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quency is directly proportional to the change in ac-
tivation energy. Let us represent the NH4+ torsional
oscillator as a harmonic oscillator for which the entropy
s12

S=E{x/(e* 1)——ln(1 —e—*)I, (1)
where x=jtv/kT and v is the frequency separation be-
tween levels. For NH4+ ion reorientations x 1 at T,
and hence ES 0.2 cal 'K ' mole ', in close agreement
with the observed anomalous entropy of ADP.

The relatively large splittings in the deuteron reso-
nance of the antiferroelectric phase of ADP probably
is associated with the greater crystal distortions in ADP

"S. Glasstone, Theoretical Chemistry (D. Van Nostrand Co.,
Inc., New York), p. 381.

as compared to KDP. As pointed out by Nagaroiya, 2

the transition in. ADP may be explained by a reversal
in the ordering in energy of the Slater con6gurations
of protons on a PO4 tetrahedron. This efI'ect appears
to be due almost exclusively to the ammonium ions
since substitution of Tl+ for NH4+ in ADP alters the
transition temperature and above 33% of Tl results in
normal dielectric behavior. "As indicated clearly by the
electron-resonance results, the proton dynamics do not
change greatly from KDP and the entire difference
between the dielectric behavior of KDP and ADP may
be ascribed to the reversal of Slater energies of proton
configurations about the phosphate tetrahedra.

zz W. Merz, Helv. Phys. Acta 10, 273 (1947).
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The magnetic properties of the metamagnet Eu&Oq are analyzed using molecular-field theory. For the
antiferromagnetic ground state, it is assumed that linear, ferromagnetic chains of spins (Euv+) are polarized
along the c axis of the orthorhombic unit cell, with neighboring chains antiparallel. The weakly magnetic
ions Rue+ provide an apparently inert magnetic background. Exchange constants are deduced from the
paramagnetic Curie temperature 8~=5'K and the critical Geld H, =2.4 kOe. The constants for first- and
second-neighbor Eu'+ interactions are Iz/h~0. 3'K and A/h~ —0.02'K, respectively. An anisotropy
field of 7 kOe is derived from the transverse magnetic susceptibility at low temperatures. This value is also
obtained from a magnetic dipolar sum. Theoretical estimates of the ordering temperature give T,~5 K,
as observed.

I. INTRODUCTIOH

"ETAMAGNETIC behavior has been observed in.. . . Eu304 at liquid-helium temperatures. ' The mag-
netic ordering has been interpreted, tentatively, with
a simple, "linear-chains" model for the magnetic struc-
ture. In this paper, the model will be treated in more
detail. It will be shown to provide a satisfactory
description of the experimental parameters, T~, 8„, II„
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~ L. Holmes and M. Schieber, J. Appl. Phys. 37, 968 (1966).

and II~ (Neel point, paramagnetic Curie point, critical
field, and anisotropy field, respectively) . The influence
of trivalent europium on the magnetic properties of
this oxide will be carefully considered.

This study of metamagnetism in Eu304 provides new
information on interactions in magnetic compounds of
the form 28204. It will be shown that the exchange
interactions are predominantly ferromagnetic in Eu304,
despite the antiferromagnetic ground state. Useful
comparisons are made with the properties of the iso-
morphous oxides, ' SrGd&04 and SrEu204, and chalco-
genides, ' EuLBX4, with I.= Lu, Y, Sc and X= S, Se.

s M. Schieber, R. G. Gordon, and S. L. Hou, in Proceedirzgs of
the Internatzonaf Conference on Magnetism, Iziottingharn, 1964
(Institute of Physics and the Physical Society, London, 1965),
p. 499.' F. Hullinger and O. Vogt, Phys. Letters 21, 138 (1966).
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TAsz.K I. Studies of magnetic ordering in Eu304.

Measurement
Form of
sample

Applied magnetic Ordering
. field (kOe) temp ('K)

Proposed magnetic
structure Ref.

Magnetization

Magnetization

Magnetization

Mossbauer (Eu'+)

Powder

Powder

Crystal chips

Powder

15.2-19.3

10.3

0-8

7.8

77

6.2+0.3

None stated'

Ferrimagnetic

Metamagnetic
(B,(2.4 koe)

~ Procedures appropriate to a ferro- or ferrimagnet were used to process
the data.

b $ee Ref 5.

0$ee Ref 6.
~ See Ref. 1.
e$ee Ref. 7.

