
Isotropic quantum magnetoresistance and inelastic and spin-orbit relaxation times 
in cold-deposited cesium and rubidium films 

E. G. Astrakharchik 

P. L. Kapitsa Institute ofphysics Problems, Academy ofsciences of the USSR 
(Submitted 6 July 1990) 
Zh. Eksp. Teor. Fiz. 98,2 1 18-2 134 (December 1990) 

A method is developed for determining inelastic and spin-orbit relaxation times of electrons from 
the magnetic field dependence of the resistivity. It is found that the magnetoresistance of films is, 
to a large extent, governed not by localization corrections to the conductivity but by a new 
quantum component, which does not depend on the direction of the magnetic field and is a 
function ofgp, H /kT. Measurements on the same film in perpendicular and parallel magnetic 
fields allow one to extract the localization component and to obtain the electron phase coherence 
times for a wide range of resistivity and of temperature values. The inelastic relaxation frequency 
varies linearly with temperature and satisfies 2 d r  ; ' =: 3.5 k T  for both cesium and rubidium 
films regardless of their resistivity. The spin-orbit relaxation frequency in cesium films is found to 
be independent of temperature, of resistivity, and of electron mean free path. No appreciable spin- 
orbit scattering is observed in rubidium. A novel isotropic quantum magnetoresistance is studied 
in detail. Its main features allow one to associate it with electron-electron interaction quantum 
corrections; however, no quantitative agreement with theory could be obtained. The discrepancy 
with theory is particularly large for cesium which exhibits a much larger effect with a very 
different behavior; in particular, the effect is asymptotically linear in weak fields. 

Anomalous magnetoresistance is the best known and 
most studied effect related to quantum corrections to the 
conductivity. There have been attempts to use quantum 
magnetoresistance as a measuring probe :'or phase coherence 
times of electrons ever since its discovery. The magnitudes of 
inelastic and spin-orbit relaxation times and their tempera- 
ture dependence have been estimated from the limiting be- 
havior of quantum magnetoresistance: parabolic and loga- 
rithmic field dependence in very weak and very strong fields, 
respectively. It has been found that inelastic scattering is 
much stronger in disordered films than in bulk single crys- 
tals and that it is a linear function of temperature. 

Good agreement between variations obtained theoreti- 
cally and experimentally has been previously found in the 
whole magnetic field range studied (Ref. 1 and references 
given below) only at relatively high temperatures (above 
liquid-helium temperature) and for sufficiently thick low- 
resistance ( R G  100 R )  films. This has consequently led to 
the belief that good agreement with theory is possible only in 
weak fields, H &  kT/g,u,, and only far enough from the met- 
al-insulator transition, for R  & 2.rr2ii/e, although theory im- 
poses no such limitations. On the other hand, if the phase 
coherence times are to be obtained from the magnetoresis- 
tance as accurately as possible, it is necessary to work with 
high-resistance films, since the quantum magnetoresistance 
amplitude decreases ( cc R  ') rapidly with decreasing resis- 
tance. 

We can relate the observed discrepancies between local- 
ization theory and experiments for thin high-resistance films 
neither to their high resistance nor to their proximity to the 
metal-insulator transition; we can relate them to their struc- 
tural inhomogeneity. As a rule, close to the transition, the 
films are made up of small clusters and their conduction 
mechanism is complicated. Shal'nikov has proposed and de- 
veloped a method for the preparation of ultrathin homogen- 

ous films of alkali metals2 by deposition of metal vapors, at a 
controlled low (270-290 K )  temperature, on a substrate 
with in good thermal contact with a liquid helium bath. The 
solid angle at the substrate subtended by the evaporation 
source is large; there are consequently no penumbra and the 
ensuing film homogeneity is better than the one obtained 
with a point evaporator. Conduction in films prepared by 
this method start at -- 10 - 'O ' for an average thickness 
of ~ 0 . 7  of a monoatomic layer; conduction becomes metal- 
lic for films of one monolayer; then their resistance is -- 80 
kfl. 

Therefore, films of alkali metals prepared by Shal'ni- 
kov's method are the thinnest films with metallic conduction 
known at present. As can be estimated, these films start per- 
colating prior to the transition to metallic conduction for 
coverages smaller than a monoatomic layer;3 the calculated 
percolation cluster length is larger than the phase coherence 
length of electrons over the whole metallic regime, and such 
films should be homogenous for localized magnetoresis- 
tance down to the metal-insulator transition. Consequently, 
we have attempted3 to study the magnetoresistance of these 
films in detail in order to, once good agreement with theory 
is obtained for thick films, approach the metal-insulator 
transition as closely as possible. 

