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The anisotropy, magnetostriction, and linewidth of iridium-substituted yttrium iron garnet single

crystals of the composition Y,_ A4 , Fe

_y_Ir,B.Oy,_, F, (A = Ca*? P and B = Fe’*, Si*",

Zn’*) have been investigated by means of ferromagnetic resonance. Chemical-analysis data of Ir, Zn,
Ca and of the impurities Pb, Si,and F are given for all crystals. The anisotropy and magnetostriction
measurements were carried out at 9.15 GHz in the temperature range 4.2-500 K. The anisotropy
contributions AK | and AK , caused by the low-spin 5d° Ir** ions are positive with AK, >> AK,

and the magnetostriction contributions AA,y, and AA,,; are negative with |AA o >>AA;,,. The
temperature dependence of both the anisotropy and magnetostriction is compared with calculations
performed in the framework of the single-ion theory. The resonance linewidth showing a maximum at
T = 370 K could be qualitatively interpreted by the longitudinal relaxation model assigning a

11

relaxation time of 10~!! sec to the Ir** ions.

I. INTRODUCTION

Transition-metal ions with a strong spin-orbit
coupling substituted in ferrites and garnets are
well known to give rise to large changes in the
magnetic properties. In particular, the metal ions
of the second and third transition series, where
the spin-orbit coupling constant ranges between
500 and 2500 cm™!, are expected to contribute sig-
nificantly to the anisotropy energy

Fx(@) =Ko+ Ky(of 0f + of af + o} af)
+K,afaial+.-- (1)
and the magnetoelastic energy
Frne(@, €)= bol€ 1, + €55 +€3)
+b1(0f€u+ag€zz+a§€33)
+2b5(0) Qp€ p+ Ay Qg€ 3+ Oy Qp€43)
. (2)

where the a, are the direction cosines of the mag-
netization with respect to the cubic axis and €,, are
the components of the strain tensor.

Generally for such magnetically strong aniso-
tropic ions the cubic ground state is an orbitally
threefold-degenerate T state. The influence of
these ions on the anisotropy constants K; and K,
and on the magnetoelastic constants b, and b, de-
pends on the particular crystallographic sites oc-
cupied. Thus octahedral ions lead to a positive
and tetrahedral ions to a negative contribution to
K,. The sign of K, and of the magnetoelastic con-
stants depend, in addition, on the sign of the local
crystalline fields. This is well known for the 3d
elements Fe?, Co? ~!! and the 4d element Ru® 12-2°
and the observed effects are in accordance with
theoretical calculations in the framework of the
single-ion theory. The only 54 ion which has been
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garnet (YIG). Some anisotropy and ferromagnetic-
resonance-linewidth measurements have been
reported. 13 The purpose of this paper is an exten-
sion of these measurements to higher temperatures
and the study of the magnetostrictive effects.

The iridium ions are expected to occupy octahe-
dral sites, owing to their preferred coordination
and the ionic radius (0.63 A # for Ir*). Both Ir®
and Ir*® are in the low-spin state, owing to the
large cubic crystalline field.?? Ir® with a 5d° con-
figuration has a completely filled f,, shell and there-
fore is nonmagnetic and should not contribute to the
magnetic properties. This behavior could be veri-
fied measuring the spin-wave linewidth of iridium-
doped polycrystalline garnets.? Thus the problem
of separating the contribution from ions of dif-
ferent valencies which arises for most of the aniso-
tropic ions will not occur in this case, provided
a pure octahedral occupation is present. However,
the determination of the small actual concentra-
tions of the Ir* ions in the measured crystals is
still very complicated or impossible. This dif-
ficulty is enlarged by the presence of impurities
as Ca%, Pb®, Fe®, si*, and F~ whose content is
of the same order of magnitude.

In Sec. II the contribution of low-spin d® ions to
the anisotropy and magnetostriction has been cal-
culated within the scope of the single-ion model.

In Sec. III these results will be compared with ex-
perimental data from chemical analysis, optical-
absorption measurements, spin-wave-linewidth
data and temperature dependence of the ferromag-
netic-resonance linewidth, the resonance field,
anisotropy, and magnetostriction constants. The
fit of the single-ion theory to the experimental data
yields values for the exchange field and the ratio
v/&, where v is the one-electron trigonal field pa-
rameter and £ is the one-electron spin-orbit cou-
pling parameter.
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1. THEORY OF LOW-SPIN d* IONS
A. Single-lon Theory

The contribution from anisotropic ions to the
magnetic properties of ferrites and garnets can be
well treated in the single-ion theory.?'?> This re-
quires that these ions will not interact with each
other, which will be valid for a sufficient small
concentration below 1 at.% of the iron ions on oc-
tahedral or tetrahedral sites. However, for prac-
tical analysis some further assumptions have to
be made.

(i) The same energy conditions should be present
for each crystallographic equivalent site. Thus
all energies determined by crystalline fields and
spin-orbit coupling should be the same for all oc-
tahedral or tetrahedral sites. This in particular
excludes fluctuations in composition on atomic
scale.

