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Magnetocrystalline Anisotropy of Single-Crystal Europium Oxide
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The Grst-order cubic anisotropy constant E& in EuO single crystal was measured as a function of tem-
perature and applied Geld by the static torque method. The value at T=0'K is Ei(0) = —(4.36&0 1)X 10'
erg/cm'. The variation oi E~ with T and II is uniquely described by the behavior oi the measured magnetic
moment 0 (H, 2') .The observed relationship between Eq(P, T)/K&(0, 0) and 0 (P, r) /0 (0, 0) is explained
by a theory of single-ion interaction with the cubic crystal potential. The cubic crystal-GeM splitting param-
eter b4 (21.2—+—0.5) X10 ' cm '/ion obtained from E, (0) is compared with results for Eu++ iona in vari-
ous other materials.

IHTRODUCTIOH

t IHK texnperature dependence of the rnagneto-.crystalline anisotropy energy of a ferromagnet
and, alternatively, its connection with the mag-
netization o ( T) have been the subject of con-
siderable theoretical interest' since Akulov' Grst
derived in 1936 the 10th-power law for the low-

temperature region, Er(T)/Et(0) $o (T)/o. (0)]".At
higher temperatures where the spin deviations are
large, the 10th-power law is not valid. The influence
of the crystal environment is sensed by each xnagnetic
ion and the temperature behavior is expected to be
somewhat different for different xnechanisms of anisot-

ropy. It is possible, at least in principle, to identify
the ionic species and the mechanism responsible for
the magnetocrystalline anisotropy by observing the
behavior of E» versus temperature and versus con-
centration of active elements. A single-ion theory has
been derived by Wolf' considering an individual ion
subject to a crystalline Geld in addition to the Weiss
molecular field. The theory has been used successfully
for evaluating the origins of anisotropy in ferrites and
garnets. 4 The garnet YIG, which has provided the most
satisfactory testing ground for this theory' has, how-

ever, two magnetic sublattices. Corisequently, two
Gtting parameters are adjustable in the comparison
between theory and experiment.

With the availability of good quality EuO single
crystals, ' we are now in a position to test the theory
in an insulating cubic ferromagnet in which the mag-
netic Eu+ ions form a single sublattice of spin-only

*Visiting scientist, now at Yokohama National University,
Minamiku, Yokohama, Japan.

'H. B. Callen and E. R. Callen, J. Phys. Chem. Solids 2'7,
12/1 (1966). This paper reviews nearly two dozen theoretical
papers comprehensively.' N. Akulov, Z. Physik 100, 197 (1936).

s W. P. Wolf, Phys. Rev. 108, 1152 (1957). More details in-
cluding theoretical results for the case S=-,' appropriate to EuO
are given in an Air I'orce Cambridge Research Center ScientiGc
Report No. AFCRC-TN-57-594 (unpublished) .

4 J. Kanamori, Magnetism I (Academic Press Inc. , New York,
1963),p. 127.' G. P. Rodriguez, H. Meyer, and R. V. Jones, J. Appl. Phys.
31,376S (1960).' C. F. Guerci and M. W. Shafer, J.Appl. Phys. 37, 1406 (1966).
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atomic moments. ~ The dominant mechanism for the
magnetocrystalline anisotropy is the splitting of the
sS7/s levels of the 4f electrons in the octahedral crystal
Geld. The single-ion theory treated by Wolf' uses the
molecular-Geld approximation to derive the effective
fieM which quantizes the atomic magnetic moments
along the direction of the magnetization. The theory
predicts explicitly the dependence of ICr(o)on the.

observed magnetization o(H, T) a.nd gives implicitly
the variation with temperature and applied magnetic
field, E&(T, B). Other mechanisms that may be con-
sidered are two-ion interactions (e.g. , magnetic dipole-
dipole, electrostatic pseudo-dipolar and pseudo-quad-
rupolar interactions) and the contribution of mag-
netoelastic distortion. Von Molnar and Lawson'
found evidence from the paramagnetic linewidth in
EuS that two-ion interactions play a minor role in
ferromagnetic Ku-chalcogenides. We estimate for
EuO the effects of magnetic dipole-dipole interactions
and rnagnetoelastic distortion on Ei(0) to be small
as well.

