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Paramagnetic Anisotroyy and Crystal-Field Sylittings in EttA10s
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The magnetic susceptibilities for orthorhombic EuAIO3 have been measured between 1.5 and 300 K. The
compound is paramagnetic and shows approximately 20/& anisotropy in the susceptibilities below 100 K.
The susceptibility along the b axis has a very broad maximum at T~60'K. Optical fluorescence and ab-
sorption measurements show the YIt j levels for Ku'+ at 281, 359, and 4tt9 cm '. The susceptibilities, extrap-
olated to T=0'K, are 6tted with theoretical formulas based on the observed splittings of the 'F~ levels.

INTRODUCTION

' ~HE magnetic behavior of the ion Eu'+ has been of
classic interest in the 6eM of magnetism. The

paramagnetic susceptibility was erst explained satis-
factorily when Van Vleck's formula' for X was applied'
to this ion. More recently, there has been extensive
interest in the behavior of Eu'+ as a magnetic sublattice
in europium iron garnet (EusFesOrs). ' The present
experiments on EuA103 are, to our knowledge, the 6rst
in which anisotropy has been observed in the magnetic
susceptibility of Eu'+.

The magnetic properties of rare-earth ions in "dis-
torted perovskite" structures are profoundly inQuenced

by crystal 6elds. 4 In these compounds, I5 parameters
are needed to describe the sp1ittings of the rare-earth
levels. For the ion Eu'+, only two of these parameters
aGect the magnetic susceptibilities at low temperatures,
to first order in the crystal 6e1d. The parameters in-

volved arc the codhcients of the second-degree rhombic
field, which splits the 'P1 manifoM for Eu'+. To study
these CGects, single crystals of KuAIO3 have been pre-
pared and the positions of the low-lying energy levels

determined from optical absorption and fluorescence.
The (anisotropic) magnetic susceptibilities have been
measured between j..5 and 300'K and the results com-

pared with theoretical formulas based on the crystal-
6eld spllttlngs.

RESULTS

The spectroscopic measurements were performed
with a 2m-grating spectrograph. The samples were
1Inmersed directly ln hquld nitrogen (7=7/'K). The
positions of the rFr excited states (Fig. 1) were deter-
mined from absorption measurements of the ~Ii j —+ 'Do
transitions, and checked against those obtained from
the 'Do —+ 7F1 Quorescence transitions. The results of
these two measurements agreed within the experimental
accuracy of &0.4 cm '. The measurements showed the
~F1 level for the free-ion split into three singlets at 28k,
359, and 479 cm ', respectively. The positions of four
of the 'Fs levels (Fig. 1) was determined from Quores-
ccncc mcasurcmcnts of thc Do ~ Pg tlansltlons. Thc
transition to the fifth level was either too weak to be
seen or degenerate with one of the other four. The center
of gravity of the 'E2 levels is at approximately
$000 crn—'.'

Magnetization data in the principal crystallographic
directions were obtained with a pendulum magnetom-
eter. The curves (Fig. 2) show roughly 20% anisotropy
below 100'K.The small C/T "tail" at low temperatures
couM be caused by trace amounts of almost any mag-
netic impurity. The magnitude of the tail corresponds
to less than 0.005 at.% of divalent europium. By
extrapolating from above 10'K, values are obtained
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Single crystals of Kuh103 were prepared from high-

purity oxides using a PbO-PbF2-8203 Qux. Flux-free
and colorless crystals were selected from two batches for
the measurements.

FIG. 1. Low-lying energy
levels for Eu~+ in EuA101. 479

*Yak partially done at Bell Telephone Laboratories, Murray
Hill, N. J.

J.H. Van Vleck, Theory ofElectric and Magnetic SNscepti bilities
(Oxford University Press, London, 1932},p. 248.

~ J. H. Van Vleck and A. Frank, Phys. Rev. 34, 1494 (1929);
34, 1625 (1929).

tI For a review of this work, see J.H. Van Vleck, J. Appl. Phys,
39, 1 (1968).

4 The magnetic properties of a number of these compounds are
described in a series of papers by various authors, J. Appl. Phys.
39, 1360-13N (1968).

'This value may be compared with 1050 cm ' in europium
ethylsulfate LE. V. Sayre and S. Freed, J. Chem. Phys. 24, 1213
(1956)g and 97'5 cm ' in yttrium gallium garnet D. A. Koning-
stein, J. Chem. Phys. 42, 3195 (1965)g.
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FIG. 2. Magnetization along a, b, and g axes
in paramagnetic EuAloq.

