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Neutron diffraction from a single crystal of ErFeQ3 confirms that the spin reorientation at
about 95'K does not occur by a first-order transition, but is a gradual rotation.

The spin reorientations which occur in many of
the rare-earth orthoferrites have been investigated
by various techniques. ' ~ Mossbauer measurements
recently performed '~ on ErFe03 showed that spin
reorientation proceeds by a gradual and uniform
spin rotation and not by a first-order transition
(discontinuous 90' spin flip) occurring in different
regions of the sample at different temperatures.

In the present communication we confirm the
Mossbauer results by directly monitoring the orien-
tation of the splns as they change their dlrectlon as
a function of temperature. This technique is based
upon the fact that the neutron-scattering cross sec-
tion from a magnetic reflection is proportional to
the quantity sin~/, where P is the angle between the
scattering vector and a vector parallel to the spin
direction. 6 If a reflection is chosen whose scatter-
ing vector is parallel to the reorientation plane and

the spin reorients continuously with temperature,
the neutron intensity may go through a maximum
or a minimum depellding on the angle and sense of
the rotation. Qn the other hand, if the rotation is
a discontinuous spin flip (but at different tempera-
tures in different parts of the crystal), then the
neutron intensity will change monotonically. It is
also necessary that all spins rotate in the same di-
rection (clockwise or counterclockwise). Other-
wise the. maximum or minimum may be averaged
out. In the case of the rare-earth orthoferrites,
a magnetic field is used to a,ct on the weak ferro-
magnetic moment associated with the dominant anti-
ferromagnetism in order to satisfy this condition.

%'e have applied this technique to a single crysta, l
of Erre03. The crystal structure of this compound
belongs to the orthorhombic space group I'bnrn.
In the reorientation range - 90-100'K, upon hea, t-
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ing, the weak ferromagnetic moment (WFM) rotates
from the x to the g direction while the antiferromag-
netic axis (AFA) rotates from the z to the x direc-
tion. ' ' The WFM is less than 0. 1 p.~, so its con-
tribution to the reflected neutron intensities is neg-
ligible compared to the contribution from the 5p.3
of the AFA.

The crystal (about 2x 3x 4 mm) was mounted with
its b axis parallel to the diffractometer axis. The
measurements were performed on the (101) and

(101)reflections, which are mainly of magnetic
origin, with incident neutrons of wavelength 0. 6A.
In the reorientation range, the intensity should
reach a maximum when the AFA is perpendicular
to the scattering vector and a minimum when it is
parallel to the scattering vector. The angle between
the projection of the applied field on the reorienta-
tion plane (ac) and the scattering vector determines
whether a maximum or a minimum will occur. In
the case of a discontinuous 90 spin flip, neither
a maximum nor a minimum should occur. In the
experiment described in Fig. 1(a), a magnetic field
H-400 G was applied in the ac plane, forming an

angle of 45' with the +x direction, that is, in a
direction approximately parallel to the scattering
vector. The orientation proceeds so that the AFA
passes a direction in which it is perpendicular to

the scattering vector. At this direction, the ob-
served intensity should pass a maximum, in full
accord with Fig. 1(a). In the experiment described
in Fig. 1(c), If was applied in the ac plane forming
an angle of 135' with the+x direction, that is, in

a direction approximately perpendicular to the scat-
tering vector. In this case, in the course of reori-
entation the AFA passes a direction parallel to the

scattering vector and a minimum is observed, as
expected. In the absence of an external field [Fig.
1(b)], rotations in either direction occur and an

average curve is obtained.
As is to be expected from geometrical considera-

tions, the maximum in Fig. 1(a) is observed at a
lower temperature than that corresponding to the

minimum in Fig. 1(c). The observed temperature
for the maximum in Fig. 1(a) is in good agreement
with calculations based on Fig. 1(c). Heating and

cooling experiments led to the same temperature
dependence within 0. 5'K. We found that the reori-
entation occurs over a range of - 11 'K, in agree-
ment with Grant and Geller. Hovyever, the actual
temperatures reported here are lower by 2-3 K
than those reported by Grant and Geller.

