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There is a range of temperature where the Mssbauer spectra of 5’Fe3* in diamagnetically
substituted magnetically ordered iron oxides show broad lines and may be reproduced by local-
molecular-field theory. The lines can exhibit a well-defined structure if the number of
neighboring cation sites is less than six, and the spectra can then be used to determine
whether the cation distribution is random. Such is the case for Yz(Fe;_,Sc,),[Fel;0yy with
x=0.10 and 0.25. The site preferences of other trivalent cations in yttrium iron garnet
(YIG) are measured, including Rh3* which goes onto ¢ sites. At higher temperatures, central
peaks appear in the spectra of mixed oxides, and they grow at the expense of the magnetically

split spectrum until it finally disappears at T,

The spectra of Ys(FeO' 75S00_25)2 [Fe]aotz

were studied in and around this broad critical region. An applied field produces increased
hyperfine splitting, which is correlated with the static magnetic susceptibility. The mixed
spectra cannot be explained by a range of ordering temperatures in different parts of the
crystal, or by independent relaxation of the ionic spins. Short-range collective behavior is
indicated, with coupled moments of (102—104)u3 around T,. A computer study of the geome-
try of the random lattice shows that there is no tendency to form localized clusters of the

right size.

1. INTRODUCTION

The M&ssbauer effect of *’Fe in mixed oxides
has been observed by many workers in the last
few years. The systems studied, in which some
of the magnetic cations are replaced by nonmag-
netic ones, include aFe,0; with rhodium,’? galli-
um,? or titanium® substitutions; FezO, with calci-
um,® zinc, ® gallium, " or vacancies®; ferrites such
as CoFe,0;,*'!° MnFe,0,," and NiFe,0,'2"!* with
zinc and several others'®~%!; and also a variety of
garnets, 22-26

Some general features emerge from this mass
of data. The M&ssbauer spectrum of ferric ions
in a diamagnetically substituted iron oxide belongs
to one or another of the following four categories,
depending on the temperature 7 and the nonmag-
netic concentration x.

(i) T=0. The spectrum is magnetically split
and resembles that of the pure oxide (x=0) except
that the lines, though sharp, are broadened by up
to 0.5 mm/sec.

(ii) 7,>7T>0. The hyperfine splitting decreases
as T increases, and the outer lines in particular
become broad and asymmetric and may show struc-
ture.

(iii) 7,>T>T,. Central peaks begin to appear
at T, having the form of the paramagnetic spec-
trum [region (iv)]. As T - T, they increase in in-
tensity at the expense of the magnetically split
spectrum, which frequently becomes ill defined.

(iv) T>7T, Alltrace of magnetic hyperfine
splitting disappears. This behavior is illustrated
in Figs. 7 and 8 for 7>0.

o

The short-range order is probably evanescent.

Much of this paper will be concerned with the
critical region iii where mixed spectra occur. The
range of temperature (7, - T,) decreases with de-
creasing x, but it has been found to be nonzero even
in some pure compounds.?”~%! In many mixed sys-
tems, 7, decreases linearly with the diamagnetic
concentration. The variation of 7, /T, in such a
case? is shown in Fig. 1 for (Fe,.,Rh,),0;, where
the four distinct regions of temperature are indi-
cated.

In ionic compounds the magnetic interactions are
predominantly short range, and one must there-
fore seek explanations for the differences between
the M&ssbauer spectra of pure and substituted ox-
ides in the nearest-neighbor cation environments
of the iron ions. Pure compounds with no chemi-
cal disorder have only as many distinguishable
environments as there are inequivalent lattice sites,
taking crystallographic and magnetic symmetry in-
to consideration, and there is generally a distinct
spectrum from each site. In mixed cyrstals, how-
ever, there are many different nearest-neighbor
environments possible for the iron ions in a given
site, all with different numbers and arrangements
of magnetic and nonmagnetic neighbors. The
simplest situation occurs when the # nearest-neigh-
bor cation sites are equivalent, and belong to the
same magnetic sublattice. Then the probability of
finding an iron ion with z magnetic and (# - z) non-
magnetic neighbors is

n!

z!(n—z)! (1 —-x)‘,x(”") . (1)

P,(z) =

Some workers™!! have attempted to verify Eq.

