
VOLUME 237 NUMBER 2 PHYSICAL REVIE%' LETTERS 14 Jvx.v 1969

a nearly constant exchange contribution, and so
this term, and thus the spin-wave energy, will
not go to zero with the anisotropy contribution on

approaching the transition temperature.
In summary, we have proposed a model in

which the cone to spiral transition in holmium is
caused by an instability of the spin-wave mode of
wave vector k, arising from the strong tempera-
ture dependence of the anisotropy parameters.
Calculations of these parameters lend support to
our arguments, and we have carried out neutron
inelastic scattering measurements which demon-
strate the influence of this instability on a spin-
wave mode of wave vector near R,.

The authors wish to thank their colleagues at
Chalk River for advice and encouragement.
E. A. Glaser and R. Campbell gave valuable tech-
nical assistance.

*Permanent address: Atomic Energy Research Es-
tablishment, Harwell, England.

'W. Cochran, Phys. Bev. Letters 3, 412 {1959;R. A.
Cowley, Phys. Bev. Letters ~9 158 (1962).

2B. R. Cooper, B. J. Elliott, S. J. Nettel, and H. Suhl,

Phys. Hev. 127, 57 (1962).
B. J. Elliott, in Magnetism, edited by G. T. Rado

and H. Suhl (Academic Press, Inc. , New York, 1965),
Vol. IIA.

4T. Kasuya, in Magnetism, edited by G. T. Bado and
H. Suhl (Academic Press, Inc. , New York, 1966), Vol.
IIB.

5W. C. Koehler, J. W. Cable, M. K. Wilkinson, and
E. 0. Wollan, Phys. Bev. 151, 414 (1966).

B. J. Elliott and K. W. H. Stevens, Proc. Roy. Soc.
(London), Ser. A 219, 387 (1953).

K. W. H. Stevens, Proc. Phys. Soc. (London) A65,
209 (1952).

H. B. Callen and E. Callen, J. Phys. Chem. Solids
27, 1271 (1966).

J. L. F6ron and R. Pauthenet, in Proceedings of the
Seventh Bare Earth Research Conference, Coronado
California, 1968 (International Harvester Company,
San Diego, Calif. , 1969), Vol. I.

B. N. Brockhouse, Inelastic Scattering of Neutrons
in Solids and Liquids (International Atomic Energy
Agency, Vienna, Austria, 1961).

M. W. Stringfellow, T. M. Holden, B. M. Powell,
and A. D. B. Woods, J. Appl. Phys. 40, 1443 (1969).

~2R. M. Nicklow, H. A. Mook, H. G. Smith, B. E.
Reed, and M. K. Wilkinson, J. Appl. Phys. 40, 1452
(1969).
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We have measured the temperature dependence of the electrical resistivity of the cu-
bic, Laves-phase, ferromagnetic, intermetallic compounds GdNi2, GdPt2, and GdRh2,

and for GdNi2, we have analyzed the temperature derivative of the electrical xesistivity
in the neighborhood of the magnetic transition. Above the Curie temperature our data
are very well described by the molecular-field treatment of the long-range spin fluctua-
tions of the short-range order, giving for the first time an experimental result in agree-
ment with this treatment.

For some time there have existed theoretical
treatments by de Gennes and Friedel' and Kim'
of the effect of short-range spin ordering on the
electrical resistivity near a magnetic transition.
To date, there have not been any experimental
data which can be reasonably described in terms
of these theories. These studies have used a
molecular-field or Ornstein- Zernicke' approxi-
mation for the long-range behavior of the spin-
spin correlation function and the Born approxi-
mation to relate this correlation function to the
electrical resistivity. The basic model used is
that of an "s-d" exchange interaction between
the conduction (s) electrons and the assumed lo-

calized d or f electrons. Recently, the mea-
surements of Craig et a1.4 on the electrical re-
sistivity of Ni near its Curie point showed a be-
havior very different from that predicted by
these theories. Fisher and Langer' have argued
that these theories are inadequate because the
anomalous behavior of the electrical resistivity
near a magnetic critical point is determined
largely by the short-range rather than the long-
range spin fluctuations, at 1east for temperatures
above the transition temperature T,. In this
paper we report the observation of the effect of
the long-range nature of the critical fluctuations
of the short-range spin ordering on the tempera-
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ture dependence of the electrical resistivity of
GdNi„a cubic, Laves-phase, ferromagnetic,
intermetallic compound, and demonstrate that
the molecular-field theories of de Gennes and
Friedel' and Kim' give a good semiquantitative
fit to our data for temperatures above 1',.

