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The room-temperature exchange constant of single-crystal calcium- and germanium-substituted yttrium-iron-
garnet thin films has been measured using ferromagnetic resonance techniques. The germanium
concentrations varied in the range of 0 to 1.4 moles per formula unit. The experimental results are compared
with the predictions of a percolation model by Kirkpatrick and Harris and reasonable agreement is found
when it is assured that the germanium substitution is confined to the tetrahedral iron sublattice. The results
are also compared with the predictions of a model by Slonczewski et al. which relates the exchange
constant in a substituted garnet to the Curie temperature. In this case the agreement is qualitative at best
and raises the question of whether the exchange constant can be related to the Curie temperature without
considering the details of the substitution on the individual iron sublattices. Finally the effective g value has
been measured for all samples and the results are shown to be in agreement with the Wangsness model for a
two-sublattice system. There is some indication of the existence of a high-field susceptibility in the heavily

substituted samples.

INTRODUCTION

The Landau-Lifshitz exchange constant of cal-
cium- and germanium-substituted yttrium iron
garnet thin films has been measured using ferro-
magnetic-resonance techniques. Because it mea-
sures the strength of the ordering interaction in a
ferrimagnetic system, the exchange constant 4 is
useful in determining the thermodynamic proper-
ties of the material. It is of interest to determine
the effect of nonmagnetic-ion substitution on A and
the magnetic garnet system provides an excellent
host for substitution for a number of reasons. The
garnets are an insulating system in which the
Heisenberg exchange interaction provides a valid
description of the ordering interaction. In addi-
tion, the system allows nonmagnetic-ion substitu-
tion over a wide range of concentrations and the
magnetic properties such as the Curie temperature
and magnetization vary in a predictable and con-

-trollable manner. Finally, the exchange constant
of the substituted iron garnets is itself of interest
since these materials are presently being used in
magnetic-bubble-domain devices and the exchange
constant has a direct influence on many of the do-
main-wall properties such as the wall thickness,
wall energy, and wall mobility.!

Previous measurements of the exchange constant
of the iron garnets have relied either on techniques
which are valid only at very low temperatures®? or
on techniques which infer the size of the exchange
constant from the domain structure of the materi-
al.* In the latter case the results have not always
been consistent because of the statistical and in-
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direct nature of the measurements. The use of
ferromagnetic resonance on thin films affords a
direct measurement of the exchange constant which
can, in principle, be done at all temperatures be-
low the Curie temperature.

In this paper the results of the measurement of
the room-temperature exchange constant of the
system {YCa},[Fel,(FeGe),0,, are reported. The

" results are compared to the predictions of a per-

colation theory model by Kirkpatrick and Harris.?
Because the model is insensitive to small levels
of germanium substitution on the octahedral iron
sublattice, reasonable agreement is found when it
is assumed that the germanium substitution is
limited to the tetrahedral iron sublattice. In addi-
tion, the results are compared with a model by
Slonczewski et al.® which uses the predictions of
the random-phase approximation and the molecu-
lar-field theory to determine the variation of the
exchange constant with the Curie temperature in
the substituted garnet system.

MAGNETIC GARNETS

In the iron garnet system, there is a strong neg-
ative superexchange coupling between neighboring
Fe® spins on the octahedral (@) and tetrahedral (d)
sites, the spins on the two sites are aligned anti-
parallel and the structure has a magnetic moment
equivalent to one net ferric spin per formula unit.
Harris” has estimated the strength of the exchange
interactions between the nearest neighbor sites
J,;~ =32 cm™ and between the next-nearest-neigh-
bor sites J,;~ ~10 cm™ and J,,~ -6 cm™.
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Because of the different sizes and coordination
of the cation sites, it is possible to substitute
preferentially on either of the two iron sublattices.
Geller et al.® have shown that Si** and V°* substitute
exclusively into the tetrahedral sublattice while
Zr* and Sc3* substitute exclusively into the octa-
hedral sublattice. In addition, Ge** substitutes
almost exclusively into the tetrahedral sublattice.
The effect of this substitution is to lower the mag-
netization for tetrahedral substitution and to raise
it for octahedral substitution. In both cases the
Curie temperature decreases with substitution. As
the level of nonmagnetic-ion substitution is in-
creased, the effect of the two intrasublattice ex-
change interactions is increased relative to the
nearest-neighbor intersublattice exchange inter-
action. This causes the spins on the unsub-
stituted sublattice to cant away from the
aligned state with a canting angle which in-
creases monotonically with substitution. This ef-
fect was first predicted by Yafet and Kittel® and
discussed in detail by a number of authors.? 1011
This spin canting is the cause of the nonlinear var-
iation of the magnetization of substituted garnets
with composition in the high substitution range.
Bozorth and Geller'® have reported that the com-
pletely substituted garnet Ca,Fe,Ge,0,, orders
antiferromagnetically at low temperatures.

