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standing of Kondo systems it is not so much which
theoretical description is most appropriate, but rather
that both models, which were developed to interpret
spin-compensated Kondo systems, appear to be appli-
cable to this particular dilute alloy, Pt-Co; a giant
moment system. " Hence it appears, insofar as the

resistivity and magnetic properties are concerned, that
this system behaves phenomenologically as if the local
moment were a single entity scattered from and spin
compensated in a manner not unlike the nongiant
moment local moment systems such as Rh-Fe or a
"classical" Kondo system like CN-Fe.

"The absence of any observable Co concentration dependence in the NMR results of Ref. 3 indicates that correlations, if present,
outside of that expected from noninteracting Co moments as seen are probably not significant for our results.
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Mossbauer studies of the 21.6-keV transition of Eu'" and the 14.4-keV transition of Fe" in europium
iron garnet, samarium iron garnet, and mixed samarium-europium iron garnets were performed at var-
ious temperatures. The recoilless absorption spectra of the 21.6-keV and 14.4-keV p rays in SmIG and in
(Sm Eui }IGat 4.2'K differ substantially from the spectra in EuIG and other rare-earth iron garnets.
The main conclusions drawn from the experimental results are the following. (1) The Eu-Fe exchange
interaction in the garnets is anisotropic. The principal values of the anisotropic exchange Geld acting on
the Eue+ ions (produced mainly by the Fe'+ ions in the tetrahedral sites) are PH, /bc=12. 7 cm ', pH„/hc
=11.9 cm ', and PH, /ha=20. 3 cm '. (2) The anisotropic properties of the Eu'+ ions in the garnets are
mainly produced by the anisotropy in the Eu-Fe exchange interaction and not by the crystalline-Geld
interactions. (3) The direction of the tetrahedral iron sublat tice magnetization (n~) in SmIG at 4.2 and 20 K
and in mixed {Sm Eui }IG's with s&0.05 at 4.2'K is close to the $110j direction of the cubic unit cell.
The experimental results tend to indicate that the direction of nq in SmIG and in mixed Eu-Sm garnet
at 4.2'K makes a small angle ( 5') with the P10j direction of the unit cell, and that the direction of nq
at 85'K is slightly canted relative to the $111jdirection.

INTRODUCTION

HE anisotropy of the exchange interactions in
rare-earth iron garnets was recently studied ex-

perimentally' ' and theoretically. 4 ' The experiments
were limited mainly to the case of ytterbium iron garnet
(YbIG). Since Mossbauer studies of Eu'+ isotopes yield
detailed information concerning exchange interactions, '
we have carried out Mossbauer effect measurements on
Eu nuclei in europium iron garnet (EuIG), samarium
iron garnet (SmIG), and mixed Eu-Sm iron garnets at
various temperatures, with the intention of studying
the anisotropy of the Eu-Fe exchange interactions in
the garnets.

Some recoilless absorption measurements of the 14.4-
keV p rays of Fe57 in various garnet systems were also
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carried out in order to verify our conclusions concerning
the direction of easy magnetization in SmIG at various
temperatures.

Almost all of the recoilless absorption measurements
with Eu nuclei were carried out using the 21.6-keV y ray
of Eu'". This p ray was chosen because well-resolved
lines are obtained in its recoilless absorption spectra in
magnetically ordered Eu compounds.

For the studies carried out on Eu'+ ions in SmIG, a
Sm'"lG source and an Eu203 absorber were used and
the splittings observed corresponded to the hyperfine
interactions in the source. For the studies of Eu'+ ions
in EuIG and in mixed garnets, a source of Sm2'"03 and
garnet absorbers were used. The splittings observed in
these cases were produced by the hyperline interactions
in the absorbers.

The crystal structure of the garnets is well known. "
The cubic unit cell contains eight formula units of
RSFe;012. Assuming a general direction for a magnetic
or an exchange held, there are six magnetically inequiva-
lent sites for the rare-earth ions in each unit cell of the

8 G. Menzer, Z. Krist. 69, 300 (1929).' S. Geller and M. A. Gilleo, J. Phys. Chem. Solids 3, 30 (1957).
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iron garnets (the inequivalent sites differ in the direction
of H,„relative to the local principal axes of the crystal-
line electric fields). In most of the rare-earth iron gar-
nets, the magnetization is in the (111$direction of the
unit cell, and two inequivalent sites with equal multi-
plicities exist. In SmIG at low temperatures the easy
magnetization is probably along the L110$direction, '~i2
resulting in three inequivalent sites with relative multi-
plicities 4: 1:1.

