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The nuclear magnetic resonances of Eul®! and Eu!®® have been studied at 4. 2 °K in single
crystals of europium iron garnet with externally applied fields of sufficient magnitude to align
the magnetization along various crystallographic directions. Hyperfine field and quadrupole
splitting parameters of the Eu*® ions are obtained. Hyperfine fields along the principal ortho-
rhombic axes (x, ¥, and z) of the rare-earth sites are found to be 649, 706, and 382 kG,
respectively, where the z axis corresponds to the orthorhombic axis which lies along the
cubic [100] direction. The anisotropy of the hyperfine field is shown to be due in part to the
crystal field distortion and in part to the anisotropy of the exchange fields arising from the
iron ions. From the Eu'® quadrupole splittings, contributions to the electric field gradient
arising from the crystal fields and the exchange fields are obtained. Values of the crystal
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field parameters and anisotropic exchange fields are obtained and discussed in relation to

those in other rare-earth iron garnets.

I. INTRODUCTION

In recent years a number of experimental
studies™ using the MOssbauer effect as well as
theoretical studies®™® have been carried out to de-
termine the hyperfine fields and quadrupole inter-
actions of the Eu*® ions in europium iron garnet
(EuIG). The M6ssbauer studies of pure EulG, how-
ever, have been restricted to “zero fields” where
the magnetization is along the easy (111) direction.
From studies in this direction only, one cannot ob-
tain independently all three hyperfine field param-
eters associated with the orthorhombic symmetry
at the rare-earth site. We have studied the nuclear
magnetic resonance (NMR) of Eu!® and Eu'®® in a
single crystal of EulG with external fields of suf-

ficient magnitude to align the magnetization along
the orthorhombic axes of the rare-earth sites and
have determined the hyperfine fields and quadru-
pole splittings. A preliminary account of this study
and an account of a zero-field study of the Eu®®

and Eu'*® NMR in polycrystalline EulG were report-
ed previously. "® In the present paper we present
results of more extended experimental studies and
a more extended discussion of the findings.

As a result of the exchange and crystal fields
acting on the Eu*® ion, the "F, ground state is mixed
with the excited ionic states "F; and F,. The hy-
perfine field anisotropy arises from both the anisot-
ropy of the exchange field and from the orthorhom-
bic crystal fields. The hyperfine field parameters
and electric field gradients associated with the
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Eu*? ions in EulG were originally discussed by Gilat
and Nowik, ® but the anisotropy of the hyperfine field
was neglected. In a subsequent paper Eicher® took
into account the effect of the crystal fields on the
hyperfine field parameters and quadrupole interac-
tions, but neglected the anisotropy of the exchange
field. More recently, closed-form expressions for
the hyperfine field parameters in terms of the ex-
change fields and crystal field parameters have
been derived by Atzmony and co-workers. ? In Sec.
III, we review the theory. Contributions to the
electric field gradients have been obtained by vari-
ous authors®®?:1% and are also discussed in Sec. II.

In Sec. III, the experimental techniques are dis-
cussed and the results are given. In Sec. IV, val-
ues for the hyperfine field parameters, quadrupole
interaction parameters, crystal field parameters,
and exchange field parameters are obtained. In
Sec. V, a discussion of the crystal field parame-
ters and exchange field parameters is presented
and comparisons with the results of other studies
are made.

II. THEORY
A. Anisotropic Hyperfine Field and Exchange Field

As has been discussed by various authors, the
rare-earth ions in the iron garnets reside at sites
which are known to possess a local orthorhombic
symmetry. The local orthorhombic axes of these
sites take on six orientations with respect to the
cubic crystal axes, resulting in general in six mag-
netically inequivalent rare-earth sites. As a con-
sequence of the orthorhombic symmetry, the ef-
fective hyperfine field for Eu*® ions at these sites
can be written as

| Houe| = s i+ HEn)! 2 &

Here H,, H,, and H, are the principal values of
ﬁeu along the orthorhombic axes of the rare-earth
sites, andn,, n,, and %, are thedirection cosines of
the iron magnetization M with respect to these local
axes. For one of the sites, the orthorhombic z
axis lies along the cubic [001] direction while the
x and y axes lie along the [110] and [110] directions.
The other orthorhombic sites can be obtained by
taking the orthorhombic axes to be along equivalent
directions.

