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The anisotropy, magnetostriction, and ferromagnetic resonance linewidth of cobalt-substituted yttrium iron
garnets of composition Y3Fe& „„Co„Ge~O» have been investigated by means of ferromagnetic resonance at
9.15 GHz in the temperature range 4.2 & T & 500 K. The impurities, the valence states, and the site
distribution of the cobalt ions in the measured crystals have been determined by chemical analysis, optical
absorption, and spin-echo measurements. The measured temperature dependence of both the anisotropy
constants and the magnetostriction constants are compared with calculations performed in the framework of
the single-ion theory. The behavior of the ferromagnetic resonance linewidth can be well interpreted on the
basis of the calculated orientation dependence of the energy-level diagram within the longitudinal relaxation
mechanism.

I. INTRODUCTION

The anisotropic behavior of cobalt ions has been
investigated experimentally and theoretically in
both garnets and ferrites for many years. How-
ever, for garnets there are no consistent experi-
mental data of anisotropy and magnetostriction
constants specifically with respect to the linear
relationship between these constants and the total
cobalt content. This situation is presumably
caused by the problem that the cobalt iona may be
present in different valence states and in addition are
distributed over the different crystallographic sites
where the actual distribution and valence states
occuring in a single crystal are determined by the
special growth conditions and the impurities pres-
ent.

The separation of the magnetic contributions
from these various configurations requires differ-
ent analytical methods, detailed theoretical work,
and the knowledge of the atomic parameters in-
volved. These problems have been analyzed by
Sturge et aI,"concerning essentially the mag-
netic anisotropy. The aim of this contribution is
an extension of those discussions by presenting a
set of consistent experimental data and some fur-
ther theoretical aspects to improve the understand-
ing of the anisotropic phenomena in particular of
the Co'+ ions in garnets. In order to keep the Co"
concentration quite low, germanium-compensated
crystals have been used. Their anisotropic prop-
erties, like the magnetocrystalline anisotropy, the
magnetostriction, and the resonance linewidth,
show a pure linear dependence with increasing co-
balt content over the complete temperature range
4.2 & T & 500 K. This indicates the dominance of
the Co" ions on octahedral sites and the negligible

effect of Fe" ions in these crystals. This is con-
firmed by chemical analysis, optical absorption, and
nuclear spin-echo measurements. The experimen-
tal results can be interpreted in terms of the sin-.
gle-ion model: however, no quantitative agree-
ment was achieved. The resonance linewidth was
characterized by typical temperature peaks and
could be well understood by means of the longitu-
dinal relaxation model as well as the calculated
orientation dependence of the energy levels.

II. THEORY

The anisotropy and magnetostriction can be des-
cribed phenomenologically by the dependence of the
free energy on the direction of magnetization Z and
the strain e by

F(a, e) =,F+ F(sa ) + Fm, (a, e) .

F, is a constant with respect to a, while Fr(a) re-
presents the magnetocrystalline anisotropy and
F, ( Za) is the magnetoelastic energy. It is con-
venient to express Fs(a) in terms of the direction
cosines as

Fs(a) =K,s+KP+K,s'+K, sP+ ~ ~,
where

The anisotropy constants K; depend on tempera-
ture and composition. For garnets substituted by
small amounts of transition-metal ions according
to the formula Y,Fe, ,M Oy2 the K; can be decom-
posed as

Ki (T, x) =Kg (T& 0) + &K& (T& x),
where K, (T, 0) represents the anisotropy constant
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induced by the host and &K~ (T, x) arises from the
substituted ion M. The magnetoelastic energy is
given by

F~(Z, e) = - -, x,po(C„-C,2)
3

~ I:.;t; —;)--..„,c,.
&=1

3

Z +t+kPlPA (4)
@~i=i

The C;, are the elastic constants and P denotes the
direction of the strain. The magnetostriction con-
stants A.~, can also be separated according to Eq.
(3).

The single-'ion theory" can be applied to calcu-
late the anisotropy and the magnetostriction con-
tribution &+& and &ApgQg respectivel'y. Within the
approximations employed in this model'' the con-
tribution to the free energy can be expressed as

n

@TNT8 ~j~l
&F(a, Z) =—

(5)

(
8;, Bi

)
where N is the total number of Co" ions per cm'
and a statistical distribution over the magnetically
inequivalent octahedral sites (n =4) is assumed.
E„(u,7) denotes the energy levels of these ions.
The anisotropy contributions are related to the
free energy (7 =0) by

4K, = 4(EF([110])—AF([100])j,
&K, = 9[34F([111])+ AF([100])—4&F([110])],

provided the higher-order anisotropy constants
are negligible. In the same manner the magneto-
striction constants can be expressed by