The hyperfine splittings of the 21.6-keV transition of
Eu"' and the 103-keV transition of Eu'" in EuIG were
measured in previous works. " "The spectra obtained
indicated that the difference between the values of H, f f

corresponding to the two magnetically inequivalent
sites in EuIG is small. Atzmony et al."have estimated
the exchange magnetic field at Eu ions inside various
rare-earth iron garnets (RIGs) from measurements of
the splittings of the 103-keV Mossbauer line of Eu'"
with sources of the composition (Eo 975Sm'"o. 025) 3Fesoi~
and an Eu&03 absorber. They found that the spectra
obtained for Eu'+ in all RIGs except SmIG were very
similar in shape to that obtained in EuIG. For Eu'+ in
SmIG they found a diGerent spectrum, which was ex-
plained as due to the diferent direction of the easy
magnetization in SmIG. In the present work, the spec-
tra obtained for Eu'+ in SmIG and in mixed Eu-Sm iron
garnets at 4.2'K, using the 21.6-keV p ray of Eu'", were
found to be very different from those obtained with an
EuIG absorber. Their general shape is consistent with
the interpretation that they are composed of three sub-
spectra with relative intensities of 4: 1:1, as expected
when the magnetization is in the LI10j direction. The
analysis of these spectra proves that the Eu-Fe exchange
interaction is very anisotropic. The principal values of
the exchange field acting on an Eu'+ ion in the garnets
at 4.2'K are

following form':

BC=2J(L,L,)S(RE) S(Fe).

The exchange integral J, which is a constant in the
ordinary isotropic Heisenberg Hamiltonian, is now an
operator in the rare-earth angular momenta. The opera-
tor J(L,L,) can be expanded in terms of spherical har-
monic operators:

J(L I')= JoL1+Z G Y "(L L*)j.
f ss

(2)

Assuming that the exchange operator has the local point
symmetry of the rare-earth ion, only a few n and m
values are allowed in the expansion. For rare-earth
ions (4f electrons), in the orthorhombic symmetry of
the garnet, only ten parameters in the expansion must
be considered (Jo and G„",where n=2, m=0, 2; @=4,
m=o, 2, 4; ~=6, m=o, 2, 4, 6).

According to previous work, the interactions between
the c and a sublattices in the garnets are negligible com-
pared to the interactions between the c and d sublat-
tices, '" "and thus S(Fe) in Eq. (1) can be replaced by
Sg(Fe).

The Hamiltonian of the exchange interaction between
the Fe'+ ions and a rare-earth ion can also be expressed
in the more familiar form'

X=2PS(RE) A Sg(Fe), (3)

then (3) obtains its usual (formal) isotropic form:

K=2PS(RE) H,„.

where A is an exchange tensor. If we define a vector
H,„by

H,„=A S~(Fe),

and
PH, /bc=12. 7cm ', PFl„/bc=11.9cm ',

PH, /bc=20. 3 cm '.

THEORY

A. Anisotropic Exchange Hamiltonian

In the simple molecular held approximation, Sq(Fe) is
replaced by its expectation value, which is proportional
to the tetrahedral iron sublattice magnetization Mq(T).
Thus, one obtains

H, (T) =SF,$M~(T)/Mq(0) jA nq.

Wolf' has suggested that the rare-earth —iron (RE-Fe)
exchange interaction should be anisotropic from con-
siderations of the anisotropic or "spiked" nature of the
4f orbital wave function of the rare-earth ion.

The Hamiltonian of the exchange interaction between
an Fe'+ ion and a rare-earth ion can be written in the

' C. Nowlin and R. V. Jones, J. Appl. Phys. 34, 1262 (1963};
C. Nowlin, Ph.D. thesis, Harvard University, 1963 (unpublished)."R.F. Pearson, J. Appl. Phys. 33, 1236 (1962)."J.A. White, Proc. Phys. Soc. (London) 90, 1095 (1967)."I.Nowik and S. Ofer, Phys. Rev. 132, 241 (1963).

'4 P. Kienle, Rev. Mod. Phys. 36, 372 (1964)."U. Atzmony, A. Mualem, and S. Ofer, Phys. Rev. 136, B1237
(1964}.

"U. Atzmony, E. R. Bauminger, B. Einhorn, J. Hess, A.
Mustachi, and S. Ofer, J. Appl. Phys. 39, 1250 (1968).

Here SF,=-,', and n~ is a unit vector in the direction of
the tetrahedral (d) sublattice iron magnetization. H is
not parallel to n~ and its magnitude depends on the
direction of n~.

It is usually assumed that the exchange tensor A is
diagonal in the principal axes of the local crystalline
field at the rare-earth-ion site. Hence the expressions for

"T.Hutchings, C. G. Windsor, and W. P. Wolf, Phys. Rev.
148, 444 (1966).
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'~ R. C. LeCraw, J. P. Remeika, and H. Matthews, Phys. Let-
ters 12, 9 (1964); J. Appl. Phys. 36, 901 (1965).

