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Weak-localization magnetoresistance in quench-condensed lithium films
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We have studied the magnetoresistance due to weak localization in quench-condensed lithium films using
fields both perpendicular and parallel to the plane of the sample. Very few studies have examined the magne-
toresistance in metal films in both field orientations, and some puzzling anomalies have been reported. It has
been proposed that some of these anomalies are connected with spin effects. For the samples we report on here,
no spin effects were evident, and no anomalies were observed. In order to characterize our samples accurately,
we have developed a method for determining the thickness of a thin film from the weak-localization magne-
toresistance and the sheet resistance, valid for all mean free paths. Our method allows us to measure the film
thickness with an error of 8% or less without any knowledge of the mean free path or surface specularity. Once
we know the thickness, we may establish a range of possible values for the impurity mean free path. Applying
this analysis to our films, we find that electron transport in these samples is quasib@histimpurity mean
free path is greater than the film thickngsslespite the fact that they were quench condensed.
[S0163-182698)10131-5

I. INTRODUCTION report only on our observation of undoped films.
To characterize our samples accurately, and as an ex-

Weak localization of conduction electrons is a quantum-amp|e of the additional information that can be obtained by
mechanical interference effect that gives rise, at low temusing both perpendicular and parallel fields, we have mea-
peratures, to corrections to the semiclassical Drude conduéured the thicknesses of our films by combining the weak-
tivity. It is due to interference between pairs of semiclassicalocalization data and the sheet resistance. This measurement
paths related by time reversalpplying a magnetic field 1S S|r_nple \_Nhen the mean free path is very sh_ort compared to
destroys the time-reversal symmetry and suppresses this cot@ film thickness. When the mean free path is comparable to
tribution to the conductivity. The resulting magnetoresis-Or greater than the film thickness, however, extracting a mea-
tance reveals a wealth of information about the basic propsurement of the film thickness from the weak-localization
erties of the sample under study. In thin fims the weak-Magnetoresistance is more subtle. Our method, which is
localization magnetoresistance is strongly anisotropic: th@ased on the theory of Beenakker and van Holiterakes
semiclassical paths are nearly confined to a plane, and tH® assumption about either the surface specularity or the
paths couple much more strongly to a field applied perpentfagnitude of the impurity mean free path, and is thus appli-
dicular to the sample plane than to a parallel field. Measurecable to d|ffu3|ve, quasiballistic, an_d ballistic films. We de-
ment of magnetoresistance in both parallel and perpendiculdf€loped this procedure to characterize our quench-condensed
fields provides more information about a sample than does #hium films because no other thickness measurement was
measurement in only one field orientation. available. _ _

Although there have been several studies of weak- Ve also show how to measure the impurity mean free
localization magnetoresistance in both parallel and perperRath using the semiclassical model of Fuchs and
dicular fields in semiconductor heterostructufes)d in an- Sondheimer, together with the thickness obtained from the
isotropic material$, few experiments have been performed Weak-localization data. The impurity mean free path is the
in metal films, and some of these have observed surprisinf€an free path between collisions with bulk impurities and
anomalies. Giordano and Pennindtamserved anomalies in  does not count ;catterlng from t.h.e surfaces of the film. Our
the high-field magnetoresistance of gold films that 0bey_extracted value.ls _strongly sensitive to thg sgrface specular-
weak localization well at lower fields, and they saw behaviority. but when this is not known we can still find upper and
in silver films and iron-doped gold films that does not agredower bounds on the impurity mean free path. From this
with weak localization even in weak fields. Both Refs. 5 ang@nalysis we find that our films are quasiballigtice impurity
6 reported anomalies in the conduction electgofactor, as  Mean free path is greater than the film thicknetespite the
measured by the weak-localization magnetoresistance. AfCt that they were prepared by quench condensation.
least some of these anomalies were conjectured to be related
to spin effects, but so far no comprehensive theory has
emerged to accurately account for them. We chose to work The weak-localization correction to the sheet conductance
with lithium, which has very low intrinsic spin-orbit and of 3 film in a perpendicular magnetic field is givenlby
magnetic scattering ratéso that we may observe the weak-
localization magnetoresistance in the absence of spin effects, el 1 he 1 he
and so that we may add spin effects in a controlled manner 9(B,)= h v 27" 4eD74B, B 2" 4eD7B,/ |’
by doping our films with various impurities. In this paper, we