2 fBs([001]}-fSs([o1o]}
C —C 7

ll 12

b,z„,= ——,
' f„([110])/C

where

s&F, (u, e)
f) &ia

and again the two-constant energy expression is
employed according to Eq. (4}. The main effort in
calculating the anisotropic behavior of the Co"
ions thus concerns the determination of the depen-
dence of the eigenvalues E,&(n, e} on the direction
of magnetization + and the strain e. Since the
thermal energy in the temperature range 0 & T ~ T&

does not exceed energies of kT~= 400 cm ', the
temperature dependence of the anisotropy and mag-
netostriction contributions will be governed by the
energy levels within this energy range. Thus, it is

sufficient to analyze the level structure of the T~
cubic ground state. The 12-fold degeneracy of this
state is removed by the following interactions:

3C = V&(r)+gp, H,„e, 5+XL 5+5V(r, e) . (9)

V,(r) is the noncubic crystalline field arising from
the local deformation of the octahedral sites in
garnets. The second term represents the isotropic
exchange interaction expressed in the molecular-
field approximation. 5 is the spin operator of the
Co" ion and the total spin is $ =-,'. The exchange
field H,„d, has to be regarded as a function of tem-
perature. The third term describes the spin-orbit
coupling where L is the orbital momentum operator
of the Co" ion and A, is the spin-orbit coupling con-
stant. The last term represents the increment of
crystalline field depending on strain and is much
smaller than the other interactions and, therefore,
can be neglected as far as the magnetic anisotropy
is concerned. Since the Hamiltonian of Eq. (9) op-
erates within the orbitally threefold degenerate
T„state which is mathematically isomorphic to

a P state, it is convenient to introduce an effective
angular momentum operator L' where the effective
orbital states [ m~& satisfy the relation'

L, lm~& =mz, , lmi, &, mz =0, +1,
and the z axis is chosen along the local axis of de-
formation being one of the four [111]directions. In
this representation the trigonal field can be re-
placed by —d.,(L,'2 —-', ) where 4, is the trigonal
field splitting and the spin-orbit term is written
-o.AL" 5, where n depends on the relative magni-
tude of the trigonal field. ' In case of &, »gpeff, „d, ,
nA. , the eigenvalues and thus the anisotropy" and
magnetostriction' "contributions have been cal-
culated and compared with experimental results of
spinell ferrites. For garnets, however, it has been
proved that this condition is not fulfilled' and that
the eigenvalues have to be deduced from the full
12x12 matrix of the 4T~ state. Since our experi-
mental data differ from those reported in Ref. 2 we
have calculated the energy levels, from which the
anisotropic properties can be deduced for arbitrary
values of the trigonal field 4„ the exchange field ~

H,„d, and the effective spin-orbit coupling eA. in or-
der to obtain the background necessary for discuss-
ing our experimental results. For the strain-free
case and the special values &,/gp, sff,„,„=2.5 and

nX/ggeff, „,„=—0.538 the energy level diagram is
shown in Fig. 1, displaying also the orientation de-
pendence in a (1TO) plane. The energies E;&(a) can
be labeled by the magnetic spin and orbital quantum
numbers m& and m~. , respectively, as indicated on
the right-hand side. The characteristics of this
level structure will not change significantly as long
as the parameters do not differ by more than one
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magnitude. This diagram corresponds to the case
where the quantization axis is along the [111]di-
rection (y, site) in the (1r0) plane. The dashed and

dotted lines for the two lowest levels represent the

orientation dependence at those sites with the quan-
tization axis along the other [111]directions. The
strong overlap of m~. =0 and m~ =+ 1 wave func-
tions are obvious from this representation which
illustrates the necessity to take the complete 'T„
level structure into consideration. Near crossings
of the levels occur at y; =90, where y; is the angle
between the quantization axis ([111]directions) and
the direction of magnetization. For M in the (110)
plane this applies to the [110]and the [112]direct-
ions giving rise to strong relaxation which will be
discussed in Sec. IIID.

The anisotropy contributions have been obtained

using Eqs. (5), (6), and (9). The result is shown

in Fig. 2 where the ratio &K,/&K, is plotted versus
aA-/gpeH, „,„ for different values of &,/gpeH«, h at

T =0. The dashed line represents the case dis-
cussed in Ref. 2. For large trigonal fields (b, ,
»gpeH, „,h, oX) the ratio &K,/&K, is considerably
larger than the experimental value indicated by the
dotted line. To estimate the parameters &„
gp&H,„,„, and aA. the absolute magnitude of the 4K,
has to be known as well. For &K,/AK, = —4.5 (dot-
ted line in Fig. 1) the dependence of ~,/N on

gp~H, „~ is displayed in Fig. 3 for various ~, val-
ues at T=0 K. The observed K,/N value is indicat-
ed by the dashed line. From the comparison of
these representations and the experimental results
the ratios nA/g AH, „~ and 4,/gpsH, „~ can be de-
termined phile the absolute magnitude of these pa-
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FIG. 1. Splitting of the
4T «cubic ground state of a
Co2' ion on an octahedral
site with the quantization
axis along the [111]direc-
tion (y& site). The energy
levels are labeled by the
magnetic spin and orbital
quantum numbers m s and