Equation (1) can be rewritten in the form

|Heu|=ﬁm(ufnf+ u§n§+ anf)llz, (2a)
where
Hoo= $(H,+Hy+ H,) (2b)
and
py=H,/Heyy, etc. (2¢)

-

Because of t_lle anisotropy, H,s; does not in gen-
eral lie along M. If we E’ake hyyhy, and h, to be
the direction cosines of H;; with respect to the
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local axes, it then follows that
hazt = nazc(Hx/He!t )2, . (2d)
Taking H,,(x), H,(y), and H,(z) to be the prin-

cipal values of the exchange fields acting on the
Eu*® jons, we can write similarly to Eq. (1)

| Hoy| = [Hoy(0)2 02+ Hoy(9) 202 + Hy(2)202] Y% (3a)
and
Hex=%[Hex(x)+Hex(y)+Hex(z)] . (3b)

B. Eu*® Ground State

As a consequence of the exchange and crystal
fields, the excited ionic levels 1J,M) (J=1, 2) are
mixed into the ground state 10,0). Considering
the case of H,, along z and treating the exchange
energy'! +2u g H,.(2) (S,) and the orthorhombic
crystal field'? as perturbations on the spin-orbit
levels, the ground state can be written as

|96(2)) = bog| 0, 0) +byg| 1, 0) + b3/ 2, 0)
coa(12,2)+ 2, -2 /VE, @
where '

H,(2)\2
b00=1—8(——_‘UBET ) ’

—4ppH,(2) 2 vy 2 v
b=\——F%"— ) \l-s -2 %/,

E, 5 E, 5 E,
p - —4Vs 8V 13 H (2)? _-4v3
0T 53 E, T EE, P27 5E, °

Here V3 and V% are the crystal field parameters
and E; and E, are the energies of the unperturbed
states. Equation (4) has been carried to second or-
der in the ground-state wave function except that
we have omitted terms involving (1/E,)?, which are
small and which do not enter into the hyperfine field
corrections if they are carried only to first order
in V3 and V2,

The crystal field parameters Vg and V§ can be ex-
pressed in terms of the crystal field splittings of
the J=1 level. We can write!?

A=-HV3-VD,  A=-3+VD), A=3VE
(5)

where A,, A, and A, are the energy shifts of the
multiplets of the J=1 level, relative to the center
of gravity of the level, arising from the orthorhom-
bic distortion.

C. Hyperfine Field

The hyperfine field for the case of ﬁ“ along z
can be written

Hy=+2up(7"®) @ol2) | N |9o(2)) . (6)

Here N, is the operator defined by Elliott and
Stevens.!® For Eu*}, N, canbe written® as

Ny=L,-4S,+&[(T.-S)L +L (L-§)].
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One can show that (0, 0| N;|1, 0)=— & and
(1,0|N,|2,0)=~13 V3 /15. Using these relations,
we can evaluate (6) as follows™

80“3 -3 [ A 51 :| 7)
38, ) Hul)|1 E, " %5 E, (
A similar relatlon applies for H, and H,. From
(7) we can obtain [after writing H,,(z) as H,,
+AH,(z) and expanding]

|H, | =1+AH.,,g(z)_gél 51 4, .
5 B. B 2 E,

(8)

In addition to the orbital and spin-dipolar contri-
bution to H,y, combined in the operator N,, one
must take into account the core polarization contri-
bution which can be taken to be roughly — 90 kG/
unpaired spin.® Taking (S,)=16uH,,/E, or about
0.8, yields a core polarization hyperfine field of
about ~ 72 kG, which is not negligible compared
with the orbital and spin-dipolar fields of about
600 kG. It can be shown, however, that aside from
the coefficient of the term involving 1/E, S, ex-
hibits the same anisotropy with respect to H,, and
the crystal fields as does H, Consequently, Eq.
(8) applies to a good approximation even when the
effect of the core polarization hyperfine field is con-
sidered.