3240



6 MOSSBAUER SPECTRA OF MIXED CRYSTALS; ...

(1) by analyzing their spectra from region ii as the
superposition of several hyperfine patterns, each
one corresponding to a different value of z, but
this procedure is uncertain in the spinels studied
because the subspectra for different z are not re-
solved. Nevertheless, we shall show theoretical-
ly and experimentally in Secs. II and IIT that it is
possible to resolve the subspectra in certain cir-
cumstances, and that the M§ssbauer effect can then
be used to measure the randomness of the cation
distribution. An alternative approach2 is to assume
a random distribution, and to use Eq. (1) as the
basis of the data analysis. This procedure is only
justified if the solid solution is between two oxides
with identical structures and similar lattice param-
eters, containing cations of the same valence and
ionic radius with weak direct interactions.

The effects observed in the four regions defined
above are due to different dominant physical pro-
cesses.

At absolute zero the iron nuclei in the various
environments will experience different hyperfine
fields because the cation-cation bonding, dipolar
field, zero-point spin deviation® and supertrans-
ferred hyperfine interaction®® all depend on the
numbers of each type of cation neighbor. These
effects are all small, but the latter usually pre-
dominates. This region will not be discussed fur-
ther here.

The temperature dependence of the spectrum up
to T, is a reflection of the different temperature
dependence of the magnetization of iron ions in dif-
ferent magnetic environments. We have found that
these spectra can be reproduced by a simple local-
molecular-field theory,s"‘ and that the shape of the
spectrum will give information about the strength
of the exchange interactions.?!® An improved ver-
sion of the theory is noted in Sec. II, and a study
of the geometry of the random lattice is described
which sets the limits to its validity.

Several explanations for the central peaks in the
critical region have been advanced. They may
show that magnetically ordered and disordered re-
gions coexist in the same crystal, a range of or-
dering temperatures due to local inhomogeneity.®
Alternatively, they could be caused by a relaxation
of the iron spins in a time comparable to the Lar-
mor precession time, 7,~10"% sec, whether by
individual spin flips,*® or collective “super-
paramagnetic” flipping.?® An attempt is made in
Sec. IV to distinguish between these hypotheses by
analyzing the effect of an applied magnetic field on
the M&ssbauer spectra of substituted garnets in
the critical region, and the measurements are ex-
tended above 7., into region iv. Some data are
also presented which suggest that sample prepara-
tion technique influences the range T, - T, in pure
YFeO;.
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The experimental results and the definition of
the ordering temperature in a mixed crystal are
discussed in Sec. V, and the main conclusions are
then set out in Sec. VI.

II. RANDOM LATTICE

A. Geometry

The magnetic properties of mixed crystals de-
pend on the geometry of the cation distribution. In
order to understand the main features of the ge-
ometry of a random array of magnetic and non-
magnetic ions, we set up two arrays in the com-
puter. One was a 20X 20X 20 simple-cubic lattice
with »=6, and the other a 90X 90 square lattice
with »=4. Each was populated at random, with
(1 - x) as the probability for occupation of any par-
ticular site. The sizes of the clusters linked by
nearest-neighbor paths were then determined, im-
posing periodic boundary conditions. TablesIandII
show the percentages of the occupied sites (magnetic
ions) which are members of clusters of various
sizes for a complete range of x, the over-all con-
centration of vacant sites (nonmagnetic ions).

In these lattices, if a cluster contains more than
500 points, it is assumed that in an infinite lattice
it would be infinite in extent, although all the oc-
cupied sites will only belong to it when x=0. The
results shown in Tables I and II may be sum-
marized in the following way. When x5 (n - 2)/n,
almost all the occupied sites belong to the bulk
cluster, and the remaining few are isolated, or
else belong to very small clusters. There is no
tendency to form clusters of intevmediate size be-
cause such a cluster would have a large number of
adjacent sites, and the probability for at least one
of them to be occupied is overwhelming. When
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FIG. 1. Regions where four different types of Mdss-
bauer spectra of diamagnetically substituted iron oxides
are observed. Dots, (Fe, Rh,);0; (Ref. 2); crosses,
this work.
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TABLE I. Sizes of nearest-neighbor clusters in a randomly occupied cubic lattice.
Cluster size
1 2 3 4 5 6 7 8-9 10-19 20-29 30-49 50-99 100-500 >500
Vacancy
concentration Percentage of occupied sites belonging to clusters of each size
x=0,00 100.0
0.40 0.3 0.1 99.6
0.50 1.6 0.2 0.1 0.1 0.4 0.1 97,5
0.60 4,9 1.6 1,0 0.3 0.9 0.4 90.9
0.65 7.5 2.8 2.2 1,1 1.8 0.9 0.8 0.3 2.5 0.8 79.3
0.70 12,2 5.0 3.8 3.0 3.4 1.8 1.2 2.8 8.0 4.2 2.0 2.2 50,4
0.75 17,7 7.9 6.9 5.3 3.8 3,1 4.6 5.7 17.2 4,6 10.5 12,7
0. 80 26,5 11.9 10.6 6.6 3.9 5.0 8.8 7.7 9.9 4.8 4,3
0.90 55.4 21.3 11.8 6.8 1.3 2.4 1.0
1,00  (100.0)