(ii) The exchange energy will be treated in terms
of the molecular-field approximation. The mag-
nitude of the exchange field should be independent
of space and direction and is assumed to be paral-
lel to the direction of magnetization. No aniso-
tropic exchange interaction will be considered and
an isotropic g factor is used. In addition we will
not account for the strain dependence of the ex-
change field.

(iii) Mixing of higher cubic energy terms into the
ground level will be neglected due to the high-crys-
talline-field splittings, 3° which is shown in Fig. 1.
Further, the overlap of the d electrons of the d®
ion onto the ligands whose effect is to reduce the
orbital angular momentum matrix element?®® will
not be taken into account. This effect, which is
described by the orbital reduction factor 2, does
not give rise to significant changes in the anisot-
ropy. !

(iv) The influence of the presence of canting of
the neighboring iron ions?”® will not be introduced
in the considerations.

(v) The Coulomb interaction between the Ir* ions
and the charge-compensating ions as Ca® and Zn*
will be neglected. This effect may be of the order
of 100 cm™,

With these assumptions the single-ion Hamilto-
nianactingonthe wave functions of the cubic ground
state can be written in the form

3= V() - tL-S+guyH, - S+5V(F, €). (3)

V,(T) is the local crystalline-field energy. The
second term represents the spin-orbit coupling
where I and S are the orbital and spin momentum
of the d® ion. Since the low-spin d° configuration
tg, corresponds to a hole in the £,, shell, the spin-
orbit coupling constant A has been replaced by the
one-electron spin-orbit coupling parameter £,
where A=-£. The third term describes the ex-
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FIG. 1. Energy levels of Ir*™* in YIG with a low-spin
5d° configuration. The primed representations are of
the double trigomnal group. The energy differences are
not to scale.
Bohr magneton, respectively. Finally, 6V(F, €)
is the increment of crystalline-field energy de-
pending on the strain tensor € . This term is re-
sponsible for the magnetostrictive effects.

The relative magnitude of the energy terms and
their influence on the level splitting is shown sche-
matically in Fig. 1.

B. Anisotropy

Assuming the d° ions to be statistically distrib-
uted over the magnetically inequivalent sites, the
free energy per unit volume can be expressed by

. (4)
Z,= e Enm@ /2T
m

where k, T, and N are the Boltzmann constant,
the temperature and the total number of d° ions per
cm?, respectively. 7 denotes the number of in-
equivalent sites, where =4 for octahedral sites
and 7 =3 for tetrahedral sites. Z,is the partition
function and the sum carries over all energy levels
E,.(@) of the ion on site n, depending on the direc-
tion of magnetization @. An expansion of AF(d)
in powers of a; according to Eq. (1) is only pos-
sible in the limiting cases!® 7=0 K and kT
> E ym1(@) = E,,,,(@) for small m. The complete
temperature dependence of the anisotropy contri-
butions AK, and AK, therefore is deduced from the
free energy of Eq. (4) in the principal directions.
From Eq. (1) the relations

AK, = 4(AF[110] - AF[001]),
AK,=9(3AF[111] + AF[001] - 4aF[110])

(5)
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can be easily verified if higher-order anisotropy
terms are neglected.

The dependence of the energy levels E,_ on the
direction of magnetization will be obtained applying
the single-ion Hamiltonian of Eq. (3) on a suitable
set of wave functions of the sixfold-degenerate zT&
cubic ground state. The quantization axis on oc-
tahedral sites is chosen along the trigonal axis be-
ing one of the [111] directions and on tetrahedral
sites along one of the [100] directions. For the
case that the spin-orbit coupling is large as com-
pared with the exchange energy, an assumption
which is valid for the present case, the Hamiltonian
(3) becomes diagonal within the following set of
wave functions:

di=aylrc,ti+c, t)e /2

—by(Fe, t3+c.ty) eton’?,

di=b (2, ty+cqt7)e /2

+ay(xc t3+caty) eton/?,

0
®1/2=t1/2 -
The #3 are linear combinations of the d functions

which are quantized along the trigonal or tetragonal
axis. ** The coefficients are defined by

2oLfi= (1-2c?) cosy,
T2 [(1-2c%)%cos?y, +cysin’y,]* %) ?

3 -v/t )
[2+(%_v/£)2-]1/2 ’

1
al+b3=1, c?-= 5 (1 -

1
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ci+ic?=1.

(M

v is the single-ion trigonal field parameter.!® v,
and 6, are the angles between the direction of mag-
netization and the nth quantization axis. The cor-
responding energies are of the form

EI/ZZE-&j:%gp'BHe

x {ct+[(1 - 2¢?)? - c?] cos®y, /2,
Eije=E.t38upH,

x{ct+[(1 - 2¢%% - ct]cos?y, ],

0
E\jp=Egt3gupH, cosy,,

where the terms E, and E, depend only on » and
£13% and thus do not contribute to the anisotropy.
Further, the strain-dependent part of the crystal-
line field is neglected. E7j,, represents the lowest
magnetic doublet irrespective of magnitude and sign
of v/¢, while Ej;;>E},, for v/£<0 and Ej,,<E},,
for v/£>0. In the limit H,~0 and /£ =0 the four
energy levels EY,, and E7,, are degenerate, since
then E_=FE,. Therefore the level splitting of these
four energies become quite complicated in the
range v/£~0 and then the wave functions &7,, and
<I>‘1’,2 are not accurate. However, this is not very
important concerning the anisotropy contribution
which is governed by &7,, and approximately not
affected by these higher levels.

