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Weakly Localized Behavior in Quasi-One-Dimensional Li Films
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The low-temperature magnetoresistance of quench-condensed Li films of varying widths is stud-
ied in order to observe the one-dimensional localization effects first predicted by Thouless. The lo-
calization effects are dominant and clearly differentiated from other contributions to the resistivity.
The roles of the various scattering mechanisms controlling the localization contribution are deter-

mined.

PACS numbers: 72.15.Gd, 71.55.Jv

There have been many attempts to observe the
finite-temperature manifestations of the localized
behavior predicted by Thouless! for quasi-one-
dimensional (1D) electronic systems.2? However,
most progress on the so-called ‘‘weak localization’’ re-
gime has been made through studies of the analogous
behavior in two-dimensional systems. The behavior is
more complex than originally envisioned but is now
very thoroughly understood and studied.”"!° In partic-
ular, as Thouless predicted, the finite-temperature
corrections to conductivity scale with the diffusion
length between inelastic collisions, i.e., those which
destroy the coherence of an electron wave packet:
L,=(D7;)V? for a process described by relaxation
time 7,(7) if D is the diffusion constant. However,
other scattering mechanisms also influence the
behavior. Spin-flip scattering by magnetic impurities
also limits coherence on a length scale Ly= (D7,)V2
As T— 0, spin-orbit scattering reduces and eventually
changes the sign of the corrections at a scale
Lso=(D~rso)1/2. In addition, resistivity corrections
which may be similar to the quantum interference
terms have been found to arise from the inclusion of
electron interactions in the calculation of conductivi-
ty.18-20 These interaction effects, characterized by yet
another scale, L= (#D/2kgT)V2, have apparently
dominated over the interference corrections in many
of the searches for the one-dimensional effect.® Re-
cently Santhanam, Wind, and Prober’ have successful-
ly analyzed the resistivity of narrow Al films combin-
ing the theory of superconducting fluctuations with the
one-dimensional localization theory. Wheeler et al8
have observed a temperature- and field-dependent
resistance attributable to localization in narrow MOS-
FETS. Neither these nor work on normal metal sam-
ples have shown the effect with the clarity of the
analogous two-dimensional work. Here we observe
the one-dimensional behavior with such clarity in a
study of normal metal strips of different widths W.
The choice of material studied and the ability to
achieve small W provides samples well into the proper
limit L,(T)/ W > 1, where 1D localization effects are
dominant. With W as a variable one sees the Thouless
behavior as emerging from the better established 2D

effect with the crossover amounting to a rough abso-
lute measure of L;(T) relative to the known quantity
W. Using the magnetoresistance as well as the tem-
perature dependence as tools to differentiate among
the various scattering mechanisms and the competing
resistance contributions, one first may verify the accu-
racy of the ‘‘weak localization’’ theory and then mea-
sure the various quantities.

It is known that the ‘‘weak localization’’ corrections
to the ordinary conductivity are those arising from the
interference between the diffusing electron wave pack-
ets.!> The roles of the various scattering processes can
therefore be described in terms of the diffusion dis-
tances between scattering events of a particular kind.
The quantum interference corrections to resistance can
be written in the form?!

AR(TH) _ & Ro
RO mh W

for a thin film of sheet resistance R5 and width W. In
the simplest case (no spin-dependent scattering) and
for zero magnetic field, L (T,H) = L;(T) and Eq. (1a)
is Thouless’s result. In a magnetic field and in the
presence of spin-orbit scattering the expected behavior
is more complex’-2!:

L(T.H), (1a)

L(TH)=3[L(T) "2+ $Lg2+ Lg%~ V?
LD+ L7272, (1b)

where the effect of a magnetic field is expressed in
terms of a one-dimensional ‘‘magnetic length,!3”
Ly = (/3/m) o/ HW. Here o= hc/2eis the two elec-
tron or superconducting flux quantum. The region of
validity of Eq. (1) is L(7)> W and H < H,
= ¢,/ W2. In the simplest case Eq. (1) predicts a neg-
ative magnetoresistance for all H. The height and
width of the curves, AR (T,H)y, should increase as
W 1 for narrow wires if W is the wire or film dimen-
sion transverse to H. This clear signature of the one-
dimensional effect should be easily distinguished from
the two-dimensional effect which is characterized by
an essentially logarithmic dependence on temperature
and field but which is independent of W.
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The relation (1) does not include the effects of
spin-flip scattering and this contribution is not explicit-
ly included in existing theoretical results for the 1D
case. Examination of the 2D results!”"2 shows that
their inclusion may be accomplished by the following
substitutions in L (T, H):

L(D 2= L (D ?=L(~*+C,
()