m~, respectively. The
orientation dependence of
the energy levels refers to a
variation of the direction of
magnetization in the (110)
plane. The dashed and
dotted lines of the two low-
est levels represent the
variation at the magneti-
cally inequivalent octahe-
dral sites with a quantiza-
tion axis along the [111]
axis (y2 site) and along the
[ill] or [ill] direction
(y& or y4 site), respective-
ly.
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h, K

b K) exp.
FIG. 2. Ratio of the an-

isotropy contributions 6K;
of octahedral Co ' ions vs
the ratio of the spin-orbit
coupling energy and the ex-
change energy for various
values of the reduced tri-
gonal field. The point indi-
cated by the dashed lines
was discussed in Ref. 2.
The dotted line represents
the average measured value
of this work.
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rameters can be estimated from the fit of the mea-
sured temperature dependence.

The magnetostriction can be calculated by per-
turbation theory since the increment of crys-
talline field 5V(r, e) depending on strain is much
smaller than the other interactions of the Hamil-
tonian of Eq. (9). This procedure, however, re-
quires the knowledge of the unperturbed (m~, , mz)
wave functions which are not explicitly known, ex-
cept for the case 4, »gp~II, „,„,nA. . Therefore, we

will derive an approximate relation for the temper-
ature dependence of the magnetostriction contri-
butions AA», . For small 5V(r, e) the energy

E,&( oe} can be decomposed by

E;,(oT, e) =E„(u)+5E;,(n, e)

(10)=g&s&exch [sic(&) +5&(,(o.,Z)],
where 5E;,.(a, e) «E, ,(o) is proportional to the ma-
trixelement(mL. , mz ~5V(r, e)~m~, m~ ). Withthe
aid of Eqs. (5},(8},and (10},and considering only the
two lowest energy levels, we obtain

i

The energy separation nE;(&, e) =nE;(z)
+54K~(a, e), in addition, has been approximated by
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O

&I
I

200
FIG. 3. Absolute value

«K2/N vs exchange energy
for AK2/AK(=-4. 5 (this
value refers to the dotted
line in Fig. 2) and various
trigonal field splittings.
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a symmetric splitting which is the case if the an-
gular variation of the (-2, -1) level is replaced by
that of the corresponding (--'„1) level. Since the

hE; are equivalent for n)( [100] the magnetostric-
tion contribution 4A, ,«can be expressed within this
approximation by

&A.„,(T) = &X», (0)q (T} tanh ~(yi)
2kT

(12)

where AE(y, ) and AE(y, ) are the energy splitting of
the two lowest levels for y, = 35.2V' and y, = 90', re-
spectively. C depends on the matrix elements of
5V(r, e) and the other atomic parameters involved.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Characterization of single crystals

Single crystals of composition
+3Fe, „,Co„Ge, 0» were grown by the flux method
with a cooling rate of 0.5'C/h from 1120 to 1000'C,

bE(y, ) is the energy separation for '(T[) [100]where

y; =54.73 . q(T) represents the temperature de-
pendence of the exchange field which for octahedral
ions can be approximated by the relative tempera-
ture dependence of the tetrahedral sublattice mag-
netization. &X,«(0) includes all constants and in

particular is proportional to N and the derivative
of the matrix element over 5V(r, e ) with respect
to the strain components where the latter is not
known from independent measurements. Thus
&&»,(0}has to be regarded as an adjustable param-
eter.

For &((», (T) the expression becomes more com-
plicated, since two different sites have to be con-
sidered for a)[[110]. In this case we find

az„, (o)q(T) ( h
dE(y. ))

when they were separated from the flux by turning
the platinum crucible upside down. "'" A typical
melt composition in weight percent was PbO:
39.08; PbF, : 31.94; B,O, : 1.81; Fe,O, : 2.7, and
24.47 oxides forming the yttrium iron-cobalt-ger-
manium garnet. The yield was about 15 g consist-
ing of regularly shaped crystals, up to 1 cm in size.
The rare-earth impurity content in the starting ma-
terials was below 1 ppm. Inclusion free samples
have been selected for all measurements. The
analysis data and the values x, and y, of the start-
ing composition are summarized in Table I. The
total cobalt and germanium content was measured
directly on polished platelets by x-ray fluorescence
analysis using dense polycrystalline garnet mate-
rials for calibration. The cobalt content addition-
ally has been determined by atomic absorption.
Within the given error the results of both methods
are in good agreement. The analysis of the im-
purities Si ', Pb'+, Ca +, Fe, F have been de-
scribed previously. " " The given error limits
include the inhomogeneity of the distribution of the
analyzed ions owing to the growth process.