Combining Egs. (4), (5), and (8), AK, and AK,
can be written'®

AK, = ZkTN{ln [cosh%%) /cosh(ﬁﬂ%—e—)—“—z) cosh(%ﬁ)] +TI1(T)} ;

AK,=

4 kT kT

x cosh’® (Ef%)l—/z)] +le(T)} s

where
g - &kpH[2%+(1-2c])?|'®
e~ 2 /*3 ’

- ct—(1-2c2?
T2t (1-20%

(10)

The terms 71,(T") and 1,(T) are due to the effect of
the higher levels. They will be proportional to
exp(- |E_-E,|/kT) or exp(- |Ey~E,|/kT).*® For
Ru®* in YIG and GdIG this term contributes about

5% and the same holds for Ir** in YIG. The ratio
AK,/AK, is independent of concentration. In ad-
dition, for T'=0 K it becomes independent on the ex-
change field and then is only governed by v/¢. A

1/2 _c\1/2 _ 172
gkﬂv{m [h (5&:9_) cosh? <_E_L<1_e_) / cosh4(a) Coshs@ueg_)

(9)

kT kT

-
plot AK,/AK, vs v/¢ is given in Fig. 2. Experi-
mental values representing average values from
various compositions of Ru®*(4d®) in YIG'" and in
GdIG'® and Ir*(54°%) in YIG® indicate the possibility
of estimating v/£. For comparison, AK,/AK, for
a low-spin d® ion on tetradhedral sites!” is shown.

v then represents the tetragonal field splitting.
Generally at very low temperatures the influ-
ence of higher-order anisotropy constants becomes

quite important and then the relations (9) are not
accurate. This suggests consideration of the field
for ferromagnetic resonance

H,= = 3(Hy+ Hy)+[§ Hx - H)?+ (0/7)*)V2, (1)
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since it can be deduced from the free energy with-
out neglecting higher-order anisotropy terms. Hg
and H} refer to a coordinate system in which the
applied magnetic f1eld is parallel to the z axis.
The anisotropy field HK consists of the part H of
the undoped material that can be derived from Eq.
]
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(1) and the contribution 6H, of the low-spin d° ion
which can be calculated from Egs. (4).  and v are
the measuring frequency and the gyromagnetic
ratio, respectively. 8Hy can be written for the
principal directions of magnetization for octhaderal
sites as follows!%18;

2
x = y =£¢_€_ <£€>— E,
6H £[001] = 6H2[001) o’ [tanh k1) ™ WTwmgy cosh?E, /FT) ’
3 NE,€ E (1-2¢)V?
X — y —
oHF(111) = omg(111) = 3 [ anh =4S

E,e

1+3€ E,(1+%¢)!/2
+ T+Ze) tanh<

1/2
sHE(110] = L 1 NE e <tanh[E,(1+e) /kT] 1-3¢

2 M, (1+€)t72

4
kT ) T 9 ETwpyy,,coshi[E

-~ ooy 2 tanhl E,(1-¢)"%/kT]-

e(1+%e>“’/kT]}' (12)

2E ¢
kT wgyq0,c08h?[E (1 - e)”z/kT])’

1/2
211101 = NE € (tanh E,(1+€)2/kT]

(1+€)”2 1-¢)i72

where

2
Winery= 1+ (WOT gpagy)” -

Timery 18 the thermal relaxation time between the
two lowest levels of the d° ion. Similar relations
can be deduced for the tetrahedral case. At low
temperatures any ratio of the resonance fields be-
comes independent of concentration and exchange
field and is therefore a suitable measure for v/&.

C. Magnetostriction

The magnetoelastic energy F (&, €) depends on
the direction of magnetization and the strain tensor
and can be described in many cases by two pheno-
menological constants b, and b, according to Eq.
(2). These are related to the magnetostriction
constants A, gy and Ay, by

A

(13)

N =~

-2 b
190773 €y - Cyp
1
3
where Cy;, C,,, and Cy are the elastic constants.
Introducing the functions

dAF

qu(a =52

3€ g (14)

the contributions AX; 4 and AAy,; to the magneto-
striction constants are related to these functions
qu('&) evaluated in certain crystallographic direc-
tions of the magnetization

2(f33(010] — f55(001])
3(Cy-Cy2) ’

Ay =

tanh[ E,(1 —e)l/z/kT])

Al =

1 f,,[110]
3

c (15)

b, q=1,2,3 refer to the cubic axes x, y, z, re-
spectively. Similar to the case of the anisotropy,
these relations are only valid if the two-constant
theory of Eq. (2) without further magnetoelastic
constants can be applied.

