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Abstract

We have measured the low-temperature resistivities of a series of bulk crystalline disordered Ti;;—,Aly;Sn, alloys (x < 5) as
well as the sheet resistances of a number of thin ferromagnetic Ni films ( = 120 A thick) sandwiching an ultrathin Ag or Au
(=<5 A) layer. The level of impurities (concentration of Sn in the former case, and thickness of Ag or Au in the latter case) is
progressively increased in order to enhance the spin—orbit scattering in a controllable manner. The influence of the spin—orbit
scattering on the electron—electron interaction effects is studied from the temperature dependence of resistivities (sheet
resistance) at low temperatures. We find that the electron—electron interaction contribution to the resistivities (sheet resistances)
increases slightly with increasing spin—orbit scattering. Our observation is discussed in terms of the current theoretical concept
for the electron—electron interactions in disordered metals. © 2001 Elsevier Science Ltd. All rights reserved.

PACS: 72.15.-v; 72.15.Rn; 73.50-h

1. Introduction

Extensive theoretical and experimental efforts have been
made over decades to study the problem of the metal—insu-
lator transition in disordered systems [1]. It is now known
that in an interacting electronic system and in the presence
of strong disorder, both localization and electron—electron
interaction effects are crucial in driving the metal—insulator
transition. However, the relative importance of the two
effects is still not very clear. Efforts to investigate the indi-
vidual contributions from the two effects are, therefore, of
fundamental significance and interest. In this work, we have
carefully fabricated two different weakly disordered metal-
lic systems in order to study the corrections to the low-
temperature resistances (or, more precisely, resistivities in
three dimensions and sheet resistances in two dimensions)
due to electron—electron interaction effects. One example
system consists of bulk crystalline disordered Tiz;—,Aly;Sn,
alloys with x <5 (hereafter, referred to as TiAlSn). The
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other sample system consists of thin Ni films sandwiching
an ultrathin (impurity) layer of either Ag or Au. The former
sample system is three-dimensional (3D) and hence the
temperature dependence of the low-temperature resistivity
in the absence of a magnetic field arises mainly from the
disorder enhanced electron—electron interaction effects
[2,3]. The latter sample system is two-dimensional (2D). It
is known that, in general, both weak-localization and elec-
tron—electron interaction effects could contribute signifi-
cantly to the temperature dependence of the low-
temperature sheet resistance in 2D. Nevertheless, due to
the ferromagnetic nature of the host material (Ni) being
detrimental to weak-localization effects [4], the temperature
dependence of the low-temperature sheet resistance is, thus,
also dominated only by electron—electron interaction effects
in the latter sample system.

Experimentally, the influence of spin—orbit scattering on
disorder enhanced electron—electron interaction effects have
previously been studied by high-field magnetoresistance
measurements [5,6]. The Coulomb screening parameter F,
defined in the e—e interaction theory, is then extracted by
comparing the measured magnetoresistance with the sum of
the theoretical weak-localization magnetoresistance plus
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theoretical electron—electron interaction magnetoresistance.
Technically, this method involves several adjustable
parameters in the least-squares fits of the experimental
data with theory; and, hence, is not a very desirable way
of extracting the value of F. In this work, we have studied
the variation of F with the spin—orbit scattering rate, ’TS_OI by
measuring the temperature dependence of the resistance in
zero magnetic field. Here, the low-temperature resistance is
solely controlled by the electron—electron interaction
effects, as just mentioned. Therefore, the number of fitting
parameters is greatly reduced and, in fact, there is now only
one free parameter involved in the comparison of experi-
mental data with theory, namely, F. Our results for the
variation of £ with ;! are reported below.

2. Theory

Altshuler and coworkers have calculated the corrections
to low-temperature resistivities and sheet resistances due to
electron—electron interaction effects in the weakly disor-
dered regime and predicted that [2]

Ap(T) _ p(T) = py _ 09158 ( 4.3 F@D)) [ksT
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in three dimensions, where py is a reference low-tempera-
ture resistivity [taken to be py = p(10 K) in this work], D is
the electron diffusion constant, and the Coulomb screening
parameter is explicitly denoted by F D) They have also
predicted that
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in two dimensions, where T is a reference temperature,
Gy = Enm’h is the quantum conductance, and the
Coulomb screening parameter is explicitly denoted by
F® In Egs. (1) and (2), the parameter £ or F® js a
measure of the screened Coulomb interaction. These correc-
tion terms stem from the diffusion channel involving small
momentum and frequency transfers. Physically, there is a
suppression of the single-electron density of states at the
Fermi level caused by the enhanced electron—electron inter-
actions in the presence of disorder. Such a suppression has
been confirmed experimentally by tunneling electronic
density of states measurements [7,8].

