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The contribution to the magnetocrystalline anisotropy of transition-metal ions in ferrites
on octahedral sites is calculated for the strong crystalline-field case for d!, % d%, and d°

configurations.

The single-ion model is used which requires small concentrations of such

ions. Good agreement with experiment was found for trivalent ruthenium. For this case,
anisotropy measurements of Ru®* (4d%)-doped yttrium-iron garnet of the composition
Y;.,Ca,Fe; Ru,O;y were carried out in the temperature range of 4.2—-500°K, By fitting the
theory to the measured anisotropy data, one finds for the product of the g factor times the
exchange field, gH,=1.1%10" Oe and the ratio of the trigonal field to the spin-orbit energy

v/E=~1,

I. INTRODUCTION

The anisotropy of ferrites can be considerably in-
fluenced by very low concentrations of transition-
metal ions'~® and rare-earth ions.”® In these cases,
the spin-orbit coupling is an important parameter,
since it measures the coupling energy of the spin in
a certain direction. Thus, such ions contribute to
the free energy due to the directional dependence of
the magnetization. For the metal ions of the sec-
ond- and third-transition series, the spin-orbit cou-
pling is much higher than for the first transition-
metal ions, so that especially for these elements a
large contribution to the anisotropy may be expected.

Since only very little experimental or theoretical
work is available in this field, the influence on the
anisotropy will be calculated here for some of these
ions with an md" configuration forn=1, 2, 4, 5.

The phenomenological energy expression for the
magnetocrystalline anisotropy F is given in the case
of cubic symmetry by

F=Ky+Ks +Kpp +Kgs2+ .00 | (1)
where
s=afaf+afairafal, p-aiafof.

The @; are the direction cosines of the magnetiza-
tion with respect to the cubic axes. The contribu-
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tions AK; of substituted ions to the crystal anisot-
ropy constants K; depend strongly on temperature.
They are determined by the atomic structure of the
material, and that mainly by the effective crystal-
line fields, the spin-orbit coupling, and the exchange
interaction. According to the order of magnitude

of these interactions, the AK; can be influenced con-
siderably; e.g., the sign of K; may change. This
depends on the ions to be incorporated as well as on
the ligands of the host lattice.®!® The conditions

for the 4d and 5d elements can be distinguished to

a large extent from those of the 3d elements. For
the latter, the energy splittings caused by the above-
mentioned interactions may be arranged in decreas-
ing order of magnitude according to the following
series and garnets:

(2a)

Quite a different series must be expected for 4d and
5d elements in ferrites:

E,>E,»E;>E oy, >Ego.

Ec>Ee >>ESO 2 Et>Eexch . (Zb)

Here E, denotes the energy of the electron interac-
tion of the ions considered, E, is the cubic crystal-
field splitting, E, represents the noncubic part of
the crystal field locally produced by deformation.

E 4, is due to the spin-orbit coupling, and finally

E oxen is the splitting due to the exchange interaction
with the magnetic neighbors. This important change
in the relative magnitude of the energies as com-
pared with the 3d elements, mainly arises from the
strong decrease of the interelectronic repulsion'!
for these ions and the corresponding increase of the
spin-orbit coupling. >*** E, and E, are of the order
of several 10* cm™, and all other interactions are
smaller by at least a factor of 10. The relation E,
>E, implies especially that for the configurations
d* to d” the ground state is the low-spin state.

Measurements of the saturation magnetization
indicate that in the case of small concentrations the
4d and 5d ions occupy octahedral sites only, so that
octahedral symmetry will be considered in the fol-
lowing. In that case E, represents the splitting by
a trigonal field.

The calculation of the anisotropy contributions
AK; as a function of these atomic parameters and
the temperature leads to relatively simple formulas
in the case of low-spin d® ions. In this case, only
the exchange energy gugH, and the ratio of the tri-
gonal field to the spin-orbit energy v/¢ (£ is the one-
electron spin-orbit coupling parameter, and v is the
one-electron trigonal field parameter defined in Eq.
(8) enter into the results as adjustable parameters,
and for Ru® (4d%), in particular, a comparison is
possible with v/£-values of yttrium-gallium garnet
(YGaG) from ESR measurements. !* Therefore, the
influence of Ru* on the anisotropy constants of
yttrium-iron garnet (YIG) has been studied for a
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wide range of temperature.