The influence of low-spin d° ions originates from
the last term of the Hamiltonian of Eq. (3). To
calculate this strain dependence on the free energy
AF we expand the partition function Z, 3%

Zn=Zn0+Z an ’

I=1
where Z,, is given by the second relation of Egs.
(4). Z,, depend on the matrix elements of crys-
tal-field operator 5 V(F, €), ""3! with wave functions
given in Eqs. (6). % In the case (¢/gugzH,)?>1,
AN g, and AAyy, can be expressed by
4 NW3,G°
073 ¢ Cr,

{fen{G 5] (2

1 G;
B (X? ¥ Ac)}
_ }_ NleEe(G )

m = g Cug AY
<3tanh[E,(1 +€)2/pT]

(16)
Y

(1+€)1f2

tanh[E, (1 - €)'/?/pT]
(1-¢)l72 ) ’
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FIG. 2. The ratio AK,/AK, of the anisotropy contribu-
tions of a low-spin d° ion on tetrahedral and octahedral
sites at T=0 K. Average experimental values for Ru®*
in YIG (Ref. 14) and GdIG (Ref. 16) and Ir** in YIG (Ref.
30) are indicated.

where Aj=E,~E, and A;=E_-E,. G° Gj, and
G; are functions of v/£. € and E, are given in
Egs. (10). W, and W44 are matrix elements de-
fined as

9 - -
Wie= Y (ty| 8V, (F, €)|ts),
12 (17)

Wss= 5o (b] 8V, €)[t2).
33
oV, (T, €) represents the crystal-field operator in
the x,9,2, System, where Z,1[111], Z,n[111],
Zyi[T11], Z,[1T1], and Z,, is the unit vector along
the z, axis.

If the condition (¢/gpgH,)?> 1 is not fulfilled,
the expressions for AX g and A)yy, become very
lengthy?® and will not be given here. They are plot-
ted in Figs. 3(a) and 3(b) versus v/£ at T= 0 K.
Thus very strong effects are predicted in the range
of expected v/¢ values for low-spin d° ions. It
should be pointed out that the normalizing factors
100=NWs3/(Cyy = Cyp) and nyy; = NWy, /Cyy change
sign if the trigonal field energy

V(E, €)=V({F)+ 2 V(P
e

AND TOLKSDORF
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changes the sign.

The values at v/£~ 0 give only an estimate of
AM)ygo and AMyy,, since the wave functions (6) are
not accurate in this limit. The same holds for
ghgH,/£20.5 because for guy H,~ ¢ the complete
six~-dimensional problem has to be solved.

—= AXigg/ N1oo

—s=vVv/E

FIG. 3. The normalized magnetostriction contributions
(a) AMjgg/n49p and (b) Aryyy/nyqy for a low-spin d° ion on
an octahedral site at T=0 K. n4q, and nyy; denote NW33/
(Cyy — Cyp) and NW,,/Cyy, respectively.
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III. EXPERIMENTS AND DISCUSSION
A. Growth of Single Crystals and Optical Absorption

Single crystals were grown with a cooling rate
of 0.5 °C/h in a flux in the temperature range
1120-1000 °C, where they were separated from
the flux by turning the platinum crucible upside
down*3%; 150-g melt were used with the composi-
tion in weight percent: PbO:36.3; PbF,:27.0;
B,03:5.4; Fe,05;:3.5 and 27. 8 oxides forming
Y;..Ca, Fes.,. IryZn, O, . The values of the start-
ing composition %y, yo, and z, are given in Table
I together with the values actually analyzed in the
crystals. Impurities of Ca and Si of the order of
10 ppm by weight were present in the flux materi-
als. Y,03 was of 99.9999% pure with respect to
the rare earth. The yield was about 13 g, consist-
ing of several regularly shaped crystals up to 8
mm in size. Inclusion-free samples have been
selected for all measurements. Zinc was analyzed
by atomic absorption. The analysis of the impuri-
ties Pb, Pt, Ca, Si, Fe® and F has been described
previously.** In Table I the total content of Pb
ions was assumed to be divalent. Electron-spin-
resonance measurements in diamagnetic garnets,
however, indicate that a part of them may be pres-
ent in the trivalent state.3* The given errors in-
clude the inhomogeneity of the distribution of the
ions.

The iridium content was measured directly on
polished platelets by x-ray-fluorescence analysis
using dense polycrystalline garnet materials for
calibration. It should be noted that the iridium
substitution was neither reproducible nor very
homogeneous, since iridium oxide reacted with the
platinum of the crucible. From Table I it becomes
apparent that the concentration of iridium ions and
the impurities is of the same magnitude. In gen-
eral, the condition of charge compensation would
yield the actual Ir** content, but in this particular
case the accuracy of the values in Table I is not
sufficient to make a reliable prediction. The actual
Ir* content in the crystals would be important,
since these ions cause the effect on the optical ab-
sorption and the magnetic properties.
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These polished platelets then were used for the
optical measurements and for milling spheres for
the magnetic studies. The optical-transmission
measurements were carried out with platelets of
1-mm thickness in the wavelength range of 1.1-
2.5 pm with a Zeiss PMQII spectrophotometer.