Il. THEORY
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wherey is the digamma functior is the diffusion constant, 1
7is the elastic-scattering time, ang is the inelastic dephas-
ing time. For fields less than about 1 T, the dependence on
is negligible, and the magnetoconductance only depends on
one undetermined parameter, the prodDct,, which is
conventionally defined as the square of the dephasing length,
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The parametea. is an effective film thickness. It is a mea-
sure of the coupling between the semiclassical paths of the
conducting electrons and the parallel magnetic fi¢lfe Rate Monitor Crystal .
will come back to this coupling term latgrAgain, the term Housing Evaporaﬁg{;Access
involving 7 has no field dependence, and the only parameter
that affects the magnetoconductance is the prodygit ;.
Thus, by combining the parallel and perpendicular weak- ~ SuPPort Rods | Shadow Mask
localization data, we can determine both the dephasing
lengthL , and the effective thickness. 4 Sample
In mixed fields, the field component parallel to the plane
of the sample has the effect of shortening the dephasing
length®!
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FIG. 1. Experimental apparatus. This unit goes into a conven-

1 fc } tional “He cryostat.

=t
42 4eD7B, chined out of a single block of aluminum to provide an ac-
where curate and consistent alignment of the field with the plane of
the sample. This alignment is critical for a parallel field mea-
> o surement, because even a slight misalignment introduces a
gfBy- @b field component perpendicular to the plane of the film, pro-
ducing a large additional, unwanted magnetoconductance
For very thin films, those with thicknesses comparable tcsignal. The alignment was checked for each sample by hold-
or even less than the conduction electrons’ mean free patfi}g the nominally parallel field fixed, and varying the per-
surface effects can play an important role in electron transPendicular field to find the magnetoconductance minimum
port. When the film thickness is much greater than the meafi-€., the point where the applied perpendicular field cancels
free path, electron transport is said to be diffusive, while inthe perpendicular component introduced by the Helmholtz
the opposite limit it is said to be ballistic. The case where thePain. In all cases, the parallel field was found to be aligned
thickness is between these two extremes is referred to as théth the plane of the sample to an accuracy of 0.6° or better.
quasiballistic regime. Expressioii$)—(3) are valid regard- The perpendicular component produced by this misalign-
less of whether transport is ballistic, quasiballistic, or diffu- ment introduces a negligible additional magnetoconductance.
sive. In the diffusive regimea. is equal to the film thick- Alignment of the perpendicular field is not critical.
ness. The relationship betweag; and the sample thickness ~ The films were grown under a vacuum of fotorr or
in the ballistic or quasiballistic regime is more subtle andbetter at temperatures ranging from 45 to 49 K. After

(3a)

1 11(e2

= +_ N
L3(By L3 3 l#c

will be discussed in detail below. growth, the samples were annealed at about 70 K for 1 h
after which an exchange gas of helium was introduced to the
IIl. EXPERIMENTAL PROCEDURE experimental space to facilitate cooling. A crystal rate moni-

tor provided a rough estimate of the film thickness as the
Figure 1 shows a schematic of the quench condensatiosamples were grown.

system. It fits into a conventional, top-loadifige cryostat. Resistances were measured using a four-wire, nulled
A copper, water-cooled electromagnet fits around the outsidck-in technique. The magnets were driven by a GPIB
of the cryostat, and provides fields perpendicular to the planpower supply controlled by a Macintosh llcx computer. The
of the sample. Parallel fields were provided by a superconsame computer was used to collect the data. Residual noise
ducting Nb-Ti Helmholtz coil inside the cryostat. The coil in the 1-Hz pass band of the lock-in was averaged away by
forms for the Helmholtz pair and the sample stage were mathe computer. This data collection procedure was checked
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FIG. 2. Magnetoconductance of sample 1 in a perpendicular

) ) . ) - FIG. 4. Magnetoconductance of sample 1 in mixed fields. The
field. Dots are data. Lines are a fit to the spinless weak-localization . ) ; . i

: ; parallel field was held fixed at 3 kG, while the perpendicular field
theory given in Eq(1).

was varied. The values df, anda.s determined from Figs. 2 and

. 3 were used to calculate,(B,), and the solid line is the magne-
against analog methodgAnalog methods were not used to oconductance predicted from E@), normalized to zero for a zero
collect the final data because they did not include signaperpendicular field.

averaging and were noisier than the digital methdoiata
were collected at two temperatures, 4.0tKe boiling point

the effectivel ,(B,) from Eq.(3b), using Eq.(38) to predict
of liquid helium in Bouldey and 2.2 K.

the magnetoconductance. The theory shown in Fig. 4 is that
prediction, and it agrees well with the data.