It unexpectedly turned out that the experimental curves 
for the magnetoresistance of cesium films3 could not be de- 
scribed by the localization theory of noninteracting elec- 
trons4 for any film thickness. The search for the possible 
sources of this discrepancy carried out in Ref. 3 has led to 
agreement between theory and experiment only for some 
range of the thickness and for small magnetic fields. How- 
ever, discrepancies of the same order of magnitude as the 
effect remain at high fields, and they increase as g,u,H/kT 
as the temperature decreases. It has been assumed that a new 
quantum magnetoresistance effect, associated with the elec- 
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tron-electron interaction, gives rise to these discrepancies. 
The observation of the new effect as the difference 

between the calculated, with two fitting parameters (inelas- 
tic and spin-orbit scattering), and the experimental curves 
was not very convincing. Furthermore, the values obtained 
for the phase coherence times of the scattered electrons dif- 
fered from the ones predicted theoretically by factors of tens 
and of hundreds. If the assumption of Ref. 3 is right, one can 
propose a method for the direct observation of the new mag- 
netoresistance as well as for a more precise determination of 
the scattering parameters. The magnetoresistance compo- 
nent coming from electron-electron interactions should be 
isotropic with respect to the magnetic field,5 whereas the 
localization contribution is sensitive only to the perpendicu- 
lar component of the field.4 Therefore, if measurements are 
carried out on the same sample in perpendicular and parallel 
fields, one should observe a negative magnetoresistance in a 
perpendicular field and a positive one, which varies as 
gpBH/kT,  in a parallel field. They should be of the same 
order of magnitude. Their difference should be well approxi- 
mated by the localization relation [Eq. ( 1 ) 1, and it should 
give the magnitudes of inelastic and spin-orbit scattering of 
 electron^.^ 

Results from the first experiments on cesium films, us- 
ing two magnetic field  orientation^,^ have indeed fulfilled 
this expectation. We report in this paper results of detailed 
studies of phase coherence times in cesium and rubidium 
films and of the new quantum magnetoresistance. 

EXPERIMENTAL METHOD 

The procedure we used for the preparation of films, for 
measurements and for calculations, is similar to the one de- 
scribed previously.223 A glass ampoule, which was outgassed 
for several hours at temperature of 400 "C, was filled with a 
small amount of a purified alkali metal and sealed. The metal 
inside the ampoule was sublimated on an evaporation 
source: a platinum disk 16 mm in diameter placed at a dis- 
tance of 5 mm from a polished glass substrate 9 mm in diam- 
eter with soldered platinum current leads (Fig. 1 ) . During 
the preparation of the film and in the course of measure- 

I 
FIG. 1. Overall view of set-up: 1 )  sliding rod, 2) superconducting sole- 
noid which produces field perpendicular to the substrate surface, 3 )  su- 
perconducting Helmholtz coil for a parallel field, 4)  position of the appa- 
ratus for measurements in a parallel field. Substrate: 5)  platinum 
contacts, 6 )  polished surface. Evaporator: 7 )  Alkali metal layer, 8)  heat- 
er, 9 )  glass body, 10) styrofoam thermal insulation. 

ments the ampoule was immersed in liquid helium, which 
ensured that the vacuum was 10 '* torr. Experiments were 
performed at substrate temperatures between 4.2 K and 1.5 
K. Evaporation took place from the solid phase at tempera- 
tures below - 5 "C and 10 "C for Cs and Rb, respectively. 
The vapor pressures of the metal is therefore low. In addi- 
tion, the substrate was kept at liquid helium temperatures. 
Consequently, a homogeneous film was obtained. The large 
diameter of the evaporation source, located close to the sub- 
strate, prevented penumbra and improved homogeneity. 
The perpendicular magnetic field, up to 5 T, was produced 
by a superconducting solenoid and the parallel magnetic 
field, up to 3 T, was produced by a superconducting Helm- 
holtz coil (Fig. 1 ) .  The apparatus, mounted on a sliding rod, 
could be moved from the solenoid to the coil within a helium 
bath. The measurements and the data analysis were carried 
out with an IBM AT computer. 

Freshly deposited cesium and rubidium films 5 to 100 A 
thick were studied in a temperature range of 4.2-1.2 K. The 
most reliable results were obtained in the resistance range 
lo4-lo2 a. The resistivity of thinner films changes rapidly 
with temperature, and the accuracy of the measurements 
was affected by the temperature instability of the helium 
bath. The magnetoresistance of thicker films is too small and 
the accuracy of the measurements was not sufficient for the 
mathematical analysis that follows. 

THE LOCALIZATION COMPONENTOF THE 
MAGNETORESISTANCE 

Figures 2 and 3 show the measured magnetoresistance 
of cesium and rubidium films. 