The ground state for Eu'+ is the singlet 'Fo, and the
Grst excited state is the triply degenerate 'Ii~. At love

temperatures, all of the susceptibility arises from
second-order mixing of the 'F~ levels into the ground
state. For free ions

where d ~0 is the interval in energy between the J=o
and J= 1 levels. '

In EuA10„X(T=O'K) is influenced by crystal Gelds
and by exchange interactions. The fractional increment;
in X produced by isotropic exchange at low temperatures
may be written~'

for the magnetic susceptibilities X=o/II at T=O'K.
The values are 5.68, 6.9'/, and 6.11X10 ' cgs emu/mole,
respectively, in the a, b, and c directions.

where J;; is the exchange parameter for neighboring
Eu~ ions Using I"/k —007'K as determined' in
GdA103, we find

INTERPRETATION

The crystal structure for EuA103 is orthorhombic
D2q"{Pbnns). 6 The rare-earth ions are on two mag-
netically inequivalent sites of monoclinic point sym-
metry C~q. The principal magnetic axes for these sites
are related by a mirror rcQection in the a-c plane. Kc
define the local magnetic axes as shown in Fig. 3, with
the local s axis along the crystallographic c axis. The
susceptibility along the c axis of the crystal measures
the susceptibility X, along the local s axis, whereas the
susceptibilities along e and b give linear combinations
of I and X„for the two sites.

which is within the experimental uncertainty. Aniso-
tropic exchange, wlilch cRIl give R nct, isotI'oplc coupliIlg
in a cubic crystal, has been examined by Van Vleck and
Huang' for Eu203. There, the anisotropic contributions
may be signiGcant, but the isotropic exchange is also
several times larger than in KuA1O3. %e shaH neglect
any exchange contributions to X(T=0'K).

In a crystal Geld, the degeneracy of the ~Fj levels is
lifted (Fig. 1). For a powder sample or for a cubic
crystal, Eq. (1) is still valid to erst order in the crystal
field, providing only thR't Ago is I'cplRccd by Aj.o, the
center of gravity of thc ~1 lcvcls. In EUA103, wllich ls
orthorhombic, the susceptibility is anisotropic. A mag-
netic fjeld along one of the local principal axes (Fig. 3)
couples only one of the ~F

& singlets into the ground state.
The anisotropy is of the order of magnitude of the
splitting of the 'F~ levels { 100 cm-') divided by
Z&0( 400 cm '), or 25%.

An approximation to X,(T=O'K), where e=g, y, or z,
is obtained by including all contributions @which are of
Grst order in the crystal Geld. In principle, Gfteen"
crystal-Geld parameters V„are required to, describe
the splitting of the Eu'+ levels in the monoclinic crystal
Geld. Only the second-degree rhombic parameters V~'

and VP contribute in 6rst order to X,(T=O'K). The
second-degree rhombic portion V&'& of the crystal

Fxo. 3. Principal magnetic axes for the two inequivalent sites
for Eue+ in EuAl03. The s axis is coincident with the crystal-
lographic c axis, while the x and y axes for the two sites are related
by a mirror re6ection in the a-c plane.

fl S. Geller and V. B.Bala, Acta Cryst. 9, 1019 (1956).

~ J. H. Van Vleck and N. L. Huang, to be published by the
French Physical Society in the Jubilee book in honor of Professor
A. Kastler.

8 W. P. Wolf and J.H. Van Vleck, Phys. Rev. 118, 1490 (1960}.
9 J.D. Cashion, A. H. Cooke, J.F.B.Hawkes, M. J.M. Leask,

T. L. Thorp, and M. R. Wells, J. Appl. Phys. 39, 1360 (1968).
'0 M. Schieber and L. Holmes, J. Appl. Phys. 36, 1159 (1965);

A. Frank, Phys. Rev. 48, 765 (1935).
~' It is always possible to choose the coordinate system in such

a way that one of the parameters is eliminated. We have, for
convenience, eliminated V~ in that way. For a discussion of this
point, see J. B. Gruber, W. F. Krupke, and J. M. Poindexter, J.
Chem. Phys. 41, 3363 (1964).
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pot cntlR1 may bc written

V"'=az VPO1'+as V2202', (2)

where O„~ are operator equivalents, V„"—=A„"(r")are
the crystal-Geld parameters, and ng is the Stevens
constant. "The 7Ii1 levels are split by V(2& into three
singlets. The energy levels for these three singlets may
be written h„where a=x, y, and s:

EuAto&

6,—Zio= ——,'(V20 —Vp),
~u —Ro= g—(V20+ VP)

~Z —~1O=@I/'2
&

(3)
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to erst order in V&'). In this approximation, a magnetic
6eld along the local e axis (Fig 3) .connects the ground
state only with the 'FI singlet at energyd, .An expression
for X,(T=O'K) is derived in the Appendix. In terms of
the first-order splittings (3) of the 'Fi levels,

(4)

Taking 5~0——1000 cm ', we calculate from (4) a spatial-
Rvcragc or powdcI' susccptlblllty of 6.IOX 10 cgs
emu/mole, which is 2.5% smaller than the measured
value of 6.25&10 ' in EuA103.