D. Electric Field Gradient

The electric field gradient eq,,(4 f) arising from
the 4f electrons (for the case of H,, along z) can
be written

eq = —e(1 —R)(r*) (do(2) | 3cos20 - 1| Po(2)) , (9)

where R is the Steinheimer shielding factor.
From evaluation of (9) one finds®®® terms pro-
portional to V3 which arise from the polarization
of 4f orbitals by the crystal field and terms propor-
tional to HZ which arise from the polarization of
4f orbitals by the exchange fields. In addition one
must consider the effects of the external charges.!®
Defining

Vie=€2Qq /N (10a)

as a measure of the quadrupole interaction, we can
write

(10b)
The

o= alHy(2)/Hy P+vil,

with similar equatiOns applying for x and y.
quantity o in (10b) can be written as

=—% ¢%(1 - R)Qu} Hy(7™) (2E, + E,)/(E,)* Ezh
(10¢)
The first term in (10b) arises from the field gra-
dient produced by the exchange field polarization
of 4f orbitals and is axial with respect to the ex-
change field. The second term is the contribution
from the crystal fields and is the sum of two con-
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tributions, a contribution from the 4f electrons
which can be written as®

vi1)= 848,(r3)e?Q(1 -R)/E;h, (10d)

and a contribution from the external charges which
can be written as*’

I2)=-104,Q(1 -v.)/(1 - 0p) #2) 1,

where ¥, and o, are shielding factors.
For a general direction of H,,, one can write

, (Hy 2<3cos26—1
i’ ‘“(Ex 2
V)32 - 14 (- h2
+\52 )[BrE - 14z - R3],

where 0 is the angle between H,; and H,,.
The asymmetry parameter 7 is defined by the
relation

(10e)

(10f)

n= (Vxx_ Vyy’)/V (log)

III. EXPERIMENTAL
A. Equipment and Measuring Technique

The spin-echo equipment employed high-power
pulsed oscillators, receivers, and calibration os-
cillators to cover the required frequency range.
The resonant element was a tank circuit at the
lower frequencies and a capacitor-tuned rectangular
quarter-wave coaxial cavity at the higher frequen-
cies, with double-stub tuners at both input and out-
put. The cavity was similar to that described by
Kubo et al. 13

The sample was a roughly spherical single crys-
tal about 1 cm in diameter. It was mounted so that
it could be rotated about a (110) axis, which was
parallel to the rf field and perpendicular to the dc
field Hy. All measurements were carried out at
4. 2°K with an exposed-tip Dewar vessel, the tip of
which fitted inside the coil or cavity.

The effective anisotropy field of EulG for the
(111) direction has been determined by ferromag-
netic resonance studies!® to be about 5 kG. All
studies were made with a field strength H; of about
8 kG, which was sufficient to saturate the magne-
tization in the principal directions.

The studies were made for various orientations
of Hy with respect to the crystal axes by plotting
the spin-echo amplitude as a function of frequency.

In addition to the spectral measurement of spin-
echo intensity, the relaxation times were deter-
mined when necessary to correct for differing sig-
nal decay at the various Eu sites.

B. Experimeital Results

151 158

Since the magnetic moments of Eu™> and Eu
are 3.46 and 1.56 nm, respectively (and the spins
areboth %), it is easy to identify the spectra of the
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FIG. 1. Eu!®! spectra at five different values of 6
where 6 is the angle in the (110) plane between HO and
the [001] axis.

two isotopes. Figure 1 shows the Eu'™ spectra at

five different positions of the crystal where 0 is the
angle in the (110) plane between Hy and the [001]
axis. Four spectra of Eu'®® are shown in Fig. 2.

The spin-echo amplitudes were observed to be a
strong function of the orientation of H, with respect
to the crystal axes, being strongest when ﬁo was
along the hard [001] direction. The origin of the
effect lies in the dependence of the rf enhancement
on magnetocrystalline anisotropy energy and has
been discussed in Ref. 15 in connection with studies
of MnFe,0,.

