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Observation of universal conductance-fluctuation crossovers in mesoscopic Li wires

J. S. Moon,* Norman O. Birge, and Brage Golding
Department of Physics and Astronomy and The Center for Fundamental Materials Research, Michigan State University, East L

Michigan 48824-1116
~Received 6 June 1997!

We have measured the 1/f resistance 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, the 1/f noise 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, the 1/f noise also shows a reduction by a factor of 2 in a weak magnetic
field. At high magnetic field, however, the 1/f noise 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 theory.@S0163-1829~97!07247-0#
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I. INTRODUCTION

The low-temperature electrical transport in weakly dis
dered metals has been well understood since the 1981

Conduction electrons diffuse on the scale of the elastic m
free path,l e ~typically tens of nanometers!, which is deter-
mined by static impurities, lattice imperfections, gra
boundaries, and sample dimensions. Processes that de
phase coherence, such as inelastic electron-electron
electron-phonon scattering, and phase breaking from s
flip scattering, occur much more rarely. At temperatures
low 1 K the conduction electrons maintain phase cohere
over length scales of the order of 1mm. Quantum interfer-
ence between multiply scattered paths of electrons on
scale of the phase-breaking length,Lf , leads to quantum
corrections to the electrical resistance, including the w
localization corrections to the average resistance2 and the
sample-specific universal conductance fluctuations~UCF!.3

The UCF manifest themselves as reproducible, but aperio
fluctuations in the conductance as a function of an exte
control parameter, such as magnetic field4 or gate voltage.5

In sufficiently small samples, the conductance fluctuatio
have an amplitude of ordere2/h that is nearly independent o
sample size and shape, hence the name ‘‘universal.’’ On
the remarkable features of UCF is that their amplitude
pends on the physical symmetries of the system under st
such as time-reversal symmetry or spin symmetry. Hence
UCF amplitude changes when the magnetic field exce
certain values, and also varies in the presence or absen
magnetic impurities or spin-orbit scattering.

There have been two main theoretical approaches to
culate the magnitude of the UCF variance, (dG)2, and its
dependence on the various spin interactions including s
orbit scattering, Zeeman splitting of the conduction-electr
spin degeneracy, and spin-flip scattering due to magnetic
purities. The original approach was based on a microsco
theory using impurity-averaged Green’s functions.6–9 Later,
it was shown that the relative value of (dG)2 ~and also the
560163-1829/97/56~23!/15124~9!/$10.00
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exact value in one dimension! can also be obtained from
random matrix theory, based on the statistical properties
the transmission matrix or the Hamiltonian.10–13 The eigen-
values of those matrices obey the level repulsion propert
the random matrix ensembles introduced by Wigner a
Dyson in the context of nuclear physics:14–16 the Gaussian
orthogonal ensemble~GOE! for a system with time-reversa
and spin symmetry, the Gaussian unitary ensemble~GUE!
when time-reversal symmetry is broken, and the Gauss
symplectic ensemble~GSE! in the limit of strong spin-orbit
scattering. The theoretical prediction for the UCF variance

~dG!2'
2

15 S e2

h D 2 ks2

b
, ~1!

wherek is the number of independent eigenvalue sequen
of the transmission matrix or Hamiltonian,s is the eigen-
value degeneracy, andb is equal to 1, 2, or 4 for the GOE
GUE, and GSE, respectively. Equation~1! is an equality for
one-dimension; for higher dimensions the exact numer
prefactor must be obtained from Green’s functi
calculations.7

Application of a magnetic field or addition of spin-orb
~SO! scattering changes the physical symmetry of a syst
resulting in the variation of the UCF magnitude.11 A system
with small spin-orbit scattering at zero magnetic field has
highest symmetry (b51, k51, s52), with UCF variance of
'(e2/h)2 given by Eq.~1!. With application of a magnetic
field, one should observe two distinct reductions of (dG)2 by
factors of 2. The first comes from breaking of time-rever
invariance of the electron orbital motion (b51→b52) and
the second is due to lifting of the spin degeneracy of
conduction electrons~the electron spin degeneracy,s
52→s51! and producing two~spin-up and spin-down! sta-
tistically independent eigenvalue sequences (k51→k52).
In a system with strong spin-orbit scattering, the sp
rotation symmetry is already broken at zero magnetic fi
(b54) but not the time-reversal symmetry, hence (dG)2 is
15 124 © 1997 The American Physical Society
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56 15 125OBSERVATION OF UNIVERSAL CONDUCTANCE- . . .
a factor of 4 smaller than in a low SO scattering mater
Application of a magnetic field in this system lifts the tw
fold Kramers degeneracy associated with the time-reve
invariance~s52→s51; b54→b52!, leading to a single
factor of 2 reduction in (dG)2 as a function of field.