We have measured the temperature dependence
of the electrical resistivity of a series of cubic,
Laves-phase, gadolinium intermetallic com-
pounds and have analyzed, in some detail, the
case of GdNi, which shows the most striking
anomalous behavior near the ferromagnetic-or-
dering temperature. The saturation magnetiza-
tion and Curie temperature of GdNi, were mea-
sured independently by Skrabek and Wallace' and
Crangle and Ross. ' Our measurements of the
electrical resistivity were made by the standard
four-point probe technique on a sample that had
been annealed at 1000'C for one week. Data
were taken at 1 K intervals throughout the criti-
cal region. The temperature derivative of the
resistivity dp/dT was obtained from the p(T)
data by point-by-point differentiation using a
computer.

In Fig. 1 we plot our p(T) data and the com-
puted dp/dT for GdNi, . Similar results were ob-
tained in GdPt, and GdRh, . At high temperatures
p(T) is essentially linear in T but as the temper-
ature is lowered there is a plateau in the neigh-
borhood of 80'K and then a further decrease to
the lowest temperatures measured. The dp/dT
curve shows a very broad maximum at high tem-
peratures and a sharp decrease until about 80'K
followed by a very sharp rise over a tempera-
ture interval of a few degrees as the tempera-
ture decreases. At about 75'K there is a sharp

maximum followed by a decrease in dp/dT at
lower temperatures.

The general shape of the dp/dT curve in the
neighborhood of 75'K in consistent with the p(T)
behavior predicted by the molecular-field theo-
ries of de Gennes and Friedel and Kim for the
critical region, and we analyze our results us-
ing expressions derived by Kim. ' In particular,
the electrical resistivity of a system due to a
local s-d exchange interaction in the Born ap-
proximation is given by'

p = p
' f—g~ I'(Rz) exp(iK Rg)

x(1-cos8) sin8d8,

where po is the electrical resistivity in the high-
temperature limit where spin-spin correlations
are negligible, 6I is the scattering angle, SK is
the momentum transfer, and I"(Rq) is the static
spin-spin correlation function for two spins sep-
arated by Rq.

r(R, ) = [&SJ S,)-&S,) ~ &So)I/S(S+ 1). (2)
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Using the molecular-field approximation [essen-
tially taking I'(R) ocA 'exp(-~A), where ~ is the
inverse range of correlation) for the spin-spin
correlation function, Kim' shows that the elec-
trical resistivity can be written as
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FIG. 1 p(T) and .dp/dT for GdNi2. dp/dT was
from p(T) data by computer differentiation.
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In Eqs. (3) and (4), T, is a temperature-indepen-
dent parameter which depends on the details of
the model for 1 (Rq). In the molecular-field ap-
proximation where II'= a l T-T, l, T, = 8k F'a
with k F the Fermi momentum of the relevant
conduction electrons. In any more realistic mod-
el, T, would depend on the band structure as
well as the details of the form of I'(Rz).

This theory predicts a cusp in p(T) and an infi-
nite discontinuity in dp/dT at T, with dp/dT pos-
itive for &=&, and negative for T=T . In
Fig. 2 we show several curves of dp/dT as a
function of & obtained from differentiating Eqs.
(3) and (4). The parameter y is equal to 4T, /T,
and we have, for the purposes of plotting, taken
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T, = 75'K (corresponding to what we believe is
the Curie temperature of our sample of Gdwi„
which is in good agreement with the value ob-
tained by Crangle and Ross' !). If one recalls
that the measured resistivity includes a temper-
ature-dependent term due to electron-photon
scattering and if one smooths the divergence in
dp/dT, there is a remarkable similarity between
the dp/dT data of Fig. 1 and the theoretical
curves for dp/dT in Fig. 2, at least for tempera-
tures above the theoretically predicted discon-
tinuity. The fact that the measured dp/dT never
goes negative is explained by the finite electron-
phonon scattering, which for the case of p&h,„,„-T would shift the theoretical dp/dT curves by
a constant positive amount.

Because of the width of the transition region in
dp/dT there is some ambiguity in choosing T,
in the absence of a model for describing the
width. We have therefore chosen &, to be 75'K
in GdNi„about the temperature where dp/d T
shows a sharp change. This value could be in
error by about 2 or 3'K corresponding to half
the width of the transition region (the range
over which dp/dT drops dramatically with in-
creasing temperature). This value of T, is in
excellent agreement with the value obtained by
Crangle and Ross' and is about 15'K lower than
the value obtained by Skrabek and Wallace. '

We have also shown in Fig. 2 points for the
computed dp/dT obtained from our data on GdNi,
using T, =75'K ln order to make a comparison
between our data and theory, we have added to
Eq. (3) a term BT to represent the phonon con-