II. CRYSTAL STRUCTURE AND MAGNETIC
PROPERTIES

Orthorhombic Eus04 (Fig. 1) is isomorphous with
calcium ferrite (CaFes04), space group Pram, with the
ions Eu'+ and Eu'+ occupying the sites of calcium and
iron, respectively, in that structure. The divalent ions
are at the positions

1, — — 3.
~s pr 4& +& p~ 4i

with @=0.2481 and y=0.3525.4 The divalent ions form
"chains" parallel to the c axis, with a spacing of 3.5 A.

between ions on a chain, and with neighboring chains
separated by 5.6 A..

The magnetic behavior of Eu~04 has been studied in
several laboratories. ' ' r Some of the results (Table I)
are apparently contradictory. A critical discussion of
the experiments is therefore given in Appendix A. For
the purposes of this paper, the magnetic properties of
Eu304 may be summarized as follows:

(i). Ordered regime. The compound Eus04 is anti-
ferromagnetic below T~ 5 or 6'K with a low field
metamagnetic transition (Fig. 2). The limiting value
of the critical field along the c axis at low tempera-
tures, corrected to zero demagnetizing field, is given by
B,=2.4 k0e.'

(ii). Paramagnetic regime The inv.erse paramagnetic
susceptibility, plotted against temperature (Fig. 3),
shows a positive Curie-Weiss intercept. Sy subtracting
oQ' the contributions of the ions Eu'+, as measured' in
the isomorphous compound SrEu&04, the susceptibility
above 20'K can be reproduced with a Currie-Weiss law
of the form C/(T e~), where 8„=5'K, and—where the
constant C is given by the value for the free-ion Eu'+
to within 1%.

4 R. C. Rau, Acta Cryst. 20, 716 (1966).
~ A. A. Samokhralov, V. G. Bamburov, N. V. Volkenshteyn,

T. D. Zotov, A. A. Ivakin, Yu. N. Morozov, and M. I. Simonova,
Fiz. Metal. i Metalloved. (USSR) 20, 308 (1965). )English transl. :
Phys. Metals Metallog. 20, 138 (1965)7.

s F. F. Y. Wang, Phys. Status Solidi 14, 189 (1966).
~ H. Wickman (private communication).

III. THE MODEL

The observation of a positive Curie-Weiss intercept
(Fig. 3) for Eus04 shows that the interactions in this
compound are predominantly ferromagnetic. It is shown
in the following sections that the magnetic properties
at low temperatures are determined almost exclusively
by the strongly inagnetic ions Eu'+ (ground state sS as
compound to rFs for Eu'+). lt is reasonable to assume
that the strongest interactions (ferromagnetic) couple
nearest neighbors of Eu'+, and that weaker interactions
(antiferromagnetic) couple more distant neighbors to
give, over all, an antiferromagnetic ground state. A
model consistent with this picture is used in this paper.
In this model, neighboring ferromagnetic chains inter-
act weakly to give an antiferromagnetic ground state,
as indicated in Fig. 1(b) . The high-field metamagnetic
state is produced by reversing half of the chains to
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Fio. 1. (a) Unit cell of Eu304 Cafter Rau (Ref. 4)7. Large circles,
oxygen; small circles, divalent and trivalent europium. (b)
Neighboring chains of Eu'+. Arrows show proposed magnetic
structure (see text).
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bring all of the spins into alignment with the field. The
critical field is low, because only the relatively weak,
interchain interactions are affected by the metamag-
netic transition.

The four ions of divalent europium in the unit cell
(Fig. 1) lie on two pairs of chains which intersect the
unit cell at s=4 and s=4, respectively. The model to
be used in this paper has the "same" arrangement of
spins on both pairs of chains, i.e., spin "up" at x, y, 4

and -', —x, -,'—y, se and sPin "down" at x, y, se and -', +x,
s+y, e or vice versa. This arrangement (space group
Pts'ttrN) has a slightly lower magnetic dipolar energy
than the alternative arrangement (space group Prtarrt)
in which, say, both of the spins at a=4 are reversed.
Choosing the latter arrangement would have no quali-
tative inQuence on the analysis in Sec. IV, and, quanti-
tatively, would only slightly change the value obtained
for one of the constants (viz. , Js/k) .

IV. THEORY AND INTERPRETATION

In this section expressions for 0„, B., and B~ are
derived from molecular Geld theory and applied to
Eu304. Values are obtained for the exchange coupling
nearest and next-nearest neighbors of divalent euro-
pium. Simple calculations of the ordering temperature
are given to show that the exchange constants are
consistent with the observed Neel point. Some of the
details of the theory are relegated to the Appendices.

A. Paramagnetic Curie Temperature

For a system of identical spins S at temperatures
T»T~, the magnetic susceptibility takes the form
7t=C/(T 8o), with—

8„=-',5(5+1)QZ„(J„/k) .

Here Z is the number of mth nearest neighbors, and
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Fxo. 3. Powder susceptibilities. Observed values have been
plotted after correction for Lorentz and demagnetizing fields
(net eGect less than 1% above 50'K).

