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Bulk and surface spin-orbit relaxation of the conduction electrons
separated by weak-localization experiments
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Weak-localization magnetoresistance measurements allow a determination of the spin-orbit relaxation
time in thin metal films. We have performed a series of experiments on films of magnesium metal

evaporated on several different substrates with a range of film thicknesses, and for the first time separated
the spin-orbit relaxation rate in the bulk of magnesium from that at the surface. Whereas the spin

disorientation per bulk (elastic) scattering is intrinsic to the element (magnesium) under consideration, the
surfaces on which the metal film is evaporated can give rise to a spin-orbit interaction that differs by more
than an order of magnitude for different substrates.

The spin-relaxation time of the conduction electrons in
metals without magnetic impurities has a long and interest-
ing history. ' The dominating contribution to spin relaxation
is thought to be due to spin-orbit interaction in the various
scattering processes. All experiments so far have been car-
ried out on small samples (either thin films or small parti-
cles). Until very recently the measurements have therefore,
with one possible exception, 2 revealed only contributions
from surfaces. ' The f~rst clear-cut experiments, ' ~here bulk
spin-orbit relaxation played a role were weak-localization
magnetoresistance measurements on magnesium films,
which are also the topic of this Rapid Communication.

The theory of spin relaxation due to the spin-orbit in-
teraction is rather incomplete. A phenomenological parame-
ter» is normally introduced. ~ s 1/» is the average number
of scattering events that the conduction electron must un-
dergo to have its spin direction randomized. So far there
has been no attempt to calculate this phenomenological
number from a microscopic point of view. Abrikosov and
Gorkov6 many years ago suggested that scattering off im-

purities with atomic number Z gives rise to a randomization
e of the spin orientation, ~here ~ is proportional to the
fourth power of Z, in close analogy with the well-known
spin-orbit interaction of the electron orbitals in atoms. They
did not distinguish between the situation where the impurity
was at the surface or in the bulk of the metal. The surpris-
ing result of Ref. 1 was that there exists a trend in the ex-
perimentally determined values of ~, which they collected
from the literature. They found that ~ was apparently pro-
portional to the fourth power of the atomic number of the
metal itself, not just the accidental impurities at the surface.
The authors took this agreement as a support of the theory
of Abrikosov and Gorkov. ~

In this paper we shall demonstrate that this conclusion is,
in fact, dubious, and that for surface scattering the proper-
ties of the dielectric substrate play an important role for the
value of the average number 1/», of surface scattering
events that is needed to randomize the spin orientation of a
conduction electron. The other conclusion we reach from
our experiments is that the average number 1/»s of scatter-
ing events in the bulk that is needed to randomize the spin
orientation is inherent to the metal (here magnesium)
under consideration. In fact, the value of ~~ for bulk mag-
nesium, which we measure, comes close to the tentative
suggestion of Ref. 4, » = (aZ ), where a is the fine-

structure constant. This value of e is, however, as already
mentioned, calculated for an experimental situation, where
Z is the atomic number of the bulk element under con-
sideration.

Localization of the conduction electrons in metals leads to
an increase in the electrical resistivity as the temperature is
lowered. In metal films, where the film thickness d is much
smaller than the inelastic diffusion length A, -(Dr&)'i',
where D is the diffusion constant and ~; the inelastic relaxa-
tion time, the theory becomes particularly simple, and the
localization (or quantum) correction to the sheet conduc-
tance is htr e'/rrh ln(r, /ro), where ro is the elastic
(momentum) scattering time. r& decreases with increasing
temperature and this is the reason for the observed tem-
perature dependence mentioned. It was a breakthrough in
the quantitative understanding of weak localization, when in
19S1 Hikami, Larkin, and Nagaoka' derived a precise for-
mula for the two-dimensional weak-localization magneto-
conductance o.(8), based on tabulated digamma functions
y(T'+ x ):
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The only adjustable parameters here are the characteristic
fields 80, B;, and Bso, which are related to the characteristic
times vo, v;, and iso by the relations

8o&o=8«-8so&so-ir/4eD= he%(EF)~ad/8 . (2)

D is the three-dimensional diffusion constant,
D = u$ro/3, Ro is the film resistance per square, and d is
the film thickness. iso is the spin-orbit relaxation time, i.e.,
the average time it takes before the spin orientation is ran-
domized. The last expression in Eq. (2) is derived under
the assumption that the free-electron model can be used. In
this paper we shall base our interpretation on the validity of
the free-electron model.

