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Measurements of the low-temperature spontaneous resistive anisotropy

(SRA) in ternary

(Pd, —, Fe, )osMnj; are presented; the SRA are shown to be consistent with a power-law behavior for this
parameter, viz. SRA « (¢ —¢y)/cy, and the exponent associated with the power law is estimated.

Several recent papers' ~ have reported measurements
of the magnetoresistive anisotropy in various Pd-based
transition-metal systems. These data enabled estimates to
be made of the so-called zero-temperature spontaneous
resistive anisotropy (SRA) (actually measured at 1.5 K),
the SRA being the difference between the longitudinal
(py) and transverse (p,) magnetoresistance extrapolated
to zero induction (B), viz.*

Ap(B) _ 3{p(B)—p,(B)}
o | PABIT2p,B)

(1)

B0;T=1.5K

The concentration dependence of this ratio was then
shown to follow a power-law behavior

A
Ap(B)
Po Co
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suggesting that the SRA might display a zero-
temperature percolation controlled behavior in the vicini-
ty of a threshold concentration ¢,. Such behavior is con-
sistent with the established picture of Pd as an incipient
ferromagnet in which exchange enhancement effects are
important; this leads not only to the extensively studied
giant moment phenomenon5 in alloys such as PdFe, but
also to the establishment of a ferromagnetic ground state
produced®’ by a percolating backbone of such moments
ferromagnetically coupled above a critical composition
¢o- For PdFe, c, has recently”® been estimated at
~1072 at. % Fe, however for Ni in Pd no giant moment
appears at the impurity site and the critical composition,
co=2.25 at. % Ni, is consequently larger.’

The appearance of an SRA in any system relies on the
presence of spin-orbit coupling,!® and hence an orbital
component in the total moment of the system. Further-
more, while both localized!! and itinerant!?> models have
been utilized in the interpretation of SRA data, the form-
er approach affords a more direct means of both under-
standing and calculating such effects, as recent papers
demonstrate.'> Indeed, localized models alone currently
appear capable of providing a quantitative estimate for
the “exponent” A in Eq. (2), yielding'*> A=1.2. This
model value is close to that measured® for Fe in Pd
(A=1.0£0.05) but is well below the value reported? for
Ni in the same host (A=9/4+0.1), a somewhat surpris-
ing result since Ni is known to carry an orbital moment'*
in this matrix (suggesting the applicability of a localized
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approach) whereas Fe does not'* (the anisotropy here re-
sults from spin-orbit cou;aling in the impurity induced,
exchange split Pd d bands’)

In the course of investigating the electric!® and magnet-
ic'® properties of ternary (Pd,_,Fe,)osMng, a potential
reentrant system,!”!® the anisotropy of its magnetoresis-
tance was also measured. Despite various complications
(discussed below), these data contribute to the question of
the possible universality of the index A.

Samples with nominal x values of 0.35, 1.6, 1.8, 2.0,
and 2.2 at.% were prepared individually following a
series of melting and remelting, cold-rolling, and anneal-
ing steps.!> Magnetoresistance measurements were made
using a low-frequency ac technique!* on samples with
typical dimensions (35X2X0.1) mm® at 4.2 and 1.5 K in
applied fields up to 1 T in both the longitudinal and
transverse configurations, and in fields up to 8.5 T in the
longitudinal geometry alone.

Figure 1 reproduces the magnetoresistance at 1.5 K
measured in both orientations for applied fields uyH, up
to 1 T on the 1.8 at. % Fe sample, while Fig. 2 displays
data from the same sample in longitudinal fields alone up
to 8.5 T. These figures are typical of the data obtained on
all the specimens studied, a summary of which appears in
Table I. The principal feature evident in both figures is
the strong negative component in the magnetoresistance
in either orientation, a feature that demonstrates unambi-
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FIG. 1. The longitudinal (]|) and transverse (1) magnetoresis-
tance of the x =1.8 at. % Fe sample at 1.5 K in applied fields
(woH,)upto 1 T.
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<« FIG. 3. (a) The data of Fig. 1 replotted against the estimated
induction B (in T) as explained in the text. (b) The anisotropy
11.0f ] ratio Ap/p, (in %)—with Ap given by Eq. (3)—plotted against
B (in T) for the x =1.8 at. % sample at 1.5 K. (c) As in (b), for
the x =0.35 at. % Fe specimen.
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FIG. 2. The longitudinal magnetoresistance of the x =1.8
at. % Fe specimen at 1.5 K in applied fields (uoH,) up to 8 T.

guously the persistence of substantial spin noncollinearity
at temperatures well below the ferromagnetic ordering
temperature!® (T,~42 K). This behavior is in marked
contrast to that exhibited by the binary Pd, Fe,_, sys-
tem,? where the magnetoresistance in either orientation
displays a weak dependence on fields above uoH, ~0.5 T,
thus enabling the SRA to be estimated—using the extra-
polation implicit in Eq. (1)—with reasonable accuracy.
However, as recently pointed out,!* despite the complica-
tions associated with the failure of either p or p, to reach
saturation in the ternary system, the resistive anisotropy
can, nevertheless, be estimated, as the following argu-
ment shows.