B Critical Field.

J is the exchange coupling with mth neighbors. s

Equation (1) is not directly applicable to the compound
Eu304, because two distinct magnetic ions are present.
However, it can be shown (Appendix 8) that at high
temperatures

x(Eus04) —x(SrEus04) =C(Eu'+)/LT —8(T) ], (2)

with

8(T) =8sE1+Tf(T)/8s]. (3)

The temperature 8s ——) sC(Eu'+) is proportional to the
interactions among the divalent ions Eu'+, as given by
the Weiss constant Xs. The function f(T) is given in
Eq. (3-12) and is proportional to the Weiss constant
X23 coupling the spins of the ions Eu'+ with the spins
of the ions Eu'+. With coupling Ass Xs, the result (3)
would predict a variation in the intercept 8 of +40%
or —180% for X»/Xs positive or negative, respectively,
in going from 100 to 300'K. No clear temperature
dependence in 8 can be seen in Fig. 3, although there is
some scatter in the data. As a first approximation,
therefore, it may be assumed that the net interactions
coupling ions Eu'+ to ions Eu'+ are relatively weaker
than the interactions among the divalent ions, and that
the intercept 8„=5'K represents, through Eq. (1), a
reasonable measure of the exchange interactions among
the divalent ions. It may be noted that the magnetic
dipolar interactions would not inhuence 0„ to first order
in the susceptibility, since they average to zero for an
isotropic sample of powder. '

0 l 2 3 4 5 6 7 8
NIAGNETIC FIELD (koe)

An expression for the critical field H, is obtained by
equating the exchange and magnetic dipolar energies

FIG. 2. Magnetization curves for Eu304. Curve M~ is for a
powder sample, Mf, and 3I, are for the b and c axes of a single
crystal fragment. Dashed curve shows M, corrected for assumed
demagnetizing field (1.27 m-M, ).

e J. S. Smart, Effeetioe Field Theories of 3dagnetism (W. 3.
Saunders Co., Philadelphia, Pa. , 1966).' J. H. Van Vleck, J. Chem. Phys. 5, 320 (1937},especially
pp. 326—7.
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lost with the Zeeman energy gained in the metamag-
netic transition. The result (Appendix C), for a sample
with negligible demagnetizing helds, is

correspond to a susceptibility

2.5 cgs emu/mole. (9)

C. Exchange Constants

As a 6rst approximation, two exchange constants
have been included in the theory. The constant J&

couples nearest neighbors Eu'+ (separated by 3.5 A on
a given chain), and the constant Js couples next-
nearest neighbors Eu'+ (separated by 5.6 L and on
adjacent chains). For the configuration of spins in

Fig. 1(b), the change in effective exchange field,
hh'"', in Eq. (4) is related to the constant Js by the
equation

+/exch — 14J /+ (6)

Substituting the experimental results, 8~=5'K and
H, =2.4 kOe, in Eqs. (1) and (4), and solving for Ji
and J~ gives

J,/k = —O.O23'K,

Ji/k =0.26'K 0.3'K.

The inaccuracies inherent in extrapolating the diGer-
ences between two independent measurements (Fig. 3)
to obtain the intercept e„do not justify greater than
one-place accuracy in the result (8). In view of the
difhculties in interpreting the magnetic data, it is
reassuring that the ferromagnetic constant Ji/k found
here $Eq. (8)1 is of the order of magnitude of the
constant Ji/k=0. 75'K in the compound EuO (separa-
tion 3.6 X between ions Eu'+) '

D. Anisotropy

The anisotropy held may be estimated from the
transverse susceptibility at low temperatures. The
magnetizations, M, and Mb, are ~2&&10 cgs emu/mole
at low temperatures and in an applied Geld of 1 kOe. '
With demagnetizing factors ~2x, these magnetizations

"E.L. Boyd, Phys. Rev. 145, 174 (1966).

H, = ', fhQ-~" —' Np, +LB'"~j (4)

where &ho 'P —~4+Ep, and Ah' '~ are the decrease in

magnetic dipolar field and effective exchange field,
respectively, on a given spin in going from the anti-
ferromagnetic configuration to the Gnal state. These
fields can be calculated on the assumption that each
ion Eu'+ (g=2, 5=-', ) carries a moment p, =7@ii. A
lattice summation to calculate b,ho 'P has been extended
with a computer to a radius Es——100 Ji., at which point
the change in Ahba'& produced by a 10% change in Rb

was found to be less than 0.5%. The calculated values,
who~'P=2. 58 kOe and gxEIJ,,=2.55 kOe, combine to give

d h,~'P —&&Xq, =0.03 kOe. is obtained from Eqs. (9) and (10).
In principle, the anisotropy can arise from four

sources: (a) crystalline fields on the ions Eu'+, (b)
magnetic dipolar interactions, (c) anisotropic exchange,
(d) exchange interactions between the ions Eu'+ and
Eu+, with spin-orbit coupling from trivalent europium
to the lattice. The crystalline Gelds are expected to
have only a small eGect on divalent europium, since it
is an 5-state ion.