From these data it is obvious that the excess of
Ge" is not necessarily compensated by Fe" ions
which are present in a low concentration. The
presence of Fe" is important for the discussion of
the magnetic behavior since these ions give rise to
pronounced contributions to the magnetostrictive
effects." " This low-Fe" contribution is also
confirmed by optical absorption measurements
shown in Fig. 4, and by ferromagnetic resonance
linewidth and spin-wave linewidth measurements
given in Table II. The optical absorption of Fe"
containing yttrium iron garnet is considerably in-
creased below 2.5 p. m." From a comparison of
the data presented in Fig. 4 and those reported in
Ref. 14, the Fe" contribution is estimated to be
negligibly small. In addition, the height of the peak
in the temperature dependence of the linewidth at

TABLE I. Analysis data per formula unit of the measured garnet single crystals of com-
position Y3Fe5 ~Co„Ge~O&2. xp and yp refer to the starting composition.

Sample
No. Xp

Si4'
Impurities

Pb2+ Ca2+ Fe2+

1
2
3
4 ct,

5
6

0
0.025
0.050
0.10
0.10
0.20

0
0.025
0.050
0.10
0.10
0.20

0
0.003
0.007
0.009
0.018
0.043

0
0.018
0.025

0.042
0.076

0.002
0.002
0.007
0.013
0.002
0.003

0.015
0.015
0.015
0.009"
0.022
0.030

0.001
0.0008

~ ~ ~

0.0013
0.0007
0.0008

0.006
0.016
0.015

0.010
0.010

0.014
0.005
0.006
0.002
0.004
0.004

error +0.0005 +0.001 40.001 +0.002 40.0005 +0.004 +0.003

Sample No. 4 has been grown by R. Krishnan under essentially the same growth conditions,
except for the melt composition exhibiting a higher surplus of Fe&O&.

"Analyzed by W. Tolksdorf.
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T =370 K is a very sensitive measure of the pres-
ence of Fe" ions' "which was not easily observ-
able in these crystals (see Sec. IIID, Fig. 13}.
These linewidth data indicate that the actual con-
centration of magnetically active Fe" ions on octa-
hedral sites is very small. This behavior is found

for most crystals and in particular for pure yttri-
um iron garnets and indicates that part of the Fe"
ions presumably occupy dodecahedral sites where

they contribute much less to the anisotropic prop-
erties.

Thus the main problem in the interpretation
of the anisotrppic properties will arise from the

cobalt ions which may be present in different

valence states. These have been studied by
spin-echo measurements" which have been suc-
cessfully applied to distinguish the valence states
of cobalt ions in garnets. " The result is presented
in Table II for two typical samples. Sample No. , 5

exhibits a very low concentration of tetrahedral
Co'+ and Cp ' ipns. The pther crystals, except
for sample No. 4 grown by R. Krishnan, are ex-
pected to behave similarly since on the one hand

3+

20
E

TABLE II. Total cobalt content (Table I), tetrahedral
Co ', and octahedral Co ' content determined from spin-
echo measurements (Refs. 19 and 20), ferromagnetic
resonance linewidth and spin-wave linewidth AH~ in
[.111]direction at 9.15 GHz and T = 295 K. The 4H data
are not corrected for the cavity losses being roughly
0.2 Oe.

Sample x Co ' Co +b b~~ (Qe) &H (Qe)

0
0.003
0.007
0.009
0.018
0.043

0.006
0.17

0.0018
0.0005

0.15
2.81
7.33
5.92

19.64

0.75
4.7

11
11.5
29
70

' Octahedral site.
~ Tetrahedral site.

they are grown under the very same conditions and
on the other hand all measured properties are
strictly linear with respect to the total cobalt con-
tent. This is particularly obvious from the spin-
wave linewidth given in Table II and plotted in Fig.
12 which is a very sensitive measure for the pres-
ence of anisotropic ions. Therefore, we can as-
sume that these crystals essentially are character-
ized by the same ratio of octahedral Co" ion and
tetrahedraI Co" and Co" ions. The concentrations
of the two latter are very small and negligible in
the discussion of anisotropy and magnetostriction
since their contribution to anisotropic effects is
quite small. ' Sample No. 4 has a relatively high
Co" content.

This distribution of cobalt ions of different va-
lence states is reflected in the optical absorption
at room temperature presented in Fig. 4. The
optical-transmission measurements were perform-
ed with a Zeiss PMQ II spectrometer using plate-
lets of about 0.1-cm thickness. The absorption
peak at 1.3 p. m originates from the low content of
Cp + ions pn tetrahedral sites ' ' pwing tp the high
oscillator strength. The shoulder at 1.6 p, m can be
attributed to the tetrahedral Co" ions. ' The spec-
trum became more characteristic at T =4.2 K
where the 1.6-p, m peak appears more pronounced.

0
1.00 125 5O '.75 2.0(}

v~)

FIG. 4. Room-temperature optical absorption of
cobalt-substituted yttrium-iron-garnet single crystals.
n ' is defined by n' = 0.43 n = (0.43/t ) ln(I/I), where t
is the thickness of the platelet and I&y'I the relative in-

tensity of the light corrected with respect to interface
reflections. The peak -at 1.3 pm and the shoulder at
1.6 pm are due to tetrahedral Cos' and tetrahedral Co2',
respectively.