With a suitable choice of gugH, and v/§ a good fit
of the theory to the experimental data up to room
temperature is obtained.

II. THEORY

The single-ion model®'!® will be applied to the
problem of calculating the contribution of such sub-
stituted ions to the anisotropy. The calculation of
the dependence of the energy levels on the direction
of magnetization, which accounts for the anisotropy,
is based on the following assumptions:

(i) Only the splitting of the ground cubic term of
the ion on an octahedral site by the spin-orbit cou-
pling, the trigonal field, and the exchange interac-
tion contributes to the anisotropy. The energy
levels of this term are assumed to be the same for
all octahedral sites except for the effects of ex-
change, Other interactions, such as the coupling
with the lattice vibrations, are neglected.

(ii) The exchange interaction can be written with-
in the molecular-field approximation in the form
Hopen =& s H,+ S, where H, is the exchange field
which is assumed to be paralleled to the direction
of magnetization M. §is the spin of the substituted
ion. The g factor is assumed to be isotropic which
corresponds to an isotropic exchange interaction.
Thus, possible deviations of the spins from the di-
rection of ﬁe for the adjacent ions are not taken into
account. Furthermore, a temperature dependence
of the exchange interactions is neglected,

The contribution of an ion to the free energy per
unit volume is

F=—kTZ>‘N‘1nZ‘ , (3)
where
z,:E,e'E”/kT . (4)

i denotes the magnetically inequivalent sites and N,
the number of ions on these sites. The sum in (4)
runs over all energy levels E,; of the ion on site i.
The anisotropy contributions AK; and AK, accord-
ing to (1) are related to the free energy (3) in the
three principal directions by

AK, = 4[F(110) - F(100)] ,
(5)

AK, =9[3F(111) + F(100) - 4F(110)],

if the higher-order terms in Eq. (1) can be neglect-
ed.

A. d! and d° Ions

The transformation properties of the ground states
of d! and d°® configurations are identical in the
strong-field limit. For both of them a sixfold de-
generate 27T,, term is the lowest state on an octa-
hedral site. The degeneracy is lifted by means of
the Hamiltonian
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5=V (F) + A\ S+gupH,,S, + sgusH, S +H,.S,) ,
(6)

where

S,=8,+iS,, H,=H, +iH,,.
V4(T) denotes the local trigonal field. The second
term represents the spin-orbit coupling and can be
written in this form as long as C only operates with-
in the manifold of states of the 2T, ground state. A
is connected with the one-electron spin-orbit cou-
pling parameter £ by A=¢ for d' ions and by A=~ ¢
for low-spin d° ions, because for these ions in the
octahedral field the ¢,, orbitals always have the low-
-est energy due to the relation E,>E,. The £, orbit-
als are fully occupied with six electrons, so that
the #5, configuration (S = 1) can be regarded as a hole
in the £, shell. A similar sign change occurs for
the trigonal-field parameter in this case. The local
trigonal axis, i.e., one of the (111) directions, was
chosen as the quantization axis. In the simple case
H,=0, the problem can easily be solved, and three
‘magnetic doublets result with energies 41

E:: Eo=—x[% +?§‘(U/7\)]’ (7)
El: E,=(0/2) {3+3v/x2[2+(5- (w/N?]3},

where the one-electron trigonal-field parameter v
is conveniently defined as

(E V@) |85y = (83| V(@ )|t5) =~ 0/3,
: (8)
(t3|V,(@)| ) =20/3 .

E; and E; designate the representations of the tri-
gonal double group and indicate the transformation
properties of the corresponding wave functions.

The ¢} in Eq. (8) are linear combinations of the
d functions, which are quantized along the trigonal
axis and are of the form

ti=(DY2| =2, +3)+ (HY2]1, £1),
th=(3)2]2, +3) = ()% -1, +3), (9)

ti=10, £3) .