There have been a series of experiments to verify th
predictions. The initial experiments4,5 established the near
universal amplitude of the conductance fluctuations, but
not address the more subtle issue of the different univers
classes implicit in Eq.~1!. A study of the UCF-enhanced 1/f
noise versus magnetic field in Bi films clearly confirmed t
factor of 2 reduction of (dG)2 versus field in the strong
spin-orbit regime.17 The factor of 4 change in (dG)2 associ-
ated with the relative size of the spin-orbit scattering len
and the phase-breaking length has also been observed.18 Un-
til now, there has been no clear verification of the two red
tions of (dG)2 as a function of magnetic field starting from
the fully symmetric, low spin-orbit scattering system~GOE!.
The interpretation of an earlier measurement19 of the UCF
crossovers in a low spin-orbit scattering system is susp
because the magnetic-field scale associated with the Zee
crossover reported in Ref. 19 is not consistent with the
perimental and theoretical results presented here.

Another issue addressed in this paper is the dependen
(dG)2 on the spin-flip scattering rate. Frequent flipping
the electron spin states, for example, due to magnetic im
rities, breaks the phase coherence and suppresses (dG)2

compared to the case without magnetic scatterers. When
Zeeman energy of the magnetic scatterers is larger than
temperature, the spin-flip scattering will be suppress
hence the value of (dG)2 without magnetic impurities is
recovered.20 Several experiments21–23 unraveled this high-
field behavior of (dG)2 in a system with magnetic impuri
ties. An issue not yet shown experimentally is wheth
(dG)2 in the presence of dilute magnetic scatters is redu
by an exact factor of 2 in a weak magnetic field. In t
Green’s-function approach to the theory,6–9 there are contri-
butions to (dG)2 arising from two classes of diagram
Cooperon and diffuson. The two contributions are equa
zero field, while the Cooperon contribution is suppressed
weak field. Since spin-flip scattering reduces both contri
tions equally in the limit of weak SO scattering, applicati
of a weak magnetic field should reduce (dG)2 by a factor of
2.

To address the issues discussed above, we need a re
experimental method to obtain the relative value of the U
variance, (dG)2, as a function of magnetic field. The trad
tional method of measuring static conductance fluctuati
versus magnetic field~the ‘‘magnetofingerprint’’! is inappro-
priate because we need the value of (dG)2 at fixed field.
Warming up the sample repeatedly to produce different
croscopic configurations of the scattering centers is not p
tical. Fortunately, in disordered metals, impurities or scat
ing centers rearrange themselves spontaneously at
temperature by quantum-mechanical tunneling.24 These rear-
rangements give rise to dynamic conductance fluctuat
via UCF.25,26 In samples large enough so that many mob
defects contribute to the conductance fluctuations, one
serves 1/f noise in the conductance due to the broad dis
bution of tunneling rates in disordered metals.17,27 The total
conductance change~the square root of the noise power i
l.
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tegrated over the experimental bandwidth! in metals is typi-
cally much less thane2/h; the noise is referred to as ‘‘un
saturated.’’ Nevertheless, the relative magnitude of the no
as a function of magnetic field reflects the universal rat
implicit in Eq. ~1!.8,17

In this paper, we describe 1/f noise measurements o
quench-condensed mesoscopic Li wires, with a thorou
presentation of UCF theory. We have chosen the ligh
metal, lithium, for its low spin-orbit scattering rate.28 We
address several important issues regarding UCF’s in the
spin-orbit scattering regime, both with and without spin-fl
scattering. In an experiment carried out in a sample w
negligible spin-dependent scattering, we clearly observe
distinct reductions of the 1/f noise power as a function o
magnetic field, as predicted by Eq.~1!. We evaluate the com
plete theoretical expression describing both reductions
find good agreement with our data. Some of these res
have already appeared,29 but without the full theory. In our
experiment the thermal energykBT is larger than the Thou-
less energyEc . Under this condition, we find both exper
mentally and theoretically that the magnetic-field scale
the electronic Zeeman crossover isBc2>2.7kBT/gmB , much
larger than the value ofBc2>Ec /gmB predicted earlier.8 In
Sec. VII, we show 1/f noise measurements as a function
magnetic field in a sample with low spin-orbit scattering b
with significant spin-flip scattering. We indeed observe a f
tor of 2 reduction in the 1/f noise with an application of
magnetic field, confirming the theoretical prediction th
spin-flip scattering suppresses equally the Cooperon and
fusion contributions to the conductance fluctuations. At h
magnetic field, we observe a dramatic increase in the no
consistent with the previous observations that spin-flip sc
tering is suppressed in a high magnetic field.21–23