B. Anisotropy

The anisotropy has been measured by ferromag-
netic resonance at about 9.15 GHz in the tempera-
ture range 4.2 ~ T & 500 K. Spheres of O.OV-cm di-
ameter have been used which were oriented with
a [110]direction as an axis of rotation such that the

applied dc field and thus the direction of magnet-
ization is in the (110}plane. The field for ferro-
magnetic resonance is recorded continuously'and
a typical plot of the orientation dependence in the
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(110)plane is displayed in Fig. 5. The strong peaks
in the [110]and [112] directions can be assigned to
the near crossings of the energy levels at these
directions for the magnetically different octahedral
sites of the Co" ions (as shown in Fig. 1). The
resonance condition for spherical samples can be
expressed by

~ = y.[(II„+a,*)(P,+a,")]'/',
j g2p

Hg = (14)
S

( sF 1 s'F &

El» =
I

cot8 +
M,

~
88 sin'8 ByI

where y, denotes the effective gyromagnetic ratio.
With the aid of Eqs. (1), and (5) the anisotropy
fields and thus the resonance field at constant fre-
quency can be calculated provided the orientation
dependence of the ener'gy levels is known. How-
ever, from Eq. (14) and the level structure it is
obvious that the anisotropy fields are minimal at
the [110]and [112]directions for the respective
sites when the resonance field reaches its maxi-
mum value. This strong orientation dependence
induced by these near crossings cause a strong
anisotropy contribution. Restricting ourselves to
the two constant theory, the Ky and K, have been
evaluated from the well-known relations

The saturation magnetization M, turns out to be
unchanged by the small cobalt substitutions within
experimental error. The measured temperature
dependence of the anisotropy constants deduced
from these relations is shown in Figs. 6(a) and
6(b). The magnitude and temperature dependence
are essentially similar to those reported by Qkada
et al."for thp same garnet system whereas room
temperature data reported for cobalt-silicon-doped

20

E
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CJ
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8

~ - y, Q, ([001])—2K, /M, ],
(o =y, g„([111]}—~IK, /M, —+KI/M, j,
ILI = y, Q „([110]) —2KI/M, ] '~'

x {H„([110]) +K, /M, + 2 KI/M» )' ~
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which are easily derived from Eqs. (2} and (14).

I
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FIG. 5. Field for ferromagnetic resonance of cobalt-
substituted yttrium iron garnet being continuously re-
corded in a (110) plane for different temperatures for
sample No. 2.

FIG. 6. Temperature variation of (a) K, and (b) K2
for cobalt-substituted yttrium iron garnets.
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yttrium iron garnet are smaller by a factor of 3 as
compared to those of Ref. 25. For samples with
a higher cobalt content the anisotropy and linewidth
become too large for accurate measurements. The

anisotropy of sample No. 4 which contains a larger
amount of tetrahedral Co" and Co" is in accor-
dance with the octahedral Co" content being x
=0.0066 as indicated in Table G. The same result
is obtained from the comparison of the spin-vgave
linewidth data. From Table II or Fig. 12 the Co"
content of this sample can be estimated to be x
=0.006, assuming the linewidth contribution of tet-
rahedral Co" and Co" is negligibly small owing to
their level structure. ' From this sample with high-
er Co" content the anisotropy and magnetostrictive
effects of the Co" ions can be discussed and will be
reported in a separate publication. " The concen-
tration dependence of the anisotropy constants is
shown in Fig. 7 for two temperatures. The linear
relationship is well accomplished. From these
data the per ion contributions can be calculated.
The results are summarized in Table III where
the data for the anisotropic ions Fe" (Ref. 14}and
Ru" (Refs. 27-29) in particular are also presented
for comparison. The much smaller Fe" contri-
butions and the low-Fe" concentration justifies
neglecting the Fe" effects with respect to magnet-
ic anisotropy in these crystals. The Ru" ions
give rise to comparable anisotropy contributions
at low temperatures. At higher temperatures they
lead to larger anisotropy constants owing to a
weaker temperature dependence caused by the very
different energy level structure of the Ru" ions.

The magnitude and the temperature dependence
can be calculated as discussed in Sec. II. For a
pure single-ion behavior the anisotropy contribu-

-3

-2

J'

-1

E
E3

P' Ot
t

C)

(

I

QO2

I

Q03
I

0.04

E
O

0
h

-40

Y3Fe, „„Co„Ge„O»
T = 42K tteft scale)
T = 295K (right scalei

-80-

FIG. 7. Concentration dependence of the anistropy
constants for cobalt-substituted yttrium iron garnets at
T=4.2 K and T=295 K.

tions should show a linear concentration depen-
dence or the ratio AK, /nK, should be independent
of concentration. This is fulfilled for all samples
leading to the same temperature dependence of
&K,/&K„as shown in Fig. 8. These data can be
compared with the theory outlined in Sec. II. The
temperature dependence of the exchange field has
been assumed to vary with the tetrahedral sublat-

TABLE III. Anisotropy and magnetostriction contribution of magnetically anisotropic transition-metal ions substi-
tuted on octahedral sites in yttrium iron garnet.

