductions 8&(? by
magnetic impurities or spin-orbit scattering. factors of 2. The first comes from breaking of time-reversal
There have been two main theoretical approaches to calnvariance of the electron orbital motiog€& 1— 8=2) and
culate the magnitude of the UCF variancé®)?, and its the second is due to lifting of the spin degeneracy of the
dependence on the various spin interactions including spinconduction electrons(the electron spin degeneracys
orbit scattering, Zeeman splitting of the conduction-electron=2—s=1) and producing twdspin-up and spin-dowrsta-
spin degeneracy, and spin-flip scattering due to magnetic intistically independent eigenvalue sequenckes {—k=2).
purities. The original approach was based on a microscopith a system with strong spin-orbit scattering, the spin-
theory using impurity-averaged Green's functihSLater,  rotation symmetry is already broken at zero magnetic field
it was shown that the relative value 0@)? (and also the (B=4) but not the time-reversal symmetry, hen@&)? is
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a factor of 4 smaller than in a low SO scattering material.tegrated over the experimental bandwijdit metals is typi-
Application of a magnetic field in this system lifts the two- cally much less thae?/h; the noise is referred to as “un-
fold Kramers degeneracy associated with the time-reversaaturated.” Nevertheless, the relative magnitude of the noise
invariance(s=2—s=1; B=4—B=2), leading to a single as a function of magnetic field reflects the universal ratios
factor of 2 reduction in §G)? as a function of field. implicit in Eq. (1).%%

There have been a series of experiments to verify these In this paper, we describe flihoise measurements on
predictions. The initial experimerft3 established the near- quench-condensed mesoscopic Li wires, with a thorough
universal amplitude of the conductance fluctuations, but didPresentation of UCF theory. We have chosen the lightest
not address the more subtle issue of the different universalitgnetal, lithium, for its low spin-orbit scattering raté We
classes implicit in Eq(1). A study of the UCF-enhancedfl/ address several important issues regarding UCF's in the low
noise versus magnetic field in Bi films clearly confirmed thespin-orbit scattering regime, both with and without spin-flip
factor of 2 reduction of Q‘G)Z versus field in the strong Scattering. In an experiment carried out in a Sample with
spin-orbit regime’ The factor of 4 change indG)? associ-  Negligible spin-dependent scattering, we clearly observe two
ated with the relative size of the spin-orbit scattering lengttdistinct reductions of the 1/noise power as a function of
and the phase-breaking length has also been obsthént.  Magnetic field, as predicted by Ed). We evaluate the com-
til now, there has been no clear verification of the two reducPlete theoretical expression describing both reductions and
tions of (5G)2 as a function of magnetic field starting from find good agreement with our data. Some of these results
the fully symmetric, low spin-orbit scattering systé®OE).  have already appearédiput without the full theory. In our
The interpretation of an earlier measurenemtf the UCF  experiment the thermal energgT is larger than the Thou-
crossovers in a low spin-orbit scattering system is suspecltess energyE.. Under this condition, we find both experi-
because the magnetic-field scale associated with the Zeem&tentally and theoretically that the magnetic-field scale for
crossover reported in Ref. 19 is not consistent with the exthe electronic Zeeman crossoveBig=2.7gT/gug, much
perimental and theoretical results presented here. larger than the value d.,=E/gug predicted earlief.In