In Fig. 4 the absorption coefficients a’=0.43a is
plotted versus wavelength for samples No. 1, 3,
and 4. « has been calculated from the transmis-
sion measurements according to the relation I/I,
=e"*? where D is the thickness of the platelet.

I/I, is the relative intensity of the light corrected
with respect to two interface reflections with a
reflection coefficient of R=0.14 at 2 um and a re-
fractive index of n=2.188.% The main absorption
peak appears at 2.07 pum, which corresponds to
4600 cm™!. The magnitude of the peak increases
with the Ir** concentration and can be used as a
relative measure. For single crystals of composi-
tion Y3Gas_,_, IryZn, Oy, this peak is shifted to 1.97
pum. The peak indicates transitions within the
manifold of the 2Ta, cubic ground state. From the
ratio of the energy differences A?/A;, which de-
pends on v/£, the second level should occur about
3500 cm™! above the ground level (see Fig. 1),
since |v/&| is expected to range around 0. 5.

Absorption measurements with samples of about
100-um thickness showed in addition an increase of
a with respect to the Ir** concentration in the range
0.7-1 um.

B. Resonance Measurements

The anisotropy, linewidth, and magnetostriction
measurements of the single crystals have been
carried out by means of the ferromagnetic-reso-
nance method at about 9.15 GHz and in the tempera-
ture range 4.2-500 K. Spheres of 0. 7-mm diam-
eter were used and oriented in a (T10) plane with
an accuracy of 0.5°. The resonance apparatus
has been supplied with an automatic recording of
the field for resonance.® A block diagram of the
equipment is shown in Fig. 5. The resonance
field can be plotted automatically with different
velocities as a function of orientation without or
with a compressional stress on the sphere or as a

TABLE I. Analysis of single crystals of composition Y;_.A,Fes.,.IryB,0155Fs. A=Ca®¥, Pb* and B=Zn®, Fe¥, sSi%.

%9, ¥o, and 2y refer to the starting composition.

* y ol 6 %o Yo 2
Sample Ca® Pb* Ir’ + e sit Zn?* Fe* F ca® I’ Zn*
No. 1 0.0010 0.015 0 0.002 0 0.006 0 0 0
No. 2 0.0014 0.013 0.0026 0.006 0 0.005 0 0.02 0
No. 3 0.0012 0.013 0.004 0.001 0.003 0.004 0.01 0 0.02  0.06
No. 4 0.0012 0.015 0.0078 0.002 0.001 0.007 0 0.02  0.02
No. 5 0.0067 0.038 0 0.05 0.05 0
error £0.0005 +£0.002 £0.0015 +0.001 £0.0005 £0.,004 £0.003 ee*
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FIG. 4. Optical absorp-
tion of iridium-substituted
YIG single crystals. o’
is defined by a’=0.43a
=(0.43/D)In{,/D. The
strong peak at A=2.07 um
is caused by the presence
of Ir** jons arising from
transitions within the 2Ty,
manifold.
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function of temperature. For linewidth measure-
ments the transmitted power is written versus
field. The resolution in field is 0.25 Oe, deter-
mining the accuracy and limit of the linewidth and
magnetostriction measurements.

This method improves the accuracy of the reso-
nance measurements and allows a much quicker
evaluation of the anisotropy data. A resonance
curve through 360° can be plotted usually within
1 min. Only in exceptional cases of small line-

width and very large anisotropies, longer times
are required.

In Fig. 6 the continuously plotted resonance field
is shown for sample No. 3 at different tempera-
tures. Thedrastic change of the curvature becomes
apparent and is caused by the presence of a large
positive K, shifting the easy direction of magnetiza-
tion from [111] to [110] direction for K,> —% K, .
For sample No. 3 this condition is fulfilled for
temperatures below 120 K.

modulation
|
regulation lock-in x-y-recorder
power supply amplifier %t \/
I motor ] had angle
1 )
Ly
klystron F—=—— r—+—_:1—5%+‘=’
cryostat 4
Y T’H 170 lock-in
temperature : : amplifier
control = | FIG. 5. Block diagram

cryogenic sensor ————\: ! of the electronic equip-
magnet : power ment for the resonance
modulation coil ::_l ! amplifier measurements.
sample " ;@
heater ————«——-—/; L—A !
cavity A == ‘power supplyl

modulation
hail probe

field detector
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FIG. 6. The orientation dependence of the field for
ferromagnetic resonance in a (110) plane for different
temperatures for sample No. 3. The strong influence of
the Ir'* ions at low temperatures become obvious, re-
sulting in an easy direction of magnetization along [110].

Neglecting higher-order terms in Eq. (1), X,/
M, and K, /M were obtained from the field for
resonance in the three principal directions using
the relations

w/vY=H,[001] + 2K, /M,
w/v=H,[111)-} K, /M, - % K,/M,,
w/v=(H,[110] - 2K, /M )!/?