'o S. M. Myers, J. P. Remeika, and H. Meyer, Phys. Rev. 170,
520 (1968).
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H, and IH„I at O'K are

H, (O'K)=-,'A ng, (7a)

potential V„

I'.= 2 A."( ")(II (12)

IH..(0'K)
I
=-;(A, gn, 7+A„" n„-g+A. gn. 5)» 5

= (H 'n '+H 'n '+FF 'n ')'7'

I
H, (O'K)

I
can also be expressed in the form

I
H. (O'K)

I
=H.„(p,'n, g+p„gn„g+y, 'n, g) "5,

where

(7c)
where

M(0'K) = (40pg/67)B n„ (13)

(7b) where all the symbols have their conventional mean-

ing, " then third-order perturbation theory yields the
following expressions for Mz„(0'K) and H,,ff(0'K):

H = ', (H.+H-„+H.), p.=3A./(A. +A„+A.),
p„=3A„/(A,+A„+A,), and p, =3A,/(A, +A„+A.).

B. Eu'+ Ions in an Anisotroyic Exchange Field

The ionic ground state of Eu + is 'Fo, which is dia-
magnetic. The separation (d, i) between the first excited
ionic state (J=1) and the ground state is only about
480 K. Therefore, the exchange interaction mixes the
excited state into the ground state and produces non-
vanishing magnetic moments and hyperfine fields. ""

First-order perturbation theory yields the following
expressions for the magnetic moment and internal effec-
tive magnetic field at O'K" ":

ME„(0'K)= (16p'/Ai)H. = (40p'/Ai)A n&, (8)

H ff(0'K) = (—80p'/355)(1/r')H,
= (—200P'/367)(1/r')A nq nA n——~, (9a)

I
H 7 f (O'K)

I

=H, ff(p, 'n, '+p„'n„'+I5, 'n, ') '", (9b)

where H, ff 555(A +Ap+A ). p„p„, and p, were de-
fined in Eq. (7c).

The values of A„A„, and A, can be expressed in
terms of the more fundamental exchange parameters
Jp and G„.If in the expansion of J(L,L,) LEq. (2)j
terms higher than n = 2 are neglected, then A „A„, and
A, can be calculated as functions of Jo, G2', and G2'.
Under those assumptions, the exchange Hamiltonian

I Eq. (1)j is given by

K=2Jp(1+GgoL2L. g L(L+1)j—
+GggLL~g+L 'j}S(Eu) S(Fe), (10)

and, from first-order perturbation theory, the following
expressions for A„A„, and A, are obtained:

A =Jpp, = Jp(1——g,Ggo+9Ggg),

A„=Jpp„= Jp(1—
—g,Ggo —9Ggg),

A, = Jp5g, =Jp(1+9Ggo).

The above expressions were calculated in first-order
perturbation theory for the ground-state wave function.
Crystalline-field effects were neglected. If one also takes
into account the mixing effects of the crystalline-field

~' W. P. Wolf and J. M. Van Vleck, Phys. Rev. 118, 1490 (1960)."G. Gilat and I. Nowik, Phys. Rev. 130, 1361 (1963).

where
H if —( 200—p'/3A&)(1/r')C nq, (14)

Cg Jp(1 ,'Gg'+——9Gg' —A-g'(r')/Ski+—A 5'(r')/Shi
—51A, (rg)/25065+51A (r')/25065),

Cp= Jo(1—gGg —9Gg —Ag (r')/Ski —Ag (r )/567
—51A 5 (rg)/25065 —51A go(r')/25065),

C,=Jp(1+9Gg +2Ag (r')/Shi+51Ag (r')/12565).

The crystal-field parameters for Eu'+ in EuIG as
given by Koningstein" are Ago(rg)=105 cm ' and
Agg(rg)=&95 cm '. Using these parameters and Eq.
(14), the anisotropy in H,«produced by the crystalline-
field interaction is found to be about 10%. Since the
experiments carried out in the present work show that
the anisotropy is much larger, the conclusion is that the
anisotropic nature of the RE-Fe exchange interaction
and not the crystalline-field interaction is the main
reason for the anisotropy of H, and H, ff.

EXPEMMENTAL DETAILS

Two Sm'"-fission product sources were used for the
recoilless absorption measurements of the 21.6-keV

y ray of Eu'". One source was in the form of Sm203 and
the other in the form of SmIG. The source used for the
recoilless absorption measurements of the 103-keV p ray
of Eu'" was Sm'" in the form of SmIG. This source was
produced by neutron irradiation of 15 mg of SmIG for
10h in a flux of 10" neutrons/sec. The y radiations
were detected in both cases by a 4-mm-thick NaI(T1)
scintillation counter with a Be window.