Another issue addressed in this paper is the dependence S€c. VI, we show 1/ noise measurements as a function of
(8G)? on the spin-flip scattering rate. Frequent flipping of magnetic field in a sample with low spin-orbit scattering but
the electron spin states, for example, due to magnetic impuith significant spin-flip scattering. We indeed observe a fac-
rities, breaks the phase coherence and suppress®y? ( tor of 2 reduction in the ¥/ noise with an application of
compared to the case without magnetic scatterers. When thgagnetic field, confirming the theoretical prediction that
Zeeman energy of the magnetic scatterers is larger than tHin-flip scattering suppresses equally the Cooperon and dif-
temperature, the spin-flip scattering will be suppressedfusion contributions to the conductance fluctuations. At high
hence the value of §G)? without magnetic impurities is magnetic field, we observe a dramatic increase in the noise,
recovered® Several experimerfts > unraveled this high- consistent with the previous observations that spin-flip scat-
field behavior of G)2 in a system with magnetic impuri- tering is suppressed in a high magnetic fféfd:*
ties. An issue not yet shown experimentally is whether
(8G)? in the presence of dilute magnetic scatters is reduced
by an exact factor of 2 in a weak magnetic field. In the
Green’s-function approach to the thedry,there are contri- For minimal spin-orbit scattering, we have fabricated me-
butions to (G)? arising from two classes of diagrams, soscopic samples made of lithium. The sample dimensions
Cooperon and diffuson. The two contributions are equal aare in the quasi-1D regime, W<L ,<L, wheret, W, andL
zero field, while the Cooperon contribution is suppressed in @re the sample thickness, width, and length, respeciively
weak field. Since spin-flip scattering reduces both contribubecause this restricted geometry further enhances the noise
tions equally in the limit of weak SO scattering, application power via UCF?® L, is typically of the order of lum at 1
of a weak magnetic field should reduc&Q)? by a factor of K, so samples with submicron transverse dimensions were
2. fabricated using electron-beam lithography on silicon sub-

To address the issues discussed above, we need a relialskeates. The samples were patterned with five leads for mea-
experimental method to obtain the relative value of the UCFsurement in a Wheatstone bridge circuit.
variance, §G)?, as a function of magnetic field. The tradi-  Since lithium metal is very reactive in air, it must be
tional method of measuring static conductance fluctuationbandled in an inert gagHe or Ar) atmosphere or in a high
versus magnetic fieltthe “magnetofingerprint) is inappro-  vacuum. We evaporate lithium thermally onto a cold sub-
priate because we need the value éf3)? at fixed field. strate kept at 4.2 K, which yields contamination-free disor-
Warming up the sample repeatedly to produce different midered films. Quench-condensation of the Li films through the
croscopic configurations of the scattering centers is not pracsubmicron mask, combined witim situ measurements, re-
tical. Fortunately, in disordered metals, impurities or scatterquires major changes of conventional lithography because
ing centers rearrange themselves spontaneously at lothe final “lift-off” process cannot be carried out. The mask
temperature by quantum-mechanical tunnefihfhese rear- must provide electrical isolation between the material depos-
rangements give rise to dynamic conductance fluctuation#ed on the substrate and that on the mask surface. Also, the
via UCF?>2%|n samples large enough so that many mobilemask must be thermally resistant during the evaporation and
defects contribute to the conductance fluctuations, one olthermal cycling. Liciniet al®° used a Cr metal stencil fabri-
serves 1f noise in the conductance due to the broad districated by “canyon” lithography? In our work we also uti-
bution of tunneling rates in disordered metHé’ The total  lize a trilayer lithography, based on a PMMA/metal/
conductance changghe square root of the noise power in- copolymer structure to make a submicron metal stencil.

Il. EXPERIMENT
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Here, a 50-nm-thick layer of aluminum is used for the metal TABLE I. Sample parameters.l, was determined from the re-
layer because it can be wet-etched easily. The copolymetistivity using free-electron theory.L;, was determined by fitting
layer at the bottom provides electrical isolation between thénagnetoresistance data with E@), labeled MR, or 1f noise
metal stencil and the deposited sample. power vs magnetic field with Ed4), labeled 1f. From samples 3
After the Li films are quench-condensed, they are an@nd 4,Ls;=0.46 and 0.2um, andL=0.37 and 0.23um, respec-
nealed at 35—40 K to minimize long-term drift in their resis- tively (see the tejt For sample 1, the table shows,, notLi,,
tance. The resistance andf IMoise were measured with a determined withl ;=L y=c.
low-frequency(510 H2 ac bridge method with a liquid-
nitrogen cooled step-up transformer to increase the sample-
to-preamplifier noise ratio. To compensate for possible back>2MPle L