The numbers in the ket |m;, mg) are the quan-
tum numbers of the 2z component of the orbital and
spin momentum. The functions (9) span a basis for
the T, state since they transform like the repre-
sentation T,,. The Hamiltonian (6) becomes diag-
onal for H,=0 for a special choice of linear combi-
nations of (9) transforming like E; or EJ. From the
transformation behavior of (9) with respect to the
rotation of 120 ° around the z axis, it can easily be
seen that both ¢] and ¢; transform in a unique way,
whereas #3 can couple together with #7, and ¢; can
couple together with ¢3. Therefore, these wave
functions are given by

Zpg:t;: ¢g=t§ ’

di=aty+bt], Vi=- at;+aty, (10)
Y1=->btz+aty, Y;=biz+at;,

where
2. p2_ 2 1/, 3=0/) )
a®+b°=1, a =3 1 2+ (3= 0/ V7] R

and the symbols 0, + correspond to those of the en-
ergies in (7).

The three magnetic doublets are now split by the
exchange interaction. If the Hamiltonian operates
upon the set of functions (10) a six-dimensional ma-
trix is obtained which has to be diagonalized in the
general case. The six levels are represented in
Fig. 1 and are plotted vs v/ for guy H,/£=0.5 and
ﬁll [001). The diagram corresponds to the d® con-
figurations since A= - £ then is negative. For d*
ions, however, the order of levels has to be in-
verted. It appears that especially in this range
even for still higher values of the exchange field
the two lowest levels remain well separated from
the higher levels. Therefore, the anisotropy of
d® ions can be calculated in good approximation in
terms of these lowest levels alone. This case will
be investigated in some more detail.

Applying 3C of Eq. (6) to the wave functions ¥}
and 93, a quadratic secular equation is obtained.
Its solutions are

E,v,)=E,+3AEW}),
AL 2 i (11)

FIG. 1. Splitting of the 2Th ground state of d! (A=+¢)
and low-spin d5 (A=—£) ions on octahedral sites due to
spin-orbit coupling, trigonal field and exchange field for
grpH,/£=0,5 and M Il [001].
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FIG. 2. Exchange splitting of the lowest magnetic
doublet of low-spin d° ions.

AE(y;) =gpp H, [(1 - 2a%)2cos?; +a'sin®y,] 2,

where ¥; is the angle between M and one of the four
possible [111] directions. Thus, the splitting de-
pends only on the parameters H, and v/E.

According to the resonance measurements it is
useful to assume that the magnetization lies in a
(110) plane. Then the ¥; may be expressed by the
angle 6 between M and the [001] direction in this
plane by

cosy; = (32 cosb + (%)% sinb ,
cosys=($)"2 cosf - ()2 sing , (12)

cosy; =cosy, =(3)"?cos6 .

¥, and 7, are the angles between M and the [111] di-
rections in the (110) plane of ﬁ, and v; and v, are
those of the other (110) pla.ne_,’ and therefore always
include the same angle with M.

The magnitude of AE(y;) is strongly influenced
by the sign and the absolute value of v/£. This is
shown in Fig. 2 for some directions of magnetiza-
tion, which occur in Eq. (5), and for different sites
i. As expected, the dependence on the direction of

_J
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magnetization becomes very small for large posi-
tive v/¢, since then an orbital singlet is the lowest
level. However, in all other cases, except for v/&
=0, a strong direction-dependent splitting is caused
by H,, so that a large anisotropy contribution can
be predicted.

From Eqgs. (3)-(5), (11), and (12) AK; and AK,
can be calculated as a function of v/£, H,, and T,
but the resulting formulas become very complicated
and, therefore, it appears more convenient to study
the two special cases AE(y;) »kT and AE(y,) <kT.
In order to calculate the exact temperature depen-
dence of AK;, the computer was used.

In the first case, Eq. (3) reduces to the simple
form

F==(N/8)[AE(y,) + AE(y,) + 2AE(¥;)], (13)

where a statistical distribution has been assumed
so that N;=iN. If then the 7; in (13) is expressed
explicitly by 6 according to Eq. (12}, the free en-
ergy (13) can be expanded in powers of s and p ac-
cording to Eq. (1) in the range v/ 2 - 3. For AK,
and AK, the following relations are obtained:

AK, =5g—4‘%§’—e [(1-2a?)%+2a%]"/2 €2
AE(y;) »kT
AK,= _I\Lg‘%aHe [(1 = 2a2)2 + 20* ]2
x(6 - 5€)€® , (14)
where
_a*-(1-24%? (15)

- )
€ =24+ (1- 2477

Thus, AK, is always positive. AK, however, is
positive for v/£ >0 and negative for v/£ <0. In the
range v/& < - 3, €is close to 1, and the conver-
gence is not sufficient. Then the free energy ac-
cording to Eq. (13) has to be used. But generally
the ratio AK,/AK, only depends on v/{ at low tem-
peratures. Therefore, it can be assumed that the
fit of AK,/AK, to the observed anisotropy data at
4,2 °K will give at least an estimate of the quantity
v/E.