According to the theory, the electron screening parameter
F (F®® or FP)) is a measure of F (defined in the e—e
interaction theory) which is the dimensionless screened
Coulomb potential between electrons averaged over the
Fermi surface [2]. Within the Thomas—Fermi approxima-
tion, F— 1 in the limit of complete screening (or, good
metals), while F— 0 in the limit of no screening (or,
‘bad’ conductors). Eqgs. (1) and (2) suggest that poor screen-
ing of electrons due to large interaction effects causes a
significant rise of low-temperature resistivity (sheet resis-

tance). In general F' ~ F in the limit F < 1. If F is not small,
it can be readily shown that F equals F to within =~ 10% for
F in the range |F| = 1. Thus, it should not be critical to
distinguish between F and F in most experiments, including
the present work discussed below. An explicit expression for
the relation between F and F can be found in Refs. [2,3].

The screening parameter F(F GD) or F®D)) is one of the
most important, yet not very well understood parameters
defined by the electron—electron interaction theory [2].
Because of the enormously complicated interaction effects
between electrons, the magnitude of F in a real disordered
material is extremely difficult to calculate theoretically. In
the presence of spin—flip scattering (spin—orbit scattering
and spin—spin scattering), the situation becomes even less
clear. It has been argued that the contribution from the diffu-
sion channel to electron—electron interaction effects would
be suppressed in the presence of strong spin—orbit scattering
[9.10]. This prediction has not attracted much experimental
attention thus far, compared with, for example, the very
extensively studied weak-localization predictions for
magnetoresistance.

3. Experimental method

In order to study the spin—orbit scattering effect on elec-
tron—electron interactions, we have fabricated two series of
samples in this work. The two sample systems have signifi-
cantly different material characters.

(i) A series of bulk crystalline disordered Ti;;—Aly;Sn,
(x=15) alloys were fabricated by a standard arc-melting
method [11]. Impurity Sn atoms were progressively intro-
duced into the parent Ti;3Aly; phase to ‘tune’ the strength of
the spin—orbit scattering in a controllable manner, while leav-
ing the amounts of disorder of the samples barely changed.
That is, the residual resistivities of our alloys are essentially
the same, with po = p(10 K) = 225 p.) cm, corresponding to
an electron mean free path already in the limit of the intera-
tomic spacing. Thus, further doping of Sn into the parent
Ti;3Al,; phase can hardly change or increase p. X-ray diffrac-
tion measurements confirmed that all of our ternary alloy
samples possessed a structure similar to that of the parent
Ti;3Aly; phase. The alloys were cut into rectangular shapes,
typically 0.2x1x10mm?, for four-probe resistance
measurements.

The parent Ti;;Aly; phase is chosen because Ti possesses a
moderately small atomic number Z =22, while Al has an
even smaller atomic number Z = 13. Therefore, the spin—
orbit scattering is expected to be moderately weak in this
alloy, leaving plenty of room for increasing the spin—orbit
scattering rate, TS:,l, by ‘controlled’ doping of heavy atoms.
This is one of the reasons why Sn is used as the impurity atom,
as Sn has atomic number Z = 50. Notice that this Z= 50 is
sufficiently heavier than that of Ti while it is still not as large
as that of, for example, Au (Z = 79) or Bi (Z = 83). Since it is
known that 7' increases rapidly with increasing atomic
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Fig. 1. The normalized resistivities Ap\/—lj/p2 as a function of +/T for four representative Tiz;—,Al,;Sn, alloys with x = 1.0 (diamonds), 1.5

(squares), 3.0 (triangles), and 5.0 (circles).

number as 1';,1~Z4 [12], a small amount of Sn doping will,
thus, on the one hand, significantly increase 1';01 , while, on the
other hand, leave the degree of disorder p, unchanged as just
mentioned. Consequently, any change in F ©D) in this experi-
ment, if observed, should result from enhanced spin—orbit
scattering instead of from the change in disorder. If Au or
Bi were used as the impurity atoms, it would be much harder
to ‘tune’ the magnitude of 7, step by step (see Fig. 2),
because a very minute amount of Au or Bi doping would
likely have already pushed the system into the limit of strong
spin—orbit scattering (1., > 7%1 , the electron dephasing rate)
where 7.,! cannot be accurately extracted from the weak-
localization theoretical predictions [13].

