
VOLUME 27, NUMBER 11 PHYSICAL REVIEW LETTERS 13 SEPTEMBER 1971

the copper ions, which is directed along the z
axis. However, Fig. 2 shows clearly that below

T, the ratio h, /6, . for any two resonance lines
is no longer constant, as it is above T, . This
experimental result necessitates an extra term
in formula (1) so that below T,

&; = G;u &(T) + G V '(T)

where the factors G, ' are different from the 6;.
It must be concluded that the function p'(T)
represents a spontaneous magnetization per-
pendicular to p, We have repeated the experi-
ment at other fields between 29 and 42 kOe and
found the same behavior of the resonance lines,
except that the critical temperature is strongly
field dependent. The measured values of T, are
indicated by the drawn line in Fig. 3.

The field and temperature region defined by the
the temperature independence of the resonance
spectrum (shaded area in Fig. 3) is the same as
that found by Haseda et al. ,

' whose adiabatic
magnetization experiments we extended to 50
mK. The proton resonance experiments show
that in this region the interpair coupling J' leads
only to short-range order, probably in linear
chains of spin pairs. Below 0.16 K long-range
order sets in, characterized by a spontaneous
component of the time-averaged magnetic mo-

ment of the Cu" ion perpendicular to the exter-
nal field. Comparing our results with those of
Bonner et al. ,

' we are led to the conclusion that
the interpair interaction consists of a dominant
exchange in one dimension and two weaker com-
ponents, just strong enough to arrange long-
range order below 0.16 K.
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Neutron-scattering measurements have been made of the critical parameters of the
simple Heisenberg ferromagnets EuO and EuS. Values of the critical exponents P and v

and the amplitudes of B and E describing, respectively, the reduced magnetization and
the inverse correlation range (above T, ) are in good accord with theory. The measured
values of the exponent p, describing the static susceptibility, support the recent pre-
diction that y~1.40 in a simple nearest-neighbor Heisenberg ferromagnet. The scaling
relation between P, v, and y is fulfilled.

Although ferromagnets have been extensively
studied, most are so complicated that their criti-
cal behavior cannot reliably be compared with the
simple Heisenberg or Ising models for which the-
oretical predictions exist. ' Among the rare ex-
ceptions are EuO and EuS. We have used neutron-
scattering techniques to investigate the spontane-

ous magnetization below the Curie temperature
7, and the spatial critical fluctuations above T,
in these two materials, both of which are insula-
tors with almost ideally localized Heisenberg ex-
change interactions. Since the Eu2' ions are in the
S7/2 spin stat e and the magnetic stru ctu re of both

compounds is fcc, the exchange is also nearly
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isotropic. " These facts, including the large
spin of 7/2, make a comparison with the model
calculations for the classica/ Heisenberg ferro-
magnet extremely relevant.

The reason for studying both compounds is that
EuO has a predominantly nearest-neighbor inter-
action (4,/k =0.75'K, &~/k = -0.10'K)4 while EuS
has a relatively larger second-nearest-neighbor
interaction (J,/k =0.20'K, J,/k = —0.08'K). ' There-
fore, in addition to providing experimental re-
sults on magnetically simple systems, our mea-
surements also illustrate the sensitivity of the
critical parameters to the range of the exchange
interactions.

The neutron capture cross section of europium
is unfortunately so large that even with our mate-
rial isotopically enriched in Eu'", a sample thick-
ness less than a millimeter mas necessary. To
achieve sufficient cross-sectional sample area we
therefore had to use a powder slab sample rather
than a single crystal. Consequently, the critical
scattering could only be studied at small scatter-
ing angles around the forward direction. However,
this technique worked as well as the single-crys-
tal technique (where the scattering is measured
around Bragg reflections) because the scattering
from both EuO and EuS is essentially isotropic
within at least the inner half of the Brillouin
zone. Further, when using Bragg scattering to
determine magnetization, a powder is actually
preferable to a single crystal because the problem
of correcting for secondary extinction is elimi-
nated.