II. EXPERIMENT

For minimal spin-orbit scattering, we have fabricated m
soscopic samples made of lithium. The sample dimensi
are in the quasi-1D regime~t,W,Lf,L, wheret, W, andL
are the sample thickness, width, and length, respective!,
because this restricted geometry further enhances the n
power via UCF.25 Lf is typically of the order of 1mm at 1
K, so samples with submicron transverse dimensions w
fabricated using electron-beam lithography on silicon s
strates. The samples were patterned with five leads for m
surement in a Wheatstone bridge circuit.

Since lithium metal is very reactive in air, it must b
handled in an inert gas~He or Ar! atmosphere or in a high
vacuum. We evaporate lithium thermally onto a cold su
strate kept at 4.2 K, which yields contamination-free dis
dered films. Quench-condensation of the Li films through
submicron mask, combined within situ measurements, re
quires major changes of conventional lithography beca
the final ‘‘lift-off’’ process cannot be carried out. The mas
must provide electrical isolation between the material dep
ited on the substrate and that on the mask surface. Also
mask must be thermally resistant during the evaporation
thermal cycling. Liciniet al.30 used a Cr metal stencil fabri
cated by ‘‘canyon’’ lithography.31 In our work we also uti-
lize a trilayer lithography, based on a PMMA/meta
copolymer structure to make a submicron metal sten
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15 126 56J. S. MOON, NORMAN O. BIRGE, AND BRAGE GOLDING
Here, a 50-nm-thick layer of aluminum is used for the me
layer because it can be wet-etched easily. The copoly
layer at the bottom provides electrical isolation between
metal stencil and the deposited sample.

After the Li films are quench-condensed, they are
nealed at 35–40 K to minimize long-term drift in their res
tance. The resistance and 1/f noise were measured with
low-frequency~510 Hz! ac bridge method,32 with a liquid-
nitrogen cooled step-up transformer to increase the sam
to-preamplifier noise ratio. To compensate for possible ba
ground fluctuations during the 1/f noise measurement, th
total noise (1/f noise1background) and the backgroun
were measured simultaneously with a two-phase dig
lock-in amplifier. All the electrical leads to the sample a
RF filtered at the entry to the cryostat, and again at the e
to the shielded room. A magnetic field perpendicular to
samples is provided by a 9-T superconducting magnet.

III. MAGNETORESISTANCE AND WEAK
LOCALIZATION

In a quasi-1D wire, the weak localization~WL! contribu-
tion to the resistance is given by33

DR

R
5

e2

p\

R

L
$ 3

2 @L ln
221 4

3 Lso
221 2

3 Lsf
221LB

22# triplet
21/2

2 1
2 @L in

2212Lsf
221LB

22#singlet
21/2 %, ~2!

whereL in , Lso, andLsf are the inelastic, spin-orbit, and spin
flip scattering lengths, respectively, and where the effec
magnetic field is expressed in terms of a 1D magnetic len
LB5()/2p)(h/e/BW). Note that the definition of the
phase-breaking length,Lf , is somewhat ambiguous in th
presence of spin-flip scattering because that process con
utes differently to phase breaking in the singlet and trip
terms of Eq.~2!. Strong spin-orbit scattering suppresses
triplet term, and hence changes the sign of the magnetor
tance at low field from negative to positive. Strong spin-fl
scattering suppresses both terms, hence it reduces the
nitude of the WL correction. Hence, the WL correction in t
magnetoresistance provides a tool to characterize ou
films in terms of spin-dependent scattering and inelastic s
tering.

We measured the magnetoresistance versus temper
of six samples, described in Table I. Samples 1 and 2 w
evaporated from a Ta filament, whereas samples 3–6 w
evaporated from a Ni-Cr filament. We will show below th
the samples fabricated with the Ni-Cr filament exhibit lar
spin-flip scattering, presumably due to Cr impurities in t
films.34 Figure 1 shows the magnetoresistance versus t
perature obtained from sample 1, which is quasi-1D. In
experimental temperature range, the magnetoresistance
ways negative, implying that the spin-orbit scattering is re
tively weak in the sample. The solid lines in Fig. 1 are lea
squares fits to the quasi-1D WL theory assuming no sp
dependent scattering~Lso5Lsf5`, henceLf5L in!. From
these fits, we obtain an estimate of the phase breaking len
Lf , at each temperature. Its temperature dependence ca
expressed asLf