As expected, perpendicular magnetic fields give rise to a 
negative magnetoresistance, whereas parallel fields give rise 
to a positive one (Fig. 2) .  The difference between the two 
magnetoresistance curves is approximately given (see Fig. 3, 
where the calculated curve fits the experimental curve 3) by 
the equation for the localization of noninteracting elec- 
t r o n ~ . ~  Accordingly, the dependence of the conductance 
G= 2a2fi/e2R on the magnetic field perpendicular to the 
plane of the film is given by 

6Gloc ( H L )  SG ( H L )  -G (0) 

FIG. 2. Magnetoconductance of a 9.5 A thick cesium film with a resis- 
tance of 1033 R at a temperature of 1.34 K: 1 ) in a perpendicular magnetic 
field, 2 )  in a parallel magnetic field, 3)  the difference between curves 1 and 
2. An approximation of this difference, using Eq. ( I ) ,  nearly matches 
curve 3. 
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FIG. 3. Magnetoconductance of a 9.5 A thick cesium film with a resis- 
tance of 906 52 in a perpendicular magnetic field for the following tem- 
peratures: 1 )  1 .28K,  2 )  1 . 9 6 K ,  3 )  2.51 K , 4 )  2.91 K , 5 )  3 . 3 8 K , 6 )  4.11 
K ;  in a parallel field: 7 )  3.39 K and 8 )  1.28 K .  

where q ( x )  is the digamma function (logarithmic deriva- 
tive T1 (x ) / r (x )  of the r-function), H, = Hi + 4/3Hs, 
and H,  = H, + 2Hs are characteristic values of the magnet- 
ic field, and the subindices i, so, and s correspond to inelastic, 
spin-orbit, and spin scattering, respectively. Good agree- 
ment with theory allows us to determine values of H, and of 
H,,, which are reliable over the whole temperature range 
and for values of the film resistance up to several kiloohms. 
Deviations of ten percent show up in films with resistance 
values as low as ( 10-20) kt2 and the error in the scattering 
parameters determined increases sharply. Nevertheless, the 
values obtained agree with the values extrapolated from the 
low-resistance region. Therefore, the localization equation 
(1) works well at low temperatures and strong magnetic 
fields g p , H z k T ,  up to the metal-insulator transition, and 
can be used as the basic method for the determination of the 
phase coherence times of electrons. 

The value of H, (corresponding to spin-flip scattering 
by magnetic impurities) in all the films studied, for both 
cesium and rubidium, was found to vanish within experi- 
mental errors (the corresponding concentration of spin scat- 
tering centers is less than This result was to be ex- 
pected since the preparation used produces alkali 
metal films, which ought to be free of magnetic impurities. 

INELASTIC SCATTERING 

The temperature variation of the inelastic-scattering 
frequency is shown in Figs. 4 and 5. The error in the deter- 
mination of T,  and the scatter of the values obtained is 
smaller for rubidium films (in Fig. 5, the largest error occurs 
for the lowest curve) because only one fitting parameter Hi 
is to be determined, since there is no spin-orbit interaction. 
Within the error limits, the inelastic scattering frequency is 
linear with temperature, in agreement with results of other 
studies of disordered films. The data obtained for cesium 
films are less accurate (Fig. 4 ) .  Here, as for rubidium films, 
T ,- ' varies almost linearly with temperature. 

However, the proportionality coefficient is quite differ- 
ent from the theoretically predicted one. The calculated in- 

FIG. 4.  Temperature variation of the inelastic scattering frequency for 
cesium films with a resistance of: 0) 2390 R, A )  1027 R, @) 294 R, A ) 93 
R. The solid straight line corresponds to 2 d r  - ' = kT. 

elastic scattering frequency, 7 ; ' = */4eDHj ( D  is the dif- 
fusion coefficient), shows that the linear variations for 
cesium and rubidium films of different thickness are not very 
different, 

where the coefficient C varies in the ranges 3.4-5.1 and 2.4- 
3.5 for cesium and rubidium films, respectively; thus, within 
the error limits, Cis independent of resistance and its value 
for these two metals is almost the same. On the other hand, 
existing theory7 predicts that this coefficient depends 
strongly on the resistance of the film, 

which, for R = 102 t2 films, gives a value as low as ~ 0 . 0 0 7 .  
The scatter of the data in the figure suggest that the 

determination of C gives at least the right order of magni- 
tude. The observed strong inelastic scattering, a kT, follow 

FIG. 5. Temperature variation of the inelastic scattering frequency for 
rubidiurnfilms with a resistanceof.) 1 1  651 51,O) 3561 R, A )  931 n, 0 )  
342 R, A )  86 R. 
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neither from the procedure used nor from alkali metal prop- 
erties. It has been observed in other studies for other metals. 
For instance, Bergmann has described his inelastic scatter- 
ing data for cold-deposited gold films with resistance of 
-- 100 R by the relation T ,- ' K In Ref. 2 we reported 
measurements on gold films performed in order to check the 
validity of the method used to determine the scattering pa- 
rameters. The films were prepared similarly, with the same 
resistance, but a wider temperature range ( 1.2-80 K )  was 
covered. The experimental values obtained turned out to be 
very close to Bergmann's data. The best fit, for temperatures 
in the liquid-helium to liquid-nitrogen range, was obtained 
for T ,- = 3.1 1 - 10I0T '.I4. However, an equally good fit is 
obtained for the same data with a linear temperature de- 
pendence with a proportionality coefficient for k T  in the 
range 1.6-2.4. This is also true for Bergmann's results. 