IV. RESULTS
. . ) V. ANALYSIS AND DISCUSSION
Figure 2 shows the magnetoconductance in a perpendicu-

lar field for sample No. 1. Figure 3 shows the magnetocon- An excellent account of the data reported here has been
ductance of sample 1 in a parallel field. Figure 4 shows th@btained using the weak-localization theory without spin ef-
magnetoconductance of the same santNie. 1) in a mixed  fects. There is no sign of spin scattering in this data. Our
field, where the parallel field was held fixed at 3 kG, and theobservations are consistent with the idea that the anomalies
perpendicular field was swept. In each case, dots are expe§€en by other workers are connected with spin effects.
mental data, and lines are theory. For the data taken in purely In order to accurately characterize our films, we have de-
perpendicular fields, we have adjusteg to produce a fit. ) _ _

For data taken in purely parallel fields, we varied the product TABLE I. Experimental parameters and calculations of thick-
aeff'—¢ to achieve a good fit. In each case, agreement betwedfss and mean free path of qgen(?h-condensed lithium films using
theory and experiment is good. The fit values for each of théhe analysis _presented. Both diffusive and specular surface scatter-
samples are reported in Table I. For all of the films we reporfng are considered.

here, the fits were of comparable quality. No additional pa-

rameters were adjusted to fit the mixed field data. We took Diffusive Specular
the value ofL , anda.; obtained from Fig. 2, and calculated T Ly aw Ro a a
Sample (K) (um) (m) () (mm) I/a (nm) I/a
1.0 ' ' ' ’ ‘ 1 4.0 0.52 6.7 344 132 51 125 1.8
08 L i 2.2 0.66 3.44
= 2 40 0.62 105 207 191 30 181 15
°§ 0.6 L | 22 084 110 207 196 2.7 186 14
= 3 40 0.44 7.7 310 147 39 138 1.7
2 04| | 22 050 3.10
;\x 4 4.0 0.62 82 336 150 3.0 141 15
gn 0.2 | g 22 1.00 86 336 154 27 145 14
= W 5 40 075 79 214 161 61 152 20
0.0 |- B 22 130 78 214 160 6.3 150 20
6 4.0 0.64 70 262 144 65 135 20
-0.2 ; '2 '1 (’) i é ; 22 097 68 262 141 7.2 133 21
Parallel Magnetic Field (kG) 7 4.0 0.53 7.7 287 149 43 140 1.7
22 071 7.7 287 150 42 140 1.7
FIG. 3. Magnetoconductance of sample 1 in a parallel field.8 40 0.77 106 144 207 47 195 18
Dots are data. Lines are a fit to the spinless weak-localization theory 22 122 104 144 205 49 193 1.8

given in Eq.(2).
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veloped a procedure for measuring the thickness based dhat of Beenakker and van Houtgror perfectly diffusive
theoretical results of Beenakker and van Holtalle also  surface scattering;; = 16, and for perfectly specular scatter-
show how a range of possible values for the impurity mearing, C;=12.1.

free path may be determined, once the thickness is known. Beenakker and van Houten evaluated the magnetic
(The impurity mean free path is the mean free path betweedephasing time numerically for all mean free pdttend
collisions with impurities. It does not count collisions with their results suggest an interpolation between the two ex-
the surface. treme regimes,

A. Thickness measurement 78=(78)1>at (78)1<a-

We have shown above how the weak-localization data caithis gives an expression for the effective thickness, valid for
be used to measure the dephasing lehgjtand the effective  all mean free paths, of
thicknessag;. We now show how this information can be

combined with the semiclassical sheet resistance to yield the a

true thickness of the film. Our method requires a discussion Aeff = C.D\ 2’
of the weak-localization theory for the diffuse, quasiballistic, 1+ )
and ballistic cases. 3vea

The weak-localization magnetoresistance for a film in a
parallel field was first studied by Al'tshuler and Aront}, Subst|tut|ng Eq(6) for the diffusion constant yields
for the diffusive case, where the impurity mean free gath
much less than the film thicknessa. Dugaev and a

Khmel'nitskii*? later treated the ballistic limit where>a, aeﬁ:( £Cy )1/2, @
1

assuming that reflection from the film surfaces was entirely
diffusive. Both papers considered only the limiting cases of
very strong and very weak magnetic fields. Beenakker an
van Houtefl extended these results to include specular as

Rpa?