The following absorbers were used for the 21.6-
keV y ray emitted by the Sm~'"03 sources: EuIG,
(Eup, 5Smo, g}IG, (Euo. 75S1110.25}IG and (Eup, 55Smp o;}
IG. The thickness of all these absorbers was 100
mg/cm'. An absorber of 40 mg/cm' Eugog enriched to

"M. T. Hutchings, Solid State Phys. 16, 227 (1966).
24 J. A. Koningstein, J. Chem. Phys. 42, 3193 (1965).

B~=Jp(1—-,'Gg'+9Gg Ag (r )/557+Ago(r )/557
—A go(r')/565+ A g'(r')/Shg),

B„=Jp(1—ggGg —9Gg' —Ag (r )5/Ai —Agg(r')/Ski
—A,o(r )/Szg —A 5'(rg)/Ssg),

B,= Jp(1+9Ggo+2Ag (r')/Shi+2Ag'(r')/56 )

and
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IIO%%uo in Eu'" was used together with the Sm'"IG
source.

All the above measurements were carried out with
both source and absorber at the same temperature,
using a cryostat filled with liquid helium, liquid hydro-

gen, or liquid air. Both source and absorbers were im-

mersed in the respective liquids.
Recoilless absorption measurements of the 14.4-keV

p ray of Fe'7 in EuIG and SmIG at 4, 20, 85, and 300'K
were also performed. The source consisted of 10 mCi
Co" in Pt at room temperature, and the various ab-
sorbers had a thickness of 20 mg/cm'. In addition, ab-
sorption measurements of the 14.4-keV y ray at room
temperature, or slightly above it, were also carried out
with absorbers of substituted garnets: Eu3Sci.5Fe3.50&g,

Eu3Sc~Fe40I.~, and Eu3Gai. 6Fe3.40~~. As a detector for
the 14.4-keV y radiation, a 0.1-mm-thick Nai(TI)
scintillation counter with a Be window was used. All the
garnet samples used as absorbers were analyzed by
x rays. Their powder photographs or diGractometer
patterns were carefully analyzed in order to be sure that
single phases were obtained. The lattice constants were
measured and found to be consistent with the systematic
behavior of the lattice constants of the respective garnet
systems. """Some of the values of the lattice con-
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FIG. 2. Recoilless absorption spectra of the 21.6-keV y ray,
emitted from a Sm'"203 source, in EuIG and mixed {Eu, SmI, )IG
absorbers. The solid lines are the theoretical spectra computed
with the parameters given in the text and in Table IV.
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stants determined in the present work, which are not
found in the literature, are given in Table I. The prepa-
ration of the samples required, in many cases, several
regrindings and refirings.

The counting rate as a function of relative velocity
between source and absorber was measured using an
apparatus similar to the one described by Cohen et al."
The recoilless absorption spectra were recorded auto-
matically on a multichannel pulse-height analyzer work-

97
4.2oK

TmLE I. Sizes of unit cell of some garnets
determined in the present work.

l I I I-6 -5 -I -3 -2 0 1 2 3 4 5 6
VE LOC IT Y cm/sec

FIG. 1. Recoilless absorption spectra of the 21.6-keV y ray,
emitted from a Sm"'IG source, in a Eu203 absorber. The solid
lines are the theoretical spectra, computed with the parameters
given in the text and in Table IV.

Compound

{Eup. 5Smp. 5)IG
Eu3ScIFe4012
Eu3Sc1.gFe3.801'

Cubic unit cell dimension
(i.)

12.512+0.005
12.572+0.005
12.606&0.005

2' G. P. Espinosa, J. Chem. Phys. 37, 2344 (1962).
~8 S. Geller, J. A. Cape, G. P. Espinosa, and D. H. Leslie, Phys.

Rev. 148, 522 (1966).
~7R. L. Cohen, P. G. McMullin, and G. K. Wertheim, Rev.

Sci. Instr. 34, 671 (1963).
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TABLE II. The components of nrem along the local axes of the
rare-earth sites in the garnets. a, b, and c are the components of
nq along the axes of the cubic cell.

Site No.

(b+c)k~
(b—c)gv2

(c+a)$N
(c—a)k~
(a+b) '~i
{a—b) pe

(b —c)k~
(b+c)$H
(c—a) $v2

(c+a)$N
{a—b))~
(a+b))e

ing in the multiscaler mode. The absorption spec-
tra were folded automatically in the multichannel
analyzer. "

EXPERIMENTAL RESULTS

~ 100.0

99.5

2.'
99.0

" 995

98,0

I I I I I I I I I I

A. Recoilless Absorption of the 21.6-kev
+Ra/of E

The absorption spectra in a Eu203 absorber of the
21.6-keV p ray of Eu'", emitted from a Sm'"IG source,
with both source and absorber at 4.2, 20, and 85'K, are
shown in Fig. 1.The recoilless absorption spectra of the
21.6-keV p ray emitted from a Sm2'"03 source and using
a EuIG and mixed (Eu-Sm) IG absorbers at 4.2'K are
shown in Fig. 2. In the spectra shown in Fig. 1, the split-
tings are due to internal hyperfine interactions in the
source, whereas in the spectra shown in Fig. 2 the split-
tings are produced by the hyperfine interactions in the
absorber.