For high temperatures, Eq. (3) can always be
written accurately in the form of Eq. (1), yielding
the anisotropy contributions

3 2
AK,=- 8ETN[(1 - 2a%)? - a* (g“BHe _11(&8ksH,
Ky =~ R RTNI(1 - 26%° - a'F (SHR0) | 1- 0 G i)

AE(yy) <kT

AK, = $RTN[(1 - 2297 - a* P (EL2 e

2V3kT

-y )
5\ ckT 70\ ckT

(16)

]
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FIG. 3. Contribution of low-spin d° ions to the
anisotropy at 0°K,

where
¢ =v3/[(1 = 2a®)%+ 2a*]/2 .

Thus, especially the ratio AK,/AK, is proportional
to (upH,/kT)? and this means that AK, is a sensitive
measure for the exchange field at high temperatures
But as the explicit results obtained in (14) and (16)
are only correct to the first-order perturbation the-
ory in the energy levels, higher-order terms in the
expansion require an extension to the next higher

/
// -05 P —
/ ———-d’
/ \/
/ AK
E 5

FIG. 4. Contribution of d! and low-spin d° ions to the
anisotropy at 0°K.

approximation. Then matrix elements to the higher
magnetic doublet must be taken into account. This
leads to very complicated relations and will not be
considered further. AKj; remains small and attains
at least the order of AK; at very low temperatures.

Analogous results may be derived for d! ions for
v/¢ < - 1. Then, however, a® has to be replaced
by 1-a?.

In all other cases the relations for the AK; be-
come rather complicated. Therefore, some results
are represented in the following figures. Figure 3
shows a plot of AK; and AK, for d° ions, using Egs.
(5), (11), and (13). A sign change occurs for AK,
at v/£=0. Especially for YIG with a negative tri-
gonal field* a negative value of AK, is expected.

In Fig. 4 the general case is represented accord-
ing to the energy-level diagram of Fig. 1 for
gupH,/t=0.5 for d* and d° ions. Finally, Fig. 5
represents the influence of the exchange field for
d® ions. Up to values gupH,/£50.6 the AK; are
proportional to H,. Fcr higher exchange fields,
the deviation from linearity increases due to the
coupling to the higher levels Ey and E_ .

B. d? and d* Ions

The octahedral ground term of d? and d* ions is a
3T, state in the strong-field limit because the d*
configuration t§g again may be viewed as a state with
two holes in the f,, shell and thus corresponds to d?
with respect to the transformation properties. To
proceed further, a suitable set of wave functions

Influence cf increasing exchange field to the
anisotropy of low-spin d® jons at 0°K.

FIG. 5.
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must be given which transform like T;,. Applying
the usual spinfunctions a and B, three symmetrical
functions can be constructed with a total spin S=1:

¢ =a(l)a(2),
@o=(1/V2) [a(1)B(2) + 2(2)B(1)] , (17)
.1 =B(1)B(2),

where the numbers in parentheses designate the
two electrons or holes.

The subscripts are the quantum numbers m g of
the z component of the total spin, and the axis of
quantization is again the trigonal axis. The corre-
sponding orbital functions have to be antisymmetri-
cal.