The contributions to the anisotropy Geld from mag-
netic dipolar interactions may be evaluated from sums
over the lattice. As a first approximation, the dipolar
interactions between chains of ions Ku'+ may be
neglected Lcf. Eq. (5)j. For a single, long chain of
spins the dipolar interactions give rise to an anisotropy
Geld.

d1P —3Q) )&&P (12)

where h~ ~~'P is the dipolar field on a given spin when all
of the other spins lie parallel to the axis of the chain
(Appendix D). For the ions Eu'+, with magnetic
moment 7@~ at saturation in the compound Ku304,
B~~'P 7 kOe. Thus, the magnetic dipolar interactions
are sufFiciently large to explain the observed anisotropy,
without having to invoke anisotropic exchange or cou-
pling to trivalent europium.

E. Ordering Temperature

The ordering temperature of an antiferromagnet may
be calculated, using the theory of molecular fields,
from an appropriate equation of self-consistency. Con-
sider an antiferromagnet consisting of e identical sub-
lattices of spins S. The magnetization of the ith sub-
lattice may be written

M;=x;(T) (H+ gX;;M;),

where x;(T) is an approximation to the magnetic
susceptibility of the sublattice, obtained by i noring
the interactions included in the Weiss field, A;;3f,.

An expression for the transverse susceptibility g~ may
be obtained from molecular Geld theory for a Neel
antiferromagnet with two sublattices. If X~~ is the
Weiss constant coupling the sublattices, II~ the anisot-
ropy field, and M, the saturation magnetization per
sublattice, then

X~ ~SI(~ABLS+HA) ~

Taking a saturation magnetization corresponding to
7@~ per atom, and taking X~~Mq ——H.~2.4 kOe, the
value

JIB~7 kOe
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Twm. E II. Approximations to the ordering temperature in Ku304. Observed T~~s'K.

Approximation x'(T)
Equation of

self-consistency

A. Standard molecular 6eld

B. Weakly interacting Ising
chains (derived for spin —,')

(&l 8'/3k) {g'S(S+1)/Tl
(/pe'/3k) {[g'S (8+1)/ Tg exp[4 JS(S+1)/3k Tg}

1= (X' '+~"')x'(T.)
1 X—iarx. (T )

C. Weakly interacting Heisen- (%pe'/3k) {[g'S(S+1)/TjX[1+U(k)/1—U(k) P{
berg chains (classical limit)

with U(K) =cothK-K '
and K= 2JS(S+1)/k T

3.5

After Stout and Chisholm {Ref. i2). After Fisher (Ref, 14}.

In the antiferromagnetic state, the magnetizations of
sublattices i and j are either parallel or antiparallel:

where e;; is plus or Ininus one for parallel or antiparallel
magnetizations, respectively. Combining these relations
and setting 8=0 gives the equation of self-consistency
for the ordering temperature T.;

1=x'(&.) Z) 'i"i. (13)

In the standard molecular-field approximation, the
susceptibility x;(T) is set equal to its limit C/T at
high temperatures, where C=Npii'g'S(S+1)/3k With.
isotropic interactions, this is known to give too high a
value for the ordering temperature for a given set of
exchange constants. One would expect to obtain a
more reliable result from Eq. (15) if the dominant
interactions could be included explicitly in the sus-

ceptibility x,(T), and only the weaker interactions
included as molecular fields. Two approximations of
this sort have been carried out for weakly interacting,
linear chains. The first, by Sato" and, independently,

by Stout and Chisholm, " is based on the Ising model
for spin —'„which includes only the s component of the
exchange coupling neighboring spins on a chain. A

discrepancy of a factor of 2 between Sato's result and
that of Stout and Chisholm is easily resolved by taking
care to include only once the interactions between
chains in the approach of Sato."The second approxi-
mation is based on the magnetic susceptibility of a
linear chain with isotropic exchange between neighbor-

ing spins. The susceptibility x, (T) was calculated for
this case by Fisher" in the classical limit ("infinite"
spin).

The ordering temperature for the compound Eu304
has been calculated (Table II) for each of the approxi-

"H. Sato, J. Phys. Chem. Solids 19, 54 (1961).
'2 J. %. Stout and R. C. Chisholm, J. Chem. Phys. 35, 979

(X962).
"For details see L. Holmes, thesis, Harvard University, 1966

(unpublished) .
"M. K. Fisher, Am. J. Phys. 32, 343 (1964).