As has been shown in the Introduction, the eGective
magnetic Geld acting on the Eu nuclei in garnets is equal
to aA nq, where nq represents the unit vector in the di-
rection of the easy magnetization of the d sites. For an
arbitrary direction of n&, one can expect six di6erent
fields acting on the Ku nuclei in the six inequivalent
sites. The components of n~ with respect to the local
axes at each of the six sites are given in Table II. The
components are expressed in terms of a, b, and c, which
are the components of ng along the cubic axes of the

crystallographic unit cell. Using Table II and Eq.
(9b), we have calculated expressions for iH, hagi

at the
six sites, as a function of a, b, c, B',ff, p„p,„, and p, .

As pointed out in the Introduction, the direction of
magnetization in most RIGs is known to be in the (111j
direction, whereas there are some indications that the
magnetization of SmIG at low temperatures is in the
(110jdirection. '~" It is seen clearly from Figs. 1 and 2
that the recoilless absorption spectrum obtained with
EuIG at 4.2'K differs substantially from the spectra
obtained with Eu'+ in SmIG and in mixed {Eu-Sm)IG
absorbers at 4.2'K. All the spectra of the mixed garnets
are very similar. Even a garnet containing 5% Sm and
95%Eu gives a spectrum similar to the one with a SmIG
source and a Eu203 absorber. The spectrum obtained
with the EuIG absorber can be explained as a super-
position of two spectra of equal intensity, one corre-
sponding to an internal field of 611 kOe and the other
to an internal Geld of 564 kOe. The general shape of all
the other spectra at 4.2oK can be explained assuming
that they are composed of three subspectra with rela-
tive intensities of 4: 1:1, as expected when n~ is in the
$110j direction. Theoretical fits to the experimental
spectra were calculated under these assumptions and
are shown for EuIG in Fig. 2 (the solid line) and for
I Eup, 7pSmp. pp) IG in Fig. 3. Peaks a, 0, e, and f, in the
absorption spectrum in Fig. 3, are produced by the
highest point symmetry sites, while peaks a', b', e', and
f' are produced by the Eu nuclei in the two other in-
equivalent sites. All sites contribute to peaks c and d.
Further assumptions made in the construction of the
theoretical spectra were the following: Each individual
absorption line has a Lorentzian shape with a full width
at half-height of 3.45 mm/sec. (This width was deduced
from the absorption spectrum obtained with a Sm203
source and a Eu203 absorber. The reconstructed spec-
trum is quite insensitive to small changes in this line-
width. ) The ratio of the g factors of the 21.6-keV excited
state and the ground state in Eu"'(g, )gp) is 0.532," "
and the magnetic moment of the ground state is
3.464@&.29 Because of the symmetrical shape of all the
experimental spectra, quadrupole interactions were as-
sumed to be negligible. The values of

i H, ff i
in the three

Eu'+ sites which were used in the reconstruction of Fig.
3 are given in Table III. The table also includes the pa-
rameters derived for a Eu'+ ion in SmIG under the
above assumptions. The Gts obtained are seen to be

TABLE III. Effective magnetic fIelds and anisotropy parameters
giving the best fit to experimental results at 4.2'K, assuming ~ to
be strictly in the t 110j direction. s.p. = relative site population.

-5 -4 -3 -2 -1 0 1 2 3 4 5
VELOCITY cm/sec

FIG. 3. Recoilless absorption spectrum of the 21.6-keV p ray,
emitted from a Sm'"gOq source, in a (Euo. 7gSmp. gg} IG absorber.
The solid line is the theoretical spectrum computed vrith the pa-
rameters given in Table III.

Compound

Zu~+ in SmIG
f Euo. vqsmp. ~) IG

634 484
628 467

438 564
455 561

0.86 0.77 1.37
0.83 0.81 1.36

Huff (kOe) Heff(k Oe)
s.p. =4 s.p. ~1 s.p. 1

Is E. Nadav and M. Palmai, Nucl. Instr. Methods 56, 165
(196"i).

. M. Baker and F. I. B. Williams, Proc. Roy. Soc. (London)
A26, 283 (1962).
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TABLE IV. Effective magnetic fields and anisotro y parameters giving the best fit to experimental results,
assuming nq to be in the (001 plane. s.p. relative site population.