Ion Configuration

Cubic
ground
state

Anisotropy Magneto striction
T (K) &K~/N (cm ) 4K2/N (cm ) 10 &~&00/x 10 bQ&&/x Reference

Co2'

Ru '

Fe2'

Mns'

3d7

4d'

3d

3d4

2
T2g

5E

4.2
77
295

4.2
77
295

4.2
77
295

77
295

27
21
1.0
28
22
2

4.5
2.3
0.1
0.06
0.01

-124
-71
-0.5
-120
-68
«3

-13
-4.1
-0.1

-0.006

-0.5
-0.6
-0.4

2.7 a

2.7 '
2.5

1.7
3.2
0.5

1.4
0.7

1.0
1.2
0.7

2.9
26a
08
7.1
9.3
1.4

-0.24
+0.14

This work

11,29

14,17

41
42

Higher values have been reported for Ru&oped yttrium iron garnets measured by a static method (Ref. 43).
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tice magnetization. The case 4, »gp, ~H,„,h, uA,

successfully applied by Slonczewski to cobalt-sub-
stituted spinell ferrites in the high-temperature
range'" " is shown by the dotted line using the
values gg~H, „=250 cm ' and nA, = —120 cm '. A
very good fit can be achieved in the temperature
range 50 K & T & Tq, however, at low temperatures,
the ratio &K,/AK, cannot be described satisfactori-
ly and in addition the absolute magnitude is larger
by a factor of 4. This is obvious also from Fig. 3.
The temperature dependence discussed by Sturge
et al.' was calculated with the parameter values
+s =650 cm ', gp. ~H,„,„=150cm ' and nA.
= —200 cm ' leading to the dashed curve. These data
are not in accordance with our experimental re-
sults. In particular we observed a larger &K, val-
ue giving rise to a larger &K,/&K, . From the
average experimental value bK, /&K, = —4.5 at T
=4.2 K the range of possible parameter values of
&,/gpsH, «h an, d uX/gpsH, „,„ is indicated in Fig. 2.
In addition, the absolute value of the ~K; being
displayed in Fig. 3 has to be considered for selec-
tion of the parameters which describe the experi-
mental results. It turns out that for hK, /hK, ( —4
there is no set of parameters which fits the mea-
sured AK; and their ratio better than 20%, which
becomes even worse for increasing

~ ~,/&K, ~.

While the complete temperature dependence of
&K,/&K, could be fitted excellently, the absolute
values at T =4.2 K disagree roughly by a factor of
3. The continuous line in Fig. 8 has been calcula-
ted for ~, =650 cm ', gp. ~H«,„=260 cm ', and Q.A.

= —140 cm, where the trigonal field splitting have

been determined by Sturge et al. ' For these para-
meters the 4K, /AK, data and those for &K; above
100 K are described within 30% accuracy but for
T =0 K there is still a disagreement by approxi-
mately a factor of 2 between theory and experiment
in the absolute &K; values. This discrepancy may
be attributed to the Coulomb interaction between
the Co" ions and the charge compensating Ge"
ions where the latter is expected to be of the order
50 —100 cm '." " This interaction would lead to a
significant reduction in ~K, because the near
crossings of the energy levels will occur much less
pronounced. Further, the exchange interaction
may be anisotropic as it was discussed for the di-
rect exchange interactions in other compounds. "

A corresponding set of parameters have been
used to describe nK, /N and the hyperfine fields at
4.2 K." The temperature dependence calculated
with these data (aA. = —180 cm ', gp~H, „,q
= 370 cm ', 6, = 700 cm ') is shown in Fig. 8 by the
dash-dotted line.

C. Magnetostriction

The magnetostriction constants also have been
measured by ferromagnetic resonance, by Smith
and Jones." ' The experimental conditions thus
are the same as in the case of magnetic anisotropy.
The field for resonance has been shifted by a com-
pressional stress w acting on the spheres along the

[110J direction. The applied stress was between
10' and 10' dyn cm ', where 7 has been calculated
using an effective area of the spheres of 37TH'.

6;.

&a ~ ~
aa ~ '.a

Y, Fe, „,CQ„Ge„0»

Qaa x—0003
x=0.007

hC

hC

CI
I 3

FIG. 8. Measured tem-
perature variation of the
ratio of the anisotropy
constants for cobalt-sub-
stituted yttrium iron gar-
nets. The theoretical
curves are discussed in
the text.
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Then the measured magnetostriction constants of
pure yttrium iron garnet are well in accordance
with results obtained with other methods. " The
resonance shifts 5H„([hkl]) in the principal direc-
tions are related to the magnetostriction constants
by34 ~ 36

X~, = ——,'(M, /g ) 5H, ([kkl]), kkl=001, 111 . (16)

At low temperatures we also have the relation

4M(, 1 Z,
9 r i 3 M, H, ([110]))

„j„~)
sH, ([no])

1 2',+
2 I

1 —
M ([110]) 5H„([001])

(a)
00 100

I

200
I

T(K)
300

I

400
I

500
I

which has been used to account for the. large aniso-
tropies.