)i. , "'"=1Qk/Ng'p '. 'Ae;p" '=0 23k/Ng'Iiii'

X, ,i,'e' 0.094k/N g'-iiiP—— )~g; 'e' =0.047k/Ng'ps'

The interactions between nearest neighbors have been
incorporated into the constant J in approximations
(8) and (C), Table II, by setting 4J/Ng'ii&' equal to
/near

The susceptibilities x;(T) for the Ising and Heisen-
berg chains, Table II, are valid only for S= ~ and for
the classical limit, respectively. When written as in
Table II, the expressions do give the correct limit

C/(T Op) for spins S at high te—mperatures, with ()„=
4JS(S+1)/3k, as may be readily verified.

The ordering temperatures in Table II range from
3.5 to 7.4'K and are of the order of magnitude of the
observed Neel temperature, T~~S'K.

mations described above. The magnetic structure of
Fig. 1(b) has been used as a model, and the influence
of trivalent europium ignored. One would expect the
trivalent europium to have a relatively slight eGect on
the ordering temperature because of the second-order
nature of the polarization of the spins in the ground
state'Pe (see Sec. V).

In carrying out the calculations in Table II, the
interactions have been divided into "near" interactions
(between nearest neighbors) and "far" interactions
(between all other neighbors) in the antiferromagnetic
state. In approximations (8) and (C), the "near"
interactions have been included explicitly in the sus-
ceptibilities x, (T) . As a rough approximation, the
magnetic dipolar eBects have been included in the
Weiss constants;

&=&exch+)~aip

The contributions from dipolar and exchange inter-
actions have been evaluated from the constants J~ and
J2 above, and from the sums of dipolar fields over the
lattice;
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V. DISCUSSION

In interpreting the data for Eu304, the ions Eu'+
have been ignored, except at high temperatures, where
y(Eu'+) y(Eu'+). The approximation of neglecting
the influence of trivalent europium is based on the
second-order nature of the polarization of the spin in
this ion at low temperatures. For equivalent coupling
J between the pairs of ions Eu'+—Eu'+ and Eu'+—Eu'+,
the energies of interaction are related by

Ae(Eu'+ —Eu'+) (J/EM) he(Eu'+ —Eu'+), (19)

where Eis is the separation ( 330 cm ') between the
levels Iio and 'Fi of the ion Eu'+, and he is the depres-
sion of the ground state, per ion, as a result of exchange.
For J~0.1 cm ' LEq. (8)$, the interaction Ae(Eu'+-
Eus+)~10 ' Ae(Eu'+ —Eu'+), and Ae(Eu'+ —Eu'+) may
be neglected as a erst approximation.

The validity of this approximation for Eu304 is
confirmed by the very similar magnetic behavior' of
divalent europium in isomorphous chalcogenides
EuL2X4, with L= Lu, Y, Sc (diamagnetic ions) and
I= S, Se. In liquid helium, these compounds are
ferromagnetic, for I.= Y, or metamagnetic, for I.= Lu
and Sc. The Curie-Weiss intercepts are all positive,
and range from 4'K, for EuLu2Se4 and EuY~Se4, to
8'K, for EuSc2S4, as compared to 5'K for Eu304.

The positive Curie-Weiss intercepts for the chalco-
genides EuLsX4 show that in these compounds, as in
Eu304, the ions Eu'+ are coupled by ferromagnetic
exchange. Similar ferromagnetic coupling was ob-
served previously in the series of compounds EuO,
EuS, EuSe, and EuTe.""Detailed studies of this new
series of compounds may lead to an improved under-
standing of the exchange mechanism for divalent
europium. The mechanism is not thoroughly under-
stood, and has been a subject of considerable interest
in recent years. "

The magnetic behavior of the compound Eu304 may
also be compared to that of the isomorphous oxide
SrGd&04. Here the weakly magnetic ions Eu'+ have
been replaced by the strongly magnetic ions Gd3+

(isoelectronic with ions Eu'+) and the strongly mag-
netic ions Eu'+ by nonmagnetic ions Sr'+. The magnetic
susceptibility of this compound has a broad peak at
2.8'K which has been ascribed to antiferromagnetic
ordering. ' A sample of powder showed no evidence,
however, of metamagnetism in fields of up to 8 kOe. '
The dimensions of the unit cell are about the same as
those for Eu304, ' while the ionic radius of trivalent

"S.Van Houten, Phys. Letters 2, 215 (1962); U. Enz, J. F.
Fast, S. Van Houten, and J. Smit, Phillips Res. Rept. 17, 451
(1962)."T.R. McGuire, B.E. Argyle, M. W. Shafer, and J. S. Smart,
J. Appl. Phys. 34, 1345 (1963);35, 984 (1964).