X (H,[110]+K, /M, +L K, /M )2,

(18)

where H,[hkl] is the field for resonance in the

[hkl] direction in a (T10) plane. The values obtained
for sample nos. 1-5 are given in Fig. 7. The
change in K, /M, is very small and therefore the
values for sample nos. 4 and 5 have been omitted.
The contributions A(K,/M,) and A(K,/M,) of the
Ir** ions appear to be positive, indicating v/£ >0
in contrast to Ru* in YIG. The decrease of A(K,/
M,) with temperature is very strong and the anisot-
ropy effect becomes small above room tempera-
ture for our small substitutions.

Measurements of the saturation magnetization have
been made with a vibrating sample magnetometer,
showing for small samples the values of pure
YIG which were expected for these small substitu-
tions. Thus AK, and AK, can be calculated and
the resu’t is displayed in Fig. 8 for sample No. 3.
Using the formulas (9) with 7,(T)=9,(T)=0, a good
fit of the experimental data could be achieved yield-
ing the values v/£=0.49, gH,=2.2%X10" Oe, and
y1+4=0.0002. The temperature dependence of the
exchange field according to the molecular-field
theory®”+3® has been taken into account, since it be-
comes very important above room temperature.
The values of the atomic parameters only can be
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theoretical curves are based on the values v/£=0.494
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regarded as a rough estimate because the higher-
order anisotropy terms which we have neglected
are quite important at low temperatures. In this
particular case this is true except for v/¢ , since
a change of AK,/AK, by a factor of 2 will not give
rise for an essential variation of v/£ as can be
seen from Fig. 2.

More reliable values for the atomic parameters
will, in general, be expected from the fit of the
temperature dependence of the resonance field.
For sample No. 3 the resonance fields in the three
principal directions are shown in Fig. 9. To ad-
just the theoretical Eqs. (11) and (12) it is suitable
to consider the quantities 8H,[001]/6H,[111] or
oH,[001] /(6H[110]+ 8H?[110]), since they only de-
pend on v/£. The best fit for the latter yields v/¢
=0.5. Then, adjusting the resonance field in [001]
direction, a concentration N=1.7x10"® cm™ was
obtained. The complete temperature dependence
of the theoretical curves of H,[011) and H,[110]
displayed in Fig. 9 was calculated using the param-
eters gH,=1.8x10" Oe and 77, =0.37%,,=0.9
x10-!! sec. The relaxation times could be deduced
fitting both the resonance field and the linewidth
simultaneously.

35¢
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FIG. 9. Temperature dependence of the field for
resonance in the principal directions. The theoretical
curves have been calculated using the values v/£=0.5,

gH,=1.8x10" Oe, and 7f;;07 0. 37{413=0.9x 107 sec.
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TABLE II. Linewidth and spin-wave linewidth in [001]
direction at 9.15 GHz and T=295 K. The concentration
of Ir** jons has been estimated from the fit of the field
for resonance.

Sample Virde AH,, (Oe) AH (Oe)
No. 1 0 0.16 0.9
No. 2 0.0003 4.1 6.5
No. 3 0.0004 5.8 9.5
No. 4 0.0007 8.7 12.0
No. 5 0.0013 16.0 27.0

At v/£ =1 (e=1) the exchange splitting for
Mi[111] accidently vanishes within the framework
of the first-order theory, which leads to very high
values in the first term of 6H, [111] at low tempera-
tures. Actually, second-order effects or any other
interaction, as for instance the Coulomb attrac-
tion between Ir** and a divalent ion, will tend to
remove this degeneracy resulting in a finite energy
splitting. Assuming a splitting of 80 cm! the the-
oretical curve of H,[111] was calculated.

As can be seen from Fig. 9 a complete agree-
ment with the experimental data could not be
achieved. However, the main features of the reso-
nance curves can be described by the simple
theory. The value of 80 cm™! is expected to give
a rough estimate of the magnitude of other effects
and interactions acting on the level splitting. This
value has to be compared with about 400 cm™! of
the exchange splitting and thus turns out to be not
negligible. Therefore the remaining discrepancy
between theory and experiment may be caused by
these effects or a distribution of the Ir* ions over
different sites. However, if they were involved in
the theory, further parameters would enter in the
final results, which have, in addition, to be fitted,
and this procedure would not improve the accuracy
of the determination of the atomic parameters dis-
cussed before.

The resonance fields of the other samples could
be adjusted similarly. In particular, from the fit
of H,[001] the concentration of Ir* ions could be
estimated and are given in Table II. The increase
of the relative concentrations agree well with the
observed optical absorption and the measured spin-
wave-linewidth data,but the absolute values are
very small and we therefore obtain very large
anisotropy values per ion (values in the brackets
of Table II), which are compared with other strong
anisotropic ions in Table II.

C. Resonance Linewidth

The ferromagnetic-resonance linewidth AH and
spin-wave linewidth AH, is expected to be strongly
influenced by the Ir** ions owing to the orientation
dependence of the lowest energy levels. The ef-
fect should linearly increase with the concentration.
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TABLE III. Influence of octahedral transition-metal ions on the anisotropy and magnetostriction constants of yttrium
iron garnet. The values in the brackets refer to the concentrations given in Table II.