Results similar to those presented in Pigs. 1(a)
and 1(c) were obtained by programming the counter
to measure alternately the (101) and (101) reflec-
tions during a very slow cooling (or heating) of the

crystal in which the magnetic field was held fixed.
In that way the two curves were measured simul-
taneously.
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FIG. l. Temperature dependence of the intensity of the
(101) refleciionof neutrons (X- 0. 6A) fromasingie crystal
of ErFeO&. A projection of the (101) plane ontheac plane
and the direction of the externally applied field H are sche-
matically indicated on the right. The bold arrows indicate
the direction of the weak ferromagnetic moment at the var-
ious stages of the experiments relative to the axes shown

on the right. The lengths of these arrows are proportional to
the number of domains in the stages indicated by the arrows.
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For 0. 6-A neutrons, [I /I'], s„ the ratio of the

observed intensities below and above the reorienta-
tion range, was found (Fig. 1) to be about 1.9, and

to decrease monotonically with wavelength down to
-1.4 for 2. 6-A neutrons. The calculated ratio on

the other hand is given by

[I /I'], +,- sins([101], [001])/sin ([101],[100]) ~

The ratio is independent of wavelength and for the
orthoferrites (where c-av 2 ) is equal to 2. This
discrepancy is attributed to the existence of extinc-
tions' which are probably responsible also for the
fact that the maximum observed in Fig. 1(a) is
lower than expected.

Inconclusionwe note that the occurrence of a max-
imum in Fig. 1(a) and a minimum in Fig. 1(c)
proves that, upon heating the crystal through the
reorientation region, the spins (AFA) rotate gradu-
ally from the c to the a axis in agreement with the
conclusion of the Mossbauer studies. ' We have so
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far applied the technique only to single crystals. It
should be applicable to powder samples as well.

%e wish to thank Dr. H. Alperin for helpful com-
ments on the manuscript.
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The temperature dependence of the resistivity of a Pd-0. 78-at. % Fe alloy and a Pd-0. 73-at. %
Co alloy has been measured in the temperature region 1.4-20 K, and in applied fields up to
60 kOe. These data can be fitted simply by including the effects of the applied fieM in a model
due to Long and Turner; this model, based on s-electron scattering from collective excitations
in the coupled impurity-moment d-band system of the alloy, satisfactorily accounts for the
majority of the zero-field properties of this class of alloy. Analysis of the PdFe data yieMS
g= 2, while the acoustic spin-wave stiffness D is found to be field dependent. Various origins
of this field dependence are discussed. For the PdCo system this scheme of analysis re-
quires the splitting factor g to be significantly less than 2. The D is again found to be field
dependent.

I. INTRODUCTION

The properties of alloys of Pd with the transition
metals. Fe and Co exhibit many anomalous features,
of which (i) the giant moment phenomenon' and
(11) tl1e rapldip lncreasBlg 111ag11etlc-01'de1'111g te111-

perature T, with relatively low impurity concen-
tration' c have received the most experimental and
theoretical attention. The origin of both (i) and (ii)
lies in the nearly ferromagnetic, itinerant character.
of the Pd d band. The conventional Buderman-
Kittel-Kasuya- Yosida (RKKY) oscillations induced
in the host conduction band via an exchange coupling
of the form —2JS o between the impurity spin (S)
and the conduction-electron spin (g) are, in this
case, ' suppressed to relatively large distances
by the effects of exchange enhancement. ' Con-
sequently, there is an enhancement in the mnge
of the induced polarization, as evidenced by neutron
diff ractlon and Mossbauer data.

Clogston et al. 3 used the concept of a magnetized
virtual bound state to discuss the static magnetic
properties of these alloys, while Rhodes and Wohl-
fartb. ' have used a rigid-band model in their theo-
retical discussion. More recently Moriya' has
given careful consideration to these static proper-
ties on the basis of the Anderson model. "

The dynamic properties of these alloys in the
ferromagnetic state were first investigated by
Doniach and Wohlfarth'6; this work was later ex-
tended by Cole and Turner, ' who concluded that the
dynamical spin states could, at temperatures well
below the magnetic-ordering temperature T, be
approximately described by spin waves. In a re-
cent pubbcation by Long and Turner' the resistiv-
ity of this class of alloy has been calculated on
the basis of this dynamical model; the conductivity
is regarded as being dominated by s electrons
(in view of their relatively low effective mass' '

)
which seattel from the collective excltatlons ln two