The value of the electron diffusion constant D for our
alloys is evaluated through the FEinstein relation
0o ' = N(0)e’D, where po is the measured residual resistiv-
ity, and N(0) is the electronic density of states at the Fermi
level deduced from specific heat measurement at liquid
helium temperatures. We obtain D =~ 0.85 cm%s for ail
our alloys with the same py = 225 pnQ cm [11].

(i) Two dimensional Ni films doped with an ultrathin
layer of Ag or Au were prepared by in situ sequent thermal
evaporation in a vacuum of =5X10 °torr on glass
substrates held at room temperatures. The ultrathin impurity
Ag or Au layer (=5 A) was deposited mid-way between
two 60-A thick Ni layers to form a sandwiched sample. The
deposition rates for the host Ni and impurity layers were
about 0.4 and 0.014 A/s, respectively. The strength of the
spin—orbit scattering in the samples was increased gradually
by systematically increasing the thickness of the ultrathin
impurity layer.

Low-temperature measurements

resistance were

conducted using an ac resistance bridge and a *He cryostat.
The temperature was monitored with a calibrated RuO, and
a calibrated carbon—glass thermometer.

4. Results
4.1. Tiyz— Aly,Sn, alloys

In a three-dimensional weakly disordered system at liquid
helium temperatures, the resistivity is expected to increase
with decreasing temperature with the square root of
temperature due to electron—electron interaction effects,
Eq. (1). In Fig. 1, we show a plot of the normalized resistiv-
ities, Apy/D/p?, as a function of /T for four representative
TiAlSn alloys with the concentration of Sn as indicated in
the caption to Fig. 1. Here, data are plotted in such a way as
to be directly compared with the theoretical prediction of
Eq. (1). Inspection of Fig. 1 illustrates that our samples
reveal electrical resistivities as caused by disorder enhanced
electron—electron interaction effects. That is, the resistiv-
ities increase with the square root of temperature below
10 K. On the other hand, there is negligible (less than 5%,
see for example, Ref. [14]) contribution from weak-locali-
zation effects. If the weak-localization contribution were not
negligible, a deviation from /T dependence would have
been observed.

The slope of a linear fit to our data in Fig. 1 gives the size
of the resistivity corrections, and, thus, the value of the
screening parameter F ©D) for each sample. Fig. 1 clearly
shows that the slope increases, and, correspondingly, F (D)
decreases with increasing concentration of Sn. In other



1816 J.J. Lin et al. / Journal of Physics and Chemistry of Solids 62 (2001) 1813—1818

0.35 T T
0.30 |- .

0.25

0.20
ﬁ (3D) I
0.15
0.10 |
0.05 |-

0.00

0.0 0.1

1
0.2 0.3 0.4

T, (ps)

Fig. 2. Variation of F GD) with spin—orbit scattering rate 7;1 for several Tis;;—,Aly;Sn, alloys.

words, P decreases with increasing spin—orbit scatter-
ing. Quantitatively, the variation of F®P) with the spin—orbit
scattering rate, 7.,', for our TiAlSn samples are plotted in
Fig. 2. Fig. 2 demonstrates that F ©D) decreases monotoni-
cally with increasing 7. As T, increases from about
7% 10" to about 2.5 x 10" s 7!, the value of FOD decreases
from about 0.31 to 0.01. F®® remains positive and almost 0
with further increase of 7,,'. Here our spin—orbit scattering
rates are determined from weak-localization studies of
magnetoresistivities [11,14]. Physically, the decrease in
FOD as just observed, arises from the diffusion channel
being suppressed in the presence of strong spin—orbit scat-
tering [9,10]. Our observation of Fig. 2 is qualitatively, but
not quantitatively (see below), in line with this current theo-
retical understanding.