Lin (,U«m)
W t R4 le T=16K T=42K

ground fluctuations during the fLhoise measurement, the NO-  (wm (um) (m) (@) (m) MR 1f MR 1/f
total noise (1f noisetbackground) and the background 1 20 045 54 045 40 15 1.0 0.75 0.65
were measured simultaneously with a two-phase digital » 20 02 33 09 32

lock-in amplifier. All the electrical leads to the sample are 5 20 011 13 57 13 083 0.65 034 035
RF filtered at the entry to the cryostat, and again at the entry , 50 012 9 115 44 074 0.7 028 027
to the shielded room. A magnetic field perpendicular to the 5 5800 205 78

samples is provided by a 9-T superconducting magnet. 6 5800 205 17

I1Il. MAGNETORESISTANCE AND WEAK

LOCALIZATION suming no spin-dependent scattering, is shown in Fig. 2. For

In a quasi-1D wire, the weak localizatigL) contribu-  each sample, the data fall on a straight ling*=AT?+B.
tion to the resistance is given By This power-law behavior in Li films has been reported
previously® over a wide range of temperature, although the

ﬁ_ e_z E{g[L’2+ s c2pz 2y o2 origin of the T? dependence is not understood. Samples 3—-6
R A L'?L"In " 3=so & 3&sf B triplet have large values of the intercef in contrast to samples 1
Lo o o_ap and 2. Figure 3 shows magnetoresistance data from sample
= 2[Lin"+ 2L "+ Lg “lsingiet» (2) 3, where the WL corrections saturate noticeably as the tem-

whereL ., L.,, andL ., are the inelastic, spin-orbit, and spin- perature is decreased, which can arisg frqm residual spin—ﬂip

flip scattering lengths, respectively, and where the effect opeattering as ShOV.V” by E(;_2). Determination o_f the spin-

magnetic field is expressed in terms of a 1D magnetic Iengthdepend_ent scattering rates is difficult from the fit of the mag-

La=(v3/2m)(h/e/BW). Note that the definition of the netoresistance data at a single temperature, due to the large
B_ .

phase-breaking length,,, is somewhat ambiguous in the number of parameters in E¢R). For samples 3 and 4, we

presence of spin-flip scattering because that process contrif'—"Irrlecj ?UI glct)baé f|§ cl>f the rr]n alg]rg)etlo;(:5|stance datgzat all
utes differently to phase breaking in the singlet and triple empgra ures 1o q - N each giobal Tit, we assuni,
=aT* using as fitting parameters the temperature-

terms of Eq.(2). Strong spin-orbit scattering suppresses the
triplet term,qand hence?ch%nges the sign ofgthe F:rFl)agnetoresigldepende_m I'engt.h sc_allago andLg, as well as the constant
tance at low field from negative to positive. Strong spin-flip ¢ The _SOI'd lines in Fig. 3 present our gI_obaI fit to all mag-
scattering suppresses both terms, hence it reduces the malfioresistance data for sample 3, V‘ﬂtzh thfz valueg
nitude of the WL correction. Hence, the WL correction in the ~ 0-464#M, Ls=0.37um, anda=0.56 K * um™*. Appli-
magnetoresistance provides a tool to characterize our L§ation of the global fit to sample 4 yieldss,=0.26um,
films in terms of spin-dependent scattering and inelastic scat-
tering. ; .
We measured the magnetoresistance versus temperature 1.6K
of six samples, described in Table I. Samples 1 and 2 were i P
evaporated from a Ta filament, whereas samples 3-6 were
evaporated from a Ni-Cr filament. We will show below that
the samples fabricated with the Ni-Cr filament exhibit large
spin-flip scattering, presumably due to Cr impurities in the
films34 Figure 1 shows the magnetoresistance versus tem-
perature obtained from sample 1, which is quasi-1D. In our
experimental temperature range, the magnetoresistance is al-
ways negative, implying that the spin-orbit scattering is rela-
tively weak in the sample. The solid lines in Fig. 1 are least-
squares fits to the quasi-1D WL theory assuming no spin-
dependent scattering_s,=Lg=, hencel ,=L;,). From
these fits, we obtain an estimate of the phase breaking length,
L,, at each temperature. Its temperature dependence can be
expressed 35;2:0-0852"“ 0.20(whereL 4 is in um andT FIG. 1. Magnetoresistance data from sample 1 at temperatures

is in K) as shown in Fig. 2. Analysis of the temperature1.6, 2.8, 4.0, and 5.6 K. The solid lines are fits to quasi-1D weak-
dependence of , for all the samples, both 1D and 2D, as- localization theory with no spin-dependent scattering.