-2 F —2=7 =2 1
Lso _'Lso “Lso "TC,

with C=2L,~2. The spin-flip term causes an apparent
saturation in the inelastic scattering rate. We see a sat-
uration of precisely this form and will formally adopt
Eq. (2) to allow complete systematization of our
results. It is physically and mathematically plausi-
ble!7-22 that spin-flip scattering has the effects indicat-
ed in 1D as well as 2D, but an explicit calculation is
needed, particularly regarding the relation between C
and L,. From magnetoresistance data at fixed T one
may determine only the quantities L,(7) and L, at
the temperature. However, if L;(T) can be accurately
determined, the extrapolated quantity L,(0) deter-
mines C and hence the magnitude of Ly, and L,(T).
These diffusion lengths are directly measured once the
validity of form (1) is verified. The related scattering
times require independent determination of the dif-
fusion constant D. For our purposes this may be taken
to have its free-electron value, D = v l,. Here, [ is
the mean free path between elastic scattering events
and is determined from the sample resistivity.

It is necessary to isolate the quantum interference
correction from other contributions to R(7T,H). Two
such contributions are required to provide a complete
characterization of our samples’ behavior over the en-
tire field and temperature range investigated. For our
purposes Ry may be assumed to be poL/Wd with
po= mvr/ne*ly, i.e., the free-electron resistance at low
temperature. The additional corrections to R (T,H)
are the usual temperature-dependent electron-phonon
scattering contribution, Ap/po= ly/vrTe, ~ T2, and a
contribution from interaction effects similar in form to
Eq. (1a) in the one-dimensional limit with L replaced
by L;,. Because both additional contributions are in-
dependent of field for small transverse field,?%2 they
are easily differentiated from the localization contribu-
tion. The background resistance including these con-
tributions will be referred to as

R$(T)=Ro+ Repy(T) + R (7). (3)

Lithium was chosen as a material for study because
there is experimental evidence?* that a large value of
L,(T) may be obtained with this material and because
this lightest of metals should provide the smallest in-
trinsic spin-orbit scattering rate.?> Films for study
were formed by quench condensation!*-1? (i.e., low-
temperature deposition) onto Si substrates. The He;-
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He, dilution-refrigerated vacuum deposition system
used is described elsewhere as is the lithographic tech-
nique used to pattern the films.26 Regarding the latter,
it is necessary to adapt available techniques which are
not, generally speaking, amenable to the low-
temperature environment or to in situ measurements.
However, a variation of ‘‘lift-off’’ processing may be
employed. With use of an electron beam technique
called ‘“‘canyon lithography’’?’ suitable stencils can be
made at the — 0.02-um level of resolution and pre-
cision.

The group of samples studied were made simultane-
ously, varying principally in width only. Each sample
had length L =1 mm and consisted of a parallel array
of either 27, 51, or 101 “‘wires.”” A ‘‘control sample”’
of a single 25-um-wide (therefore, far in the two-
dimensional limit) strip was also included. Only our
narrowest wiré shows evidence of significant nonuni-
formity or broken segments. The others should be
considered uniform to < +10 nm. For wires of width
W =0.25 um, the uncertainty in W is conservatively
+0.02 um. This is small enough for our purposes.
For the narrower wires, W was determined more accu-
rately from the sample resistance, assuming a sheet
resistance Rg=2.1 £0.2 Q determined from the wid-
er wires. Although the primary phenomena of interest
here depend only on the measured quantity
dR/dL = Rg/ W, derived quantities (such as 7;) re-
flect the uncertainty in d. Therefore, a more precise
measurement of d was obtained at the conclusion of
the experiments by a careful measurement of the ap-
proximately linear temperature dependence of the
films’ resistance above 60 K. Comparison to bulk
lithium??® yielded the value d =25 +1 nm. This value
corresponds to a resistivity p=Rgpd=5 uQ cm and a
free path ;=20 nm, with free-electron values for the
electronic constants.

After deposition of the films, they were annealed at
T ~— 20 K; this provided improved stability in the ob-
served resistance. The resistance was measured with a
low-frequency (~ 300 Hz) ac bridge. A magnetic
field perpendicular to the film substrate plane was pro-
vided by a superconducting magnet in the He bath out-
side the sample chamber. The measurements them-
selves were four-terminal measurements of voltage
and current with the applied voltage restricted to make
electron heating effects negligible. The temperature
range studied was 0.1 K< T < 16 K.

Figure 1 shows illustrative magnetoresistance data at
T=2.0 K and represents our central result, the obser-
vation of the quasi-one-dimensional weak-localization
effects described by Eq. (1). At this and higher tem-
peratures L,;(7,0) = L,(T), the simplest case. The
narrowest films are well into the one-dimensional re-
gime [L;(T)/ W >> 1] and a transition to characteris-
tic quasi two-dimensional behavior occurs as W is in-
creased. The curve height and width increase with
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FIG. 1. Magnetoresistance data for L; films varying in
width, W, down to 0.03 £0.01 pwm.