We cannot propose a specific mechanism for inelastic 
scattering in disordered thin films which is linear in tem- 
perature and leads to a value of Cof order unity. On the other 
hand, the fact that C is independent of resistance must be 
accepted to be experimentally established. 

SPIN-ORBIT SCATTERING - 

The shape of the magnetoresistance curves as well as 
their sign suggest that spin-orbit scattering is weaker than 
inelastic scattering in cesium and especially in rubidium 
films. On the other hand, it is generally accepteds that there 
is a large spin-orbit scattering probability ( a Z )  4, where a is 
the fine-structure constant and Z is the atomic number, for 
each elastic electron scattering process. Therefore, T , ' 
should be larger than T i-' by a factor of several tens for 
cesium films; in addition, T , ' should depend strongly on 
the elastic mean free path of electrons, that is, on the film 
resistance. As follows from Fig. 6,  spin-orbit scattering for 
cesium films does not depend on film resistance and is 
weaker or about the same as inelastic scattering. To within 
experimental errors it does not depend on temperature, as is 
expected for this range of temperature and of magnetic 
fields. 

FIG. 6 .  Temperature variation of the spin-orbit scattering frequency for 
cesium films with a resistance of 0 )  2390 R, A )  1027 R, a) 294 R, A ) 93 
0. 

Since the rubidium atomic number ( Z  = 85) is smaller 
than that of cesium (Z = 133) one can expect that spin-orbit 
scattering, which is proportional to the fourth power of Z, 
will be very small in rubidium films. In fact, it was found to 
be below our sensitivity threshold. A simultaneous deter- 
mination of the two fitting parameters H, and H,, in Eq. ( 1 ) 
yields the same absolute error for both of them. In addition, 
as Bergmann has already pointed out,' the separation of 
these parameters is difficult when H, is larger than Hs, 
(which corresponds to monotonically increasing magneto- 
resistance curves). After checking that fits of the magneto- 
resistance curves for all rubidium films give the magnitudes 
of spin-orbit scattering uniformly distributed about zero, we 
recalculated all data with only one fitting parameter, H , .  
This yields a determination of inelastic scattering which is 
more accurate for rubidium films than for cesium films 
(Figs. 4 and 5) and allows us to analyze the results for rubi- 
dium films for values fo the resistance of up to 20 kR. 

SPIN-ORBIT SCATTERING IN THE PRESENCE OF SURFACE 
ELECTRON SCATTERING 

The fact that spin-orbit scattering is small in the films 
studied is not, in our opinion, a peculiarity of alkali metals. It 
is probably related to the method of film preparation, which 
gives films ofmuch better structural homogeneity than other 
cold-deposited films. It also assures that spin-orbit scatter- 
ing is due to the film matrix metal, since there are hardly any 
impurity atoms. The variation of the resistance with thick- 
n e ~ s * . ~  shows that the mean free path in alkali metal films is 
large and, for large thicknesses, goes to lm =: 300 A. There- 
fore, for a film thickness of several tens of angstroms, there is 
no scattering by defects or impurities inside the film, only by 
the surface. 

The probability for spin-orbit scattering for specular 
reflection should be (v,/c) times smallerg than the proba- 
bility ( a Z ) 4  for diffusive reflection (v, is the Fermi velocity 
and c is the velocity of light). For an ideal film with parallel 
surfaces, specular reflection does not contribute to resis- 
tance. The spatial variations of the thickness of our films is of 
the same order of magnitude as their thickness; consequent- 
ly, high-resistance films are not like planes but rather like 
conducting nets. Then, surface reflection gives rise to an ad- 
ditional resistance and can give no spin-orbit scattering. This 
argument has allowed us to propose previously3 that the 
observed smallness of spin-orbit interaction is related to the 
fact that all scattering occurs at the surface. The fact that 
T & is independent of resistance shows directly that surface 
scattering does not contribute to spin-orbit interactions. 