"See, e.g., F. Holtzberg, T. R. McGuire, and S. Methfessel,
J. Appl. Phys. 37, 976 (1966);A. M. De Graaf and R. M. Xavier,
Phys. Letters 18, 225 (1965); J. Smit, J. Appl. Phys. 3'7, 1455
(1966).

gadolinium is somewhat smaller than that of divalent
europium. The paramagnetic Curie temperature is
—6'K, ' which shows that the interactions are pre-
dominantly antiferromagnetic. There may be strong
contributions from coupling of the closely space ions
Gd'+ within a unit cell, as has been found for the ions
Fe'+ in the isomorphous compound CaFe204." In any
case, it is clear than relatively strong antiferromagnetic
interactions would have to be overcome in any meta-
rnagnetic transition.

The apparent inertness of the trivalent europium in
the compound Eu304 contrasts to the situation in
europium iron garnet (EusFesOts). In the latter com-
pound, the ordering temperature is virtually unchanged
when nonmagnetic yttrium is substituted for euro-
pium, "showing that here, too, the ions Eu'+ have only
a slight inhuence on the ordering temperature. How-
ever, the anisotropy field in yttrium iron garnet (YI6)
is increased from (0.1 kOe to 5 kOe with the substitu-
tion of europium for yttrium, '0 whereas the calculations
of Sec. IVD showed that the anisotropy in Eu304
could be obtained from magnetic dipolar interactions
among the divalent ions alone. The explanation is that
the coupling of neighbors Eu'+—Fe'+ in europium iron
garnet (EuIG) is small compared to the coupling
within the iron sublattices, but large compared to the
analogous coupling of neighbors Eu'+—Eu'+ in Eu304.

VI. SUMMARY

The metamagnetism of Eu304 has been interpreted
with the model of linear chains for the antiferromagnetic
ground state. The trivalent ions provide an apparently
inert magnetic background for the divalent europium
spins. Exchange constants

Ji/k 0.3'K and Js/k —0.02'K

coupling nearest and next-nearest neighbors, respec-
tively, of divalent europium are deduced from tj„and
II,. The Neel point is consistent with these values for
the exchange constants. An anisotropy 6eld H&~7 kOe
is derived from magnetic dipolar interactions, in agree-
ment with the magnetic data.
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APPENDIX A. EXPERIMENTS ON K~304

The results of four separate experiments on different
samples of Eu304 are summarized in Table I. The
reported values for the ordering temperature range
5—77'K. The results are subject to three sources of
error: (1) sample impurity (possible presence of EuO),
(2) low critical-field metamagnetism (high magnetic
lelds may obscure antiferromagnetism), and (3) errors
of temperature measurement in the difficult region
4-10'K.

It may be noted that reported differences of 10—20%
or more in the ordering temperature are not uncommon
for compounds of divalent europium. In the chalco-
genide series, EuO has been assigned transition points
from 69 to 77'K"" EuS from 16 to 18'K"" and
EuTe from 6' to 11'K ' ' "" However, the value
(77'K) which Wang reported' for Eup04 is clearly out
of line with the results of other experiments (Table I) .
It may also be noted that McGuire'4 has measured the
magnetization of polycrystalline Eu304 at 77 and 300'K
without observing a transition. It seems likely that
Wang's sample was corrupted with EuO, which orders
ferromagnetically at 77'K." Wang states that EuO
could have been present in amounts of up to 5% by
weight.

The metamagnetic transition in Eu304 shows up
clearly in single-crystal data at low fields and gives a
pronounced S shape to the magnetization curve for a
polycrystalline sample (Fig. 2). Apparently, Samo-
khralov et a/. ' missed this transition by taking data
only at high fields (15—19 kOe) .

The metamagnetic transition is appreciably broad-
ened in a powder due to the random orientation of the
particles relative to the applied field. This effect makes
it very difficult to analyze the data at the field strengths
used by Samokhralov et al. , and it casts some doubt
on the value (7.8'K) which they obtained for the
ordering tempera, ture. A comparison may be made with
the compound EuSe) which was initially thought
to be a ferromagnet, based on the magnetization in high
fields, and only later'-' found to be an antiferromagnet
with a low-field metamagnetic transition. Early esti-
mates of the Curie temperature, from the data at high

fields, range from 5.5 to 8'K,"""whereas the specific
heat in zero field showed a sharp peak at 4.58+0.03'K
(a lower temperature) ." Under similar conditions,
Samokhralov et a/. may have overestimated the order-
ing temperature for Eu304 by relying exclusively on
the data at high fields.