In order to be able to extrapolate our results to the bulk
we repeated the same measurements on many samples with
different thicknesses, all made in the same evaporation.
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where the last term in parentheses is the scattering rate I/r,
due to the presence of the surface. The last equality sign
assumes the validity of the free-electron model, since n is
the electron density and m is the free-electron mass. In or-
der to compare our results with Eq. (3), we have plotted pd
vs d for all samples. Figure 1 sho~s an example for a
wedge-shaped magnesium film evaporated on soda glass. 12
out of the 16 possible paths made out of this wedge were
electrically coherent, and they are each represented by one
measuring point in Fig. 1. These experimental points define
a straight line as dragon in Fig. 1. The intercept along the pd
axis is, according to Eq. (3), just Teals. According to the

Magnesium was selected as the first metal to be studied be-
cause it is not superconducting and because it has a low
concentration of magnetic impurities. Magnesium was ther-
mally evaporated onto a liquid-nitrogen-cooled dielectric
substrate. While evaporating the magnesium film with a
speed of about 5 nm/sec, a shield covering the substrate
was slid back in about 6 sec, and then returned to its origi-
nal position, thus producing a wedge-shaped film. The
evaporation rate was determined by exposing a reference
substrate for a much longer time and measuring its film
thickness using an interference microscope. The main
source. of error in the thickness of the films was due to the
oxidation of the magnesium films in air. The thickness of
the oxide layer was determined by watching the change in
resistance of the films as we let air into the vacuum
chamber (after heating the films to room temperature). We
estimate the uncertainty in the thickness to be 3 nm; this of
course was most critical for the thinnest fi1ms. The sample
was covered with photoresist and baked for ~ h at 90'C.
Then the photoresist was exposed through a mask to define
16 magnesium films of different thicknesses. To increase
the resistance each magnesium film was shaped as a path
with a total length of about 17 mm and a width of only 20
p, m all in an area of 1 x 1~ mm .

In order to check if our magnesium films were continuous
and represented bulk magnesium, we measured the Hall ef-
fect at 4.2 K and found a value of the Hall coefficient RH,
which was independent of the magnesium film thickness.
The value, RH- —5.8&10 "0cm/6, comes close to
measured bulk values. Our magnesium films had a long
electron mean free path compared to other investigations of
weak 1ocalization in the literature. This makes the weak-
localization effect we are interested in more difficult to mea-
sure, but has the clear advantage that we are more likely to
have films which actually represent bulk magnesium. The
main problem of interpretation is thus shifted from the
'.nternal structure of the film to the surfaces of the film.
Consequently, we have made a thorough study of the size
effects in our films.

The resistance of a metal film can be separated into a sum
of two contributions, one from the bulk, p~, and one from
the surface. The mean free paths in the bulk of our films,
l~, are of the order of or smaller than the thickness of the
films. In this case, and assuming that the surface scattering
is diffuse, i.e., the drift velocity of the electrons is on the
average lost in a collision with the surface, the following ex-
pression for the film resistivity (the one measured) is easily
derived:
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FIG. 1. The electrical resistivity times the film thickness for a
series of magnesium paths plotted vs the film thickness d of each
film. The straight line represents the result, Eq. (3), of size effect
theory with diffuse scattering from the film surfaces. The substrate
here is soda glass.
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where eg and ~, are the randomization of the spin orienta-
tion in each elastic bulk and surface scattering due to the

free-electron model this number is given by
2.45X10 ' m'0 for magnesium. All our measurements
turn out to give rough agreement with this number. How-
ever, one should bear in mind that the thickness of our
films is not accurate enough to determine this number to
better than within about a factor of 2, so the agreement ob-
tained by this intercept in Fig. 1 is certainly fortuitous.
However, the agreement with Eq. (3) is certainly a strong
support that our magnesium films have bulk properties and
that the assumptions leading to Eq. (3) are fulfilled. The
slope of the line drawn in Fig. 1 determines p~, and again
using the free-electron model, we can determine I/rs and
I/Ts 3vF/8d. In Table I we show results for four samples
each with a complete set of paths. Three different sub-
strates have been used, and for each of the four sets of
paths we list the obtained values of 3psls/8, ps, and I/ .rs

For each of the four samples in Table I we made magne-
toresistance measurements on all the 9-12 paths to deter-
mine the value of 8; and Bso from Eq. (1) by a simple
method of analysis. 9 Subsequently, we determined I/r, and
/rIsforom relation (2).

All these measurements were repeated at four different
temperatures, and whereas I/r& was found to be proportion-
al to the temperature, /TIpswas found to be insensitive to
changes in the temperature. In Fig. 2 we have plotted the
spin-orbit relaxation rate determined from our magne-
toresistance measurements as a function of the inverse film
thickness for three sets of measurements on different types
of substrates. One sees that the spin-orbit relaxation rate is
very different for the different substrates.