2250.085T210.20~whereLf is in mm andT
is in K! as shown in Fig. 2. Analysis of the temperatu
dependence ofLf for all the samples, both 1D and 2D, a
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suming no spin-dependent scattering, is shown in Fig. 2.
each sample, the data fall on a straight line,Lf

225AT21B.
This power-law behavior in Li films has been report
previously30 over a wide range of temperature, although t
origin of theT2 dependence is not understood. Samples 3
have large values of the interceptB, in contrast to samples 1
and 2. Figure 3 shows magnetoresistance data from sam
3, where the WL corrections saturate noticeably as the t
perature is decreased, which can arise from residual spin
scattering as shown by Eq.~2!. Determination of the spin-
dependent scattering rates is difficult from the fit of the ma
netoresistance data at a single temperature, due to the
number of parameters in Eq.~2!. For samples 3 and 4, w
carried out global fits of the magnetoresistance data at
temperatures to Eq.~2!. In each global fit, we assumeL in

22

5aT2, using as fitting parameters the temperatu
independent length scalesLso andLsf , as well as the constan
a. The solid lines in Fig. 3 present our global fit to all ma
netoresistance data for sample 3, with the valuesLso
50.46mm, Lsf50.37mm, anda50.56 K22 mm22. Appli-
cation of the global fit to sample 4 yieldsLso50.26mm,

TABLE I. Sample parameters.l e was determined from the re
sistivity using free-electron theory.L in was determined by fitting
magnetoresistance data with Eq.~2!, labeled MR, or 1/f noise
power vs magnetic field with Eq.~4!, labeled 1/f . From samples 3
and 4,Lso50.46 and 0.26mm, andLsf50.37 and 0.23mm, respec-
tively ~see the text!. For sample 1, the table showsLf , not L in ,
determined withLso5Lsf5`.

L in ~mm!

Sample L W t Rh l e T51.6 K T54.2 K
No. ~mm! ~mm! ~nm! ~V! ~nm! MR 1/f MR 1/f

1 20 0.45 54 0.45 40 1.5 1.0 0.75 0.6
2 20 0.2 33 0.9 32
3 20 0.11 13 5.7 13 0.83 0.65 0.34 0.3
4 20 0.12 9 11.5 4.4 0.74 0.7 0.28 0.2
5 5800 205 7.8
6 5800 205 1.7

FIG. 1. Magnetoresistance data from sample 1 at temperat
1.6, 2.8, 4.0, and 5.6 K. The solid lines are fits to quasi-1D we
localization theory with no spin-dependent scattering.
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Lsf50.23mm, and a50.71 K22 mm22. In these samples
electrons lose phase coherence mostly due to strong spin
scattering.

Mohanty, Jariwala, and Webb35 have recently shown tha
an observed saturation ofLf at low temperature can aris
from an intrinsic quantum-mechanical dephasing proce

FIG. 2. The electron phase breaking length vs temperature
tained from the weak-localization fits to low-field magnetores
tance for quasi-1D wires~upper panel! and for 2D films ~lower
panel!. The straight lines are linear least-squares fits to the dat

FIG. 3. Magnetoresistance data from sample 3~with residual
spin-flip scattering! at temperatures 1.6, 2.5, 3.0, 3.5, and 5.0
The solid lines are global fits~see text! to quasi-1D weak-
localization theory.
ip

s.

Using Eq. ~2! from their paper, we find that the phas
breaking length in all our samples is considerably sho
than the intrinsic limit, lending further support to our inte
pretation in terms of spin-dependent scattering. In additi
the presence of strong spin-flip scattering in sample 3 is c
sistent with our observation of a strong increase in the no
at high field in that sample, to be discussed in Sec. VI.

IV. 1/f NOISE AND UCF

As discussed earlier, the calculation of the UCF amplitu
can be performed within the framework of random mat
theory, with the result given by Eq.~1!, or by using the
formalism of impurity-averaged Green’s functions. With th
latter method, one finds that the fluctuations arise from t
classes of diagrams, called the Cooperon or ‘‘partic
particle’’ channel and the diffuson or ‘‘particle-hole’’ chan
nel, which give equal contributions at zero magnetic field18

A simple way to view the various UCF reduction factors is
describe the UCF variance in terms of the spin variables
the channels.36 The spin variables are total spinJ and its
projectionMz of electron and hole for the diffuson channe
and of electron and electron for the Cooper channel. If
rewrite each channel in terms of spin-singlet~J50, Mz50!
and spin-triplet~J51, Mz561,0! terms, then the UCF vari-
ance is given by

~dG!25@ 1
4 „dGs~B!…21 3

4 @dGt~B,Lso!#
2#pp

1F 1
4 ~dGs!