These relations are based on the two-constant
magnetoelastic energy of Eq. (4). The magneto-
striction constants obtained from the measured
resonance shifts via Eq. (16) are plotted versus
temperature in Figs. 9(a) and 9(b). Both X», and

Af ff are significantly affec ted by the Co" ions
where &A.,« is positive and &Afff is negative, which
agrees with reported data." "'" The data of
sample No. 4 have been omitted in Fig. 9(b) since
they overlap with those of sample No. 3 over the
complete temperature range. The low temperature
measurements for samples Nos. 5 and 6 were pre-
vented by high anisotropy and linewidth. These
data indicate a slight reduction of the magneto-
strictive effects as it was observed for Fe"-doped
samples. " Whether this effect is due to the small
Fe + cpntent in these crystals pr tp the Cp +. ipns
cannot be decided from the available data. The
concentration dependence of the magnetostriction
constants is shown in Fig. 10. The dependence on
the Co" content being approximately equal to the
total amount of cobalt ions as discussed in Sec. III
A is found to be linear in contrast to previous re-
sults. " 38 The contributions hA~»/x are summa-
rized in Table III together with the data of Fe","
Ru'+ """and Mn'+" "being the most effec-
tive transition-metal ions, as far as magneto-
striction is concerned. The large contribution of
Fe'+ ions may slightly affect the given low tem-
perature values since they were obtained from the
samples with the low-cobalt content.

These results can be compared with the theoret-
ical temperature dependence. The most simple
conditions are present for n.a«, (T) which is dis-
played in Fig. 11 in a reduced representation. The
theoretical curves are calculated from Eq. (12).
The solid line is based on the parameter values
used for the anisotropy (solid line in Fig. 8). The

= -1
rC

IO
C)

-5-

FIG. 9. Temperature variation of the magnetostriction
constants (a) Xfpp and (b) Xf f f for cobalt-substituted
yttrium iron garnets.

dashed line is calculated using a higher exchange
field (gp, sH, „~=350 cm '). The experimental data
can be described qualitatively. A more quanti-
tative analysis requires additional low temperature
measurements of garnets with high cobalt doping
to obtain more accurate &A», values and an im-
proved theoretical analysis. The comparison with
similar results of Ru'+ shows that owing to the
more simple level structure of this ion, Eqs. (12)
and (13) lead to a much better description of the
experimental results. "~" "

D. Resonance linewidth

Magnetically anisotropic transition-metal ions
like Fe +, ' '' and Ru +, ' oi' the rare-earth
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ions4' 4' substituted in yttrium iron garnet give rise
to strong relaxation. Inmost cases the experimen-
tally observed linewidth could be well interpreted
in terms of the longitudinal relaxation model" "
which predicts the following linewidth contribution:

4

&H, =
4 QP;0;

s j=].

where

C)

Y, Fe5 „„Co„Ge„Oi2
T= 200K
T = 295K

/
/

/
/

I

05

0;=
1 + ((ur; )' '

1
cosh'(~;/2ks T)

hE, is the energy separation of the two lowest en-
ergy levels, u is the measuring frequency, T, is
the relaxation time, and the sum extends over the
magnetically inequivalent sites. This expression
applies for small substitutions and is then propor-
tional to the total number N of relaxing ions. De-
pending. on the relative magnitude of cuT&, different
cases with respect to the temperature dependence
can be distinguished. At most two tern'perature
maxima of ~, may occur, induced by the func-
tions P; and 0; and in addition a pronounced orien-
tation dependence. In contrast to the results re-
ported in Ref. 2, our measurements strongly sup-
port the presence of this relaxation mechanism.

The linear relationship between the measured
total cobalt content and the linewidth is well ful-

FIG. 10. t oncentration dependence of the magne-
tostriction constants for cobalt-substituted yttrium iron
garnets at T= 200 K and T =295 K.

filled, as shown in Fig. 12. This also holds for the
spin-wave linewidth as already stated in Sec. IIIA.
The plot of the temperature dependence of the line-
width measured for the three principal directions
is displayed in Fig. 13. The typical peaks occurring
at different temperatures can be well interpreted

CO

CI
CD

8

0.5—

FIG. 11. Relative tem-
perature dependence of the
first magnetostriction con-
stant of cobalt-substituted
yttrium iron garnets. The
open symbols are estimated
values from resonance data
where the anisotropy and
linewidth are quite large.
The theoretical curves are
calculated from Eq. (12) and
are based'on ~(yi) ~
=218 cm ' (solid line) and

EE(p))~- p K= 294 cm
(dashed line).

00 &00 300
T{Kj

IOO 500
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30-
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I

Q

Y3Fe5 „yCoxGe„O»

x = Q003 closed symbols

x = 0007 open symbols
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~~ [110)

00
I
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I
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I

300

T(K)

I

400
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0(
0.005 0.010 0015 0.020

FIG. 12. Linewidth AH and spin-wave linewidth 4H~
in [111]direction vs cobalt concentration in yttrium-
iron-garnet single crystals at 9.15 GHz and T= 295 K.

by Eq. (17) and the orientation dependence of the
energy levels shown in Fig. 1.