M =M (Eu'+) +2M (Eu'+), (81)

where M(Eu'+) and M(Eu'+) are magnetizations per
mole of the ions Eu'+ and Eu'+, respectively. From the
molecular-field approximation at high temperatures
(for negligible saturation),

M(Eu'+) =x, (Eu'+)

X+Ip+)IpM(Eu'+)+2XppMs(Eus+) j, (82)

M(Eu'+) =F(Hp, H,„)

H,„=XspM (Eu'+) +)pMs(Eu'+) .

In Eqs. (82) and (83), the Weiss constants are

) p
——PJ;,(Eu'+—Eu'+) /21Vtsii', (84)

Xp ——gJ,, (Eu'+—Eu'+) /21Vtsii'

) 2p= QJ"(Eu'+—Eu'+)/2%tin'

(85)

(86)

where X is Avogadro's number. The quantity Ms(Eus+)
is the portion of the magnetization M(Eu'+) arising
from the polarization of the electronic spins I the

magnetization M (Eu'+) —=Ms(Eu'+) since divalent
europium has the ground state sSj, while 7t; represents
the magnetic susceptibility with negligible interactions
among the ions. The form of the function F(H, , H, )
was given by Wolf and Van Vleck":

APPENDIX B.CALCULATION OF THE INFLUENCE
OF TRIVALENT EUROPIUM ON THE PARA-

MAGNETIC SUSCEPTIBILITY IN Eu304

The magnetization per mole of the compound Eu~04
may be written

SE
F(Hp, H, ) =

EiL1+3 exp( —Ei/AT) ]
15 E2 3Eg

X (Hp+2H, „) 1+ — —1 exp( —Ei/kT) + (3Hp+2H, „) exp( Ei/AT), (87)—
8 E2—EJ 16kT
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where E~ and I;2 are the spacings of the levels 'F~ and 'Il&

above the ground state 'Fo (Ei 330 cm ', Eo 990
cm '). The formula (87) provides a reasonably good
approximation to the magnetization M(Eu"+) at tem-
peratures below 300'K where few ions are excited to
the state ~Ii2 and where the eGects'~ on the magnetiza-
tion of splittings of the level Ii~ in a crystalline poten-
tial are slight.

Strictly speaking, the term 2li.oMs(Eu'+) in Eq. (82)
should be replaced by a series of terms g;lioo'io'Ms'
(Eu'+), where e' is the molar fraction of ions Eu'+ on
inequivalent site i. However, this refinement is un-
necessary in the present calculation, since only an
estimate of the sum of the interactions is desired, and
this may be represented by the constant 2X23.

Exchange fields XMs(Eu'+) were treated by Bozorth
and Van Vleck" at low temperatures where virtually all
of the moment comes from matrix elements connecting
the levels ~Fo and 'Fi, giving XMs(Euo+) =2l~M(Eu'+).
The factor 2 arises from the definition

X = +2J;,/Ng'-@so.

with g=2, consistent with the usual definition for ions
in 5 states, used here to permit placing the same
coefficient lioo in Eqs. (82) and (83) and to give a
direct comparison of exchange interactions in the ratio

Xc /4= QJ "(Eu'+—Eu'+) /g J;;(Eu'+—Eu'+)

At higher temperatures, the ratio of spin to total

magnetic moment for Eu'+ depends on the relative
populations of the various states, and an expression
analogous to Eq. (87) is necessary for the quantity
Ms(Eu'+) . The formula

Ms(Eu'+) =2F(Ho, H.*)

2Nys' exp( Ei/—kT)
kT 1+3 exp( —Ei/kT)

3Ho 2H,

may be derived by noting that

Ms(Eu'+) —= (2pss)z„c
—=2(ps(L+28)Eee+ —ps(J)m„c+). (89)

The first term in the parentheses in Eq. (89) is
F(Ho, H, ), while the second term may be obtained
from Eq. (87) by noting that (iFo

~ J ~
Fi)=0 and

('Fi
) J )

'Fi) =-', ('Fi
[
L+28

[
rFi), whence

iVps2 exp( —Ei/kT)"&J)""=
kT 1 3 k

('"+ H*)
kT 1 3 exp Ei kT—

(810)

ln the present notation, the quantity y(Euo04)—
x(SrEu&04), plotted in Fig. 3, becomes

t3II 2F(Ho, l~oM—s(Eu'+) $}/Ho.