FIG. 2. Solid curves: dp jdT due tc magnetic short-
range orde-r scattering following Kim. Circles: dp/dT
data for Gdwi2. The theoretical curves were plotted to
agree with the data at twc temperatures (85 and 105'K),
using T~ =75'K. The parameter y is defined in the text.

tribution to p(T) and have used two temperatures
(85 and 105'K) to fix the constants pc and B. The
values of p„B, and y which best fit the data are
not particularly significant. There are obvious
differences between the calculated and experi-
mental results especially below &„since the
theory includes only the effects of short-range
order. What is significant is that the tempera-
ture dependence of dp/dT for T) T„where the
short-range order of the spins should strongly
perturb the electrical resistivity, is very well
described by a molecular-fieM treatment of the
spin-spin correlations as expressed by Eq. (3).

We can make the following comments about
the fit of our data to the theoretical curves as
shown in Fig. 2. First of all, the theory does
predict a broad maximum in dp/dT above T,
when y(1.0. Such a broad maximum is evident
in our data (see Fig. 1). However, a fit of our
data with a y value less than unity does not ap-
pear to be possible. In fact, a choice of y = 1.6
gives good agreement with the data over an inter-
val of nearly 150'K above T,. The explanation
of this small disagreement between experiment
and theory is probably due either to an insuffi-
ciency in the theory (y is effectively temperature
dependent) or to a small residual temperature
dependence of the phonon contribution to dp/dT
(B is temperature dependent). Secondly, below
T„where there is long-range order present in
the spins, Eq. (4) is clearly insufficient to de-
scribe the temperature dependence of the elec-
trical resistivity since it takes into account only
the effects of short-range order in the spins.
Finally, at the lower temperatures, the phonon
contribution to the electrical resistivity must
certainly have a temperature dependence differ-
ent from BT, with J3 a constant. Since we have
no way of separating out the electron-phonon
scattering contribution from the spin-disorder
scattering contribution at the lower tempera-
tures, and indeed have no theoretical prediction
of the spin-disorder scattering contribution val-
id over the entire temperature interval from O'K

to 1'„ it would be premature to speculate about
the situation in this temperature range. We can
say, however, that the good agreement between
our data and the molecular-field theory of Kim'
for temperatures above 1'„where there can
only be short-range spin order and where the
electron-phonon scattering contribution to dp/dT
is probably small if not negligible, is strong con-
firmation of the essential correctness of the
molecular-field treatment of the spin Quctua-
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tions, at least in the system GdNi, .
Our results on the cubic Laves-phase com-

pounds GdPt, and GdRh, are similar to those of
GdNi, although the anomalies in p(T)l and dp/d&
near T, are not as striking as in the case of
Gd¹i,. We obtain values for T, of about 23'K
in GdPt, and 70 K in GdRh, compared with 36
and 74'K, respectively, obtained by Crangle and
Ross. '

In summary, our experiment gives the first
clearly quantitative agreement with the mole-
cular-field description of the spin-disorder scat-
tering near the critical point, and we conclude
that this agreement illustrates the validity of
such a theory in a system such as GdNi, where
there is clearly a well-localized Gd moment.
We believe that the difference of the critical be-
havior in these compounds from that in Ni4 or
PdFe alloys' probably is due to the fact that, in
these gadolinium compounds, the magnetic f
electrons are well localized. Therefore, a local
"s-d" exchange interaction, a feature common
to the theories discussed earlier, ""is a better
representation of the true situation than in the
case of Ni or Pdre alloys where the d electrons
are not well localized. One is led to make a
distinction' between the statistical treatment of
the problem and the model interaction used. It
is quite possible that the major source of the
qualitative difference between theroy and experi-
ment lies not so much with the details of the sta-

tistical treatment of the critical spin fluctuations
as with the model interaction used to describe
the scattering of the conduction electrons.
There is clearly a need for further theoretical
study of this point.
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We report the experimental observation of the inelastic scattering of slow neutrons by
two-magnon processes and present theoretical calculations which account for the shape
and wave-vector dependence of the spectrum.

/

Two-magnon processes in antiferromagnets have recently attracted considerable interest not only in
infrared absorption' and Raman scattering'' experiments, but also in theoretical studies. Elliott et
al. ' have shown that the shape of the two-magnon spectrum observed in these optical experiments is
influenced by magnon-magnon interactions, and Fleury' has strikingly confirmed their predictions in

RbMnF~. In this Letter we report the observation of neutron inelastic scattering by pairs of magnons
in the antiferromagnet cobalt fluoride. Neutron scattering differs from optical experiments because
the wave-vector dependence of the scattering may be observed, and because two-magnon scattering
arises fr'om the correlation between pairs of spins rather than from the four-spin correlations sug-