It is more difficult to suggest what kind of bulk scatter- 
ing is related to the observed spin-orbit interaction. In Ref. 6, 
where cesium film results are reported, it is assumed that this 
interaction occurs by scattering on rubidium impurities, 
since only rubidium could be present in cesium films in ap- 
preciable concentrations. Stronger spin-orbit scattering 
should be observed in rubidium films when the impurities 
are cesium atoms. Cesium evaporates more easily than rubi- 
dium, and, consequently, higher impurity concentrations 
are expected in rubidium films; furthermore, the scattering 
cross section (aZ)4 for cesium is larger. The opposite is ob- 
served experimentally, which indicates that scattering 
comes from atoms of deposited metal (native defects like 
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vacancies, dislocations, etc. ). In addition, not all native de- 
fects contribute to spin-orbit scattering. For mean free paths 
1 in the range 5 to 30 A (Fig. 6), the distance 1, = v,r,, 
traversed by an electron between two spin-flips is indepen- 
dent of I, and I,, ~ 4 0 0 0 0  A. Since ( a Z ) 4 ~ 4 0  for cesium, 
spin-orbit scattering takes place every z 1000 A, which is 
larger than the native defect scattering length 1, ~ 3 0 0  A. 
However, this may be an overestimation of the spin-orbit 
scattering cross section, which goes as ( aZ)  4. 

Absence of appreciable interactions between electrons 
and atoms in the glass substrate is an additional feature of 
surface scattering which is not too obvious. In the opposite 
case, even if there were no magnetic impurities in the film 
there would be some spin scattering, but no such scattering is 
observed in the films studied. At liquid-helium temperature 
magnetic impurities with a concentration =: 10 - have a sig- 
nificant effect on the magnetoresistance curves. The chemi- 
cal glass which makes up the substrate contains iron in con- 
centrations of a tenth of a percent and in thin films half of the 
scattering processes comes from reflection of electrons from 
the substrate. The same can be stated for the observed ab- 
sence of spin-orbit scattering at the film-substrate interface. 
Although the substrate glass contains impurities of both 
heavy (such as lead) and light elements, none of them con- 
tribute to spin-orbit scattering. 

It is known that the quantum magnetoresistance of 
films changes strongly if a small amount of a magnetic met- 
all0 or of a metal with a large atomic number" is evaporated 
on the film. For example, lo- '  of a monoatomic layer of 
iron on a Mg film of a thickness of 86 A leads to 

- 
r , ' -2.1.10". In such evaporation, impurity atoms con- 
dense with a large adsorption energy. Therefore, they prob- 
ably do not appear as a external agent for the film material, 
in contrast to substrate atoms. Further experimental studies 
are needed in order to understand why atoms in the film are 
completely decoupled from atoms in the substrate. 

MAGNETORESISTANCE IN A PARALLEL FIELD 

In this paper, we concentrate on measurements in fields 
parallel to the plane of the substrate. It is the first direct 
study of isotropic quantum magnetoresistance which shows 
that it is related to quantum corrections associated with elec- 
tron-electron interactions; however the experimental re- 
sults are not as clear-cut as the theoretically predictions. 

The correction to the conductance of a metal in a mag- 

netic field arising from the interaction of an electron and a 
hole with a total spin j = 1 is5 

6 G w  (H, T )  = A - I d a  
g Z ( o  cth ( o / 2 T )  ) 

2 (ED) d o 2  

where, for dimensions d = 1,2  and 3, 

For two dimensions, Eq. (4)  becomes a function of a ratio of 
the magnetic field to the temperature, h = g/iBH/kT, and it 
no longer depends on the diffusion coefficient, 

m 

h 
6G,., (h)  = - dx 

ayx cth X )  

2~ dx2  

The amplitude R of the effect can be estimated from the 
electron density and the interatomic distance, assuming one 
conduction electron per atom. Once the Fermi momentum 
p,  and the Coulomb screening inverse radius x are estimat- 
ed, it is possible to find the screening factori2 
F = (2/x2) In( 1 + x2), wherex = 2p,/fix, and, thus, to de- 
termine R (Ref. 13), 

This procedure gives F ~ 0 . 2  and R Z  - 0.2 for both 
cesium and rubidium. Therefore, in two dimensions the 
magnetoresistance in a parallel field should be a function of 
gpBH /kT as in Eq. (6) ,  irrespective of film resistance, and 
should differ negligibly from cesium to rubidium. 

The basic experimental results are exhibited in Figs. 7 
and 8, which show how the magnetoresistance varies with 
temperature in a parallel field, and in Figs. 9 and 10, where 
the magnetoconductance is plotted as a function of 
gp,H/kT for cesium and rubidium films of various thick- 
nesses. For rubidium films the magnetoresistance in a paral- 
lel field is significantly smaller than the one coming from 
localization, but they are of the same order of magnitude for 
cesium (Figs. 2 and 3). A comparision between Fig. 9 and 
Fig. 10 shows that the data for cesium and rubidium differ 
sharply in magnitude as well as in shape. This is an unexpect- 