Ground Anisotropy Magnetostriction
Ton  Configuration  state T(K) AK{/N (em™) AK,/N (cm™) Ref. 10%N;g07  10%AM Ref.
4.2 4.5 -17 T
Fe* 3d° 5Ty 77 2.3 -4.1 4 2.7 6.3 4
295 0.1 -0.1 0.5 1.4
4.2 29 -100 .ee ces
Co* 3d" Ty, 77 20 -62 9, 11 . 11
295 0.4 -0.2 0 0.5
4.2 28 -120 2.7 2.9
Ru®+ 4d° 2Ty 77 22 —68 16, 17 2.7 2.6 19, 20
295 2 -3 2.5 0.8
4.2 1.6(16) 26(260) -5.1(51) ~=0.2(~2)
r* 5d° 2Ty, 77 1.5(15) 18(180) present —4.8(=48) ~—0,1(—1) present
295 0.2(2) 0.1(1) work -1.9(19) 0 work

This is confirmed by the room-temperature values
of AH, and AH in [001] direction, which are sum-
marized in Table II. The temperature dependence
of the total linewidth AH[hkl]= AHy[hEL]+ AH 4 [REL]
in [001] and [111] direction is given in Fig. 10 for
sample No. 3, where AHy[RhEl] denotes the line-
width of the unsubstituted YIG. A broad maxi-
mum appears at about 370 K. The small peak at
low temperatures originates from the small Fe?*
content which becomes obvious from the tempera-
ture dependence of AH,[001]. Since the Fe?* con-
centration is of the same magnitude for all sam-
ples (see Table I), it does not influence the inter-
pretation of the iridium effect. The linewidth in
[110] direction was found to be approximately equal
to that in [001] direction and has been omitted in
Fig. 10. The orientation dependence turns out to

be quite small. All spheres show the same be-
havior except in absolute magnitude.

Two models have been proposed and extensively
discussed to explain the ferromagnetic-resonance
broadening due to anisotropic ions: the trans-
verse®®%® and the longitudinal relaxation model. *
Explicit expressions for the latter mechanism for
low-spin d® ions on octahedral sites have been
given previously. 18 Using a very simple tempera-
ture dependence of the relaxation time 7, which
arises from the direct or one-phonon process

143

fw
"'mxf"’?mntaﬂ}l(ZkT“) , (19)
the temperature dependence of the linewidth con-
tributions of the Ir* ions can be calculated. The
solid curve in Fig. 10 displays the result for the

151
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£ magnetic-resonance line-
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B2 chanism.
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FIG. 11. The influence of low-spin Ir** ions on octahedral sites on the temperature dependence of the magnetostrictior
constants (a) Ay and (b) Ayy.

longitudinal process using a relaxation time 74y, W, Ty~ 1, where w,=(E} - E})/fi. Fitting AH, as
=0.9%x10" sec. The curve was fitted at T =370 T =370 K, a very short relaxation time of 7,= 10"
K using the atomic parameters deduced from the sec is required and then the low-temperature be-
fit of the resonance field. The [111] direction is havior is much less described. Thus the longi-
not suitable for a comparison with theories for rea- tudinal process appears to give the better descrip-
sons of the special level structure inthis direction, as tion. However, a real decision between these two
discussed in the case of the resonance field. The models cannot be made, since it was not possible
longitudinal model predicts for the [110] direction to measure AH [hkl] for different frequencies, and
a maximum to lower temperatures and the agree- in addition our knowledge about the actual tempera-
ment with the experimental data is poorer than in ture and orientation dependence of the relaxation
the [001] case. time is insufficient. Further the valence-exchange

The transverse mechanism predicts a peak at mechanism*® may also cause the linewidth broaden-



|

—= Ir* concentration in relative units
2

d~

FIG. 12. The concentration dependence of the magneto-
striction constants. The spin-wave-linewidth data have
been used as a relative measure of the Ir** concentration
(see Table II).

ing, but no experimental evidence could be obtained
since, for instance, resistivity measurements were
not successful because of the extremely small con-

centrations of Ir* ions.

D. Magnetostriction

The magnetostriction measurements were car-
ried out with the resonance method according to
Smith and Jones*®**” and thus were involved in the
anisotropy and linewidth measurements with the
same conditions discussed before. A compres-
sional uniaxial stress S in the [110] direction has
been applied which causes a shift 6H, [kkl] in the
resonance field H, [kkl] in the [hRl] direction. The
applied stress was between 107 and 10® dyncm™.

S has been calculated using an effective area 2mR?