IV. INTERPRETATION

A. Hyperfine Fields

The hyperfine field given by Eq. (1) is different
at each of the six sites for a general orientation of
the magnetization. However, at certain symmetri-
cal positions of M the number of distinct hyperfme
fields is reduced. For example, when M is along
the [100] direction, we expect two lines correspond-
ing to direction cosines (0,0, 1) and(1/V2, 1/V2,0)
with relative site populations of 2:4, while for M
along [110], there should be three 11nes with direc-
tion cosines (1,0,0), (0,1,0), and (3, 3, 1/V2) with
relative site populations of 1:1:4. The Eu!® res-
onances observed for these two orientations can
be fitted to these predictions if we take v, = 680
MHz, v,=740MHz, and v, =400 MHz, corresponding
to |H, 1—649 kG, IH |="706 kG, and |H,|=382 kG.
For the case of M along a (111) direction, we ex-
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pect two lines of equal intensity corresponding to
direction cosines of (y%,0, y3) and (0,/%, %) with
values of |Hyl of 617 and 573 kG. These values
are in good agreement with the observed lines and
are also in agreement with the fields of 629 +10
and 571+ 10 kG observed in zero-field Mossbauer
studies! of EuIG where the magnetization lies along
a (111) direction.

Now we consider the hyperfine fields when M is
along other directions in the (110) plane. From
Eq. (1) the theoretical H,,, can be plotted for all
angles, and the symmetry of this plane does not
allow for more than four resonances at any orienta-
tion. Figures 3 and 4 show the calculated curves
together with the experimental points. Figure 3
was calculated by taking v,, v,, and v, to be 680,
740, and 400 MHz, respectively. Figure 4 was
plotted by multiplying the Eu'® frequencies by a
factor of 0.444 which is approximately the ratio of
v for the two isotopes.

In dealing with orientations other than special
cubic directions, the direction of M will not coincide
with ﬁo, unless the latter is infinitely strong. The
magnetocrystalline energy causes the magnetization
to lie between the applied and the nearest easy
direction. In our case the easy direction is (111)
and the equation relating the angle 6 from [001] to
H, and the angle 6, from [001] to M in the (110) plane
is

I,H, sinf,cosfy(3sin®6, - 2)
K, ~ cosfsinf,-sinfcosb, °

Here I, is the saturation magnetization and K;, the
coefficient of magnetocrystalline energy, is nega-
tive. This equation can be plotted for a particular
value of 6, and the corresponding value of 6, ob-

[ 0°<oor>
w o
S es5°
2L
j L
T [
=
E
g
2 - s5e<l>
<
-
w
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90°<H0>
| ] | |
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FREQUENCY MHz
FIG. 2. Eu!®® spectra at four different values of 6

where 6 is the angle in the (110) plane between ﬁo and the
[001] axis.
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tained for the given applied field. Since a field of
8 kG was used and | 2K,/I |=5000 G, the values of
6, for I H,/K, = 3. 2 were obtained as follows:

6 | 0° 25° 30° 55° 80° 90°
6,1 0° 34° 38° 55° 77° 90°

Thus when the magnet was oriented, for example,
at 30° from [001], the results were plotted at 38°
(see Fig. 3). The over-all results agree with the
theoretical curves within the limits of experimental
error involved in both the angular settings and the
determination of the resonance peaks.

In some cases the intensity of the lines does not
agree exactly with the intensity expected from the
relative site populations. This is particularly true
of the line at 576 MHz, which is about a factor of
2 weaker than one would expect. It should be noted,
however, that this line had a shorter relaxation
time than the lines at 680 and 740 MHz. Also the
rf level needed to optimize the signal was greater
than we could supply with our pulsed oscillator.
This may be related to the fact that for this line
the angle between ﬁe“ and M is rather large [see
Eq. (2d)].

Our values of |H,|, |H,|, and |H, |are considerably
different from the values obtained by Atzmony and
co-workers? from Mossbauer studies of Eu!® in
mixed europium-samarium iron garnets. They
obtained (assuming M to be approximately along a
(110) direction) a typical value for H, of 760 kG and
typical values for H, and H, of 490 and 472 kG.
Whether the differencesreflect some problem with
their interpretation, an erroneous assumption con-
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FIG. 3. Eu!® frequencies calculated from Eq. (1) as
a function of the angle 6§, in the (110) plane between M
and the [001] axis, together with experimental points
from Fig. 1.
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FIG. 4. Calculated Eu'® frequencies (obtained by mul-
tiplying the Eu'®™ frequencies by a factor of 0.444) to-
gether with experimental points from Fig. 2.

‘v . .
cerning the direction of M, or a real difference in
the parameters remains unclear.