The susceptibilities along a, b, and c are related to the
susceptibilities along the local axes in EuA103 as follows:

X,=X, cos'/+X„sinmg,

Xy= X~ alii /+X' COS $ q

Xc Xz~

(5)

The angle P is the angle between the a axis of the crystal
and the local x axis (see Fig. 3). To 6t the observed
anisotropies, we must choose A, =359 ciL ' (»g. &).
Choosing 6,=479 cm ' and 8„=281 cm ' gives @&45'.
Figure 4 shows a plot of Eqs. (5) for this choice of

and 6„, and with 620=1000 cm '. Subtracting
X~=-,'(X,+X„+I,) from the experimental and theoreti-
cal points (as done in Fig. 4) fends to minimize the
second-order contributions which have been neglected.
The best f'it is obtained for &=38'. The calculated sus-

"M. T. Hutchmgs, 8 Ad 8$ te I'hy s, ed ted by F. Sect
and D. Turnbull (AcademIc Press Inc. , New York, 1964), Vol. I5,
p 227.

vrhere 620 is the center of gravity of the 7F2 levels. The
factor in parentheses arises from mixing of the Ii 2 levels
into thc glound stRtc by thc cI'ystRI field.

The expression for X, in (4) is accurate to first order in
V&'). Additional second-order contributions arising from
the mixing of levels with J&2 into the J=O and J= i
levels have been neglected. An estimate of the change
dX produced by these terms is given by

~10
hx/x -', Q 5%.=,y, z

FIo. 4. Magnetic susceptibilities at O'K along the e and b axes
in KuA108. Solid curves (theory): 1: (gy —x„); 2; (g,—x„).
Dashed lines (experiment): i: (xf,—x„); 2: (x,—g„). Powder
susceptibility, x„=-,' (x,+g„+x,).

ceptibilities, summarized in Table I, show good agree-
ment with the data.

TABLE I. Magnetic susceptibilities per mole
extrapolated to O'K in Euh108.

1o (x —x.).
10'x

c axis
Exp' Theory

—0.57 -0.61
5,68 5.49

5 axis
Expt Theory

0.72 0.73
6.97 6.83

6 axis
Expt Theory

-0.12
5.98

—0,14
6.11

' xn -k(x~+xu+x ).

'3 R. Orhach and P. Pincus, Phys. Rev. 143, 168 {1966).

MAXIMUM IN g
The magnetization for B'~~b (Fig. 2) rises to a very

broad maximum at T 60'K. The susceptibility at the
maxi~~~ is 7.21X10-' cgs emu/mole, whi~h is 3%
higher than the extrapolated value at 7=0'K, and i%%uq

higher than the value measured at 20'K. Since the
effect is small, it is perhaps unwise to attach a great
deal of signi6cance to it. It is interesting to note, how-
ever, that a maximum in x for Eu'+ was predicted from
a theoretical study" of dynamic spin-phonon coupling
in the garnet structure. The c8ect was not observed in
garnet. In EuA10q, the (anisotropic) susceptibihty is
Inorc scnsitivc to thc stRtic crystRl Geld thRn ls thc
(isofiopic) sus'ceptlbillty 111 Eii gaiile't. If. could be 'tllat
dynamic spin-phonon coupling would also show up more
clearly in EuA103.

There may bc othcI' cxplRQRtions for the IQRxiIQUIQ,

The Van Vleck theory predicts a maximum (much
smaller than we observe) at about 80'K for free ions,



PARAMAGNETI C ANISOTROP Y IN EuAlo&

due to the inQuence of the 'Pj levels. "The predicted
increase in X over X(T=O'K) is about 0.09%. This
e6ect would be enhanced by antiferromagnetic exchange
interactions. An exchange field is more effective, relative
to an applied 6eld, for Ku'+ ions in the ground state
than for Ku'+ ions in the 'Fg states. ' To see how this
goes, we have assumed an exchange 6eld B,„pro-
portional to the average spin, " and calculated the
magnetization in external plus exchange 6elds, using
the formula of %olf and Van Vleck. ' The magnitude of
II was chosen to give a one percent decrease in
X(T=O'K), which is the order of magnitude expected
in EuA103. In this case, the magnetization increases by
about 0.095% between T=o and T=80'K.