Sample 1

a4
<
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Using Eq. (2) from their paper, we find that the phase-
breaking length in all our samples is considerably shorter
1 than the intrinsic limit, lending further support to our inter-
pretation in terms of spin-dependent scattering. In addition,
the presence of strong spin-flip scattering in sample 3 is con-
sistent with our observation of a strong increase in the noise
4 at high field in that sample, to be discussed in Sec. VI.

70 T T T T
quasi—1D wires
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2 (um™?)
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IV. 1/f NOISE AND UCF
Sample 2

0 M As discussed earlier, the calculation of the UCF amplitude
0 . . Samplel ] can be performed within the framework of random matrix
0 10 20 30 40 50 60 70 theory, with the result given by Edq1), or by using the

T2 (K?) formalism of impurity-averaged Green’s functions. With the
latter method, one finds that the fluctuations arise from two
classes of diagrams, called the Cooperon or “particle-
i particle” channel and the diffuson or “particle-hole” chan-
Sample 5 nel, which give equal contributions at zero magnetic fiéld.
A simple way to view the various UCF reduction factors is to
describe the UCF variance in terms of the spin variables of
the channels® The spin variables are total spihand its
projectionM, of electron and hole for the diffuson channel,
and of electron and electron for the Cooper channel. If we
rewrite each channel in terms of spin-singlét 0, M,=0)
and spin-tripletJ=1, M,= =1,0) terms, then the UCF vari-
ance is given by

2D films
100 -

75

50 Sample 6

L;? (um™?)

25

0 100 200 300
T2 (K?) 2_r1 2.3 2
(56) —[Z(‘SGS(B)) +Z[5Gt(BaLso)] ]pp
FIG. 2. The electron phase breaking length vs temperature ob-
tained from the weak-localization fits to low-field magnetoresis- + %(565)24—}—12 [5Gt(MZgMBBvLso)]2
tance for quasi-1D wiresupper panel and for 2D films (lower M,
pane). The straight lines are linear least-squares fits to the data.

ph
()

Lg¢=0.23um, and a=0.71 K2 um~2. In these samples, WheredGsanddsG, stand for the conductance fluctuations of
electrons lose phase coherence mostly due to strong spin-flfpe singlet and triplet part, respectively, and pp and ph mean
scattering. the particle-particle and particle-hole channel, respectively.
Mohanty, Jariwala, and WeBbhave recently shown that Strong spin-orbit scatteringL(,—0) suppresses the triplet
an observed saturation &f, at low temperature can arise contribution in both channels, leading to a factor of 4 reduc-

from an intrinsic quantum-mechanical dephasing proceséion in the UCF variance. The effect of magnetic field arises
in two different ways: an orbital effect in the Cooperon chan-

nel and a spin effect in the diffuson channel. Application of

' ' ' T T ' ' ' a weak magnetic field suppresses the Cooperon channel

Sample 3 | completely (both singlet and triplet while the diffuson
channel remains unaffected, hence the UCF variance is re-
duced by a factor of 2 whether the spin-orbit scattering is
strong or not. At high magnetic field, if the spin-orbit scat-
tering is weak, the effect of Zeeman splitting of the conduc-
tion electron spin degeneracy can be observed due to the
suppression of theM,==*1 triplet parts in the diffuson
channel. The singlet and thiv,=0 part of the triplet contri-
bution remain, hence the Zeeman splitting results in a second
factor of 2 reduction of the UCF variance.