%here the parameter

well as diffuse surface scattering, and to include numerically 1
the intermediate cases. f=—————
In this paper, we will only be concerned with the weak 6e?veN(Eg)

field limit, where the magnetic length,= 7 c/eB satisfies is independent of the specific parameters of the film. It only

. 2 <
thelrs:or;:(l:t;oglfm;?r:. Eq(2) the parallel field magnetocon- depends on the properties of the material from which the film
P g =q P 9 is made. Solving now for the actual thickness, we find

ductance may be written in terms of a magnetic dephasing
time

1 4§C1 1/21y 172
a=ag| — |1+| 1+ . (8)
e? T Eﬁ[ 2 RDaeff) ]
5g(BX)— In 1+ . —In - (4)
. In practice, we use this formula to find the true thicknass
where from the value ofagy; determined from weak-localization
) measurements. If an independent and very accurate measure-
_3 he 1 5 ment of the thickness were available, this formula could be
LI IS Daeszsz. (5) used to findC,, and thus the specularity.

Equation 8 depends only weakly on the surface specular-
The dephasing time contains the diffusion cons@nvhich  ity, and a reasonably accurate value for the film thickness
describes the spreading of the electrons in the film planesan be obtained without any knowledge of the actual value
This is related to the sheet resistariRg by the Einstein  of the constanC;. It is not hard to show from Eq8) that
relation the error in the thickness measurement due to uncertainty in
C, will always be less than 8.33%. This means that we can
T 2e?N(Eq)D ©) measure the thickness of a film within 8% or so just from a
Roa P weak-localization measurement and a sheet resistance mea-
surement. No knowledge of the specularity or the impurity

whereN(Eg) is the density of levels at the Fermi surface. mean free path is required, and the method works in the
The effective film thiCknesaeﬁ is equal to the actual film diffusive' ba”istiC, and intermediate regimes_

thicknessa in the diffusive limit wherd <a. Whenl > a, the

effective thickness is given By B. Mean free path

12 We may set upper and lower bounds on the mean free
path, once we have a measurement of the film thickness and
sheet resistance. The conductivity of a thin film is related to

Here v is the Fermi velocity of the conducting electrons, the conductivity of a bulk sample with the same microscopic

and C, is a dimensionless parameter that depends on thproperties(i.e., the same material, impurity concentration,

specularity of the surface scatterin@his notation follows etc) by

30,:&3
C,D

Aeff=
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1 10 \ T |
O§=0p 1_A/(p,K) -1,
K
wherek=all. The form of the functiom’ depends on the
microscopic model used to describe conduction in a thir 1 |
film. In this paper, we will use the Fuchs-Sondheimer_ \« 1
model® The parametep describes the fraction of surface & K
scattering events that are speculdy.perfectly specular sur- g‘“g
face would havep=1.) The film conductivityo; is defined
by the observed sheet resistance and the film thickness, 0.1 ]
1
Uf—@.
o o 0.01 L l
The bulk conductivityo, is given by the Drude formula 0.01 0.1 1 10 100
K
née?l
abzm. FIG. 5. Plot of the right-hand side of E¢) with p=0, along
F

with asymptotic expressions for very large and very srrall

(Recall thatl is the mean free path between collisions with _ _ _

bulk impurities, and does not count collisions with the sur- Intermediate cases, whete is of order unity, may be

face) treated numerically. Figure 5 shows a plot of the right-hand
We solve fork in terms of the sheet resistance, film thick- Side of Eq.(9) with p=0, along with the asymptotic expres-

ness, and parameters that depend only on the film materiaBions for very large and very smadl It is a simple matter to

calculate a value for the left-hand side, and then to solve Eg.
1 mue (9) graphically.