The measurements were made with a two-axis
crystal spectrometer using a monochromatic neu-
tron wavelength of 1.46 A. Pyrolytic graphite and
quartz filters were used to reduce higher-order
contamination. Corrections for the remnant con-
tamination, which was small, mere included in
the data analysis. T'emperatures below 30 K
were determined by calibrated cryoresistors; at
higher temperatures, platinum resistance thermo-
meters were used. The critical temperature T,
was identified by the usual method of finding the
temperature corresponding to the peak of the crit-
ical scattering at the smallest possible wave vec-
tor, typically q =0.05 A '. The observed values
of T„69.15+0.05'K for EuO and 16.57+0.02'K
for EuS, fall within the range reported in the lit-
erature for samples of good purity and stoichio-
metry. Measurement of the powder diffraction
patterns also showed that there were no inclu-
sions of other europium compounds in the sam-
ples. '

First, let us describe the determination of the
spontaneous magnetization below T,. The mag-
netic Bragg scattering, which is proportional in
intensity to the square of the magnetization M, is
superimposed on a "background" of nuclear Bragg
scattering from the rock-salt nuclear lattice
structure. Because the magnetic scattering is
relatively largest compared to the nuclear scat-
tering for the (1, 1, 1) reflection, this reflection
was selected for the measurements. In addition
to the nuclear scattering, the magnetic inelastic
scattering both from critical fluctuations and spin
waves is also part of the background.

We assessed the background contributions in
the following way. From a study of the inelastic
neutron scattering in EuO and EuS, the details of
which mill be described in a subsequent paper,
we had already determined the cross section
S(q, &u) both above and below T,. We integrated
S(q, ~) over v for those values of q which, in a
randomly oriented pomder, contribute to the scat-
tering at a fixed angle in a two-axis spectrome-
ter. This scattering accounts for the temperature
variation of the intensity observed at the Bragg
position immediately above T„and enabled us,
by scaling to the tmo-axis data above T„ to sepa-
rate the magnetic inelastic contribution from the
temperature-independent nuclear scattering (the
Debye-Wailer factor is almost unity even at room
temperature).

The magnetic part of the Bragg intensity nor-
malized to the extrapolated intensity at T =0 is
plotted on a log-log scale in Fig. 1 for both EuO
and EuS. In the low-temperature region below
T/T, =0.5, the deviation from saturation agrees
with simple spin-mave theory. ' Near T, the mag-
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FIG. 1. The temperature dependence of the squawe of
the magnetization of EuO and EuS.
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TABLE I. Least-squares values for P, 8, v, 5', and y.

Expression Quantity Theory P=)

ann &g =I"

X(e =0)
Xg

0.367 +0.008
1.18 +0.03
0.690 +0.023
2.4 +0.2

0.360 +0.012 0.38 +0.03
1.18 +0.04 1.12
0 702 +0 027 0 717+0 007b
2.3 +0.2 2.54b

1.396 +0.030 1.390 +0.039 1.405 +0.020

'Ref. 8. bRef. 9.

netization obeys a power law,

M/Mo =B[(T,—T)/T, ] .

Least-squares-fitted values of B and P for (T,
—T)/T, ~0.11 are given in Table I. We notice
that the magnetizations behave identically in EuO
and EuS and that the value of P is in good agree-
ment with the results of a recent series expansion
calculation by Stephenson and Wood. ' The value
of B is slightly larger than that obtained theoreti-
cally from the classical spin model~ reasonable
result since the magnetization for 8-~ has a fi-
nite slope at T=O.

Above T„ the intensity of the critical scattering
was measured at small angles within the range
0.05 A ' ~q ~ 0.15 A ' at a series of fixed temper-
atures 0.01 ~ (T —T,)/T, ~ 0.5. Critical neutron
scattering arises from interactions between neu-
trons and critical spin fluctuations occurring in
both space and time. The scattering cross section
integrated over &u at a fixed q is proportional to
the wave-vector-dependent susceptibility X(q),
which is the Fourier transform of the spatial
spin-correlation function. A two-axis spectrome-
ter performs an instrumental integration over ~,
but for a fixed scattering angle. We have correct-
ed our data to obtain y(q) by using the inelasticity
of the critical scattering as determined from our
triple-axis spectrometer measurements following
a procedure which has previously been described
for iron. " With 2.5-A neutrons, the correction
was substantially less for EuO than for iron and
almost negligible for EuS. Apart from the inelas-
ticity we also corrected for background intensity
and for the effect of the finite resolution of the
spectrometer. The instrumental resolution func-
tion for a two-axis spectrometer at small scatter-
ing angles was simply determined from the hori-
zontal and vertical angular divergences of the
collimators.