B. Quadrupole Effects

For a general direction of Hyy,, the effective
quadrupole interaction can be written

?
3cq=m [312-I(+1)], (11)
where v’ was defined in (10f). Eu'® and Eu'®® both
have I=2 and quadrupole moments of about 1.16
and 2.92 b, respectively. For I=%, we expect the
usual five-line splitting pattern with a separation
between adjacent lines of & [v'|.

Consider the Eu'®® gplittings of Fig. 2. From
the splittings of the line centered at 176 MHz we ob-
tain |v.,1=186 MHz; while from the splittings of the
lines centered at 300 and 330 MHz (which partially
overlap), we obtain |y, |=100 MHz and lvy,|=287
MHz. For the two types of (111) sites, Bauminger
and co-workers?® obtained values of v’ of —57 MHz
and + 38 MHz, where the negative value corresponds
to the site with the higher H,;;. To obtain approxi-
mate agreement with these values requires that we
take vy, =+ 100, v,,=— 87 MHz. To obtain a nega-
tive value of @ [Eq. (11c)], we must take
v.,=—186 MHz,

To obtain the principal values of v, we must
know the principal values of H,,. Since, as we will
show, most of the__anisotropy of ﬁm arises from
the anisotropy of H,, we can take, to a first ap-
proximation, H,, to be proportional to Hg,. If we
do this and use Eq. (10b) and the relation vy +vy,

+v.!=0, we obtain for v.., vi;, and v}, values of
ez 2 XX vy 2z
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168, -6, and - 162 MHz, respectively, while for
a we obtain a value of - 54 MHz.

For the case of Eu'®®, we can evaluate (10c).
Taking 1 ~-R=0.8,'" ugH,,=24°K," E,=352cm™, 8
E,=1030 cm™, ¥ and taking (#) =49x10* cm™, we
obtain for @ a value of —108 MHz, which is some-
what larger than the experimental value.

From (10d) and (10e), we obtain using 1 —7., =70,
(1-0,)=0.25,% and (#2)=0.26x10"'® cm?

vl /A,=4.1-9.4=~-5.3 MHz/cm™ , (12)

From (12) and similar equations for x and y we
finally obtain, for A,, A,, and A,, values of —32,
+1, and +31 cm™, respectively.

If we define G(z)=H,,(z)/H,,, etc., and use our
values of A,, A, and A, and [H,|, |H,!|, and |H,]
in (8), we obtain values of G(x), G(y), and G(z) of
about 0.97, 1.22, and 0.81, respectively. These
values can be compared with the values obtained by
Wickersheim?® for YbIG of 1.12, 1,24, and 0. 64,
where the low value corresponds to an axis equiva-
lent to our z axis. We see that the correspondence
is quite good. Using these values in Eq. (10b)
yields values for v,., v',, and v,; of 153, -4, and
—149 MHz and for « a value of —56 MHz. These
values are not very different from our previous
values.

We have used these values in Eq. (10f) to calculate
v’ as a function of 6,, the angle in the (110) plane.
Calculated values of v’ are plotted in Fig. 5 against
6y. Also plotted are values of v’ obtained from the
experimental splittings. We see there is quite good
agreement with theory. In particular we obtain for
the (111) sites experimental values of v’ of —100
and + 65 MHz, which are in good agreement with
our calculated values. They are also in agreement
with the signs of the Mossbauer values, although
of a somewhat larger magnitude.

Finally in connection with the values of v,;, v,,,
and v,,, we might point out that our values are con-
siderably differentfrom those givenin Ref. 3, which
were obtained on the assumption that the exchange
field parameters and hyperfine field parameters in
EulIG and in the mixed Eu-Sm iron garnets were
the same.

C. Interpretation of Zero-Field Studies

Although it is somewhat removed from the main
trend of the present work, it is of interest to con-
sider the interpretation of the Eu NMR studies in
zero field where the signals are expected to arise
from nuclei in domain walls. Since the easy mag-
netization direction in EulG is the (111) direction,
we can consider a 180° wall with the moment at the
wall center along a [110] direction.?? Since the
domain-wall signal might be expected to be largest
for moments at the wall center, we might expect
the zero-field spectra (Fig. 1 of Ref. 7) to be simi-
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lar to the (110 ) spectra. We see that this is in
fact the case, which would seem to indicate that the
zero-field excitation is largely through 180° do-
main-wall motion.