Ke describe here measurements of the temperature
and field dependence of the first-order cubic anisotropy
constant E~. From magnetization data measured on the
same crystal, ' we derive the dependence of E~ on 0-

for a wide range of temperatures and applied fields.
The effects of magnetoelastic interaction in KuO
(anomalous expansivity and magnetostriction) have
been studied previously. "

It is interesting to note that in EuO an applied Geld
of 20 kOe is comparable to 1/20th the Weiss field and
may generate rather large forced anisotropy. While the
forced anisotropy (introduced by a Geld) in 3d metals
has occupied the attention of a number of theoretical
studies, its magnitude" "

L (r)Er/BH) /Ei 10 ' to
7T. R. McGuire, B. E. Argyle, M. Shafer, and J. S. Smart,

J. Appl. Phys. 34, 1345 (1963).
8 S. Von Molnar and A. W. Lawson, Phys. Rev. 139, A1598

(1965).' We are indebted to T. R. McGuire of this laboratory for data
of magnetization versus Geld and temperature."B. E. Argyle and N. Miyata (to be published)."C. D. Graham, Jr., Phys. Rev. 112, 1117 (1958); J. Appl.
Phys. 30, 391 (1959).

"H. P. Klein and E. Kneller, Phys. Rev. 144, 372 (1966)."J.Veerman, J. J. M. I"ranse, and G. W. Rathenau, J. Phys,
Chem. Solids 24, 947 (1963).
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10-')g is so small that it almost escaped detection in the
applied fields commonly available (~1/200th of the
Weiss molecular field) .

TECHNIQUE OF MEASURING Ki

The coefficient Ei in the Grst-order anisotropic
free energy Ei g;(;n, suP (cr;= direction cosi,mes of
the magnetization) was derived from the torque'4
in an applied iield rotating in the (001) plane of a
disk-shaped single crystal, 5.0 mm&0. 67 mm. The
same specimen was also used for measuring anomalous
thermal expansivity and magnetostriction. "The tem-
perature of the specimen was measured by a Au+2. 1
at.% Co versus Cu thermocouple which was calibrated
at the temperatures of N2, Ne, and He liquids. During a
run, the specimen and thermocouple were in thermal
contact with the liquid bath by means of helium ex-
change gas. Boiling and freezing temperatures of these
reference baths were varied and controlled, using a
vacuum forepump and a Wallace and Tiernan mano-
stat. Temperature readings were accurate to within
~0.1'K.

The measured torque curves contained predomi-
nantly the term —E'i(sin 48)/2 expected for first-order
cubic anisotropy. Here, 0 is the angle between the
magnetization and the $100$ direction. The torque
due to second-order magneto crystalline energy
E&crt'ere'ns' is zero in a I100I crystal plane. Values
of E~ were obtained by averaging the eight extrema
of each torque curve for 360' rotation of the Geld.
Small deviations from perfect sin 48 behavior were
ahvays less than 4% of the amplitude at helium tem-
pera&. ure. The averaging procedure eliminates those
residual torques which contain uniaxial and uni-
directional components originating from the shape
anisotropy of the specimen and a nonuniform com-
ponent of applied magnetic Geld. We have to consider
also the possibility that small chips in the peripheral
edges of the specimen which were visible under a
microscope could contribute to the shape anisotropy.
If these chips are cooperatively oriented L(100) is
the cleavage plane) they can produce a measurable
sin48 torque. We investigated this question by looking
for the fourfold shape effect under conditions where
Ez is very small and 0- is rather large. At 77'K and 20
koe where Ei 1% of Ei(0) and o~-,'o(0), no such
fourfold effect was observed within limits of un-
certainty equal to &xi, % of Ei at O'K. This chip effect,
being magnetostatic in origin, is proportional to the
square of the magnetization. Thus, the upper limit on
the error in measuring E& at absolute zero caused by
this fourfold shape effect is (&1%.