EXCHANGE STIFFNESS

A number of attempts have been made to predict
the dependence of the exchange stiffness constant
on substitution in the substituted iron garnets. The
simplest of these is derived from the molecular
field theory. For the pure iron garnet such as
YIG where it is assumed that there are no magnetic
ions on the dodecahedral sublattice, the exchange
stiffness is given by*®

A=(55/4a)(5J, -8J,,~3J,,), 1)

where the J,; represent the various exchange inte-
grals and a is the lattice constant. From the mo-

lecular field theory of a two sublattice ferrimagnet,

the Curie temperature is given by*®

TC= _é(caNaa"'Cded)
+3[(CoyNgy = Cpa Nog +4C CNZ M2 L (2)

aa” - aa

where C, is the effective Curie constant of the ith
sublattice and N, is the molecular-field constant
connecting the 7th and jth sublattice. Under the as-
sumption that the intersublattice exchange interac-
tions dominate,

Iy >d

awdaa OF Ny >N

aa’ Ndd ’ (3)

both the exchange stiffness and the Curie tempera-
ture are proportional to J,. For a substituted ma-

terial, A should be given by
A/A(YIG) =T /T (YIG). (4)

This relationship neglects the effect of the intra-
sublattice exchange interactions which are ex-
pected to become significant as the level of sub-
stitution is increased. In addition it is expected
that Eq. (4) is valid only at low temperatures be-
cause the exchange stiffness must approach zero
as the measuring temperature approaches the
Curie temperature.

Slonczewski et al.® have attempted to predict the
temperature dependence of the exchange stiffness
in the vicinity of room temperature with a model
which uses the results of the random-phase ap-
proximation (RPA) and the Landau theory of sec-
ond-order phase transitions. The RPA predicts
the temperature dependence of A in terms of the
magnetization at temperatures near 7. and the
Landau theory predicts the temperature dependence
of M. Combining these two predictions and nor-
malizing to YIG with the assumption that Eq. (4) is
valid at zero temperature yields the result

A(T,T,) T, -T
Agi(T, Tc,ym) _Tc,(ym) -T-

This expression should be valid only at tempera-
tures near the Curie temperature where the pre-
dictions of the RPA and Landau theory are valid,
and it still neglects the role of the intrasublattice
exchange, as did Eq. (4). Nevertheless, it does
give a very reasonable looking approximation for
the temperature dependence of A.

A different approach to the solution of this prob-
lem was taken by Kirkpatrick and Harris,® who
used a percolation model. Starting with the Heis-
enberg Hamiltonian for an exchange coupled as-
sembly of spins,

H:Z J”.§‘°§j, (6)
ij

the spins were taken as classical vectors and the
energy necessary to bend the spin system through
a small angle 6 over a large distance L was calcu-
lated. The equilibrium orientation of a given spin
is found by minimizing the energy which gives the
condition

39,576, -6,)=0. (7)
i

(5)

The exchange stiffness is then found from the en-
ergy equation

1 -
E=5 D J;5%(6,-6,)2=A6L2Q, (8)
17
where Q is the volume. Equation (7) is equivalent

to Kirchoff’s current law for a network of resis-
tors with conductances J;;S* and voltages 6, at the
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nodes. The energy equation, Eq. (8), then sums
the power dissipation of the network, and A is
proportional to the macroscopic conductivity of the
network.