21 1
4 (

Mz

@dGt~MZgmBB,Lso!#
2G

ph

,

~3!

wheredGs anddGt stand for the conductance fluctuations
the singlet and triplet part, respectively, and pp and ph m
the particle-particle and particle-hole channel, respectiv
Strong spin-orbit scattering (Lso→0) suppresses the triple
contribution in both channels, leading to a factor of 4 redu
tion in the UCF variance. The effect of magnetic field aris
in two different ways: an orbital effect in the Cooperon cha
nel and a spin effect in the diffuson channel. Application
a weak magnetic field suppresses the Cooperon cha
completely ~both singlet and triplet!, while the diffuson
channel remains unaffected, hence the UCF variance is
duced by a factor of 2 whether the spin-orbit scattering
strong or not. At high magnetic field, if the spin-orbit sca
tering is weak, the effect of Zeeman splitting of the condu
tion electron spin degeneracy can be observed due to
suppression of theMz561 triplet parts in the diffuson
channel. The singlet and theMz50 part of the triplet contri-
bution remain, hence the Zeeman splitting results in a sec
factor of 2 reduction of the UCF variance.

V. ORBITAL EFFECT ON UCF

We have measured the 1/f resistance noise of severa
quasi-1D samples as a function of an applied perpendic
magnetic field. Figure 4~a! shows the 1/f noise power, nor-
malized to its value at zero field, from sample 3. As p
dicted by Eq.~3!, the noise power at low magnetic field
reduced by a factor of 2. A reduction of 1/f noise by a full

b-
-

.
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factor of 2 is observed at 1.6 K, but the noise at 4.2 K do
not quite drop by a full factor of 2 and levels off at 0.
Figure 4~b! shows a similar behavior for sample 4. We b
lieve that this leveling off in the noise power is due to
small contribution of local-interference-type noise, which
magnetic-field independent.37,38

The theoretical expression for the 1/f noise crossover
function due to the suppression of the Cooper channel
been calculated by Stone for the case of 2D films.8 He
showed that the characteristic field scale,Bc1 , corresponds
approximately to one flux quantum (h/e) over a phase-
coherent area. To compare our 1/f noise data obtained in
quasi-1D samples with theory, we have calculated the
noise crossover function in two different ways. First, w
have utilized29 an approximate analytical expression for t
field-correlation function calculated by Beenakker and v
Houten.39 We have also evaluated numerically the compl
theoretical expression for the 1D noise crossover, descr
in the Appendix.40 We found that the difference between th
approximate analytical and the exact numerical express
is negligible. From the evaluation of the noise crosso
function, n1(B), we are able to determine the characteris
field scale,Bc1 , explicitly in the quasi-1D regime. The resu
is Bc15A(h/e/LfW), where the numerical constantA de-
pends weakly on the ratio ofLf andLT5A\D/kBT, where

FIG. 4. Conductance noise power as a function of the perp
dicular magnetic field, normalized by its zero-field value. The d
for sample 3~upper panel! are taken at temperatures 1.6~d! and 4.2
K ~h!. The data for sample 4~lower panel! are taken at tempera
tures 1.6~d!, 4.2 ~h!, and 10 K~,!. The solid lines are fits to Eq
~4!, as discussed in the text.
s

-

as

D

n
e
ed

ns
r

c

D5vFl e/3 is the electronic diffusion constant. The consta
A lies between 0.21 forLf@LT and 0.16 forLf!LT .

In the actual fit to our data, we include an extra parame
c to account for the small local-interference-type no
present in our sample. So, the function we use is

SG~B!

SG~B!
5c1~12c!n~B!, ~4!