FIG. 7. a )  Variation of theoconductance with a parallel 
magnetic field for a 9.8 A thick cesium film with a 
resistance of 906 0 at temperatures of 1) 4.16 K, 2) 
3.45 K, 3 )  2.93 K , 4 )  2 .54K,  5 )  1.98 K, 6 )  1.27 K; b )  
the same data as a function of gp,H/kT; the dashed 
line corresponds to Eq. ( 6 )  with A = - 0.2. 
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FIG. 8. a )  Variation of the conductance with parallel magnetic 
field for a 5.3 A thick rubidium film with a resistance of 10 720 fL 
attemperaturesofl)4.14K,2)3.36K,3)3.02K,4)2.45K,5) 

\ 2.05 K, 6)  1.27 K; b) the same data as a function of gp,H/kT; 
\ the dashed and dashed-pointed lines correspond to Eq. (6)  with 

A = - 0.2 and A = - 1, respectively. 

ed result, since cesium and rubidium are nearly identical various temperatures which coincide in the variables ofthese 
with respect to Coulomb interactions. figures, as shown in Figs. 7 and 8. These curves do not fully 

LOCALIZATION COMPONENT OF THE 
MAGNETORESISTANCE IN A PARALLEL FIELD 

The curves shown in Figs. 9 and 10 are for T = 1.2 K; in 
fact, each curve stands for a family of curves obtained at 

FIG. 9. (a)  Magnetoconductance in a parallel magnetic field at a tem- 
perature of 1.3 K for cesium films with a resistance of 1 ) 3488 R, 2) 1438 
R,3)  687 R, 4) 337 R ,5 )  166 R; the dashed curve corresponds to Eq. (6)  
with A = - 0.2. (b)  curves shown in Fig. 9a near the coordinate origin; 
the dashed line corresponds to SG = O.12/g,u8H/kT 1. The curves are 
shifted along the vertical axis. 

coincide for cesium films and the magnetoresistance changes 
its sign in rubidium films, which indicates that there is a 
localization contribution to the magnetoresistance mea- 
sured in a parallel field. This cannot be simply trapping of 
perpendicular components, accounted for by the inaccurate 
orientation of the film with respect to the magnetic field. An 
additional degree of freedom associated with rotation about 
the vertical axis (Fig. 1 ) allowed us to rotate the plane of the 
film, which is tilted away slightly from the horizontal plane, 
for maximum effect in a parallel field. However, this pro- 
duced no significant changes in the curves. 

A perpendicular component probably arises from mi- 
croscopic irregularities of the substrate surface. Obviously, 
the glass substrates we used, with high quality polishing, do 
not exhibit optical inhomogeneities; however, they do exhib- 
it irregularities of hundreds of angstroms, which are com- 
parable to the film thickness, covered by several monoatom- 
ic layers of metal. If the phase-coherence length is much 
larger than the irregularities, as it happens in our case, the 
total phase shift vanishes to lowest order. However, in first 
order the localization term enters into the magnetoresis- 
tance in a parallel field. The magnetoresistance is therefore 
some function of the magnetoresistances in Eq. ( 1 ) and in 
Eq. (4)  

FIG. 10. Magnetoconductance in a parallel magnetic field at a tempera- 
ture of 1.3 K for rubidium films with a resistance 1 ) 24 248 R, 2) 10 382 
R, 3) 2304 R, 4) 1054 R, 5 )  234 R; the dashed curve corresponds to Eq. 
(6)  with A = - 0.2. 
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As our data analysis shows, this function is not simply a 
sum of Eq. ( 1 ) and Eq. (4)  with some weight a (the angle of 
intersection): SG(H) # SG,,, (H)  + SG,,, (aH). Qualita- 
tively, one can see it from the fact that the magnetoresistance 
curves for cesium films in the variables (SG, gp,H/kT) do 
not move apart with decreasing temperature but approach 
each other (Fig. 9). 

For rubidium films the curves SG(gp,H /kT) coincide 
much better than for cesium films (Figs. 7b and 8b). How- 
ever, this does not indicate that the localization component 
does not contribute in a parallel field; on the contrary, it 
follows by inspection of Fig. 10 that this component plays an 
important role, particularly in strong fields and in thick 
films. The agreement of the curves SG(gp,H/kT) follows 
from the absence of spin-orbit scattering in rubidium films 
(H,, = 0) and from the linear temperature dependence of 
Hi; consequently, the localization component of the magne- 
toresistance, Eq. ( 1 ) , also becomes a function of gp, H /kT 
as well as all the magnetoresistance components in a parallel 
field.' 

Therefore, the magnetoresistance SG(HII ) we mea- 
sured in a parallel field is not purely its isotropic part. Conse- 
quently, the localization component of the magnetoresis- 
tance, SG,, (H), which is obtained as a difference between 
SG(HII ) and 6G(H, ), is not determined accurately; this 
stands out most clearly for low-resistance rubidium films. 
As a whole, these inaccuracies are small and cannot, in prin- 
ciple, affect the observed pattern for most films. Obviously, 
one would like to find a method for completely separating 
the magnetoresistance into localization and isotropic parts, 
and we hope that further theoretical and experimental work 
will allow one to elaborate such a procedure. However, this 
could lead only to a more accurate determination of details. 
The basic properties of isotropic magnetoresistance are de- 
termined directly by measurements in a parallel field with- 
out additional mathematical analysis. 