, .c

'4The recording torque balance which was constructed by
B. A. Calhoun of this laboratory, is similar to the design of
A. A. Aldenkamp, C. P. Marks, and H. Zijlstra LRev. Sci. Instr.
31, 544 (1960)g. The calibration was checked by the method of a
currentwarrying coil and is accurate to &1%.
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Fxe 1. Temperature dependence of first-order magnetocrystal-
line anisotropy constant E& and the magnetization a at fixed
internal magnetic fields of 18 and 14 Roe.

The contribution of the magnetoelastic distortion,
EME, to the measured anisotropy can be estimated
from the relation4

EMz= Bis/(crt-c~) (Bss/2c—~),

where B~ and Bq are magnetoelastic coupling coef-
Gcients and cia, c~~, c44 are the usual cubic elastic stiffness
coefjicients. We obtain ItMz~ —6X10' erg/cm' by
using the constants Br(0) =3.1X10', Bs(0) = —86X
10', which we previously evaluated for EuO, " and
using elastic constants, cia= 17'10", F2= 7.5&10",
c44= 5.2X10n (all in cgs units) ." Magnetoelastic dis-
tortion contributes then only 1.5% to the observed
E» at absolute zero.

EXPERIMENTAL RESULTS

The temperature dependence of Ej is given in Fig.
1 for constant applied internal magnetic fields H; of
14 and 18 koe. The value of Ei at O'K is —(4.36&
0.1) X10' erg/cm' which may be compared with the
value —3.6&10' obtained by Dillon" using the ferro-
magnetic resonance. This discrepancy may arise from
differences in sample preparation although we have
obtained 1% consistency between two different speci-
mens made in this laboratory which have less than 20
ppm of other rare-earth impurity concentrations ac-
cording to mass spectrographic analysis of similarly
prepared crystals. The assigned error in E;(0) is a
maximum error based on &1%calibration error and the
&1% maximum fourfold shape anisotropy described
previously.

"Measured ultrasonically by D. E. Eastman of this labora-
tory."J. F. Dillon, Jr., and C. E. Olsen, Phys. Rev. 135, A434
(1964).
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FIG. 2. Reduced an-
isotropy constant versus
applied internal mag-
netic field II; at fixed
temperatures.

temperatures and at Geld strengths seven times the
saturation field ( 2.7 kOe) for the center of the disk.

Figure 3 shows the reduced anisotropy constant
Ei(T, H)/Ei(0, 0) plotted logarithmically against
the reduced magnetization a (T, H)/o (0, 0) . The
theoretical results for the single-ion theory given by
Wolf', which converges to the 40th-power law as T
approaches zero, is also presented. The experimental
data follow the single-ion theory quite well.

The temperature dependence of the reduced field
derivative of the forced anisotropy (BEi/BH)/Et(0) is
displayed in Fig. 4. The data points represent the
slopes of the Ei/Et(0) versus H; curves given in Fig. 2
evaluated between i6 and 18 kOe. The theoretica1
curve in Fig. 4 was obtained by combining Wolf' s
theory' in the high-temperature region with the
measured high-held susceptibility' (cio/c)H;) /o (0) and,
in the low-temperature region, by combining with the
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FIG. 3. Reduced anisotropy constant versus reduced
magnetization.

"J.S. Kouvel and C. D. Graham, Jr., J. Appl. Phys. 28, 340
(1957).