where forn(B) we use the functionn1(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 o
Eq. ~4! to the data. In the fit to the noise versus magne
field for samples 3 and 4, we used the values ofLso, andLsf
determined from the magnetoresistance analysis. Our be
parameters for sample 3 arec50 and 0.2 andL in50.65 and
0.34 mm at 1.6 and 4.2 K, respectively. The latter are ve
close to the values 0.8 and 0.35mm obtained from magne
toresistance measurements. The fit parameters for sam
arec50, 0.14, and 0.16 andL in50.7, 0.27, and 0.12mm at
1.6, 4.2, and 10 K, respectively. Therefore, the noise m
surements from samples 3 and 4 provide experimental
dence that a small magnetic field suppresses conduct
fluctuations by a factor of 2 even in the presence of sign
cant spin-flip scattering. Sample 1, with little spin-flip sca
tering, also exhibits a reduction of noise at low field,
shown in Fig. 5. The solid lines at low field in Fig. 5 are fi
with c50.1 and 0.2, andL in51.0 and 0.65mm at 1.6 and 4.2
K, respectively. The values ofL in for sample 1 are somewha
smaller than those obtained from magnetoresistance d
L in51.5 and 0.77mm at 1.6 and 4.2 K, respectively. A sim
lar discrepancy has been observed in 2D Ag films38 and we
believe it indicates that the dominant inelastic scattering p
cess at low temperature, probably electron-electron sca
ing with small energy transfer,41 contributes to phase
breaking more strongly in the case of UCF than in the c
of WL.42

n-
a

FIG. 5. Conductance noise power as a function of magnetic fi
at 1.6~d! and 4.2 K~h! from sample 1. The data are normalize
by the noise power at zero-field value. The solid lines are fits to
~4!, including both the low-field crossover@Eq. ~A8!, due to sup-
pression of the Cooperon channel# and the high-field crossover@Eq.
~A9!, due to Zeeman splitting of the conduction-electron-spin
generacy#.
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VI. ZEEMAN SPLITTING OF CONDUCTION ELECTRONS

The noise data in Fig. 5 show a second reduction b
factor of 2 at strong magnetic field, as predicted by Eqs.~1!
and~3!. This reduction in UCF arises from Zeeman splittin
of the spin degeneracy of the conduction electrons. The s
lines at high field in Fig. 5 present our numerical evaluat
of the electronic Zeeman crossover, given again by Eq.~4!,
but now forn(B) we use the expressionn2(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 t
are no free parameters in the theory—the constantc in Eq.
~4! was already determined by the fit to the low-field da
The characteristic magnetic field scale for the Zeeman cr
over isBc2>2.7kBT/gmB .

Understanding of the energy scale governingBc2 has
proven problematic. Stone claimed thatBc2 for unsaturated
UCF’s is determined by the Thouless energy,Ec5hD/Lf

2 ,
rather than by the temperature.8 Feng’s published result9

only covered the casekBT,Ec , whereas the situation mor
often encountered in experiment iskBT.Ec . Experimen-
tally, Debrayet al.19 measured the static variation of condu
tance in a quasi-1D GaAs/AlxGa12xAs heterostructure as
function of gate voltage at several values of magnetic field
1.3 K. After a first reduction of (dG)2 by a factor of 2 below
B;10 G ~confirmed by one data point at very low field!,
they reported the observation of a second factor of 2 red
tion at B;0.07 T. They estimated the Thouless energy
Ec /kB'88 mK and concluded thatBc2 is determined by the
Thouless energy. However, whenkBT.Ec , which is the
case both for our experiment and that of Debrayet al., we
conclude thatBc2 is determined bykBT. Numerical evalua-
tion of the high-field crossover expression given in the A
pendix yieldsBc2>2.7kBT/gmB for the casekBT@Ec , and
Bc2>0.56Ec /gmB whenkBT!Ec . We use the free-electro
value of theg factor (52) and we findBc253.9 T for T
51.9 K, in excellent agreement with the experimental d
shown in Fig. 5. We can only guess why the experimen
results of Debrayet al. are not consistent with this pic
ture: ~1! the magnetoresistance data did not fit to weak
calization theory, which provides the phase-breaking len
and an estimate of the Thouless energy;~2! there was only
one data point showing the first reduction of the UCF by
factor 2—thus if the zero-field data point were incorrect, th
the second reduction observed might actually correspon
the suppression of the Cooper channel, rather than to
Zeeman splitting as the authors claimed;~3! a major diffi-
culty in extracting the energy scale forBc2 from the experi-
ment on the GaAs/AlxGa12xAs structure lies in the fact tha
several values of theg factor, ;0.4 ~Ref. 43! and 13~Ref.
44!, as well as a magnetic-field dependence of theg factor in
GaAs/AlxGa12xAs heterostructures have been reported.

VII. ZEEMAN SPLITTING OF MAGNETIC IMPURITIES

The discussion in the previous section concerned the Z
man splitting of the conduction electron spin degenera
Another interesting issue is the dependence of (dG)2 on
magnetic field due to Zeeman splitting of magnetic impu
ties. Figure 6 shows the magnetic-field dependence of
relative 1/f noise power up to 9 T obtained from sample 3
a
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The noise power increases with field dramatically whenB
.0.5 T at 1.6 K, and slightly whenB.1 T at 4.2 K. This
behavior is in contrast to the reduction we observe in sam
1, which is due to the conduction electron Zeeman splitt
effect.