CESIUM FILMS 

There is no quantitative agreement between experiment 
and theory, either for cesium or for rubidium films, but the 
deviations are not equal for these two cases. Cesium films, 
for which the effect in a longitudinal field is larger, were 
studied in more detail. Near the metal-insulator transition, 
the isotropic component of the magnetoresistance becomes 
even more localized; as a consequence, the magnetoresis- 
tance of thin cesium films in a perpendicalar field changes its 
sign with decreasing temperature and remains positive at all 
values of magnetic field. 

Beside the unexpected large value, tens of times higher 
than estimated,' the magnetoresistance curves for cesium 
films (Fig. 9) differ sharply from the theoretical relation (6) 
in several respects: first, their shape is different and cannot 
be approximated by Eq. (6) for any value of the parameter A; 
second, they are different for films of different thickness. 
The amplitude of the effect increases with decreasing resis- 
tance and an increasing diffusion coefficient, as expected for 
less than two dimensions. In principle, it is possible that the 
thinnest films are sufficiently close to the percolation con- 
duction threshold, which leads to a quasi-one-dimensional 

treatment of the correction to the conductivity associated 
with the electron-electron intera~t ion.~ A transition to the 
two-dimensional regime takes place as films become thicker. 
The dimensionality of the corresponding regime can be 
found by constructing the curve of the magnetoresistance 
amplitude at fixed magnetic field versus the diffusion coeffi- 
cient D; that was done for small fields (0.2 T < H < 1 T )  
+here the localization component is not too large. 

We did not find any dimensionality transition. It turns 
out that the magnetoresistance increases with increasing 
thickness proportionally to D,0.334.34 consistently with a di- 
mensionality value of d = 4/3, for the whole range of mag- 
netic fields values considered. Since the characteristic elec- 
tron-electron interaction lengths are much smaller than the 
localization length, localization effects can be two-dimen- 
sional, but electron-electron interactions take place in a low- 
er dimension (of the percolation cluster). This could explain 
the large amplitude of the effect and its dependence on D. 
However, as our estimations show, this situation is only pos- 
sible for a narrow range of small thickness, whereas a D de- 
pendence is observed for all films (Fig. 9).  

The behavior of the corrections to the magnetoresis- 
tance coming from electron-electron interactions should be 
determined5 by the thermal length I, = (tiD /T) ' I2 which is 
nearly equal to the phase-coherence length we measured 
(Fig. 4).  Anyway, the percolation length, which exhibits a 
strong power dependence on film thickness, cannot lie 
between these two lengths in a wide range of values of the 
thickness. Here further experimental and theoretical studies 
are needed. There is no method for accurately distinguishing 
the localization and isotropic components of the magnetore- 
sistance, and the procedure used is insufficiently accurate 
for the determination of the film dimensionality. 

Comparison of the complicated experimental varia- 
tions exhibited in Fig. 9 with the awkward equation (6) only 
underscores the lack of agreement. In order to reach some 
conclusions from the experimental data, it is necessary to 
make simplifications, and, for instance, to study the asymp- 
totic behavior. In the logarithmic asymptotic region (strong 
magnetic fields) the localization component of the magne- 
toresistance is slightly too large. Consequently, we mainly 
explore the region of small fields, where, in an arbitrarily 
wide range, a parabolic asymptotic form of Eq. (6)  should 
be observed, 

where 5- is the Riemann function1) 5(3)  = 1.202. 
Instead of a quadratic dependence for small magnetic 

fields H < 0.1 T, the magnetoresistance is found to be linear 
in the field, SG = 10.12h ( (Fig. 9a) which is the most unex- 
pected result reported in this paper. To within experimental 
errors (the minimal error for high resistances is for the up- 
per curve in Fig. 9a), a parabolic shape is not observed any- 
where. The observed linear dependence of the magnetoresis- 
tance is a quantum effect, since the change in the 
conductance 

is the same, to within experimental errors, for films of differ- 
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ent thickness (Fig. 9a). It is also a function of gp,H /kT, as 
follows from the coincidence of the curves, obtained at dif- 
ferent temperatures, for the same film. 

There are, to our knowledge, neither theoretical predic- 
tions nor experimental observations of a linear quantum 
magnetoresistance. A somewhat similar result has been re- 
ported in Ref. 14, where computer simulations of the magne- 
toresistance in the region of activated conductivity, 
R > 2r2fi/e2, have shown a region of linear dependence of the 
magnetoresistance on the magnetic field, but in the region 
we studied, R < 2dfi /e2,  the high-resistance contribution 
ought to be shorted out by metallic conductivity. 