V. DISCUSSION
A. Crystal Field Parameters

From optical studies of EulG, Kon:'mgstein18 ob-
tained energy splittings for the J = 11level (relative to
the center of gravity of the level at 352 cm™) of - 34
em™, —4 cm™, and 38 cm™. Apart from the fact
that there is some ambiguity associated with which
of his levels go with which of the orthorhombic
axes, there is reasonably good correspondence with
our values of A. Our values of A correspond to V3
=77 cm™ and VZ= -82 cm™ (taking the orthorhombic
z axis as the quantization direction). These values
are roughly consistent with those of Koningstein.

Actually, Koningstein’s splittings would not be
expected to agree exactly with our values of A be-
cause of the fact that his splittings reflect the com-
bined effects of the crystal and exchange fields
while our values of A reflect the crystal field split-
tings only (some of his levels appear to be deduced
from studies at low temperatures where the exchange
fields would be important). In order to estimate
the effect of the exchange fields on the "F; split-
tings, we have assumed an isotropic exchange field
of magnitude pgzH,,=24 °K along the [111] direction
and have calculated (Appendix) the splittings arising
from the combined effects of crystal and exchange
fields. For the two types of sites, the level split-
tings become — 34, —1.8, and 35.8 cm™ for the one
site and —36.4, 3.3, and 33.1 cm™ for the other
site compared with splittings of —32, +1, and +31
cm™ from the crystal fields alone.

We see that the effects of the exchange field are
not too great, which probably explains the similarity
found by Koningstein between the spectra for EulG

+100

v' MHz

=100

o} 15 30 45 60 75 90
9 DEGREES
FIG. 5. Values of v’ calculated from Eq. (10f) as a

function of 6, together with experimental values of v’
from Fig. 2.
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and EuGagG.

It is customary in crystal field calculations of
the iron garnets to refer the crystal field param-
eters to a set of local D, symmetry axes &, 7, and
¢. The orientation of these axes with respect to
the cubic crystal axes has been discussed by Hutch-
ings and Wolf.#® The ¢ axis corresponds to our z
axis, while the 1 and ¢ axes correspond to our x
and y axes. If we make the correspondence z - ¢,

y -1, and x - ¢, then the new crystal field param-
eters referred to these axes become V3= —-80 cm™,
V=475 cm™, These values of VJand V3 seem
quite reasonable on the following grounds: The value
of V3 is in approximate agreement with the value of
-170 cm™ deduced from a complete crystal field
analysis for Y(Yb)GaG.? Also a compilation® of
the crystal field parameters of various rare-earth
gallium garnets shows that V3 for most of the gar-
nets is negative. Furthermore, the ratio of —1.06
for V3/VZwould be consistent with the findings of
Koningstein and with the point charge calculations
of Hutchings and Wolf.

B. Anisotropic Exchange Interaction

As already discussed, our values of G(x), G(y),
and G(z) of 1.0, 1.2, and 0.8, respectively, are in
rough agreement with the values of 1.12, 1.24, and
0.64 obtained by Wickersheim from optical studies
of YbIG. The corresponding values obtained by
Atzmony et al., however, are 1,36 for G(z) and
0. 85and 0. 80for G(x) and G(y). If we neglect crystal
field effects, which are responsible for only about
10% of the hyperfine field anisotropy, the principal
values of the exchange field are directly propor-
tional to those of the hyperfine field. Consequently,
the fact that the Atzmony values for the exchange
fields differ from ours appears to be directly re-
lated to their different values for the hyperfine
fields.

As discussed by Hutchings ef al., % the represen-
tation of the Eu*® ion by its spin operator and the
concept of an exchange field acting on the ionic spin
should be particularly valid for the Eu*® ion because
of the simple level structure of the J=1 level. For
rare-earth ions in general, however, the expansion
of the anisotropic exchange interaction in terms of
exchange potential operai:orsz"'a8 appears to be a
more valid approach.