Kirkpatrick and Harris® have numerically mod-
eled a resistor network after the garnet structure
and have solved Eqgs. (7) and (8) for the variation
of A with nonmagnetic-ion substitution. Using the
values of J; for YIG which were reported by van
der Ziel et al.,'* it was found that for the system

Y;Fe;  Fe, M, 0,5, 9)

X+y

the variation of A with substitution could be de-
scribed by the relation

A(x,y)/A(0,0)=1— 0.43x—0.72y +0.25xy , (10)

where x and y refer to the amount of tetrahedral
and octahedral substitution, respectively. This
expression is limited to compositions well above
the percolation threshold, where the model indi-
cates that the neglect of second-nearest-neighbor
interactions has little effect on the results.

SPIN-WAVE DISPERSION RELATION

The exchange stiffness can be determined exper-
imentally from the measurement of the spin-wave
spectra and the magnetization. The dispersion re-
lation for long wavelength spin waves in an infinite
thin film is given by!'3

H=w/y+41M +%H, — H, - Dk* (11)

when the external field is applied along the film
normal. H is the resonance field, w the frequency,
v the gyromagnetic ratio, 47M the demagnetizing
field, and D=2A/M is the dispersion constant. H,
and H, represent the fields due to cubic and uniax-
ial anisotropies.

The allowed values of 2 for spin waves which can
be excited by a uniform rf field applied parallel to
the surface of an internally homogeneous film de-
pend on boundary conditions existing at the film
surfaces. Kittel'® initially assumed that the sur-
face spins were completely pinned, which gave a
boundary condition of the form

mg=0 (12)

at both surfaces, where m is the transverse com-
ponent of the rf magnetization. This condition
leads to a set of spin waves with 2 given by

k=nt/L, n=1,2,3,4,..., (13)

where L is the film thickness. Spin waves with
even numbered » have zero net dipole moment and
will not be excited by a uniform rf field, while
spin waves with odd » have intensities which fall
off as 1/#2. Pincus'® extended this boundary condi-

tion to the mixed form
vmy/mg=a, (14)

where a is the ratio of the slope of the rf compo-
nent of the magnetization to the magnitude at the
film surfaces. Later Soohoo'” introduced the con-
cept of a uniaxial anisotropy to explain the angular
dependence of the surface parameter @ and pre-
dicted the existence of a nonpropagating surface
mode in the spin wave spectra. Finally Puszkar-
ski'® derived a microscopic form of the surface
inhomogeneity model which has had excellent suc-
cess in explaining much of the observed behavior
of the spin-wave spectra. According to the mixed
boundary condition expression, Eq. (14), there is
a continuum of surface pinning conditions which
can exist in addition to the one in Eq. (12). If there
is free precession on one surface, V,m =0, and
complete pinning on the other, m =0, the allowed
values of k& are given by

k=nt/L, n=%,%,3,..., (15)

and the intensities of the modes are proportional
to 1/#2. Another boundary condition which can
exist is that of free precession at both surfaces.
In this case the uniform precession mode, 2=0, is
the only mode having a net dipole moment. In ad-
dition to these, many intermediate pinning condi-
tions have been observed.'® :

COMPOSITION MEASUREMENTS

The samples used in this work were single-crys-
tal thin films of {Y,.,Ca,}[ Fe,](Fe,.,Ge,)0,, grown
at Bell Laboratories by liquid phase epitaxy on
[111] oriented Gd;Ga,0O,, substrates. The thickness
was in all cases approximately 1 um and composi-
tions were in the range 0<x<1.4. The composi-
tions were estimated by measuring the depression
of the Curie temperature from that of pure YIG
(553 K) and comparing with the data on polycrystal-
line samples by Winkler ef al.?® These data are
plotted in Fig. 1, where the solid line represents
the polycrystalline sample data and the points rep-
resent the samples used in this work. It has been
found that the Curie temperature of an LPE (liquid-
phase-epitaxy) film is inevitably depressed by lead
contamination from the growth flux. However, as
calcium is added to the film the amount of this lead
contamination decreases. It was assumed that for
films with Curie temperatures less than 530 K,
the lead contamination was negligible and the com-
positions of these films were estimated by a direct
comparison to Winkler’s data. To estimate the
composition of the samples with Curie tempera-
tures greater than 530 K, the graph was extrapo-
lated to give a T at 543K for YIG. This wasa typi-
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FIG. 1. Variation of the Curie temperature with com-
position in {YCa} s[Fe], (FeGe) O, (after Winkler et al.)
(Ref. 20).

cal value for the Curie temperature of a YIG film
grown from the melt before the addition of calcium
and germanium.