In Fig. 3(a) the data contained in Fig. 1 are replotted
against the induction B, while Fig. 3(b) reproduces the
magnetoresistive anisotropy Ap(B ), where

Ap(B)=p,(B)—p,(B) (3)
while the induction B is given by
B=p(H,+M)—NM , (4)

in which M is the magnetization and N the appropriate
demagnetization factor. There exist compelling argu-
ments* for basing the extrapolation implicit in Eq. (1) on
B, rather than H, or H; (the internal field) (at least at low
temperatures, where de Haas-van Alphen oscillations in

TABLE I. A summary of SRA measurements on ( PdFe)Mn.

15 K 42 K
Fe conc pPo T, Ap SRA Ap SRA
(at. %) (uQcm) (K) (nQcm) (%) (nQcm) (%)
2.2 1240 48 31+1 0.25 31+1 0.25
2.0 11.89 45 29+1 0.24 29+1 0.24
1.8 1149 42 25+1 0.22 25+1 0.22
1.6 11.12 38 17+1.5 0.15 16.5+1.5 0.15
0.35 8.33 9.3 3.3+0.5 0.04(0) 3.0£0.5 0.03(5)

“Subject to typically +1% uncertainty in absolute value due to
shape factor errors; this does not influence the SRA appreci-
ably.

duced by replotting the data in Fig. 1 against B that plays
the principal role in subsequent estimation of the SRA in
this ternary system (as a closer comparison between Figs.
1 and 3 confirms'®). For this reason the evaluation of the
induction using Eq. (4) was carried out carefully. As
briefly discussed previously,'> B was calculated directly
using previously published magnetization—field data*
(or scaling it, where necessary, for samples of slightly
different composition) together with the demagnetization
factors (N, or N,) appropriate for the experimental
geometry. These latter factors were calculated using the
averaged, measured dimensions of each specimen in an
evaluation of the corresponding elliptic integral.?! It is
therefore  important to  emphasize that the
geometry/dimensions were specifically designed such
that, while N, =~pu, (so that there is no change between
the data acquired in the perpendicular orientation in
Figs. 1 and 3), N;=~5X107%, so that, typically,
M(puo—N|)=~p,M ~0.2 T; the latter induces a substan-
tial shift between p, in Figs. 1 and 3, this shift (as men-
tioned above) playing a central role in the evaluation of
the SRA. It is clearly important therefore to examine the
reliability of these estimates; they are determined by that
of the published magnetization data (an accurately
measurable property) not on the detailed values adopted
for the demagnetization factors (due to the particular sam-
ple geometry selected).

Having made this point, the behavior evident in Fig. 3
which we wish to exploit is that the resistive anisotropy
ratio Ap/py appears to saturate near B ~0.4 T despite
the individual dependence of p; and p, on H, (or B); the
SRA can thus be estimated using the extrapolation
shown. The behavior summarized in Fig. 3(b) is typical
of all samples studied containing more than 1 at. % Fe;
that shown in Fig. 3(c) for the x =0.35 at. % Fe sample
is slightly less conclusive in that the ratio Ap(B)/p,
displays a weak dependence on B above ~0.5 T leading
to a larger uncertainty in the SRA (as shown in Table I).
We suggest that the failure of Ap(B) to saturate in this
one sample results from the marked reduction in the ratio
of the measuring temperature (~1.5 K) to its ordering
temperature (7, ~9 K), a suggestion that is supported by
the further reduction in the estimate for its SRA at the
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higher measuring temperature of 4.2 K (a reduction
which is not so marked in the other samples where T, is
considerably higher).