Atzmony et al.? expand the exchange integral in
terms of spherical harmonic operators G, Y (L,L,)
(neglecting terms higher than n=2) and relate the
principal values of the exchange tensor to the pa-
rameters G) and G2 From their Eq. (11) we can
obtain values of G} and GZ in terms of G(x), G(y),
and G(z). Our values of G(x), G(y), and G(z) cor-
respond to G3= —0.02 and G5= -0.01. Our values
of G and GZ can be compared with the recalculated
values of Wickershiem and White?® for YbIG which
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are quoted in the paper by Atzmony: G3=-0.03 and
G%=0.07. We see that our values seem to be in
fair agreement with their values, at least as far
as the value of G} is concerned, while the Atzmony
values (G=+0.021 and G%= —0.0055) are not. It
is reasonable to believe that the parameters G3
and Gg might be approximately the same in all rare-
earth iron garnets. Although the precedingdis-
cussion suggests that a negative value of G3 cor-
responding to a reduced value of H,,(z) relative to
H,,(x) and H,(y) might be a general feature of the
rare-earth iron garnets, the approximation of re-
taining only two terms in the expansion of the ex-
change potential is probably not a generally valid
approximation. A more detailed treatment as re-
cently carried out by Orlich and Hiifner®® for ErIG,
in which all ten parameters of the exchange inter-
action are determined, is probably in order.
According to Nowik and Ofer, ** 90% of the ex-
change field acting on the Eu ion in EulG is produced
by the two nearest-neighbor iron ions in tetrahedral
sites. Since these two iron ions lie along the cubic
(100) axis, one might expect some symmetry in the
exchange fields about this direction. This sym-
metry is reflected to some extent in the values of
the parameters G, but a detailed analysis is needed
to arrive at the parameters from first principles.

V1. CONCLUSIONS

The over-all agreement between theory and ex-
periment appears to be quite good with the excep-
tion of the calculated value of @, which is somewhat
larger than that measured experimentally. This
may be due in part to uncertainty in the value of
(1 -R). Our values of the crystal field splittings
and exchange fields appear to be in good agreement
with the values obtained from other studies.

As discussed by Wolf, 3 the anisotropy of the ex-
change field makes a contribution to the magneto-
crystalline anisotropy. Levy® has discussed the
various contributions to the magnetic anisotropy of
EulIG and finds the theoretical value of K; to be be-
tween 1 and 27x10* erg/cm® compared with an ex-
perimental value of —38x10* erg/cm®, This dis-
crepancy between theory and experiment probably
lies in the fact that Levy neglected to take into ac-
count the anisotropy of the exchange fields, which
we find to be quite large. As Levy states, with the
anisotropic exchange it is necessary togotofourth
order in the ground-state energy to obtain a con-
tribution to the magnetic anisotropy. Such a cal-
culation would be of considerable interest, but is
beyond the scope of the present study.

As we mentioned, the Eu*® hyperfine field param-
eters which we obtain for EulG are considerably
different from those obtained by Atzmony and co-
workers in the mixed Eu-Sm iron garnets. We plan
to carry out studies of the Eu'®™ and Eu'®® NMR in



3 NUCLEAR-MAGNETIC-RESONANCE STUDIES...

the mixed Eu-Sm iron garnets in order to try to
resolve this apparent discrepancy.

APPENDIX

We wish to calculate the splitting of the "F, free-
ion level under the simultaneous perturbation of
the orthorhombic crystal field and the exchange
field. The crystal field matrix elements within a
given J manifold can be calculated. 3%

The exchange field is along the (111 ) direction
when there is no applied field, and we consider an
Eu site with local orthorhombic x axis along [110]
and z axis along [001]. In this case 3., = 2UugH,,
xX[(V2)/3S,+(1)/3S,], the matrix elements of
which are readily evaluated.!!* The resulting

2917
matrix is
M, 1 0 -1
1| JN3-2Vy-Ww J/V3 -3VE
0 J/N3 2y) - J/NV3 s
-1 -5 Ve JNS -Jd/N3-3:V3-

where J= pgH,,, V3275 cm™, VZ=-80 cm™, and
J=17 cm™. From the resulting cubic equation the
splitting was evaluated as W,=35.8 cm™, W,=~-1.8
em™, and W;=-34 cm™.

