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Transport properties and localized spin fluctuations in PtNi alloys
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Measurements of the thermopower of I'tNi alloys with Ni concentrations from 0.33 to 4 at. %
show a common linear increase with temperature at low temperatures. There is no evidence of ther-

mopower peaks due to scattering from localized spin fluctuations (in contrast to PdNi alloys). This

is consistent with resistivity measurements which suggest, in an analysis that includes large conven-

tional deviations from Matthiessen s rule, that the localized-spin-Auctuation temperature is in the

range 70 to 160 K.

I. INTRODUCTION

Spin fluctuations play a crucial role in our understand-

ing of many of the properties of nearly and weakly mag-
netic systems, and of ordered magnets above their order-
ing temperatures. ' Particularly noticeable are effects on
electronic transport properties, reviewed for crystalline
materials in Ref. 2. Recently, dramatic spin-fiuctuation
effects have also been seen in the resistivity of Fe-Zr
glassy metals at concentrations near the ferromagnetic
transition.

Scattering of conduction electrons by spin fluctuations
generally produces a characteristic increase in resistivity
with temperature T as the population of spin fluctuations
increases, initially 'as T and then as T. (An exception
is the case of alloys in which well-defined virtual bound
states form at magnetic impurity sites, leading to the
Kondo effect in which the resistivity decreases as T in-

creases. ) Nearly magnetic impurities also produce giant
peaks in the diffusion thermopower in the presence of
both localized spin fluctuations (LSF) and a nonmagnetic
impurity potential. This peak scales approximately with
the spin-fluctuation temperature T„ the temperature cor-

responding to the peak of the spectral density of the LSF.s
Classic examples of spin-fluctuation systems are

Pd and dilute PdNi alloys. Mackliet, Schindler, and Gil-
lespie" demonstrated that LSF effects also occur in the
low-temperature resistivity and specific heat of dilute
PtNi alloys. To investigate further the PtNi system, we
have made measurements of thermopower and have ex-
tended the resistivity data to higher temperatures.
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where SN; and WN; are the characteristic thermopower
and thermal resistivity, respectively, for scattering by the
Ni impurities, S&h and W~h are the corresponding quanti-
ties for scattering by phonons, and W is the total thermal
resistivity.

Recently, analysis of measurements of the diffusion
thermopower of glassy metals has confirmed that the
elo:tron-phonon enhancement is present, 's and that there
is also some evidence for velocity and relaxation-time re-
normalization and/or Neilsen-Taylor effects. ' The
behavior of glassy metals suggests that the total contribu-
tion of these virtual phonon effects to the absolute ther-
mopower is significant but not large. 's'

As the temperature tends to zero, scattering by Ni im-
purities will dominate and the diffusion thermopower
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The diffusion thermopower is given by Kohler's rule' for
the PtNi alloys as

WN; ( T)SN;( T)
Sd(T)
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II. THERMOPO%ER

%e have made thermopower measurements on the PtNi
alloy samples and the pure Pt sample of Mackliet,
Schindler, and Gillespie" at temperatures in the range
1.5—120 K. The major difference between the thermo-
powers of the alloys and pure Pt occurs at low tempera-
ture where they have opposite sign, as shown in Fig. 1.

A metallic thermopower S(T) can be written as the
sum of a diffusion term Sq(T) and a phonon drag term
Ss(T) as

S(T)=Sd(T)+Se(T) .
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FIG. 1. Thermopower of three representative dilute PtNi al-
loys and Pt. The percentage figures give the Ni concentration in
atomic percent.
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should be simply SN;, giving a total thermopower in-

dependent of Ni concentration in the absence of large
variations in drag or Neilsen-Taylor effects. This expecta-
tion is clearly verified in Fig. 1. We obtain a value for
SN;/T, including virtual phonon effects, of order 0.1

pV/K in the low-T limit, assuming Ss(T) goes to zero
faster than Sz(T} as T~O. This is larger in magnitude
than that for Ir and Au impurities in Pt, ' but smaller
than the value of about —1 pV/K for Ni impurities in