Similarly to the separation of the transport (elastic) relax-
ation rate into a bulk and a surface part, we now separate
the spin-orbit relaxation rate into a bulk and a surface part,
which we in turn assume are each proportional to the elastic
bulk and surface part of the elastic relaxation rate as deter-
mined above. %e thus ~rite
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TABLE I. Measurements of 3p&ls/8, ps, 1/rs, as, e& for four different substrates. The theoretical value

of 3ps&s/8 is 2.45x10 t6 0 m2. v+ is 1.58x106 ms

Sample
no. Substrate

3ps ls/8
(10 '6 Om2)

Pa
(nA m)

1/ra
(10" s ' S

(10 5)

Soda glass
SiO
Lead glass
Soda glass

2.4

2.0
2.3

49
27

118
80

119
65

285
194

2.1 + 0.4
2.6 t 1

1.9 z 0.8
2.2 J 0.2

22+ 2
48 t4

148+ 5
12+1

spin-orbit interaction. This procedure for separating the
spin-orbit scattering from the surface and from the bulk
may need some further clarification, since it is well known
that the microcrystals in evaporated films grow with the film
thickness. Thus spin-orbit scattering from the grain boun-
daries between these microcrystals will be counted as com-
ing from the surface, and does not enter into the extrapolat-
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FKJ. 2. The spin-orbit relaxation rate 1/vso, as extracted from
~eak-localization magnetoresistance measurements, plotted as a
function of the inverse film thickness 1/d. The substrates used here
are silicon monoxide, lead glass, and soda glass. All the films of
different thicknesses have been measured at four different tempera-
tures as indicated. The straight lines are valid theoretical fits only if
the spin-orbit relaxation rate can be written as a linear combination
of the bulk and surface elastic (transport) relaxation rates.

ed bulk spin-orbit scattering we shall now extract. The mea-
surements of I/iso plotted versus 1/d in Fig. 2 lie on a
straight line for thicknesses of the magnesium films above
10 nm. For thinner films, i.e., higher values of 1/d than
10 m ', there is a tendency to saturation of I/Tso, presum-
ably due to film inhomogeneities. From the straight line we
can determine ~~ and e„since we have already determined
I/rs and I/r, In Ta.ble I the values of ~s and e, are listed
for magnesium films evaporated on soda glass (two sam-
ples), on lead glass, and on previously evaporated SiO (on
soda glass).

As seen from Table I the spin-orbit scattering per bulk
elastic scattering, ~~, is independent of the substrate and
has the value 2.2&10 5 in our most accurate measurement
so far. The spin-orbit scattering per surface scattering, ~„
depends strongly on the underlying substrate, and may even
vary considerably for the same type of substrate. How well
cleaned the substrate is when the magnesium is evaporated
is likely to be important here. It is also important to notice
that if only one of the film surfaces contributes to the spin-
orbit relaxation ~, would be twice the values given in Table
I. However, the general trend that the lead glass has values
of ~„a factor of 10 higher than the values for soda glass is
also found in other less complete measurements we have
performed. A silicon monoxide substrate gives an inter-
mediate value of e, .

An important question now is whether our results can be
related to the material parameters of magnesium. In the
bulk of a metal, impurity scattering leads to the spin-orbit
relaxation. The type of impurity is crucial. This has been
demonstrated by Bergmann and co-workers, " who alloyed
Au atoms into the surface of magnesium films, and sho~ed
that this had a tremendous effect on the spin-orbit interac-
tion. However, it is still an open question what spin relaxa-
tion different impurities will cause. Presumably it depends
on whether the impurity is inert in the metal or not. In the
case of pure magnesium films the imperfection of the crys-
tal structure is the dominant cause of the spin-orbit scatter-
ing and the one which we observe. Presumably a large part
of these scattering centers are vacancies. In a free-electron
approximation it is natural to expect that a vacancy in a
magnesium crystal may scatter an electron in much the
same way as an electron in free space ~ould be scattered by
a rnagnesiurn atom. The last situation was the one con-
sidered by Abrikosov and Gorkov6 and led to the result that
on average in such a scattering (isotropic case) the spin
orientation is randomized by the fraction e= (aZ)4, which
for magnesium (Z = 12) is 5.9x 10

Their calculation is only an order-of-magnitude calcula-
tion, based on an extrapolation from spin-orbit effects in
atoms, so our results for bulk magnesium, e~ 2.2X10 ',
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must be considered as supporting the picture we have given
above. Furthermore, when it becomes important to extract
the absolute value of ~8 we will have to make a suitable
average over the Fermi surface. To justify such an enter-
prise a more precise theory is required. As regards the
spin-orbit scattering from the film surface, there are roughly
speaking two viewpoints. The electrons may be considered
scattered from individual atoms, which is part of the dielec-
tric substrates. Heavy atoms like lead will then give rise to
a large spin-orbit interaction, as we observe in the case of
lead glass. The other viewpoint is to let the electron interact
with the dielectric material as a whole (band structure, etc.)
during scattering. The spin-orbit interaction is connected
with the details of the scattering process, and our observa-
tion that different dielectric substrates contribute very dif-

ferently to the spin relaxations roust therefore await a more
detailed theoretical investigation of scattering at interfaces.
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