AR/R

0.02 0.02 V. ORBITAL EFFECT ON UCF

B(T) We have measured thefltesistance noise of several
quasi-1D samples as a function of an applied perpendicular
FIG. 3. Magnetoresistance data from samplén@h residual ~Magnetic field. Figure @ shows the 1/ noise power, nor-
spin-flip scatteriny at temperatures 1.6, 2.5, 3.0, 3.5, and 5.0 K. malized to its value at zero field, from sample 3. As pre-
The solid lines are global fitgsee text to quasi-1lD weak- dicted by Eq.(3), the noise power at low magnetic field is
localization theory. reduced by a factor of 2. A reduction offlhoise by a full

-0.10 —0.06
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FIG. 5. Conductance noise power as a function of magnetic field
at 1.6(@®) and 4.2 K(O) from sample 1. The data are normalized
by the noise power at zero-field value. The solid lines are fits to Eq.

R (4), including both the low-field crossovéEq. (A8), due to sup-
T pression of the Cooperon chanhahd the high-field crossoveEq.
% (A9), due to Zeeman splitting of the conduction-electron-spin de-
< generacy.
a
l'l?
D=vl /3 is the electronic diffusion constant. The constant
Sample 4 A lies between 0.21 fok 4>L+ and 0.16 forl ,<L+.
0.1 il In the actual fit to our data, we include an extra parameter
00 s 0 ot o0 c to account for the small local-interference-type noise
B(T) present in our sample. So, the function we use is
FIG. 4. Conductance noise power as a function of the perpen- Sg(B)
dicular magnetic field, normalized by its zero-field value. The data S.(B) =c+(1-c)v(B), (4)

for sample Jupper panglare taken at temperatures 1) and 4.2
K (O). The data for sample 4ower panel are taken at tempera-
tures 1.6(@), 4.2 (0J), and 10 K(V). The solid lines are fits to Eq.
(4), as discussed in the text.

where fory(B) we use the functiomw,(B) valid at low field,
given by Eq.(A8) in the Appendix. The solid lines in Figs.
4(a), 4(b), and in the low-field part of Fig. 5 show our fits of
factor of 2 is observed at 1.6 K, but the noise at 4.2 K doe€q. (4) to the data. In the fit to the noise versus magnetic
not quite drop by a full factor of 2 and levels off at 0.6. field for samples 3 and 4, we used the valuet gf andL;
Figure 4b) shows a similar behavior for sample 4. We be-determined from the magnetoresistance analysis. Our best-fit
lieve that this leveling off in the noise power is due to aparameters for sample 3 aze=0 and 0.2 and.;,=0.65 and
small contribution of local-interference-type noise, which is0.34 um at 1.6 and 4.2 K, respectively. The latter are very
magnetic-field independefit:>8 close to the values 0.8 and 0.38n obtained from magne-
The theoretical expression for theflhoise crossover toresistance measurements. The fit parameters for sample 4
function due to the suppression of the Cooper channel hasrec=0, 0.14, and 0.16 and;,=0.7, 0.27, and 0.12m at
been calculated by Stone for the case of 2D fifimde 1.6, 4.2, and 10 K, respectively. Therefore, the noise mea-
showed that the characteristic field scalg;, corresponds surements from samples 3 and 4 provide experimental evi-
approximately to one flux quanturhfe) over a phase- dence that a small magnetic field suppresses conductance
coherent area. To compare ouff Toise data obtained in fluctuations by a factor of 2 even in the presence of signifi-
quasi-1D samples with theory, we have calculated the 1Rant spin-flip scattering. Sample 1, with little spin-flip scat-
noise crossover function in two different ways. First, wetering, also exhibits a reduction of noise at low field, as
have utilized® an approximate analytical expression for the shown in Fig. 5. The solid lines at low field in Fig. 5 are fits
field-correlation function calculated by Beenakker and varwith c=0.1 and 0.2, andl;,=1.0 and 0.65um at 1.6 and 4.2
Houten®® We have also evaluated numerically the completek, respectively. The values df;, for sample 1 are somewhat
theoretical expression for the 1D noise crossover, describesinaller than those obtained from magnetoresistance data:
in the Appendix}® We found that the difference between the L,,=1.5 and 0.77um at 1.6 and 4.2 K, respectively. A simi-
approximate analytical and the exact numerical expressioriar discrepancy has been observed in 2D Ag fiftrad we
is negligible. From the evaluation of the noise crossoveibelieve it indicates that the dominant inelastic scattering pro-
function, v1(B), we are able to determine the characteristiccess at low temperature, probably electron-electron scatter-
field scaleB.,, explicitly in the quasi-1D regime. The result ing with small energy transféf, contributes to phase-
is Bca=A(h/e/L 4W), where the numerical constaAtde-  breaking more strongly in the case of UCF than in the case