A probable explanation of the behavior shown in Fig. 6
based on the observation that there is finite residual spin
scattering in the sample, as shown in the magnetoresist
measurement. In a system with dilute paramagnetic imp
ties, spin-flip scattering is an additional phase-breaking p
cess, which suppresses the conductance fluctuations. W
the Zeeman splitting of the impurity spin states exceedskBT,
(dG)2 will be recovered due to the alignment of the ma
netic impurity spins and the suppression of spin-flip scat
ing. The magnetic-field scale iskBT/m imp , which corre-
sponds to 1.1 and 3.1 T at 1.6 and 4.2 K, respectively if
assume that the magnetic moment of the impurity ism imp
52mB . These estimated magnetic-field scales are clos
the experimental observations.

To analyze the data quantitatively, the spin-flip scatter
needs to be incorporated into UCF. Benoitet al.45 calculated
(dG)2 in a system with paramagnetic impurities at hig
magnetic field, assuming that~1! only the lowest two mag-
netic energy levels of the impurity would be important,
that the magnetic impurity could be treated as spin1

2 , and~2!
the magnetic scattering rate would be proportional toPuPd ,
wherePu andPd are the probabilities of the spin-1

2 impurity
being in the up or down state. The magnetic-field dep
dence of the spin-flip scattering rate can be incorporated
the total phase-breaking rate:

Lf
225L in

221
Lsf

22~B50!

cosh2S m impB

KBT D . ~5!

A theoretical expression for the noise with spin-flip scatt
ing can be derived in a straightforward manner, similar to
calculations of the noise crossover function in the Append
The additional SO scattering due to the dilute magnetic
purities is still negligible as shown in the negative magn

FIG. 6. Conductance noise power as a function of magnetic fi
at 1.6~d! and 4.2 K~h! from sample 3. The reduction of noise a
low field is discussed in Fig. 4~a!. The noise data at high-field are fi
to the paramagnetic impurity model@Eq. ~5!# with a single value of
magnetic moment, as discussed in the text.



n

ith

s

U
gl

try
a
e
g
th
lli

o

c
an

ch
bi
-
n

er
re
tin
tic
e

ul
t
n

ca

to

F
g
n
th

em
y
ld
ip
lly

u
ng
a
D
e

th

-

D
1/
t is
e

,
nce
an

e

le

,
,

-
a,

n
of

n

15 130 56J. S. MOON, NORMAN O. BIRGE, AND BRAGE GOLDING
toresistance. Thus, the theoretical expression depends o
quantitiesL in , Lsf(B50), andm imp . The solid lines at high
field in Fig. 6 show our fits to the theoretical expression w
only a single fit parameter,m imp50.7mB , where we used the
values ofL in obtained from the low-field fit to noise versu
magnetic field, andLsf(B50) determined by the low-field
magnetoresistance. Here, we assume that the effect on
of Zeeman splitting the conduction electron spins is ne
gible because there is strong spin-flip scattering,Lsf /L in
;0.5 at 1.6 K, which breaks the electron spin symme
Surprisingly, the simple theoretical function matches the d
fairly well and describes both temperature and field dep
dence of the noise power at high field in Fig. 6. Even thou
not all of the features in the noise data are explained from
simple model, the noise measurement provides a compe
picture of how spin-flip scattering changes the magnitude
conductance fluctuations.

VIII. SUMMARY

We have studied quantum transport in thelow spin-orbit
scattering limitby measuring UCF-enhanced 1/f noise as a
function of magnetic field and the weak-localization corre
tion to the average conductance in mesoscopic Li wires
films. In samples with low spin-flip scattering, the 1/f noise
power drops twice as a function of magnetic field, whi
confirms the theoretical predictions in the low spin-or
scattering limit. The first drop, at low field, is fit by a theo
retical calculation of the suppression of the Cooper chan
contribution to UCF, with the crossover field scale det
mined by one flux quantum over the phase coherent a
The second drop, at high field, arises due to Zeeman split
of the conduction-electron-spin degeneracy. The theore
crossover function for the high-field crossover agrees w
with the data, with no adjustable parameters. Our res
show that when the sample temperature is larger than
Thouless energy, the magnetic-field scale for the electro
Zeeman crossover is determined by the larger energy s
This is different from previous theoretical8 and
experimental19 work, where the field scale was presumed
be determined by the Thouless energy alone.