Compound

Eu'+ in SmIG
Eu'+ in SmIG

{Euo. sSmo. s}IG
{Euo. 75Smp. gs}IG
{Euo.gsSmo. os }IG

4.2
20
4.2
4.2
4.2

s.p. =2

680
668
656
651
668

H, ff (kOe)
s.p. =2 s.p. =1

599 484
572 533
605 473
605 469
610 490

s.p. = 1

438
468
450
452
478

H ff (kOe)

566
576
562
559
576

0.86
0.92
0.85
0.85
0.85

0.77
0.81
0.79
0.79
0.82

1.37
1.26
1.36
1.36
1.33

70

12'
60
40

50

quite good—indicating that n&, the direction of the
magnetization of the Fe'+ ions at the d site, is approxi-
mately in the [111jdirection in EuIG and in the [1107
direction in SmIG and in the mixed Eu-Sm garnets.
The large difference found between the values of p,„p,„
and p, proves that the Eu-Fe exchange interaction is
very anisotropic.

Better fits to the experimental spectra can be obtained
by splitting the spectrum corresponding to the high
multiplicity site in SmIG and in the mixed Eu-Sm gar-
nets into two spectra of equal intensities with fields
diGering by about 10%%u~, thus resulting in four subspectra
with relative intensities of 2:2:1:1. The solid lines in
the 4.2' and 20'K spectra in Fig. 1 and in the mixed
(Eu-Sm}IG spectra in Fig. 2, are the theoretical spectra
obtained assuming four sites with different fields. The
values of

~

H, f~
~

which gave the best fit (the least sum of
square deviations from the experimental points) in each
case are summarized in Table IV. Four Eu'+ magnetic-
ally inequivalent sites with relative multiplicities
2:2: 1:1 exist if n& is not exactly in the [110jdirection
of the crystal, but lies in the (001) plane and makes a
small angle 8 with the [110)direction. From the values
of H ff at the Eu nuclei in the four sites, as obtained from
the best computer fits to the spectra, the values of
H ff p p y p and b were derived. These values are
given in Table IV. Ke estimate the possible errors on
the values of p, , p,„, and p. to be &0.04 and the possible
errors on 8 to be ~2'. (The values of 8 given in Table
IV provide the best fit to the experimental data consist-
ent with the assumptions mentioned above. ) It is seen
that the anisotropy parameters obtained from the
analysis assuming four sites with relative multiplicities
2:2: 1:1 (Table IV) are almost identical with those ob-
tained from the analysis assuming three sites with rela-
tive multiplicities 4: 1:1 (Table III).

The emission spectrum of SmIG at 20'K is clearly
different from that obtained at 4.2'K. It can be fitted
by assuming that nz is in the (001) plane. The recon-
structed spectrum is then composed of four subspectra
corresponding to II,«——576 kOe and p, =0.92, p,„=0.81
and p, ,= 1.26, and 5= 12'. These anisotropy parameters
are diferent by about 7%%u~ from those obtained at 4.2'K
by assuming that n~ is in the (001) plane. With the con-
ventional assumptions made in the analysis of Moss-
bauer spectra, we cannot fit the 20'K spectrum by as-

suming that the magnetization is exactly in the [110j
direction.

The general shape of the absorption spectra of SmIG
at 85'K (Fig. 1) is similar to that of EuIG at 4.2'K
(Fig. 2), indicating that the direction of n~ in SmIG at
85'K is close to the [111jdirection. We cannot get an
exact fit to the spectrum of SmIG at 85'K by assuming
that nz is exactly in the [111jdirection. The theoretical
spectrum expected with nq in the [121) direction is
presented by the solid line in the EuIG spectrum of Fig.
2, which is quite different from the experimental spec-
trum of SmIG at 85'K. In order to obtain a good fit to
the SmIG spectrum at 85 K, an angle of 10' between n~
and the [111jdirection has to be assumed (solid line in
the 85'K spectrum of Fig. 1).

The recoilless absorption spectrum of f Eu0, ~5Sm0. 0~)
IG at 20'K shows that, at this temperature, the direc-
tion of nq for this mixed garnet is close to the [111j
direction.

In the theoretical spectra where canting was taken into
account, it was assumed that n~ is in a fixed direction.
It is clear that the spectra could also be fitted by assum-
ing a small random canting.

%e have remeasured, at 4.2'K, the recoilless absorp-
tion spectrum of the 103-keV p ray of Eu'" emitted from
a Sm'"IG source in a Eu~03 absorber. The spectrum ob-
tained is similar to that given in Ref. 16, but is much
more symmetrical. The asymmetry of the spectrum ob-
tained in Ref. 16 was due to the presence of small
amounts of Sm203 impurities in the source. The Sm'"IG
spectrum is consistent with the interpretation that it is
composed of three subspectra corresponding to internal
hyperfine fields of 630, 467, and 455 kOe with relative
intensities of 4: 1:1 (see Table III).