MAGNETIC MEASUREMENTS

A typical room-temperature spin-wave spectrum
of a YIG:CaGe film is shown in Fig. 2. This spec-
trum was measured at 9.5 GHz with the applied
field along the film normal. The large number of
spin-wave modes detected indicates that the sur-
face pinning is quite strong (m,~0 at the surfaces),
while the fact that even-numbered modes are de-

n= I3 2 It

{Yz.scooA} [ Fez] (Fe, Geg4) Oy,

0 9 87 65 3i

*‘HJﬁ

XI00 XIO X1

| | | [ | | | | |
87 88 89 90 9l 92 93 94 95

Hyq (kgauss)
FIG. 2. Typical YIG:CaGe spin-wave spectrum mea-
sured at 9.4 GHz with the applied field perpendicular to
the film plane.

r {Ys-xcun} [Fez ] (Fe,_,Ge,)0,

D(x)/D(O)
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FIG. 3. Variation of the dispersion constant with com-
position in YIG:CaGe.

tected indicates that there is some asymmetry in
the boundary conditions and that the spectrum cor-
responds to an intermediate case between those
described in Eqs. (13) and (15).

The customary method of determining the dis-
persion constant from the spin-wave spectrum is
to assume a form of the boundary conditions given
either by Eq. (13) or Eq. (15) and plot the reso-
nance field for the different modes against n. If
the first few modes are neglected this plot yields
a straight line with slope proportional to D. How-
ever, experimentally it is often difficult to deter-
mine which of these two boundary conditions is
closest to that actually existing in the film. The
assumption of either of these two boundary condi-
tions can lead to quite sizable differences in the
value of D which is determined. If the field sepa-
ration between adjacent modes is plotted against
the difference in the squares of the mode numbers,
the slope of this plot is proportional to the disper-
sion constant for a wide range of boundary condi-
tions. Detailed analysis shows that the error is
less than 3% over the entire range of physically
reasonable boundary conditions.

In Fig. 3 the variation of the dispersion constant

~ with composition is plotted. These results are all

taken from room-temperature data measured at
9.5 GHz and the dispersion constant values are
normalized to the bulk value for pure YIG which

is taken to be 5.16 X 107 Qe cm?.*' The error bars
represent the uncertainty in the film thickness
which is taken to be 5% in all cases. The solid line
is obtained by using the predictions of the Kirk-
patrick and Harris® model for the dependence of
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FIG. 4. Variation of the room temperature magnetiza-
tion with composition in YIG:CaGe.

the exchange stiffness A and by assuming a linear
variation of the magnetization with composition is
due to this compensation in M. The linewidths of
all samples except x =1.03 were less than 4 G.

The x =1.03 sample is near the compensation point
and has a large uncertainty due to its large line~
width which was about 200 G. It is suspected that
this increase in linewidth is due to inhomogeneities

in the film. As a result, only four spin-wave
modes were detected in this sample and an accu-
rate determination of D quite difficult to obtain.
The last two points fall above the curve because
the magnetization dependence departs from linear-
ity in this region and the exact location of the com-
pensation point is unknown. From this graph it is
difficult to draw many conclusions about the behav-
ior of the exchange stiffness since the main influ-
ence comes from the variation of M.