If we consider the nonequivalent site where the
exchange field has a y component but no x compo-
nent, the results are W;=33.1 cm™, W,=3.3
cm™, and W,=-36.4 cm™,

M. Stachel, S. Hiifner, G. Crecelius, and D. Quit-
mann, Phys. Letters 28A, 188 (1968).

%u. Atzmony, E. R. Bauminger, A. Mustachi,
I. Nowik, S. Ofer, and H. Tassa, Phys. Rev. 179, 514
(1969).

’E. R. Bauminger, I. Nowik, and S. Ofer, Phys.
Letters 294, 199 (1969).

4M. Stachel, S. Hiifner, G. Crecelius, and D. Quitmann,
Phys. Rev. 186, 355 (1961).

SH. Eicher, Z. Physik 179, 264 (1964).

8G. Gilat and I. Nowik, Phys. Rev. 130, 1361 (1963).

'R. L. Streever, Phys. Letters 294, 710 (1969).

R. L. Streever and P. J. Caplan, Phys. Rev. Letters
24, 978 (1970).

°R. J. Elliott, Proc. Phys. Soc. (London) B70, 119
(1957).

g, G. Wikner and G. Burns, Phys. Letters 2, 225
(1962).

. P. Wolf and J. H. Van Vleck, Phys. Rev. 118,
1490 (1960).

27, Holmes, R. Sherwood, L. G. Van Uitert, and
S. Hiifner, Phys. Rev. 178, 576 (1969).

BR. J. Elliott and K. W. H. Stevens, Proc. Roy. Soc.
(London) 218, 553 (1953).

Yt we compare Eq. (7) with Eq. (14) of Ref. 2, we note
that the term involving 1/E, would have to be (51/50) 4A,/E,
in order to be consistent with Ref. 2 (rather than 51/25).
The source of the discrepancy is not clear. The effect
of the different factor on any of the derived parameters
is in any case small. Note also that calculation of the
magnetic moment using our expressions gives a result
to first order in V3 which is consistent with that of
Ref. 12.

by, Kubo, A. Hirai, and H. Abe, J. Phys. Soc.
Japan 26, 1094 (1969).

R, C. Le Craw, W. G. Nilsen, J. P. Remeika, and

J. H. Van Vleck, Phys. Rev. Letters 11, 490 (1963).
TR, G. Barnes, R. L. MSssbauer, E. Kankielkeit,
and J. M. Poindexter, Phys. Rev. 136, A175 (1964).

185, A. Koningstein, J. Chem. Phys 42, 1423 (1965).

197 A. Koningstein, Phys. Rev. 136, A717 (1964).

203, Blok and D. A. Shirley, Phys Rev. 143, 278
(1966).

UK. A. Wickersheim, Phys. Rev. 122, 1376 (1961).

2A, M. Portis and J. Kanamori, J. Phys Soc.
Japan 17, 587 (1962).

BM. T. Hutchings and W. P. Wolf, J. Chem. Phys.
41, 617 (1964).

%R. A. Buchanan, K. A. Wickersheim, J. J. Pearson,
and G. F. Hermann, Phys. Rev. 159, 245 (1967); 159,
251 (1967).

%P, Griinberg, S. Hiifner, E. Orlich, and J. Schmitt,
Phys. Rev. 184, 285 (1969)..

®M. T. Hutchings, C. G. Winsor, and W. P. Wolf,
Phys. Rev. 148, 444 (1966).

K. A. Wickersheim and R. L. White, Phys. Rev.
Letters 8, 483 (1962).

®p. M. Levy, Phys. Rev. 135, A155 (1964).

Bvalues given in Ref. 2 recalculated by R. L. White
from the experimental data of K. A. Wickersheim and
R. L. White, Phys. Rev. Letters 4, 123 (1960).

30E. Orlich and S. Hiifner, Z. Physxk 232, 418 (1970).

511, Nowik and S. Ofer, Phys. Rev. 153, 409 (1967).

2W. P. Wolf, Proc. Phys. Soc. (London) 74, 665
(1969)

Bp, M. Levy, Phys. Rev. 147, 320 (1966).

%M. T. Hutchings, Solid State Phys. 16, 227 (1964).

®B. R. Judd, Mol. Phys. 2, 407 (1959).

%J. H. Van Vleck, Theory of Electric and Magnetic
Susceptibilities (Oxford U. P., Oxford, England, 1932),
p. 167.