B. Recoilless Absorption Measurements of
the 14.4-keV y Ray of Fe~

As an additional check to our conclusion that the
magnetization in SmIG at low temperatures is along the
[110)direction, recoilless absorption spectra of the 14.4-
keV p ray of Fe" in SmIG and EuIG were performed at
4.2, 20, 85, and 300'K. The spectra obtained at 85 and
4.2 K are shown in Figs. 4 and 5. It is clearly seen that,
whereas the two spectra at 85'K are almost identical,
there is a very significant difference between the spectra
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TABLE VI. Effective magnetic Gelds, quadrupole interactions, and isomer shifts in the different Fe'+ sites,
used in computing the line positions shown in Figs. 4 and 5. s.p. =relative site population.

Compound

EuIG

SmIG

SmIG, EuIG

T
('K)

4.2

4.2

85

Direction of
magnetization

I110J

Site
gpgn Heff

(mrn/sec)

6.59
6.49
5.64
6.59
6.59
5.72
5.52
6.52
6.43
5.58

jeff
(mm/sec)

0.05
-0.155

0
0.078—0.078
0.12—0.235
0.05—0.155
0

aE.—ai:&
(mm/sec)

0.21

0.21

0.21

assuming that the sign of ~g is positive and that of ~,
is negative. The spectrum of SmIG at 4.2'K can also
be fitted if it is assumed that the sign of ~~ is negative
(such an assumption was made in Ref. 35), but much
better agreement is obtained with a positive value for
e~. The calculated positions of the lines in the 85'K
spectra, assuming n to be in the L111] direction are
indicated in Fig. 4. They are seen to be in very good
agreement with the position of the lines in the experi-
mental recoilless absorption spectra of the 14.4-keV

p ray in EuIG and in SmIG at 85'K. In Fig. 5, the cal-
culated positions of the lines, assuming n to be in the
L111]direction in EuIG and in the (110]direction in
SmIG at 4.2'K, are shown. Again the agreement be-
tween the calculated and the experimental positions is
very good. These measurements strongly support our
previous conclusion that the direction of n is close to
the t 110] direction in SmIG at 4.2'K and close to the
L111] direction in SmIG at 85 K and in EuIG at all
temperatures measured. The recoilless absorption spec-
tra of the 14.4-keV p ray in the garnets are not sensitive
enough to detect small deviations of the direction of
magnetization from the t 111]or t 110]directions.

The recoilless absorption spectrum of the 14.4-keV

p ray in SmIG at 20'K is very similar to the one ob-
tained at 4.2'K, indicating that at this temperature n

in SmIG is still close to the [110]direction. The recoil-
less absorption spectra obtained at 300'K for SmIG and
EuIG absorbers were almost identical. (The fields in
SmIG are 3% larger than in EuIG. ) These results are
in disagreement with the conclusions of Van Loef,"
which state that the direction of easy magnetization in
SmIG is along the L110]direction even at 295'K.

C. Quadrupole Interactions in Fe" in
a and d Sites of Garnets

The values of e~, ~, and AE,—AE~ were deduced
from recoilless absorption measurements of the 14.4-
keV y ray in europium iron-gallium and europium iron-
scandium garnets. The measurements were performed
above the respective Curie temperatures of the com-
pounds. The results are summarized in Table VII. Since
the field gradients acting on the Fe'~ nuclei in the garnets
are mainly produced by neighboring ions, they are not
appreciably affected by the presence of the exchange
field and are almost temperature-independent.

The recoilless absorption spectra of the 14.4-keV p ray
emitted from a Co (in Pt) source in EugSci. oFe4, 00i2
and Eu3Gai. 6Fe3.40/4 absorbers, at 315'K, are shown in
Figs. 6 and 7. The solid lines in the figures represent the
theoretical spectra giving the best fit to the experimental
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FIG. 6. Recoilless absorption spectrum of the 14.4-keV p ray,
emitted from a Co" source, in a Eu3ScIFe401~ absorber at 315'K.
The solid line is the theoretical spectrum computed with the pa-
rameters given in Table VII. t' indicates the position of a line
associated with the d site, and $ indicates the position of a line
associated with the a site.
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3' J. J. van Loef, J. Appl. Phys. 39, 1258 (1968).

FrG. 7. Recoilless absorption spectrum of the 14.4-keV p ray,
emitted from a Co" source, in a Eu3GaI, eFeg. 4012 absorber at
315'K. The solid line is the theoretical spectrum computed with
the parameters given in Table VII. f indicates the position of a line
associated with the d site, and $ indicates the position of a line
associated with the a site.
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TABLE VII. Quadrupole interactions and isomer shifts in Fe" in the two Fe'+ sites, as measured in
substituted RIGs above their Curie temperatures.

Garnet

f Fu3}t Gao. 26Fe1.y4j
(Gal 34Fe1.66)013

f«3}[Scl.OFe1.0j
(Fe3)012

f Eu3 }I Sc1.:Fe0.;)
(Fe )O

YIG
{Y3,Ca, }Fe„~Sn 01.