At each temperature the corrected intensity

x(q)
(q/z, )' + 1 T (2)

where the inverse correlation range ~, is as-
sumed to vary with temperature as a„„a', =F[(T
—T,)/T, ) ", a„„being the nearest-neighbor dis-
tance. In Eq. (2), X, is the susceptibility for a
noninteracting spin system. This simple form of
y(q) is justified by the recent series-expansion
calculations for the classical Heisenberg model
made by Ferer. "

Figure 2 shows the best values of a„„a, and

X(q =0)/y, for both Euo and EuS plotted on a log-
log scale against the reduced temperatures (T
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FIG. 2. The temperature dependence of the static
susceptibilities X(q =0)/X& and of the inverse correla-
tion ranges a„„wq (a« is the nearest-neighbor distance)
of EuO and EuS. Note that the reduced temperature
scales are different.

data were analyzed with a Lorentzian form of y(q),
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—T )/T and (T- T,}/T, respectively; X(q =0)/y,
is in arbitrary units for the two compounds.
Least-squares-fitted values of F, &, and y are
given in Table I. The theoretical predictions for
the classical Heisenberg model with nearest-
neighbor interaction are also shown for compari-
son. "o Agreement is most satisfactory.

The problem of background determination above
T, deserves some additional comment. Back-
ground scattering, while small, can be among the
most important sources of systematic error in
small-angle experiments because it depends on
the scattering angle. An upper limit was deter-
mined by the intensities obtained at approximately
4T,. Part of this, however, is paramagnetic
scattering, which at this high temperature is in-
dependent of q for q S 0.15 A. '. To estimate the
paramagnetic contribution we extrapolated the
power law for the temperature dependence of the
intensity at q =0 to 4T,. This extrapolation is
justified by the series-expansion results for
y(q =0)/y, which generally give a value near 1 for
C in Eq. (2). The final background curve was ob-
tained after a few iterations. It is assumed in
this procedure that the contributions from com-
peting scattering processes, such as multiple
phonon scattering, are either small or indepen-
dent of temperature up to 4T,.

Although we are confident that this evaluation of
the background gives reliable results for the crit-
ical exponents v and y, we do not feel that our
measurements can determine a small deviation
from the Lorentzian form of y(q} such as that
proposed by Fisher' and Ferer et al. ' in terms of
the small critical exponent g. According to scal-
ing theory, y/v=2- g. We find y/v=1. 98+0.09
for EuS and y/v = 2.02 + 0.08 for EuO. The theo-
retical value of g=0.04, proposed by Ferer
et al. ,

' is not inconsistent with these results.
We are aware of only two other experiments

which bear directly on the critical parameters of
EuO and EuS. First there are the studies of EuO
by Menyuk, Dwight, and Reed" made with a vi-
brating- coil magnetometer. They found P = 0.368
+0.005, which compares well with our value.
From their data we are also able to deduce that
J3= 1.22 by using a moment of 6.8p. & per Eu ion. '
Again the agreement is good. Unfortunately,
above T, the agreement is less satisfactory; they
find y =1.29+0.01, which cannot easily be recon-
ciled either with our result y =1.40 + 0.03 or with
the theoretical prediction of Ferer et al. ,

'
y

= 1.41+0.02.
Second, there are NMR studies of EuS made by

Heller and Benedek, "who obtained for P and B
744

the values 0.33+0.015 and 1.145 +0.020, respec-
tively. Their value of B is in good agreement
with our own, while their value of P is lower than
ours, slightly outside the range of the statistical
uncertainties. Our values for P in both EuO and
EuS support the most recent theoretical expecta-
tions' of a value larger than 3, originally con-
jectured to be the result for the Heisenberg mod-
el.

According to scaling laws, the three critical
exponents P, y, and v which we have determined
should be related through P = (3 v —y)/2. Our re-
sults are in agreement with this relation:

(+0.03 +0.05 for EuO
)+0.002+0.05 for EuS.

It should be noted that the errors in v and y are
correlated. This has been taken into account in
the above estimates of the errors on P - (3v- y)/2.

To summarize, (i} EuO and EuS show identical
critical behavior for both the magnetization and
the correlation range measured relative to the
nearest-neighbor distance. Also, the critical ex-
ponents for the susceptibilities are the same.
(ii) The critical behavior agrees very closely with
the most recent theoretical results for the classi-
cal Heisenberg ferromagnet with nearest-neigh-
bor interactions. (iii) The scaling relation be-
tween P, v, and y is fulfilled.
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