Using the orbital part ¢; of (9), the following func-
tions are obtained:

¥y = (W2) [,(1)25(2) - t5(1D)14(2) ],
lpz = (1I\/-2) [ta(l)ts(z) - ta(l)tz(z) ] ) (18)
¥ = (IW2) [£,(1)2,(2) - £(1)1y(2) ],

with the desired transformation properties which
can easily be verified by means of the correspond-
ing characters. Moreover, they are diagonal with
respect to rotation by 120 ° around the trigonal
axis, since the original functions ¢; have this prop-
erty. Combining (17) and (18), the nine functions

tPs=yyo P, i=1, 2, 3, my=0, %1 (19)

-4

N\

{

Y

+4 4

+2

+3

+4

FIG. 6. Splitting of the *T';, ground state of d® (A =+%8
and low-spin d* (A= - 1£) ions on octahedral sites due to
spin-orbit coupling, trigonal field and exchange field
for gupH,/t =0.5 and M Il [001].
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FIG. 7. Contribution of d% and low-spin d* ions to the
anisotropy at 0°K.

can be constructed which span a basis to *Ty,. In
the simple case H,=0, it follows from the represen-
tations of the trigonal double group that the ninefold
degeneracy is partly removed and 3 doublets and 3
singlets result according to

aTu-'3Eg+2Au,+A&, .

Thus, the secular equation reduces to a simple form
and can explicitly be expressed in terms of v and
£.% For H,+ 0 the Hamiltonian (6) has to be applied
to the set of wave functions (19), and then the prob-
lem becomes much more complicated, except for
gugH,/t < 1.'" However, this condition does not
hold generally and thus no explicit formulas will

be derived. Therefore, the computed solutions of
the nine-dimensional problem are represented in
Fig. 6 for gugH,/£=0.5 and M||[001]. For d% we
have A =3&, and for d*, A=- 3£, so that the energy-
level diagram in Fig. 6 corresponds to d* and must
be inverted for d2.

In the limit 7= 0 °K, again only the lowest energy
level is occupied. From Egs. (5), (12), and (13)
the contributions to the anisotropy can be calculated.
The result is given in Fig. 7 for d% and d* ions with
gupH,/E=0.5. As expected from the energy-level
diagram, d2 ions are highly anisotropic for negative
values of v/¢ since then an orbital doublet is the
lowest and d* ions are highly anisotropic for positive
values of v/£. In this case two singlets are the
lowest levels lying very close together so that they
behave like an orbital doublet.

A comparison of the different configurations
shows that AK, is positive in all cases while the
sign of AK, is determined by v/£, The magnitude
of the anisotropy contributions for positive v/£ is
roughly of the same order for d* and d*and in a
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small range 0sv/§ <1 for d* and d°. For negative
v/&, d% and d° show a similar behavior. In the var-
ious cases the absolute magnitude and the sign of
AK,, however, strongly depend on the particular
values of the respective parameters H,, £, and
v/E. The same is true for the temperature depen-
dence which is, therefore, discussed only in con-
nection with the experimental results.

III. EXPERIMENTS

As pointed out above, it appears to be most suit-
able for a comparison with the theory to study the
anisotropy contribution of a low-spin d° ion such as
Ru®* in YIG. In this case, only the two parameters
v/& and H, enter into the theoretical expressions
for AK, and AK,, and thus they may be determined
from a fit to the experimental data. This is cor-
rect, if the condition gy, H, /£ 50.6 is satisfied,
which can be assumed to be valid for this case, and
thus only the lowest energy levels contribute to the
anisotropy.

Therefore, materials of the compositions
Y,_, Ca, Fe;_, Ru, O, were investigated.'”'® The
single crystals were grown from PbO/PbF,/B;0,
flux at about 1100 °C.'® Very pure materials were
used, i.e., especially the content of rare-earth
impurities was of the order of 1 ppm. The content
of Ca and Ru is given in Table I. The crystals con-
taining calcium were grown to investigate whether
Ca may introduce Ru* ions.

Measurements were performed on spheres of
0. 07-cm diameter applying the method of ferro-
magnetic resonance at 9. 25 GHz in the temperature
range of 4, 2-500 “K, By neglecting the higher-
order terms in (1), K,/M, and K,/M, were obtained
from the resonant field in the three principal direc-
tions using the relations

w/v =Hg(001) + 2K, /M,
w/v =Hp(111) - 4K, /M, - $ K, /M,
w/v=[HZ110) - 2K, /M]"?

X [Hp(110) + K, /M, + 3 K, /M ]"?

where Hy (klm) is the resonant field in the [klm] di-
rection in a (110) plane.