The room-temperature magnetization of all sam-
ples was measured using a vibrating sample mag-
netometer and results are plotted in Fig. 4. The
error bars again represent the uncertainty in the
film thickness, not the total uncertainty, which is
expected to be similar in all cases except for the
sample at x=1.03. This sample is very near the
compensation point and its moment is approaching
the limit of sensitivity of the magnetometer. The
negative moment of the last two points indicates
that these samples are beyond the compensation
point and have moments dominated by the octahed-
ral sublattice. For complete tetrahedral substitu-
tion it would be expected that the compensation
point be at a composition near x=1. Geller et al.?
have made low-temperature magnetization mea-

surements on the YIG:CaGe system and report the
compensation point to be at x=1.03 at 0 K. The
direction of the Faraday rotation of the sample
x=1.03 indicates that it has a moment which is
dominated by the tetrahedral sublattice. It is esti-
mated that the compensation point is shifted up-
ward slightly because the measurements were
made at room temperature. )

As can be seen from the graph, the magnetiza-
tion does decrease in a nearly linear manner with
substitution up to about x=1. The solid line in the
figure is the best straight-line fit to the data with
the last two points deleted from the analysis. The
departure of these two points from the straight line
is probably an indication of spin canting on the oct-
ahedral sublattice. Previous measurements® on
the YIG:CaGe system show this same departure
from linearity in this range of compositions.

Upon combining the measurements of the mag-
netization and the dispersion constant, a value of
the exchange stiffness A =3MD is obtained. The
results of this measurement are plotted in Fig. 5.
The solid line is the best straightline fit to the
data with the sample at x=1.03 excluded from the
analysis. The value of the room-temperature ex-
change stiffness of YIG is taken to be A =3.75
X107 erg/cm, which is well within the range of
previously reported values.?*> The equation of
this line is given by

A(x)/A(0)=1- (0.48+0.03)x . - (18)

It is interesting to compare this result with the
prediction of the Kirkpatrick and Harris® model,
which says that for substitution exclusively on the
tetrahedral sublattice the variation should be

A(x)/A(0)=1-0.43x. (17)

The small difference between the two expressions

* cannot be explained on the basis of a partial octa-

hedral substitution as the model is insensitive to
small changes in the relative substitution between
the two sites. Using Eq. (10), it would require al-

L {Y3-XC°K} [Fez](Fe,_,Ge,‘)o,z

10" A (erg/cm)

1 1 1 1 1 1 1 1 1 1 L 1 1 Il
0.2 0.4 0.6 0.8 [Xe] 1.2 1.4

FIG. 5. Variation of the exchange constant with com-~
position in YIG:CaGe.
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most 20% substitution on the octahedral sublattice
to explain the difference. That large a substitution
on the a sites would have a very significant effect
on the slope of the composition dependence of the
magnetization and on the location of the compensa-
tion point.® A more likely explanation is that room
temperature data is compared with a low-tempera-
ture model. The room-temperature A should
fall more rapidly with substitution than the
low-temperature A since the room-tempera-
ture A must go to zero as the Curie tempera-
ture approaches room temperature. Equation
(16) can be extrapolated to predict that A van-
ishes at a composition just above x =2.0, while the
Curie temperature reaches room temperature at

a composition of approximately x=1.9.

A comparison can also be made between the mod-
el prediction of Slonczewski et al.® and the data
measured here. This is done in Fig. 6, where the
solid line is the model prediction. As can be seen,
the agreement is qualitative atbest and it improves
as the Curie temperature approaches room tem-
perature, where the approximations inthe modelare
most valid. This same generalbehavior hasbeen
seen in measurements? of (YLA),(GaFe);0,,.

It is valid to again raise the question as to wheth-
er it is valid to try to relate A to T, without con-
sidering in detail the degree of substitution on each
of the two iron sublattices. If it is assumed that
the model prediction of Eq. (10) is at least approx-
imately correct and if the results of Winkler
et al.?® are used to relate the Curie temperature
to the composition for both octahedral and tetra-
hedral substitution, an empirical relationship be-
tween A and T can be obtained. This relationship
differs significantly for octahedral and tetrahedral
substitution. The curve for tetrahedral substitution
is concave upward as is the data in Fig. 6, while
the curve for octahedral substitution is nearly lin-
ear and there are significant deviations between
the two curves. Plans are presently being made to

T

{Ys_xCay }[Fe, ](Fe,_,Ge,)0,

I07 Alerg/cm)

400 500 600

FIG. 6. Variation of the exchange constant with Curie
‘temperature in YIG:CaGe. The straight line is the pre-
diction of Slonczewski et al. (Ref. 6).