A large linear term (of either sign) is in fact predicted
for the thermopower due to LSF's at low temperatures,
followed by a peak at higher temperatures. Such a peak
is clearly seen at 18.5 K in PdNi, but while SN; for PtNi
may show a positive peak above 20 K, we are unable to
verify this owing to the presence of the large phonon drag
peak. There is also the complication that as the scattering
of electrons by phonons increases, a pronounced nonlinear
T dependence is expected in the diffusion thermopower
$~(T) alone as it changes from SN; towards S~h (about
—0.017T pV/K) (Ref. 16) as the balance of scattering
changes in Eq. (3), even if SN; and S~h are linear in T.
Yet another compHcation is the expected presence of
temperature-dependent enhancement and Nielsen-Taylor
effects.

Turning briefly to the thermopower of "pure" Pt, our
measurements agree with those of Fletcher and Greig
above 20 K, but show a negative plateau of somewhat
larger magnitude at very low temperatures. This observed
variation in magnitude for different samples would be ex-
pected if the negative peak is due to trace Fe impurities,
as suggested by MacDonald, Pearson, and Templeton. '

This explanation of the Pt thermopower minimum is sup-
ported by the fact that it is absent in measurements on Pt
films, ' in which disorder scattering dominates over
scattering from trace impurities (thus weighting out the
thermopower contribution of the Fe impurities according
to Kohler's rule).

III. RESISTIVITY

Mackliet, Schindler, and Gillespie" made detailed mea-
surements of the resistivity of several dilute PtNi alloys
from 1.2 to 4.2 K, showing how the coefficient of the
T spin-fluctuation resistivity term increases from
1.54X 10 pQ cm/K in pure Pt to 3.27 X 10
p, Qcm/K in the 4 at. %%uoN i alloy . Wehav eextended
these measurements to higher temperatures for the pure
Pt and the 4 at. % Ni alloy (the alloy with the largest LSF
resistivity term of those available). The measurements
were made simultaneously in the same cryostat to mini-
mize the error in determining the resistivity difference.
The observed difference lip(T) in the resistivities of the
two samples (alloy resistivity minus pure Pt resistivity) is
shown in Fig. 2. The uncertainty in the ratio of the form
factors for the samples (about 2%) leads a relatively large
uncertainty in +(T), which produces a large uncertainty
in the slope of the temperature dependence of bp(T) at
higher temperatures, as indicated by the dotted lines in
Fig. 2.

We take the resistivity pisF(T} due to scattering by

4( T)=4ul[1+ (To/T)'], (4)

where 4q is the saturation value of 4(T) at high tempera-
tures, and To is the temperature at which 4(T) equals
40/2. This expression gives a very good description of
DMR for Ti and V impurities in Pt, as measured byA~ and Williams, although these authors gave a
more sophisticated analysis taking account of the change
from T to T phonon resistivity at higher temperatures
and allowing the two-band model parameters to be tem-
perature dependent. For our present purpose, we suggest
our simple and general expression (4) is appropriate to
describe the expected shape of 4(T) for Pt-based alloys.
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FIG. 2. Increase 4p(T) in the resistivity of the PtNi alloy
with 4 at. % Ni relative to that in pure Pt, with the increase hpo
in residual resistivity subtracted off to leave only the change in
temperature-dependent resistivity. Our experimental data are
shown by dots, with upper and lower limits given by the dotted
lines. The full line is a fit of Eqs. (3)—(5) to the data with pa-
rameter values hp0=3. 26 pQcm, 4A =1.SX 10 ' pQcm/K,
T, =160 K, 40=0.082 pQcm, and To 27 K. The dashed——
lines give the separation of the fitted resistivity into LSF and
conventional DMR components.

LSF's as given by the universal curve of Kaiser and
Don ach.

pLsp( T)=(3T,4A /H)[7TT/2T —i

+(T,/AT)f'( I+T, /2m T)],
(3)

where 4A is the increase in the low-temperature T resis-
tivity coefficient produced by LSF's and P'(x) is the tri-
gamma function. We also expect a contribution to the
temperature-dependent resistivity in the alloy from "con-
ventional" deviations from Matthiessen's rule (DMR) as-
sociated with the variation over the Fermi surface of the
electron-phonon scattering rate. To describe this term,
4(T), we use the theoretical two-band expression'9 with
the phonon resistivity varying as T . As used by Kaiser
for PdNi alloys, this expression can be written as
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Empiricallypp b,p (and also Tp to a slight extent) increase
with impurity concentration, in qualitative agreement
with the predictions of the two-band model.