This may be transformed, using Eqs. (81) to (88),
and neglecting terms of higher than second order in the
susceptibilities, to the form of Eq. (2), with

6l~ooT, 3Npsj exp( —Ei/kT)
8(T) = X,C(Eu'+) 1, x;(Eu'+)— (811)

This reduces to Eq. (3) with the definition

3iVIis' exp( —Ei/kT)f T =6Xoo x; Eu'+—
kT 1+3 exp( —E,/kT)

(812)

APPENDIX C. THEORETICAL EXPRESSION FOR
THE CRITICAL FIELD

An expression for the critical field H. for a metamag-
netic transition of the spins in Fig. 1(b) may be
obtained by equating the energy of the initial and final
states (subscripts i and f, respectively) .

E Zee+E dip+E exch E dip+F exch+E.zee (C1)

where the superscripts "Zee," "dip, " and "exch" refer
to Zeema, n, dipolar, and exchange interactions, respec-
tively. I,et E be the density of ions Eu'+, with moment

~ A. Frank, Phys. Rev. 48, 765 I', 1935); M. Schieber and L.
Holmes, J. Appl. Phys. 36, 1159 (1965).

~ R. M. Bozorth and J. H. Van Vleck, Phys. Rev. 118, 1493
(1960).

p8 ——7p~ at saturation, and suppose that the magnetic
field lies along the axis of polarization of the spins.
Then the energies in Eq. (C1) may be written

AF~ =Ez —J z = —E H (C2)

g Jq"exch g exch g.exch
1 (C4)

~here h, l,
~'& is the magnetic dipolar field at ion j due

to ion k. The Zeeman energy in the antiferromagnetic
state has been neglected since it is small at low tempera-
tures. The dipolar energy in the final state includes a
contribution from the demagnetizing energy. The in-

QEdip —E dip E,dip Nii QLk, dip(f) k. dip(i) j
kQj

(C3)
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crease in dipolar energy may be written

sphere

~E"'= O—'I s Z Lh~~"'(f) —hja"'(~) j
kQj

2&—ps(4~ D)—&I s, (Cs)

Pro. 4. Spins of an uniaxial
antiferromagnet in a trans-
verse magnetic Geld.

8
= c Axis

ah, "~= P fh, ,"~(i)—h;,"~(f)], (C6)

ghexch —gpxch/+& (C7)

where Ag xch e.exch gfexch is the decrease in exchange
coupling of a given ion to its neighbors. The signs in
definitions (C6) and (C7) have been chosen to make
)DO 'p and bA;"' into positive quantities for the com-
pound Eu304. With these definitions the equations
above may be combined to give

H.= '/~ho'"+A-h'*" (k~ D)—EI sJ — (CS)

In deriving Eq. (CS), the energy of the system after
the transition has been set equal to the energy at
which the antiferromagnetic configuration becomes
unstable. This implies that both states of the system
can exist at the critical value B, of the magnetic field.
For a finite sample, however, the demagnetizing fields
spread the transition over a range DE@~ of magnetic
field. Equation (CS) is only valid, therefore, for the
limiting case of a very long, needle-shaped sample,
which has the axis of polarization of the spins along
the axis of the needle. For such a sample, D=O, and
the metamagnetic transition is broadened negligibly

by demagnetizing fields. This restriction to needle-
shaped samples does not constitute a serious limitation
on the theory, for it is a simple matter to correct the

where the quantity (~ D)—1Vpa is the sum of the
I orentz and demagnetizing fields. It is convenient to
reference the various changes in energy to the change
in eBective field h on a given spin;

sphere

experimental data to zero demagnetizing field for com-
parison with the predictions of Eq. (CS).

or

2B~ ' ~8 sin'8=~~s&lt 'p sin'8

dip 3h dip

(D3)

(D4)

APPENDIX D. MAGNETIC DIPOLAR ANISOTROPY
FOR LONG, FERROMAGNETIC CHAINS

Consider two long, ferromagnetic chains forming an
antiferromagnet with two sublattices, 2 and 8. The
spins are rotated through an angle 0 in an applied field
H perpendicular to the axis of the chains (Fig. 4) . The
angularly dependent portion U(8) of the internal energy
may be written

U(8) = 2MsH si—n8+2H~Ms sin'8 —X~sMs' cos28

(D1)

in the notation of Sec. IV D. The magnetic dipolar
energy associated with a pair of spins on a given chain
varies with the angle 8 as the function —,'(1—3 cos'8).
Therefore, the magnetic dipolar energy associated with
one chain may be written

-'Qp; QH" '&=-,'Mah(( '&(1—3 cos'8) (D2)
i jyi

where h~~
'p is the dipolar field on a given spin from all

of the other spins, with 0=0. If the magnetic dipolar
interactions between the chains are neglected, then the
dipolar energy of the system is twice as large as the
result (D2), since there are two sublattices. Comparing
the angularly dependent terms in Eqs. (D1) and (D2)
gives