pends weakly on the ratio af, andLy=\%D/kgT, where  of WL.**
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VI. ZEEMAN SPLITTING OF CONDUCTION ELECTRONS

1.2 prmr— T T T T T

The noise data in Fig. 5 show a second reduction by a
factor of 2 at strong magnetic field, as predicted by Eds.
and(3). This reduction in UCF arises from Zeeman splitting
of the spin degeneracy of the conduction electrons. The solid
lines at high field in Fig. 5 present our numerical evaluation
of the electronic Zeeman crossover, given again by (Eyg.
but now forv(B) we use the expressiary(B) valid at high
field and given by Eq(A9) in the Appendix. The theory is in
excellent agreement with the data. We emphasize that there 0.2 Sample3 8
are no free parameters in the theory—the constaint Eq.

(4) was already determined by the fit to the low-field data. 0.0
The characteristic magnetic field scale for the Zeeman cross-
over isBg,=2.7kgT/gug -

Understanding of the energy scale governiBg, has

=0)

S¢(B)/Sa(B

JLL Lt 111l L1 i1t 1111l L1l
1073 1072 1071 10° 1ot
B(T)

bl tic. St laimed t ; turated FIG. 6. Conductance noise power as a function of magnetic field
proven problematic. Stone claimed ttif, for unsaturate at 1.6(®) and 4.2 K(O) from sample 3. The reduction of noise at

UCF's is determined by the Thouless ener§¥’: hD/Lé' low field is discussed in Fig.(4). The noise data at high-field are fit
rather than by the temperatutereng’s published resdit 1o the paramagnetic impurity modgq. (5)] with a single value of
only covered the casesT<E., whereas the situation more magnetic moment, as discussed in the text.

often encountered in experiment kgT>E.. Experimen-

tally, Debrayet al® measured the static variation of conduc- The noise power increases with field dramatically wien
tance in a quasi-1D GaAs/fba _,As heterostructure as a -~ 5T at 1.6 K, and slightly wheB>1T at 4.2 K. This
function of gate voltage at several values of magnetic field aenhavior is in contrast to the reduction we observe in sample
1.3 K. After a first reduction of §G) by a factor of 2 below 1 which is due to the conduction electron Zeeman splitting
B~10 G (confirmed by one data point at very low figld gffect.

they reported the observation of a second factor of 2 reduc- A probable explanation of the behavior shown in Fig. 6 is
tion at B~0.07 T. They estimated the Thouless energy aased on the observation that there is finite residual spin-flip
E./kg~88 mK and concluded thd&, is determined by the scattering in the sample, as shown in the magnetoresistance
Thouless energy. However, whd@gT>E;, which is the  measurement. In a system with dilute paramagnetic impuri-
case both for our experiment and that of Debedyal, we ties, spin-flip scattering is an additional phase-breaking pro-
conclude thaB,, is determined bykpT. Numerical evalua- cess, which suppresses the conductance fluctuations. When
tion of the high-field crossover expression given in the Ap-the Zeeman splitting of the impurity spin states excdegs
pendix yieldsBg,=2.7kgT/gug for the casekgT>E., and  (5G)? will be recovered due to the alignment of the mag-
Bc2=0.56E./gug whenkgT<E.. We use the free-electron npetic impurity spins and the suppression of spin-flip scatter-
value of theg factor (=2) and we findB.,=3.9T for T ing. The magnetic-field scale i&gT/uy,, which corre-
=1.9K, in excellent agreement with the experimental datasponds to 1.1 and 3.1 T at 1.6 and 4.2 K, respectively if we
shown in Fig. 5. We can only guess why the experimentahssume that the magnetic moment of the impuritysjg,
results of Debrayet al. are not consistent with this pic- =2, These estimated magnetic-field scales are close to
ture: (1) the magnetoresistance data did not fit to weak l0the experimental observations.