RUBIDIUM FILMS 

In rubidium films, the theoretical expression comes 
closer to the experimentally observed amplitude and to the 
shape of the magnetoresistance curves in a parallel field 
(Fig. 10). For high-resistance films, the observed variation 
is nearly parabolic, as it should be for this range of fields. 
Since the measurements on rubidium films were carried out 
when the linear magnetoresistance in cesium films was al- 
ready known, special attention was paid to the region of 
small magnetic fields. No linear dependence was observed 
for high-resistance films. For films of several kiloohms 
(curves 3 and 4 in Fig. lo),  a cusp is observed at H = 0, 
similar to the one in Fig. 9 but significantly less pronounced. 
The linear part of the magnetoresistance is only a few times 
larger than the scatter of the experimental data. However, 
this effect ought be observable also for rubidium films, but 
the amplitude should be as small as the instrumental sensi- 
tivity. We do not understand why the linear magnetoresis- 
tance is not observed in rubidium, since the film structure 
and the electronic properties of both metals ought to be simi- 
lar. 

As shown in Fig. 10, the measured amplitude of the 
magnetoresistance of rubidium films in a parallel field in- 
creases considerably with decreasing resistance. In fact, the 
amplitude increases even faster, since it is partially balanced 
by the localization component of the magnetoresistance, 
which increases rapidly in low-resistance films. The small 
isotropic magnetoresistance in rubidium and the large local- 
ization component, which comes about because there is no 
spin-orbit scattering, do not allow us to draw any qualitative 
conclusions, a method for accurately resolving these contri- 
butions is needed. 

CONCLUSIONS 

In summary, our study of cesium and rubidium films 
show that there is a new, previously unobserved, component 
of the magnetoresistance in these films. It is related to quan- 
tum corrections to the conductivity, since the quantity, 

6R 2n2fi 

has approximately the same value, of order unity, for all 
films; in addition, it is isotropic with respect to the field, 
since the positive magnetoresistance, directly observed in a 
parallel field, is in agreement with the results obtained in a 
perpendicular field; finally, it depends on the spin of the con- 
duction electrons, since it is a function of gpBH/kT. The 
properties listed above allow us to state that the corrections 

to the conductivity found are related to electron-electron 
interactions. The quantitative discrepancies with theory and 
the large magnitude of the effect in cesium films remain un- 
explained. 

It is also possible to draw consistent conclusions about 
the linear asymptotic dependence of the magnetoresistance 
observed in cesium films. The nondimensional variables 
found for it. 

(see Fig. 9, where each curve represents the family of curves 
obtained at different temperatures) indicate that this 
asymptotic behavior is related to quantum corrections to the 
conductivity and to the electron spin. It is independent of the 
direction of the magnetic field. This can be observed direct- 
ly: the same cusp at the origin of the curve is observed both in 
a parallel and in a perpendicular field. 

Further studies are needed of the conditions for the ob- 
servation of the isotropic magnetoresistance, specially, of 
the requirements on film purity with respect to spin and 
spin-orbit scatterers. Quantum corrections coming from 
electron-electron interaction are very effectively suppressed 
by minute quantities of magnetic impurities in the film or by 
appreciable spin-orbit interactions. Then the relation given 
by Eq. (6)  will be only fulfilled in strong  field^,^ 

The above condition is very strict and it explains why 
the effect is not observed for other metallic films. For most 
metals studied, it is very difficult to meet the low levels of 
magnetic impurities required, whereas such purity is easily 
achieved in alkali metals. In rubidium, for which there is no 
spin-orbit interaction, condition ( 10) holds. However, in ce- 
sium, there is spin-orbit scattering, as shown by the analysis 
of the localization component. This scattering, even if it 
were small and related to scattering centers which do not 
contribute to the resistivity, would nevertheless be sufficient 
to destroy the isotropic quantum resistance or to cut down 
its magnitude considerably. Instead, the amplitude of the 
isotropic quantum resistance in cesium is much larger than 
the one estimated theoretically and than the one observed in 
rubidium flin~s In small fields, where Eq. (6) is not applica- 
ble because condition ( 10) is not fullfilled, the magnetoresis- 
tance coming from electron-electron interaction may not 
disappear completely, but its behavior may change; in par- 
ticular, its dependence may become linear. 

The fundamental result reported in this paper is not the 
discovery of a new quantum magnetoresistance but the de- 
velopment of a method, which allows one to determine elec- 
tron phase coherence times, once the localization compo- 
nent of the magnetoresistance is extracted in its pure form. It 
can be considered as established that the frequency of inelas- 
tic scattering is independent of resistance, that its value is 
close to kT/t'i, that spin-orbit interaction is independent of 
the mean free path, and that it takes place at much larger 
distances. These results can be used to determine the tem- 
perature and dimensions at which microelectronic elements, 
based on quantum interference effects, work. 
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