The field dependence of Ki is given in Fig. 2. It
consists of two parts: the intrinsic and the extrinsic
field dependence. The major contribution at high
temperatures is probably the intrinsic forced anisotropy
which is associated with the forced magnetization in a
high magnetic field. The extrinsic effect is due to lack
of saturation in the material near the edge of the speci-
men and is largest at the lowest temperatures. The
slope of forced anisotropy at 5.5'K and below has the
magnitude expected" for the extrinsic eQ'ect, but we
are not sure if it should be so attributed. Nevertheless,
this slope is small in relation to the slope at higher
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Pro. 4. ~ ~ ~ ~ ~ ~: Observed slope (3E&/88)/E&(0) of forced
anisotropy curves given in I'ig. 3 at high magnetic fields. Solid
curve: Slope predicted from Wolf's single-ion theory in Ref. 3
and the observed high-field susceptibility of magnetization.
Dashed curve: Slope predicted by combining single-ion theory
with the susceptibility obtained from unrenormalized spin-wave
theory. (See text. }

susceptibility calculated from spin-wave theory" but
without spin-wave —spin-wave interactions.

DISCUSSION

' At low temperatures the magnetization measurements were
too insensitive to give accurately the high-field susceptibility.
There is evidence that spin-wave theory satisfactorily explains the
temperature variation of magnetization up to 10-15'K when
evaluated by calculating a lattice sum I (as described by S.
Charap and E. Boyd, Phys. Rev. 133, A811 (1964)j over the
Brillouin zone for 30 atomic distances. The field derivative of
reduced magnetization (1/os) (so/SH) at various temperatures
was computed by an IBM 7094 using the parameters J&//k=
0.75'K, J2/ J&———0.13, and 4+&0=24X10' 6 which were ob-
tained from low-temperature NMR data by K. L Boyd fphys.
Rev. 145, 174 (1966)j.

The previous section and Figs. 3 and 4 show that the
temperature and Geld dependence of the first-order
magnetocrystalline anisotropy coeKcient E& can be
represented by a unique function of the magnetization
o.(T, H) alone. The single-ion theory of Wolfs provides
such a function which agrees for EuO very well with
our experimental results although it is based on the
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not quite realistic molecular-field approximation. Callen
and Shtrikman" have recently shown that the func-
tional relationship between magnetization and anisot-
ropy constant is essentially model-independent being
identical for all renormalized collective excitation
theories, e.g., spin-wave theory, the random-phase
approximation, other forms of Green's-function theory,
as well as the molecular-field theory itself. This ex-
plains the good agreement of our anisotropy data with
Wolf's single-ion theory even though the molecular-
field approximation is too inaccurate to calculate the
magnetization behavior, as it neglects the short-range
order known to be significant particularly near the
Curie point.

The cubic crystal-field parameter b4 can be estimated
from Et(0) under the assumption that perturbation of
single-ion energies by electrostatic crystal field is the
dominant mechanism for the anisotropy energy in
Euo. We obtain" b4 (21.2+——0.5) X10 4cm '/ion using
our measured Et(0) = —(4.36~0.1) )& 10' erg/cm' and
the lattice constant ao ——5.145 A.

In Fig. 5, values of b4 for Ku+" in several compounds
with differences in size of the anion environment are
compared. The dashed line is an arbitrary connection
between the b4 value of this paper (Euo) with the b4

value obtained on EuS by ferromagnetic resonance
measurements. Title" studied the crystal-field splitting

FrG. 5. Cubic
crystal-Geld splitting
parameter b» versus
interionic distance
for Eu++ ions in
various crystals ob-
tained from various
experiments. (See
text. )
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"H. B. Callen and S. Shtrikman, Solid State Commun. 3, 5
(1965).