Our fitting equation is therefore

+(T)= happ+ pLsF(T)+ R T), (5)

IV. DISCUSSION

We have found that Ni impurities in Pt produce a rela-
tively large and approximately linear thermopower at low
temperatures, which is consistent with the presence of
LSF's. However, there is no evidence of a peak due to
LSF's as seen~ in PdNi at 18.5 K, although a peak may

where +p is the increase in residual resistivity in the PtNi
alloy. As shown in Fig. 2, we obtain a very good fit for
Q(T). The size of the DMR term (bp-0. 08 pQcm) is
rather less than half that for PtTi and PtV alloys of simi-
lar residual resistivity, while the temperature scale
( To=27 K} is the same as that for PtTi and PtV alloys
with a similar size of DMR.

The increase, hA, in the coefficient of the LSF T
resistivity term (largely determined by the data below 15
K) is fitted as (1.8+0.2)X10 pQcm/K, in agreement
with the value (1.73+0.17)X10 p, Qcm/K of Mack-
liet, Schindler, and Gillespie. " The fitted value of the
spin-fluctuation temperature T, is 160 K, but this is rath-
er uncertain due to the uncertainty in the slope of the
4p(T} data. Keeping the T coefficient b,A at the value
determined by Mackliet, Schindler, and Gillespie, " the
upper limit for dy(T) when fitted to our Eqs. (3)—(5)
gives T, -300 K and the lower limit T, -70 K. Howev-
er, the fit (not shown) for the upper dotted line in Fig. 2 is
poorer because a value of T, —300 K implies that
ALsF(T) shows a gradual T to T change around 75 K, in
disagr&mnent with the linear behavior of the data above
the knee in the DMR term. In fact, regardless of the size
of the linear slope of +(T) at higher temperatures, the
presence of a significant T term below but not above the
main temperature variation in h(T) suggests that the T
to T change in pLsF(T) occurs in the temperature range
10—40 K, i.e., T, is the range 40—160 K. Therefore our
estimate of 160 K for T, also represents the upper limit.

occur above 20 K, where it could be masked by the pres-
ence of other temperature-dependent effects, particularly
phonon drag. In contrast to the case of Ni impurities in
Pd, the characteristic thermopower SN; of Ni impurities
in Pt is positive. A somewhat similar reversal of the sign
of the nearly magnetic impurity thermopower is seen for
RhFe (Ref. 21) (negative LSF peak) and IrFe (Ref. 22)
(positive LSF peak}. In the rather over-simplified context
of the one-band model, this means that electrons see an
attractive nonmagnetic impurity potential for the 4d
hosts, but a repulsive potential for the 5d hosts.

The magnitude of the thermopower at low temperatures
is an order of magnitude smaller in dilute PtNi alloys
than in PdNi and the difference in the increase hA in the
T LSF resistivity term is even greater. "This weakness
of LSF in PtNi leads to the expectation of a greater value
of the spin-fiuctuation temperature T, in the random-
phase approximation, and in qualitative agreement with
this our measurements of the resistivity suggest that T, is
in the range 70—160 K, compared to about 40 K for
PdNi. The resistivity shows relatively large conventional
DMR (ascribed largely to varying phonon scattering over
the Fermi surface) very similar to that seen in nonmagnet-
ic Pt alloys.

The thermopower of "pure" Pt shows a broad negative
peak at very low temperatures that is similar to that in di-
lute Ptpe alloys, and so is ascribed to trace Fe impuri-
ties. ' Very dilute Ptpe alloys also show a characteristic
LSF resistivity increasing with T at low temperatures.
The absence of a T behavior in this resistivity down to
0.5 K suggests that T, &2 K for these alloys. The nega-
tive thermopower peak' ' below 2 K in "pure" Pt with
trace Fe impurities is therefore probably an LSF peak, Fe
impurities showing much stronger LSF behavior (and so
lower T, ) than Ni impurities.
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