RoaZz né?  «

. 9

, 1
1-A'(p,«x) P

. . . . C. Experimental verification
The functionA’ is given in the Fuchs-Sondheimer model by ) ) )
To verify Eq. (8), we consider the results obtained by

Giordano and Penningtrin a gold film. They reported
weak-localization magnetoresistance in both parallel and
(10) perpendicular fields, and the film thickness as determined
during film growth. They quoted, for a pure gold filfwith

For a given sheet resistance and film thickness, we expe© magnetic impurities a sheet resistance oft# and a film
the minimum possible impurity mean free path to CorrespondhiCkneSS of 140 A. We have fit their parallel field data to
with the maximum possible specularitp=1, and vice Weak-localization theory including spin-orbit and spin-flip
versa. Forp=1, A’ vanishes, and Eq9) reproduces the Scattering. For parallel fields, this theory%s’
Drude formula. For any thin film, then, a lower bound on the

x(1—x2)

1
1-40-p) |, Sem=p o

3
A’(p.K)=§(1—p)

: : : e’ (3 1/ e)?

impurity mean free path will be set by 59(B,) — 8g(0)= — (5 Inl 1+ 372 (aeﬁLl)zBi}
|= Mug 1 (11) 1 1 2
" né® Rpa’ -3 In 143155 (aeﬁLO)ZB)Z(“.

Solving Eq.(9) with p=0 gives the upper bound on the The harameterk, andL, are the singlet and triplet dephas-

impurity mean free path. Ik>1 (i.e., the mean free path is 4 |engths, respectively, and are obtained from the perpen-
short compared with the film thickness, and the surfaces dgiciar field magnetoconductance. We used valuesLfor

not effectively contribute to the resistance of the Jilthen andL, given by Giordano and Pennington, and, for our par-
the second order term inAin Eq. (9) may be neglected, and llel field fits, we only alloweday to vary. ’By tI"1is proce-
the Drude formula again applies. In this case, the upper anaure, we fouhd the best fit valug af to be 86.5 A. Using
'°V.Vef bounds are the same, anq the mean frge path E’q. (8) with an effective thickness of 86.5 A and a sheet
uniquely determmgd by Eq11), with the inequality re- resistance of 4) gives a film thickness of 137 A assuming
placed by an equla!lty. . specular surfaces);=12.1), and 144 A assuming diffusive
If k<1, thenA’ is approximately surface scatteringd;=16). Each of these values is only a

few percent off from the 140 A quoted as the actual thick-
3 1 . ) ) : : )
A (0k)~k—— k?In| =], ness, verifying this method of measuring film thickness in
4 K this case.

and the upper bound on the mean free path is given by
D. Analysis of our films

l<a ex;{‘l s . ) The results of our analysis of thickness and mean free

3 né? Rya? path for eight films are given in Table I. The thicknesses are
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consistent with very crude measurements made with the coldeveloped a procedure to measure the film thickness from
crystal rate monitor. We find that the impurity mean freethe weak-localization magnetoresistariceboth parallel and

path is greater than the film thickness, regardless of whethgrerpendicular fieldsand the semiclassical sheet resistance.
the surface scattering is assumed to be specular or diffusivélnlike previous analyses, this procedure is not restricted to
Thus our films are quasiballistic, with impurity mean free the limiting cases of very short or very long mean free paths,
paths greater than the film thicknesses, despite the fact thanhd it allows us to measure the film thickness with an accu-
they were prepared by quench condensation. This result imcy of 8% or better, regardless of the mean free path or
somewhat surprising, since quench condensation is oftesurface specularity. We also show how a range of values for
considered the method of choice for producing thin, diffusivethe impurity mean free path may be obtained once the thick-
samples. However, it has been shown before that quenahess is known. When we apply this analysis to the data ob-
condensed alkali-metal films, when prepared under the rightained by Giordano and Penningtbnye find that we can

conditions, can be quasiballistie. resolve one of the mysteries reported in that paper: The film
thickness obtained from one of the weak localization fits did
VI. SUMMARY AND CONCLUSIONS not agree with the actual film thickness. Taking into account

i o ) the fact that transport was quasiballistic in that sample allows
We have studied the weak-localization magnetoresistancgs to extract a value for the film thickness from the weak-

of quench condensed lithium films in both parallel and perjpcalization fit that is in agreement with the actual film

metal films reported some puzzling anomalies that appear tgjectron transport is quasiballistic, despite the fact that the
be connected with spin effects. For the samples we report ogamples are quench condensed.

here, no spin effects were evident, and no anomalous behav-

ior was observed. This indicates that at least some of the

anomalies reported in the literature are indeed connected

with spin effects, and that we understand weak localization

in the absence of spin effects. This work was supported in part by the Office of Naval
In order to characterize our samples accurately, we havResearch.
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