(av. )
RIG (av. )

298.

300b

30b

315

315

Temperature of
Curie temp. measurement

( K) (K)
I«l

(mm/sec)

0.45 ~0.02

0.485&0.015

0.49 ~0.015

0.465&0.010
0.50 &0.03

0.46 +0.03

l~l
(mm/sec)

0.17 &0.015

0.16 &0.02

0.15 +0.02

0.235W0.010
0.24 +0.02

0.23 +0.03

aE.—sE&
(mm/sec)

0.21~0.02

0.22+0.02

0.21+0.02

0.23&0.07
0.26~0.03

0.22~0.05

Ref.

this work

this work

this work

36
36

35

& Reference 34. b Reference 18. (The Curie temperatures given here are those of Sc substituted for GdIGs. )

spectra from which the parameters given in Table VII
were deduced. The third spectniln was similar in shape
to the two shown in the 6gure and was analyzed in the
same way. As was known from previous measurements, "
and verified in the present work, Sc ions substitute for
the Fe ions in the a site only, whereas Ga ions replace
preferentially the Fe'+ ions in the d sites, but occupy the
a sites, as well. ~""*"The numbers of Ga and Sc ions
in each site were also derived from the best theoretical
fit to the experimental spectra, assuming equal recoil-
free fractions at the a and d sites. The numbers found
for the europium iron-gallium garnet agreed very well
with those given in Ref. 7. (The same EusGa~ sFes. 40qs
sample was used in the present work and in the work de-
scribed in Ref. 7.) For comparison, Table VII also in-
cludes quadrupole-interaction and isomer-shift param-
eters obtained in previous works for pure RIGs" "and
for yttrium iron-tin garnets. "The results obtained in
the present work are in good agreement with the previ-
ous results for the d sites, but differ for the a sites. The
averages of the parameters obtained in the present work
were used in the calculations of the theoretical recoilless
absorption spectra of the 14.4-keV p ray in pure EuIG
and SmIG at various temperatures, as described in the
previous paragraph.

CONCLUSIONS

The experimental results reported in the previous
sections lead to the following conclusions:

(a) The Eu-Fe exchange interaction in the garnets
is anisotropic. The anisotropy parameters are p, =0.85
&0.08, p„=0.78&0.08, and p, = j..37+0.14.

(b) The anisotropic properties of the Eu'+ ion in the
garnets are mainly produced by the anisotropy in the

'3 M. A. Gilleo and S. Geller, Phys. Rev. 110, 73 (1958).
4 B.Luthi and T. Henningsen, in Proceehegs of the I&err3atioeal

Conference ms Magnetism, Nottingham, |'N4 (The Institute of
Physics and the Physical Society, London, 1965), p. 668.

"W. J. Nicholson and B.Burns, Phys. Rev. 133, A156 (1964)."I.S. Lyubutin, E. F. Makarov, and V. A. Povitsky, Zh.
Eksperim. i Teor. Fiz. 53, 65 (1967) t English transl. : Soviet
Phys. —JETP 26, 44 (1967l].

Eu-Fe exchange interaction and not by the crystalline-
field interactions.

(c) The values of Gss and Gss derived from the experi-
mental values of p„p„, and g., using Eq. (14) are Gss
=0.021~0.002 and G22 = —0.0055~0.0005 for A2' posi-
tive (Gs'=+0.012 for Ass negative). These values may
be compared with those obtained by Wickersheim and
White" for YbIG: G2'= —0.03 and G2' =0.07. It is seen
that the values for YbIG are very different from the
values derived here for EuIG. The value of Gss/Gss is
about 2 for Yb, whereas it is ~0.25 (Ass positive) for
Eu. Since it is reasonable to believe that the parameters
G2' and 62' should be approximately the same for all of
the rare-earth ions, the difference obtained here tends
to show that there is no justi6cation for taking only the
first three (out of the ten) terms in the expansion of
J(L,L,) in Eq. (2) into account. The contributions of
the higher terms to the RE-Fe exchange interactions in
the garnets cannot be neglected.

(d) The direction of the tetrahedral iron sublattice
magnetization (ns) in SmIG at 4.2 and 20'K and in
mixed (Eu-Sm) IG at 4.2'K is close to the (110) direc-
tion. The direction in SmIG above 85'K is close to the
[111jdirection.

(e) With the conventional assumptions made in the
analysis of Mossbauer spectra, we could not 6t the emis-
sion spectrum of SmIG at 20'K by assuming that nd is
exactly in the L110]direction nor the emission spectrum
at 85'K by assuming that nd is exactly in the L111j
direction. The agreement between the theoretical and
the experimental spectra of SmIG and mixed Eu-Sm
garnets at 4.2'K is improved if it is assumed that n~
is canted relative to the L110j direction.
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