4.2. Thin Ni films

In a two-dimensional weakly disordered system at liquid
helium temperatures, the sheet resistance is expected to
increase with decreasing temperature with a functional
form of In T due to electron—electron interaction effects,
Eq. (2). (We ignore the weak-localization contribution as
discussed in the Introduction.) In Fig. 3, the normalized
conductance, AG/Gy, as a function of the logarithm of
temperature for a representative sandwiched Ni(60 /f\)/
Au(5 A)/Ni(()O A) film is plotted. Here, data (symbols) are
plotted in such a way as to be directly compared with the
theoretical predictions of Eq. (2) (solid straight line). In this
figure, the slope of a linear fit, A= 1 — F D), directly yields
the value of F*® for each sample. We have determined the
values of A for several sandwiched Ni/(Ag,Au)/Ni films.
Fig. 4 shows the variation of A with the thickness, #, of
the ultrathin impurity layer: Ag (squares) or Au (circles).

This figure shows that A changes only very slightly ( = 5%)
with increasing 7. However, it is clear that A increases essen-
tially linearly with 7. In other words, A increases, or, corre-
spondingly, F D) decreases with increasing spin—orbit
scattering. For a given ¢, the magnitude of A is larger for
Au-doped films than for Ag-doped films. This behavior is
readily understood in terms of impurity Au atoms being
heavier than impurity Ag atoms and, hence, causing a stron-
ger spin—orbit scattering effect on the suppression of F @D)
Therefore, our observation suggests that spin—orbit scatter-
ing has a positive, although small, contribution to the elec-
tron—electron interaction resistance rises in 2D disordered
systems. This assertion of a spin—orbit scattering effect in
enhancing the electron—electron interaction resistance
corrections hold true in both three- (Fig. 2) and two-dimen-
sional (Fig. 4) cases.

It is worth noting that we have not determined the value of
'r;Ol in our sandwiched thin Ni films, because the low-
temperature magnetoresistance of these ferromagnetic
films are not caused by weak-localization effects. Instead,
the alignment effect of permanent moments in the presence
of an externally applied magnetic field dominates the
magnetoresistance. Therefore, the values of 7, cannot be
inferred by the standard weak-localization magnetoresis-
tance measurements.

5. Discussion and conclusion

The main results of this work, Figs. 2 and 4, clearly estab-
lish that spin—orbit scattering enhances electron—electron
interactions in disordered metals. Similar observations
have been reported previously in disordered systems, parti-
cularly in bulk metallic glasses. Sahnoune et al. [5,6] and
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Fig. 3. Normalized sheet conductance AG/Gy as a function of In 7 for the sandwiched Ni(60 A)/Au(S A)/Ni(60 A) film. The straight line is a

least-squares fit to Eq. (2).
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Fig. 4. Variation of A= 1 — F D) with the thickness  of impurity Ag layer (squares) or Au layer (circles) for sandwiched Ni(60 A)/(Ag, Au)/

Ni(60 A) films. The straight solid lines are guides to the eye.

other authors [15,16] have reported that the value of FOD
decreased for higher spin—orbit scattering rate 1';,1 in
various amorphous metals. They also found that F 3D)
might even become negative in materials with sufficiently
largea';,1 (=10%s7h. Very similar conclusions have also
been drawn for bulk polycrystalline metal alloys [3,17].
Such a systematic change of F GD) with T;,l cannot be satis-
factorily explained by the current electron—electron interac-
tion theory. For example, Altshuler et al. [9] only predict

that the (3/2)F° term in Eq. (1) should be replaced by (3/
8)FCP) in the limit of strong spin—orbit scattering. (This
means that the triplet part of the electron—electron interac-
tion in the diffusion channel is suppressed.) However, no
explicit expression is given for the dependence of F @D on
1{01. On the other hand, to the best of our knowledge, no
experimental observation of the dependence of F D) on T;,l
has been reported in the literature.

In Fig. 4, our experimental value of A is larger than unity,
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suggesting a negative F D) in our sandwiched thin Ni films.
This result is not consistent with the free-electron-model
prediction of F D) where F©®P is expected to be always
positive. In fact, negative values of F D) in thin layers of Ni
have been reported previously by Kobayashi et al. [18]. This
issue of a negative F®™ in thin ferromagnetic Ni films still
remains open.

In conclusion, we have measured the electron—electron
interaction corrections to the low-temperature resistivities
of three-dimensional TiAlSn alloys and the sheet resistance
of two-dimensional Ni/(Ag,Au)/Ni films. We observe that
strong spin—orbit scattering enhances the electron—electron
interaction corrections to the resistivities (sheet resistances).
This result is not fully theoretically understood.
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