Except for the magnitude of the energy separa-
tions, this orientation dependence is very charac-
teristic and a change of the relative magnitude of the
parameters induces only a very small variation in
the level structure. The solid line represents the
case when the quantization axis is parallel to the
[111]direction (y, site). For the two lowest levels
also the variation with quantization axis along the
[11I]direction (y, site) and along the [Tl1]or [1rl]
direction (y, and y, sites) is shown. The two latter
sites are equivalent with respect to the magnetiza-
tion in the (110) plane. This orientation dependence
is simply correlated to the direction of magnetiza-
tion by

&E, = hE(y; ), cosy, = a, + o,, + o, , (18)
cosy, = —(n, + n, ) + n, , cosy3 tx J oQ + o.'3

which leads to similar characteristics for all ions
where the anisotropy of the lowest levels is essen-
tially governed by a functional dependence on cosy&.
With the aid of Eqs. (17) and (18) and the orienta-
tion dependence of the lowest energy levels the
experimental data can be discussed. Thereby, our
considerations are restricted to a qualitative in-
terpretation since one of the assumptions employed
in the derivation of Eq. (17) is the presence of a

FIG. 13. Temperature variation of the resonance line-
width for cobalt-substituted yttrium iron garnets for the
three principal directions.

I

magnetic doublet being well separated from the
higher levels and this does not apply for Co" ions
as obvious from Fig. 1. The maximum linewidth
occurs for those orientations where the level sep-
aration is minimal. Such minima occurred at the
near crossings in the [112]and the [110]direction,
when the magnetization is in the (110)plane. How-
ever, in the former case this situation applies only
for —,

' of the total ions on the y, sites or the y, sites,
wher'eas in the latter case —,

'
(y, and y, sites) of the Co"

ions give rise to strong relaxation; therefore the
linewidth in the [110]direction is expected to be
largest In the . [111]direction the energy senara-
tion is the same for —,

' of the ions (y„y„and y, sites)
but slightly larger and therefore the linewidth
should be lower. Finally, for the [100]direction
all ions exhibit the same energy separation which
is larger than in the previous cases and thus the
lowest linewidth is expected for this direction.
This picture is in. accordance with the observed
behavior displayed in Fig. 13. The strong depen-
dence of the temperature maximum on the orien-
tation suggests that this is induced by the P; term.
The smaller maximum at higher temperature for
sample No. 3 may originate from the 0& term.
This would correspond to the so-called high-&
case; this maximum may also be induced
by the small content of Fe" ions causing a
maximum at 370 K."'" However, this could not be
proved since the frequency dependence has not been
studied. The P& term peaks at 4T =0.65~; '" and
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thus the minimum energy separation hE; and the

peak temperature T roughly can be correlated.
From the peak in the [110]direction at T = 55 K,
we estimate T values from the energy-level sep-
aration for the [111]and [110]directions of 110K and

192 K, respectively, which agrees pretty well with
those observed.

A quantitative analysis becomes much more com-
plex since then we have to take the higher levels
into account, requiring a complicated numerical
analysis which appears to be useful only in the case
where detailed frequency-dependent measurements
are available.

IV. CONCLUSIONS

The anisotropic properties of single-crystal gar-
nets of composition Y,Fe. . .Co,Ge,o» containing
essentially divalent cobalt ions have been investi-
gated by ferromagnetic resonance techniques in the

temperature range 4.2 & T & 500 K. The high con-
centration of divalent Co" ions is due to an excess
of Ge" ions which, however, in contrast to other
statements in literature is not compensated by Fe"
ions but by other nonmagnetic impurities, such as
the Pb" ion. The limited formation of Fe" ions
is also supported by magnetic circular dichroism
measurements on silicon-substituted yttrium iron
garnets. " Therefore, the low-Fe" content can be
neglected in the interpretation of anisotropy and
linewidth phenomena while the low-temperature

magnetostriction data may be slightly influenced by
these ions because they give rise to large per ion

ma, gnetostriction contributions. All magnetic pro-
perties strictly vary linearly with Co" concen-
tration for all temperatures supporting the single-
ion behavior as is expected for small concentra-
tions of anisotropic ions. Calculations of the an-
isotropy and magnetostriction constants in terms
of the single-ion model are in qualitative agree-
ment with the experimental results. Improvements
of the theory presumably may be obtained if one
accounts for the Coulomb interaction arising from
the Co -Ge" pairs and possibly the presence of
anisotropic exc hange.

The temperature dependence of the linewidth ex-
hibits characteristic maxima at low temperatures
with a peak temperature depending on the crystal-
lographic direction. The relative peak position can
be well understood in terms of the calculated ener-
gy level diagram and the longitudinal relaxation
mechanism.
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