—= T(K)
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of the spheres. Then the measured values of A,y
and A, of pure YIG are in good agreement with
those of other methods. *®*°* From the shifts in the
[001] and [110] directions the magnetostriction
constants were deduced from the relations®’

Moo= - = Ms o, [001],
M= - g— %{ <1 * % MSHI,{[IIO] )4
2
¥ % (1 - Mszl,{[no] ) OH, [001]] :

The linear relationship between 8H, [kkl] and S
could be verified in all cases. Using the saturation
magnetization of pure YIG, A,y and Ay, could be
calculated from Eqs. (20). The temperature de-
pendence of the magnetostriction constants is plot-
ted in Fig. 11(a) and 11(b). A pronounced effect
is observed for A,y while A,y; remains approximate-
ly unchanged. Fig. 11(b) shows only the measured
values of samples No. 1 and 3, since samples No.
2 and 4 show the same temperature behavior. The
concentration dependence is shown in Fig. 12 for
two temperatures. Here the spin-wave linewidth
has been used as a relative measure of the Ir*
concentration because it was not possible to detect
it by chemical methods. The actual concentrations
estimated from the anisotropy data give rise to
quite large contributions per ion (values in the
brackets of Table III). A comparison with other
ions can be found in Table HI.

The observed behavior of the magnetostrictive
effect was expected from the single-ion theory,
which prediets |AXgol> 1Ay, ] for v/£>0 assum-

500

FIG. 13. Temperature
dependence of the magneto-
striction contribution
AN = Awo(y) - 7\100(0) of the
Ir* jons of sample No. 3.
The theoretical curve has
been calculated with the
values £=2000 cm™, »/¢
=0.5, gH,=1.8x10" Oe,
and NWs3=5.3x10° erg
cm™, The elastic constants

of pure YIG have been used.
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ing that the ratio of the matrix elements W, and
W,3 does not change drastically in comparison with
those of Ru®*, These matrix elements are positive
for Ru®* in YIG ®° but they are expected to be nega-
tive for Ir** because in this case, obviously, the
local trigonal field has an opposite sign. There-
fore the magnetostriction contribution is expected
to be negative as it has been observed.

For a comparison of the experimental results
with the single-ion theory of Sec. I the Ir* contri-
bution AA;g=2,59(¥) = A;00(0) of sample No. 3 has
been plotted versus temperature in Fig. 13. A,
will not be considered further since approximately
no detectable effect was present. The elastic con-
stants of pure YIG, C;; —C;,=1.61x10" ergcm=
at T =296 K, °° were used to compute A}oy. The
one-electron spin-orbit coupling constant was esti-
mated from the optical-absorption measurements
and the anisotropy data to range about £ = 2000 cm™'.
The quantities v/¢ and gH, have been deduced from
the anisotropy behavior, yielding the values v/
=0.49 and gH,=1.8x10" Oe. With these data the
temperature dependence is completely determined.
Thus only the remaining parameter NWg; has to be
adjusted at low temperatures, giving the absolute
magnitude of the magnetostriction. The solid
curve in Fig. 13 has been calculated for NWgg
=5.3%x10% ergem™3, achieving a good fit to the ex-
perimental data. The exchange field has been taken
as temperature dependent as in the anisotropy case,
but its strain dependence has been neglected which
might have been important. 1 Wwith the estimated
values of the concentration from Table II W is
found to be Wj3=—15000 cm™!, which appears to
be extremely large and indicates the concentration
values to be too small. However, the 5d° ion with
the high valency and the strong spin-orbit coupling
is expected togive rise toa muchlarger constant as,
for instance, Ru®*, where W;; amountsto 2100 em™,

IV. CONCLUSION

The presence of low-spin 5¢° Ir* ions in YIG
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were shown to give a considerable contributionto
the optical absorption, the linewidth, the anisotropy,
and magnetostriction. Both AK, and AK, turn out
to be positive and AK,> AK,. The magnetostric-
tion of iridium-doped YIG is increased and thus
both AX;40 and A, are negative with | A gl

> [AMyy; | The observed behavior can be well ex-
plained in terms of the single-ion model with sim-
plifying assumptions concerning the Hamiltonian,
which determines the anisotropic behavior of the
lowest energy levels of the Ir** ions. However,

the fit of the theory to the experimental data sug-
gests the local trigonal field to be positive in con-
trast to 4d° Ru®* in YIG and thus the negative tri-
gonal field of YIG could not be confirmed in this
case in contrast to ESR measurements in yttrium
gallium garnet. 52 Further, the Ir* concentration
which is necessary to adjust the theory to the ex-
perimental data turns out to be much lower than
the actual total iridium content. Therefore possibly
a distribution of the iridium ions on different crys-
tallographic sites is present.

On the basis of the assumption of a pure octahe-
dral occupation, the exchange field times the g fac-
tor gH, and the ratio v/£ of the trigonal field pa-
rameter to the spin-orbit coupling parameter were
extracted from the anisotropy measurements to
be 1.8x10" Oe and 0.5, respectively. Estimating
§ from the optical absorption and the anisotropy to
be of the order 2000 cm™ the trigonal field parame-
ter v is about 1000 cm™.

The linewidth contributions can be qualitatively
interpreted by the longitudinal relaxation mecha-
nism assigning a relaxation time of 74> 10" gec
to the Ir** ions.
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