Figure 4 summarizes the SRA data so obtained in the
form suggested by Eq. (2), i.e., a plot of this ratio against
the reduced composition (¢ —cy)/c, on a double loga-
rithmic scale. There does not exist currently an estimate
for the critical composition ¢, based on a detailed
analysis of the properties of this ternary system; conse-
quently we have estimated c, by taking the most re-
cent”?? value for this composition obtained from a de-
tailed compilation of binary PdFe alloys, and scaling it by
the averaged ratio of T, in the ternary system (Table I) to
that in the corresponding binary PdFe system,” we thus
obtain ¢;=0.015 at. % Fe. The solid line drawn in this
figure corresponds to the power-law relationship of Eq.
(2) with A~1; lowering c, increases the estimate for A
and vice versa. Despite the limitations imposed on these
data by the uncertainty in c, and the difficulty of estimat-
ing SRA value at low Fe concentration, they are never-
theless consistent not only with a power-law dependence
of the SRA near the critical composition but with an ex-
ponent A which is estimated to be close to that reported’
for binary PdFe (A=1.0010.05). This latter result is ex-
pected since neither Fe or Mn separately carry an orbital
moment in this matrix,'* and (PdFe)Mn is a comparably
soft ferromagnet'® to either > PdFe or?> PdMn. The ex-
pectation is therefore that this exponent might be in the
same universality class, and the experimental data are
consistent with this expectation.
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FIG. 4. The SRA (in %)—estimated from extrapolation
similar to that shown in Figs. 3(b) and 3(c)—plotted against the
atomic fraction (¢ —c,) (lower scale) and the reduced composi-
tion (¢ —cg)/c, (upper scale) for the samples investigated. The
line drawn has a slope of approximately unity.

Other candidate systems which exhibit possible zero-
temperature percolation controlled transitions, and in
which both the critical composition ¢, and the SRA are
better defined are currently being sought to further eluci-
date this problem.

Support for this work from the Natural Sciences and
Engineering Research Council (NSERC) of Canada is
gratefully acknowledged.

IH. P. Kunkel, Z. Wang, and G. Williams, J. Phys. F 17, L157
(1987).

27. Wang, H. P. Kunkel, and G. Williams, J. Phys. Condens.
Matter 1, 3381 (1989).

3Z. Wang, H. P. Kunkel, and G. Williams, J. Phys. Condens.
Matter 4, 10399 (1992).

4J. W. F. Dorleijn, Philips Res. Rep. 31, 287 (1976).

5G. J. Nieuwenhuys, Adv. Phys. 24, 515 (1975).

6Ya I. Korenblit and E. F. Shender, Sov. Phys. Usp. 21, 832
(1978).

7Z. Wang, H. P. Kunkel, and G. Williams, J. Phys. Condens.
Matter 4, 10385 (1992).

8C. Biischer, T. Auerswald, E. Scheer, A. Schréder, H. v.
Lohneysen, and H. Claus, Phys. Rev. B 46, 983 (1992).

9A. R. Murani, A. Tari, and B. R. Coles, J. Phys. F 4, 1769
(1974).

10, A. Campbell and A. Fert, in Ferromagnetic Materials, edit-
ed by E. P. Wohlfarth (North-Holland, Amsterdam, 1982),
Vol. 3, p. 747.

1A, Friederich and A. Fert, Phys. Rev. Lett. 33, 1214 (1974);
A. Fert, R. Asomoza, D. H. Sanchez, D. Spanjaard, and A.
Friederich, Phys. Rev. B 16, 5040 (1977).

12N, F. Mott, Proc. R. Soc. London, Ser. A 153, 699 (1936); L.

A. Campbell, A. Fert, and O. Jaoul, J. Phys. C 3, 595 (1970);
A. P. Malozemoff, Phys. Rev. B 34, 1853 (1986).

13p, A. Stampe, H. P. Kunkel, and G. Williams, J. Phys. Con-
dens. Matter 5, L625 (1993).

145, Senoussi, I. A. Campbell, and A. Fert, Solid State Commun.
21, 269 (1977); A. Hamzic, PhD. thesis, Université de Paris-
Sud, 1980.

15Z. Wang, H. P. Kunkel, and G. Williams, J. Appl. Phys. 75,
7108 (1994).

167, Wang, H. P. Kunkel, and G. Williams, in Proceedings of the
6th Joint MMM-IEEE Conference, Albuquerque, 1994 [J.
Appl. Phys. (to be published)].

17B. H. Verbeek, G. J. Nieuwenhuys, H. Stocker, and J. A. My-
dosh, Phys. Rev. Lett. 40, 586 (1978).

18H. P. Kunkel and G. Williams, J. Magn. Magn. Mater. 75, 98
(1988).

197, Wang, Ph.D. thesis, University of Manitoba, 1990.

20T, Sato, T. Nishioka, Y. Miyako, Y. Takeda, S. Morimoto,
and A. Ito, J. Phys. Soc. Jpn. 54, 1989 (1985).

213, A. Osborn, Phys. Rev. 67, 351 (1945).

22§. C. Ho, 1. Maartense, and G. Williams, J. Phys. F 11, 699
(1981).