.quantitatively test this hypothesis on a system with
octahedral substitution.

FREQUENCY DEPENDENCE

The dispersion constant has been measured on
all samples at 9.5 and 23 GHz and for a few sam-
ples at 34 GHz. It has been found in all cases that
the measured value of D decreased with increasing
frequency. The change in the measured value of
D was as high as 15% in some samples. Unfortun-
ately there was no correlation between the rate of
decrease of D with frequency and the film composi-
tion, and it is difficult to explain the cause of this
phenomenon. A partial explanation is given by the
increase of the resonance linewidth with increasing
frequency. Because of this, fewer spin-wave
modes can be detected at the higher frequencies
and the uncertainty in the measured value of D is
increased. This would be expected to give random
changes in the measured result. Another possible
explanation is the existence of a high-field suscep-
tibility in the spin system. Andersonzs has mea-
sured the temperature dependence of the suscepti-
bility of YIG below the Curie temperature, and at
room temperature found the result

X~ 0.02 emu/gKOe . (18)

An increase of the applied field by 5 kOe, which is
the approximate difference between the resonance
field between 9.5 and 23 GHz, will cause an in-
crease in M of 0.3% and a decrease in D of the
same amount. For substituted YIG the susceptibil-
ity should be larger since the ratio of the applied
field to the exchange field is larger and since the
measurement temperature is closer to the Curie
temperature, where X diverges. However, from
this data it is difficult to estimate just how large
this effect should be.

EFFECTIVE g VALUE

In addition to the measurement of the dispersion
constant, the effective g value of all samples has
been measured from the frequency dependence of
the resonance field. The results are plotted in
Fig. 7. It is seen that g, diverges at a point near
x=1. This result is in agreement with the Wangs-
ness model®* for a two-sublattice system where

M,-M,
gef!"Ml/gl_Mz/gz .

M, , and g, , are the magnetization and g values of
the individual sublattices. The location of the point
at x=1.03 may be wiplained as follows. The ex-
periment does not measure g but its absolute val-
ue, and this sample has a composition just beyond
the reginn at wvht - ~as, It can also be seen

(19)
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FIG. 7. Variation of the effective g value with compo-
sition YIG:CaGe.

that the curve rises less rapidly after the compen-
sation point than before it. This effect is also con-
sistent with the existence of a high-field suscepti-

bility. If the magnetization is given by

M=M,+XH, (20)
V]

the resonance equation, Eq. (11), neglecting the
spin-wave energy and anisotropy terms, becomes

w=y(1=4rx)H - 4nyM . (21)

The measured value of ¥ or g is then reduced by a
factor of 1 —-4nx. The size of this effect can be es-
timated by calculating the susceptibility necessary
to lower the g value of the last sample from 2.02
to its measured value of 1.99. The value of X nec-
essary to accomplish this is X =0.2 emu/gkOe,
which is only a factor of 10 greater than the mea-

sured room-temperature susceptibility of YIG.2®
It is reasonable to suspect that the shape of the
curve of g, is due at least in part to this effect.

CONCLUSIONS

The room-temperature exchange stiffness con-
stant of {YCal,[ Fel,(FeGe),0,, has been measured
over a broad range of compositions, and the re-
sults have been compared with the predictions of
a percolation model by Kirkpatrick and Harris.
Considering that the model is a low-temperature
model, the agreement is quite reasonable. The re-
sults have also been compared to the predictions
of a model by Slonczewski et al., which relates the
strength of the exchange constant at room temper-
ature of the Curie temperature. In this case the
agreement is qualitative at best and raises the
question as to whether a relationship can be made
between A and T without first considering the de-
tails of the substitution on each of the magnetic
iron sublattices.

Finally the effective g value of all samples has
been measured and is shown to agree with the
Wangsness relation for a two-sublattice ferrimag-
net. In addition, the existence of the high-field
susceptibility in the more heavily substituted f11ms
is indicated.
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