It should be mentioned that anisotropy in the ex-
change, as discussed by Van Vleck and Huang, ~ would
inQuence the 'Il j and 'Iio levels differently. This wouM
also aGect the dependence of X on temperature. To
fully explore these questions in EuAlO3 would require
a knowledge of all contributions to X at low tempera-
tures from the static crystal 6eld.

DISCUSSION

The magnetic susceptibility of KuAl03 is anisotropic
because of the low (orthorhombic) crystal symmetry.
The anisotropy is big enough to measure because of the
anomalously large splitting of the ~Iij. levels in the
monoclinic crystal Geld. The size of the parameters
V2' and V2', which split the 'F~ levels, may be estimated
from Eqs. (3).We find V2' —35 cm ' and VP +500
cm ', with the axis of quantization along the c axis of
the crystal (i.e., 6.=359 cm '). Transforming the axis
of quantization into the u-b plane (to give 6, =479
cm ') we find V20' 265 cm ' and V22' +200 cm '.
These values may be compared with V2' ——(195+40)
and (159+40) cm ', respectively, deduced from Moss-
bauer absorption spectra in the isomorphous compounds
DyFeO3 "and DyCr03. '6

In EuA103, the local axes make an angle of approxi-
mately 38' with the u and b axes of the crystal. This may
be compared to the angle 35' determined" in TbA103
and the angle 33' determined' in DyAlO3. Other
sources of comparison are the orthoferrites DyFeO3 and
TbFe03. In these compounds, the rare-earth moments
order antiferromagnetically in the a-b plane at low
temperatures. The Dy'+ moments lie 30' from the b

axis,"whereas the Tb'+ moments lie 40' from the u
axis.'0 Because of the highly anisotropic nature of the
Dy'+ and Tba+ ground states, these angles may be taken

'4 E. D. Jones, J. Appl. Phys. 39, 1090 {1968).
~~ I. Nowik and H. J. Williams, Phys. Letters 20, 154 {1966}."M. Eibschiitz and L. G. Van Uitert, Phys. Rev. 177, 502

(1969}.
~' S. Hiifner, L. Holmes, F. Varsanyi, and L. G. Van Uitert,

Phys. Rev. 171, 507 (1968); and references therein.
8 H. Schuchert, S. Hiifner, and R. Faulhaber, J. Appl. Phys,

89, 1137 (t968l."G. Gorodetsky, B. Sharon, and S. Shtrikman, J. Appl. Phys.
39) 1371 (1968)."J.Mareschal, J. Sivadiere, G. F. DeVries, and E. F. Bertaut,
J.Appl. Phys. 39, 1364 (1968}.

as indicative of the angles between the local axes and
the a and b axes of the crystal. Considerable variation in
angle is observed from compound to compound, as
might be expected if the orientation of the local axes is
determined largely by the second-degree parameters
V2' and V2'. These parameters depend sensitively on
the details of the local environment.

The study of KuA103 has provided new information
on the crystal fields in the "distorted perovskites" and
on the nature of the magnetic response for Eu'+.
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APPENDIX

In this Appendix, Eq. (4) is derived for a magnetic
Geld along the local s axis. The result, which is valid to
6rst order in the crystal potential, may be obtained by
including (1) 'the first-order splitting of the kg levels 1n
V"&, and (2) the mixing of the Vg and rFO levels
by V&').

The rhombic field described by Eq. (2) splits the
~Ii» levels into three singlets which transform under
proper rotations as x, y, and s, respectively:

I*)=(l»1)—I 1, —1))/~2

t»=(I1, »+]1, -»)/~,
fz)= J1,0).

The notation JJ,3l) is used, fo'r the wave functions of
the free ion. The corresponding energy levels are given
in Eqs. (3).

To calculate the mixing of the 1=0 and 7=2 levels,
we have used the technique described by Judd. m' It
was erst necessary to convert V('& to a more general
form, " since the operator equivalents in Eq. (2) are
only valid within a given J-manifold. For the ground
state we 6nd

(y,)= )0,0)—b„]2,0)—b„(]2,2)+(2, —2))/K2,

to 6rst order in V&'), where

b20= 4V20/5 (3)"'Ego,

b22 ——4Vp/155M.

The magnetic susceptibility may be written'

x,(T=0'K) =2''i Qoi (I,.+25.) ( s) i'/6„
where Qo~ (L„+25,) )s)=2—(3)'I'b20. On substituting
from Eqs. (3), this reduces to Eq. (4), for c=s. The
expressions for X and X„are also given correctly by
Eq. (4), as follows from a permutation of coordinates.

~'B. R. Judd, Operator Techniques ie Atomic Spectroscopy
{McGraw-Hill Book Co., New York, 1963}.