calization theory, which provides the phase-breaking length To analyze the data quantitatively, the spin-flip scattering
and an estimate of the Thouless ener@);there was only needs to be incorporated into UCF. Benetital *> calculated
one data point showing the first reduction of the UCF by a5G)2 in a system with paramagnetic impurities at high
factor 2—thus if the zero-field data point were incorrect, thenmagnetic field, assuming thét) only the lowest two mag-
the second re_duction observed might actually correspond tgetic energy levels of the impurity would be important, so
the suppression of the Cooper channel, rather than to th@at the magnetic impurity could be treated as spiand(2)
Zeeman splitting as the authors claiméd) a major diffi-  the magnetic scattering rate would be proportionaP{®,,
culty in extracting the energy scale fB¢, from the experi-  \hereP, andP, are the probabilities of the spihimpurity
ment on the GaAs/AlGa, _,As structure lies in the fact that peing in the up or down state. The magnetic-field depen-

several values of thg factor, ~0.4 (Ref. 43 and 13(Ref.  dence of the spin-flip scattering rate can be incorporated into
44), as well as a magnetic-field dependence ofghiactor in  the total phase-breaking rate:

GaAs/ALGa, _,As heterostructures have been reported.

B T ®
VIl. ZEEMAN SPLITTING OF MAGNETIC IMPURITIES COSH(MimpB)

The discussion in the previous section concerned the Zee-
man splitting of the conduction electron spin degeneracyA theoretical expression for the noise with spin-flip scatter-
Another interesting issue is the dependence &5)2 on  ing can be derived in a straightforward manner, similar to the
magnetic field due to Zeeman splitting of magnetic impuri-calculations of the noise crossover function in the Appendix.
ties. Figure 6 shows the magnetic-field dependence of th&€he additional SO scattering due to the dilute magnetic im-
relative 1f noise power upd 9 T obtained from sample 3. purities is still negligible as shown in the negative magne-
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toresistance. Thus, the theoretical expression depends on th&F for support of this work under Grants Nos. DMR-
quantitiesL;,, Ls(B=0), andu;m,. The solid lines at high 9321850 and DMR-9312544.
field in Fig. 6 show our fits to the theoretical expression with

only a single fit parametegy,,=0.7ug , where we used the APPENDIX
values ofL;, obtained from the low-field fit to noise versus _ _ _ _
magnetic field, and.4(B=0) determined by the low-field In this appendix, we describe the calculation of the 1D

magnetoresistance. Here, we assume that the effect on UGFossover functions used to fit our data of UCF-enhanced 1/
of Zeeman splitting the conduction electron spins is negli-noise versus magnetic field. The conceptual starting point is
gible because there is strong spin-flip scatterihg/L;,,  Ed. (3), which shows the contributions to UCF from the
~0.5 at 1.6 K, which breaks the electron spin symmetrydifferent spin(J=0 andJ=1) and Green’s-functiottCoop-
Surprisingly, the simple theoretical function matches the dat&ron and diffusopchannels. For our 1/noise experiments,
fairly well and describes both temperature and field depenwe need the analogous formula for unsaturated conductance
dence of the noise power at high field in Fig. 6. Even thougfluctuations, i.e., fluctuations with amplitude much less than
not all of the features in the noise data are explained from the?/h. We follow the procedure of Al'tshuler and Spivak,
simple model, the noise measurement provides a compellinghich is described in detail for the 2D case by StBiach
picture of how spin-flip scattering changes the magnitude obf the quantities §G)? in Eq. (3) should be replaced by the
conductance fluctuations. variance of unsaturated conductance fluctuatiof&’'j?:

89'2=[4(594(B))*+3(3{(B,Lso)Ipp

VIlIl. SUMMARY
We have studied quantum transport in tbes spin-orbit +| 58902+ 1) (89{(MgugB,Le))?|
scattering limitby measuring UCF-enhancedf Iloise as a Mz ph
function of magnetic field and the weak-localization correc- (A1)

tion to the average conductance in mesoscopic Li wires and

films. In samples with low spin-flip scattering, thef Hoise ~ wheres andt stand for singlet {=0) and triplet(J=1,
power drops twice as a function of magnetic field, whichM,=—1, 0, or 1, and pp and ph stand for particle-particle
confirms the theoretical predictions in the low spin-orbit (Cooperon and particle-hole(diffuson) contributions. Each
scattering limit. The first drop, at low field, is fit by a theo- term in Eq.(Al) is of the form

retical calculation of the suppression of the Cooper channel

contribution to UCF, with the crossover field scale deter- ) 4s? dAE AE d

mined by one flux quantum over the phase coherent area. 69’ (B,T)Z——zf kT K(Zk T a1

The second drop, at high field, arises due to Zeeman splitting T B B (L)

of the conduction-electron-spin degeneracy. The theoretical X Fo(AE,B), (A2)

crossover function for the high-field crossover agrees well

with the data, with no adjustable parameters. Our result@hereK(x)=(x cothx—1)/sint?x, s is the spin degeneracy,
show that when the sample temperature is larger than thend Fo(AE,B) is the T=0 energy correlation function,
Thouless energy, the magnetic-field scale for the electronigvhich is a sum over powers of eigenvalues

Zeeman crossover is determined by the larger energy scale.

This is different from previous theoreti€al and 1
experimentdf work, where the field scale was presumed to FO(AE,B)Z% WJF 2R 22
be determined by the Thouless energy alone.

We also studied the effect of spin-flip scattering on UCFThe normalized(dimensionless eigenvalues for the Coop-
in the low spin-orbit scattering regime. In samples with mag-eron(pp) channel, calculated by Lee, Stone, and Fukuydma,
netic impurities, the amplitude of conductance fluctuationsare given in the weak spin-orbit scattering limit as
increases in a dramatic way at high magnetic field where the

. (A3)

Zeeman energy of magnetic impurities is larger than the tem- 2 4 L\?BLyW\|?
perature. From the fact that the noise power is reduced by an )\pp(m,AE,B)zm2+ T) + 3 L_> ( e )
exact factor of 2 with application of a weak magnetic field, ™4 4

we confirmed the theoretical prediction that the spin-flip AE

scattering suppresses the conductance fluctuations equally in —i 2hD/L2’ (A4)

the Cooperon and diffusion channels.

wherem is an integerAE is the energy difference between
two Green’s functions. The effect of Zeeman splitting of
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Spin-dependent scattering is incorporated into E44) and
(A5) following Chandrasekhaet al*® The singlet 6) and
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there are two noise crossovers as a function of magnetic field
for the case of negligible spin-dependent scattering. The first

triplet (t) channels each have their own phase-breakingrises from the orbital effect, which kills the Cooper channel

length:
LY=L+ Lyt Lg2(B)] 12
LYSF=[Lin2+Lg(B) +4Lg2] 12 (AB)

To get from (5g’)? to the crossover function for flhoise,

contribution to UCF, while the second arises from the Zee-
man effect in the diffuson channel. Since the magnetic-field
scales for the two crossovers are spaced far apart, we can fit
the data one piece at a time. At low field, the diffuson con-
tribution to »(B) is constani{and equal ta}), and the cross-
over occurs as the Cooperon contribution is suppressed with

we need to assume that the number of mobile defects in thféeld. Hence the low-field crossover function takes the form

sample that contribute to the noise within the bandwidth of

the experiment, is unchanged by the magnetic fléffhen
the 1f noise crossover functiony(B), is given by

B)— 59'%(B) A7
"B Sg70) A7
Equations (A1)—(A7) give the complete noise crossover

function, valid at all magnetic fields. As shown in Fig. 5,

89,5(0) )
At high field, the Cooperon contribution is already zero, so
the crossover function becomes

v (B)=3| 1+ (A8)

(A9)
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