Since x < 1, the influence of x on the saturation
magnetization could be neglected, and thus K,(T)
and K,(T) could be calculated from the measured
values of K, /M, and K,/M, using M (T) of the un-

TABLE I. Composition of the measured single crystals.
Material Composition x+0,01 y+0,005
(a) <0,01 0
(b) Y;.,CayFes Ru,Oy 0.02 0
() 0,01 0.01

-5

4} °
AK; = K; (Y3.yCay Fes.Ruy Op)-K; (Y3 Fes Oy)

A v ssss Material (a)
oooo Material (b)
oooo Material (c)
Theory

-2

-1

FIG. 8. Temperature dependence of the ratio AK,/AK,
of the anisotropy contributions due to Ru®* in YIG. The
theoretical curve is based on the values v/¢£ =—1.0 and
gH,=1.1%10" Oe.

doped YIG., Thus the anisotropy contributions AK;
and AK, due to the ruthenium are given by

AK, =K; (x) - K;(0). (20)

For the material (c) (see Table I) an additional dif-
ficulty arises from the calcium content, It might
be possible that both Ru** and Fe* are present be-
sides Ru®*. The anisotropy contribution of Fe**,
however, can be neglected, but that of Ru** and
Ru** may be of the same order in the range of ex-
pected v/£ values. However, if the parameter val-
ues of v/¢ and H, are assumed to be approximately
the same, the temperature dependence of AK; of
these ions is different. In particular, in the case
of a considerable concentration of Ru* , the tem-
perature behavior of the ratio AK,/AK, must be
different from that of the materials (a) and (b),
which contain only Ru®*, I Fig. 8 the measured
values of AK,/AK, according to Eq. (20) are rep-
resented for the three materials, Apart from
small deviations, they show the same temperature
behavior, Therefore, a composition
Y,_,Ca,Fe;_,Rul* Fe¥ Oy, of the material (c) seems
to be present, and a negligible Ru** concentration
can be assumed. A similar result is obtained from
anisotropy measurements of iridium-doped YIG of
the composition Y;_,Ca, Fe;_, Ir, 0;,.}7 They show
that only very low Ir** (54°) concentrations are
present. This can be deduced from the fact that
Ir*(54°%) is nonmagnetic in the low-spin state (S=0)
and thus does not contribute to the anisotropy which,
therefore, can be influenced only by Ir**. Conse-
quently, it is reasonable to assume the ruthenium
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ion to be also preferably in the trivalent state, In —E
a recently published paper,? anisotropy measure- /
ments of Y;Fes;_,, Ru, Zn, O;, have been reported /
showing also negative values of AK, /AK 1. But the / £y
results are discussed in terms of Ru** which does 2T é/ =
not seem to be justified as this ion gives a positive \
AK, in the range of v/£ <0, \ - vh00er?
Moreover, Fig. 8 shows that AK,/AK, is inde- \
\
pendent of the concentration, as expected. It is \\ ,_r_
negative, andso v/£ also has to be negative. As men- \._Es'.</ sBocr’
N,

tioned in Sec. II'the ratio AK,/AK,; depends only on
v/£ at low temperatures. Therefore, the theoreti-
cal curve, which was calculated from Eqs. (3)-(5),
(11), and (12), was fitted to the average value of
AK,/AK, of the materials (a) and (c) at 4. 2 °K yield-
ing v/£=~-1, The uncertainty in the fit leads to an
error in v/£ of £ 0. 05 with respect to these two ma-
terials and might be slightly higher if some more
materials were investigated. The crystal (b) could
only be measured down to 100 °’K, For lower tem-
peratures, the anisotropy and the linewidth become
very large and no accurate measurements of the
resonant fields could be made, In order to deter-
mine the exchange field, the whole temperature be-
havior below 295 °K was fitted again to the average
values, yielding the result gH,=1.1x10" Oe. With
these values the energy-level diagram of Ru® in
YIG was drawn according to Fig, 9. The free-ion
value £ of Ru* is about 1500 cm™!,!° If the amount
of reduction is assumed to be 25%, then the sepa-
ration of the energy levels E, and E, corresponds
to 1400 cm™! for v/t =—1. The exchange splitting
becomes a maximum if M lies parallel to a [111]
direction (y,=0), as is shown in Fig. 2. At higher
temperatures the agreement of theory and experi-
ment is not as good due to the assumption of a tem-
perature-independent exchange field.