"This splitting parameter b4 is related to B4 in the spin Hamil-
tonian B4(04'+504') Dn the notation of Baker, Bleaney, and
Hayes, Proc. Roy. Soc. (London) A347, 141 (1958)j by the usual
relation 60 84= b4. This spin Hamiltonian is effectively the same
as the form (a/6) (S,'+S„'+S,') used by Wolf, but we must
clear up certain discrepancies in the literature as they pertain to
a determination of b4. While the relation E'=ar(y) given by
Wolf where y= exp( gPH, qq/kTj gives th—e splitting parameter
in terms of E1(0) by referring to a calculated value for r(0), the
value r (0) =8.75 given in Fig. 4 of Wolf's paper should be —17.5.
The calculation for r(y) was based on Eqs. (3c) for energy levels
appearing in Ref. 3. Professor Vingolf informs us that these equations
need to be corrected by a factor of —2 on the right-hand side. This
does not, however, affect the interpretation of K'/1C'(0) versus
0/0(0) discussed in this work because the reduced form of the
function r(y)/r(0) which connects these quantities is unaltered
by the correction. To compare either a or b4 with E&(0) we use
then E1(0)= (—17.5) a= (—17.5) 2b4, since a=2b4.

' R. S. Title, Phys. Letters 6, 13 (1963).

of dilute Eu++ in the series CaF2, S&F2, BaF2 having the
fIuorite structure with eightfold F coordination. His
observation that b4c(: E. -, where E is the impurity-
to-anion distance, suggests that the splitting is linear
rather than quadratic in the electrostatic crystalline-
field potential t/' |x E '." lf the same perturbative
process is dominant in sixfold coordinated alkaline
earth oxides and europium chalcogenides, b4 is expected
to be opposite in sign and to vary in magnitude as
E '. In the case of KuO, b4 is positive and becomes zero
on going to the larger lattice parameter of EuS. This
agrees only qualitatively with the point-charge model.
At the same time, Overmeyer and Gambino" found a
completely anomalous situation for the case of dilute
Eu++ in the series CaO, SrO, BaO, in which case b4

increases with increasing E. and changes sign as also
shown in Fig. 5. There is, at present, no explanation of
these contradictory results.

The observed agreement with the temperature vari-
ation predicted by a single-ion theory does not preclude
the possibility of magnetic dipole-dipole, pseudo-dipole,
and pseudo-quadrupole interactions. The contribution
of the two-ion mechanisms to the temperature curve
has not been calculated quantitatively, ' and qualita-
tively it can be similar to the single-ion curve. The
pseudo-pole-terms are largely electrostatic in origin and
difFicult to estimate theoretically. 4 Cooper and Refer'4
showed how the magnitude may be estimated from the
high-temperature paramagnetic resonance linewidth
611. Von Molnar and Lawson' measured DII=1.20&
0.03 kOe in KuS and found this to be consistent with an
estimate for magnetic dipole-dipole broadening. In
other words, there was no need to invoke an electro-
static mechanism. The EPR linewidth in EuO is cur-
rently under investigation by D. K. Eastman of this
laboratory. We may estimate the contribution of
magnetic dipole-dipole energy to Et(0) by the formula's

Et(0) = (—9XS/16Z) (D'/J)

taking J (exchange constant) ~0.75'k~,"S=-', , Z= 12;
D (dipolar coupling constant) is approximately given
by g'P'/a' with a being the distance between neigh-
boring Eu++ ions (3.644). The resulting dipolar
anisotropy ~10s erg/cm' is negligible compared to the
observed Et(0) = —4.36X10' erg/cm'.

ACKNOWLEDGMENTS

We wish to acknowledge B. A. Calhoun, R. Joenk,
S. Methfessel, and W. P. Wolf for valuable discussions
and R. T. Chase, H. R. Lilienthal, and J. W. Mitchell
for valuable technical assistance.

"M. T. Hutchings, Solid State Phys. 16, 227 {1964)."J.Ove™yerand R. Gambino, Phys. Letters 9, 108 (1964).
'4 B. R. Cooper and F. Keffer, Phys. Rev. 125, 896 (1962)."F.Keffer and T. Oguchi, Phys. Rev. 11'7, 718 (1960).
"K.L. Boyd, Phys. Rev. 145, 174 (1966).