W —1 as required by Eq. (1), the signature of the one-
dimensional effect. The quantities AR(7,0)=(e%/
wk)/(dR/dL) L;(T) and the peak width at half height,
Hyjy=(3/m)¢o/L;,(T) W, are plotted in Fig. 2. The
linear behaviors are consistent with the same length
L,;(2 K)=0.76 um. This demonstrates the validity of
Eq. (1) and determines the coefficients to within a
common factor (actually the product of the coeffi-
cients is determined). In the fitting procedure a mea-
surement of the background resistance R§ (7) occurs
naturally. Equation (1) applies for Ly > W only, i.e.,
for H < H,,=d¢,/ W?2. For H > H,, the films behave
two-dimensionally. R§ (7) is then the extrapolated
behavior (1) fitted for fields H < H,, (only two points
are in fact necessary). The deviation of the Hi/( W)
data for W=0.71 um and W=1.0 um is consistent
with the fact that formally Hy,; > H,, for these sam-
ples. This amounts to a rough verification of the accu-
racy of the coefficients defining H,, and a rough abso-
lute measurement of L;(7). The magnetoresistance of
our narrowest wire (not included in Fig. 2) also
showed deviations. The deviations are in this case ex-
plainable by irregularities or nonuniformities — 0.01
nm or by discontinuities in a significant number of
wire segments.

A detailed fitting of the form (1) to AR(T,H) ; at
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FIG. 2. The magnetoresistance peak height AR/R and
peak width Hy, for the data of Fig. 1, vs W1,

different temperatures first verifies the form (1) for all
Hand Tand then determines the quantities L;(7) and
Ly, Some of the fitted curves for W =10.074 um ap-
pear in Fig. 3 along with L;(T). The fitted curves are
indistinguishable from the data except for the elimina-
tion of noise. For the fitted data Ly, =2.30 um as
determined from one of the curves. A small adjust-
ment in W was also required for this first fit.
[W =0.072 wm, within the error of the nominal value.
It should be noted that for large fields Eq. (1) depends
only on W and may be considered to measure this
quantity independently.] L,(T) is derived as the only
adjustable parameter in the rest of the fits. For the
entire temperature range, L;(7)~%2=0.29T72+0.21
um~2 If we assume the constant term to be
C=2L,"2 we get Ly=3.1 um, L,,=1.8 pum, and
L, (T)=19T"! um K using Eq. (2). The uncertain-
ties are conservatively 10% in the magnitudes.

L,(T) implies 7,=(1.4x10710 sec K2)T~2 +10%
consistent in form with scattering between electrons.
It is desirable to verify that this rate dominates the
other plausible candidate for dominance, electron pho-
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FIG. 3. Detailed fits of magnetoresistance data at various
temperatures for W =0.074 um. Except for the elimination
of noise, the fitted curves are indistinguishable from the
data. Inset: Values for the quantity L,(7)~2 as a function
of T2 for part of our temperature range.

non scattering. At temperatures 7 >4 K, R (T)
varies accurately as T2 with the required inelastic time
being 7,,=(1.6x10"% sec K3)T~3+10%, corre-
sponding to diffusion length L, = (D7,,)Y2> L,(T)
over the entire 7T range studied as is required. Howev-
er, the magnitude of the scattering rate is too large by
a large factor ( ~1000) to be described by the sim-
plest description of electron-electron scattering?’ and
implies a huge enhancement if this interpretation is to
be followed. The spin-orbit scattering rate is about
one order of magnitude higher than should eventually
be achievable in pure lithium if substrate and impurity
effects can be reduced.

As mentioned earlier, we have also isolated the con-
tributions of Coulomb interactions to the resistance.
R¢ (D) is dominated by a 7-Y2 term for T<2 K
consistent with the one-dimensional limit of the in-
teractions effect. This effect and its width dependence
will be discussed elsewhere.

In summary we have unambiguously observed the
‘““‘weak localization”’ limit of the one dimensionally lo-
calized behavior originally predicted by Thouless. The
one-dimensional effect depends on spin-dependent
scattering processes and magnetic fields analogously to
the more thoroughly studied two-dimensional effect
and is well described by the theoretical results includ-
ing these processes.

We gratefully acknowledge the technical assistance
of our colleague G. Kaminsky and advice from and
conversations with G. P. Schwartz, P. A. Lee, E. Abra-
hams, G. E. Blonder, and D. E. Prober.
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