In addition, the concentration can be determined
by fitting the theory to the absolute value of AK, at
T=4.2°K, and the values obtained are not at vari-
ance with the chemical analysis. The latter is,
however, not very accurate. In Table II the results

N
\\

spin-orbit coupling exchange
+ trigonal field coupling

ground state in
the cubic field

FIG. 9. Splitting of the *T,, ground state of Ru®* (44°
in YIG w/£=-1)., The primed representations are of the
double trigonal group. The exchange splitting corresponds
to MII[111].

obtained for Ru** are summarized. The compari-
son with Co? ® points out the strong effect of Ru®

Furthermore, these results can be compared
with electron-spin-resonance measurements of
ruthenium-doped YGaG from which v/¢ is found to
be - 1.06,* which agrees very well with our data,
A qualitative agreement was expected since the dif-
ference of the ionic radii of Ga®* and Fe* is
small, Thus, it is reasonable to assume that the
crystal-field parameters, and so the value of v/,
are very close to those of YGaG.

IV. CONCLUSIONS

In the strong-crystal-field limit, the energy
splitting of the ground state was determined for the
d, d?, d*, and d® configurations, from which the
anisotropy contributions were calculated. AK,
turns out to be positive for all configurations in the
whole range of v/£ values, AK,, however, changes
the sign with v/£,

For Ru®*(4d°®)-doped YIG, it could be shown that
the anisotropy values measured can be described
successfully within the scope of the single-ion mod-

TABLE II. Contributions of Ru®* to the anisotropy of YIG,

T K expt K exot AKy/N AK,/N gH, v/
Material (°K) x104erg/cm?) x10%(erg/cm3) (cm™Y) (em™)  x107(Oe)
(a) 1.97 -19.8
) 4,2 70 -300
(c) 19.4 -93.3
(a) 0. 04 - 3.9
(b) 130 15.2 —40.3 28 -60 1.1 -1,0
(c) 7.9 -21,2
() - 0.26 - 0,23
() 295 1.9 - 2.0 5 - 4
(c) 0.8 - 1,1
Co—YIG (Ref. 3) 4,2 11 —46 29 —-100 0.4 soe
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el and with an isotropic exchange interaction. The
contribution to the anisotropy per ion of Ru* in
YIG is very large, about 2 to 3 times larger than
that of Co®*. The value of v/¢ is negative in agree-
ment with ESR measurements on YGaG and amounts
to —1. The exchange interaction between Ru®* and
Fe® is found to be substantially larger than that
between the iron ions. It should be noted that the
error due to the relatively large uncertainty in the
concentration of Ru* ions does not affect the ob-
tained values of v/£ and gH, because they are de-
duced from the ratio AK,/AK,. It may be men-
tioned that these results do not only apply for the
ruthenium-doped YIG, but in the main also for ruthe-
nium-doped lithium ferrite.? Here, AK, also is
positive and AK, negative, and thus the value of

B. GIOVANNINI

e

v/ is negative.

Above room temperature, the agreement of theory
and experiment is not as good, but in this range it
is no longer justified to neglect the temperature de-
pendence of the exchange field,

By additionally incorporating Ca, Mg,!” or Zn,?
it could be found that the concentration of Ru** ions
is negligible and, therefore, Fe** ions are probably
present, 2%
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Starting with an Anderson Hamiltonian for a metallic system with impurities, adding to it a
spin-orbit scattering term for the conduction electrons, and performing a Schrieffer-wolff
canonical transformation, one induces an s-d model which takes into account spin-orbit scat-

tering in a consistent fashion.

The Hamiltonian derived in this way is used to discuss the alter-

ation of the Kondo effect to lowest order in perturbation theory (for T> T,) and the EPR resid-

ual linewidth.

I. INTRODUCTION

Since Kondo’s! discovery of a logarithmic diver-
gence in perturbation theory for the scattering of

conduction electrons from magnetic impurities in
metals, a large amount of experimental and theo-
retical work has been devoted to this problem. 2

Recently, Heeger? suggested that the Kondo effect