We also studied the effect of spin-flip scattering on UC
in the low spin-orbit scattering regime. In samples with ma
netic impurities, the amplitude of conductance fluctuatio
increases in a dramatic way at high magnetic field where
Zeeman energy of magnetic impurities is larger than the t
perature. From the fact that the noise power is reduced b
exact factor of 2 with application of a weak magnetic fie
we confirmed the theoretical prediction that the spin-fl
scattering suppresses the conductance fluctuations equa
the Cooperon and diffusion channels.
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APPENDIX

In this appendix, we describe the calculation of the 1
crossover functions used to fit our data of UCF-enhancedf
noise versus magnetic field. The conceptual starting poin
Eq. ~3!, which shows the contributions to UCF from th
different spin~J50 andJ51! and Green’s-function~Coop-
eron and diffuson! channels. For our 1/f noise experiments
we need the analogous formula for unsaturated conducta
fluctuations, i.e., fluctuations with amplitude much less th
e2/h. We follow the procedure of Al’tshuler and Spivak,26

which is described in detail for the 2D case by Stone.8 Each
of the quantities (dG)2 in Eq. ~3! should be replaced by th
variance of unsaturated conductance fluctuations, (dG8)2:

dg825@ 1
4 „dgs8~B!…21 3

4 „dgt8~B,Lso!…
2#pp

1F 1
4 ~dgs8!21 1

4 (
Mz

„dgt8~MzgmBB,Lso!…
2G

ph

,

~A1!

where s and t stand for singlet (J50) and triplet ~J51,
Mz521, 0, or 1!, and pp and ph stand for particle-partic
~Cooperon! and particle-hole~diffuson! contributions. Each
term in Eq.~A1! is of the form

dg82~B,T!52
4s2

p2 E dDE

2kBT
KS DE

2kBTD d

d~1/tf!

3F0~DE,B!, ~A2!

whereK(x)5(x cothx21)/sinh2x, s is the spin degeneracy
and F0(DE,B) is the T50 energy correlation function
which is a sum over powers of eigenvaluesl:

F0~DE,B!5(
m

F 1

ulu2 1 1
2 ReS 1

l2D G . ~A3!

The normalized~dimensionless! eigenvalues for the Coop
eron~pp! channel, calculated by Lee, Stone, and Fukuyam7

are given in the weak spin-orbit scattering limit as

lpp~m,DE,B!5m21S L

pLf
D 2

1
4

3 S L

Lf
D 2S BLfW

h/e D 2

2 i
DE

p2\D/L2 , ~A4!

wherem is an integer,DE is the energy difference betwee
two Green’s functions. The effect of Zeeman splitting
conduction electrons on UCF was calculated by Stone8 and
by Feng.9,40 The normalized eigenvalues of the diffuso
channel are given by

lph~m,DE,Mz ,B!5m21S L

pLf
D 2

2 i
~DE1MzgmBB!

p2\D/L2 .

~A5!
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Spin-dependent scattering is incorporated into Eqs.~A4! and
~A5! following Chandrasekharet al.36 The singlet (s) and
triplet (t) channels each have their own phase-break
length:

Lf,s
UCF5@L in

221Lsf1Lst
22~B!#21/2,

Lf,t
UCF5@L in

221Lsf
22~B!1 4

3 Lso
22#21/2. ~A6!

To get from (dg8)2 to the crossover function for 1/f noise,
we need to assume that the number of mobile defects in
sample that contribute to the noise within the bandwidth
the experiment, is unchanged by the magnetic field.46 Then
the 1/f noise crossover function,n(B), is given by

n~B!5
dg82~B!

dg82~0!
. ~A7!

Equations ~A1!–~A7! give the complete noise crossove
function, valid at all magnetic fields. As shown in Fig.
N

.

t

.

g

he
f

there are two noise crossovers as a function of magnetic fi
for the case of negligible spin-dependent scattering. The
arises from the orbital effect, which kills the Cooper chann
contribution to UCF, while the second arises from the Ze
man effect in the diffuson channel. Since the magnetic-fi
scales for the two crossovers are spaced far apart, we ca
the data one piece at a time. At low field, the diffuson co
tribution to n(B) is constant~and equal to1

2!, and the cross-
over occurs as the Cooperon contribution is suppressed
field. Hence the low-field crossover function takes the for

n1~B!5 1
2 S 11

dgpp8
2~B!

dgpp8
2~0!

D . ~A8!

At high field, the Cooperon contribution is already zero,
the crossover function becomes

n2~B!5 1
2

dgph8
2~B!

dgph8
2~0!

. ~A9!
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