x=(n—2)/n, there is a variety of small and inter-
mediate cluster sizes, but the bulk cluster is
broken up. Finally, when x 2 (z - 2)/n, all the oc-
cupied sites are isolated, or else they belong to
small groups.

The region of x in which a wide range of cluster
sizes can occur is smaller, and the transition from
the bulk cluster to the small cluster region is
sharper, for greater values of the coordination
number n. A state of long-range order arising
from nearest-neighbor interactions is only possible
in the bulk cluster, although the smaller clusters
may order within their own compass. The critical
concentration for the appearance of a bulk cluster
%, lies between 0. 40 and 0. 45 for =4, and between
0.65 and 0.70 for n=6. There is fair agreement
with Gilleo’s proposal that x,= (z - 2)/%.5" The
critical concentration has also been calculated by
de Gennes et al.®® using analytical approximations.
They find x,=0.776 for n=6. The method used
here has the advantage of giving the spectrum of
cluster sizes. It may be extended to other lattices,

and the errors can be reduced to any level simply
by increasing the size of the array. However,
critical concentrations found in practice will differ
from the calculated ones if the cations are not per-
fectly disordered, or if the magnetic interactions
extend beyond nearest neighbors.

B. Local Molecular Fields

The magnetization of ions in the bulk cluster and
in the larger discrete clusters may be calculated
using a local-molecular-field theory.**? Here we
simply outline the theory, and suggest a modifica-
tion which should give a better description of the
approach to the ordering temperature.

Assuming only nearest-neighbor interactions,
the average molecular field acting on an iron ion
with z interacting iron neighbors is

H(z)=22J4S,) /gup . (2)

J is the exchange constant, pp is the Bohr mag-
neton, S, is the time average of the spin of an iron
ion along the magnetic axis, and (--- ) denotes

TABLE II. Sizes of nearest-neighbor clusters in a randomly occupied square lattice,

Cluster size

1 2 3 4 5 6 7 8-9 10-19 20-29 30-49 50-99 100-500 >500
Vacancy
concentration Percentage of occupied sites belonging to clusters of each size
x=0,00 100.0
0.30 0.6 0.2 0.1 0.1 0.2 98.8
0.40 2.5 0.7 0.6 0,6 0,6 0,1 0,1 0.9 3.1 0.4 2.4 3.4 84.6
0.45 4.2 1.9 1.1 0.9 0.9 1.2 1.6 2.3 6.5 4.5 5.3 12.6 57,0
0.50 5.8 3.1 2,7 2.8 2.3 0.6 1.0 4.1 18,4 8.6 12,7 5.7 32.2
0.55 10.0 5.8 4,4 4.4 4.0 4.3 8.6 5.7 22.2 11.2 16.7 4.3 3.4
0.60 13.2 7.7 6.9 7.2 5,0 4.8 5.6 8.8 24,4 16.6
0.70 24.8 15,0 14,2 12,2 7.0 8.4 2.9 7.0 8.5
0. 80 43.5 22,6 10.2 12,0 5.3 1.3 3.0 2.1

1.00 (100, 0)
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FIG. 2. Magnetization of ions in different environ-
ments in a mixed crystal with0, 1, . . ., 4 magnetic neigh-
bors, calculated from local-molecular-field theory with
x=0.5 and n=4.

an average over all the iron sites in the bulk clus-
ter. The magnetization of the central ion with
z neighbors is given by the Brillouin function

S,(z)=S® [ gnzSH(z)/RT] . (3)

Consistent solutions of (2) and (3) for the reduced
magnetization curves of iron in different nearest-
neighbor environments may be found: o(z, T)
=5,(z, T)/S. The corresponding M&ssbauer spec-
tra have been calculated,* assuming the hyperfine
field H,,(2)<S,(2).% It is necessary to allow each
molecular field H(z) to take a small range of val-
ues, because the nearest neighbors of the central
ion can themselves have a range of nearest-neigh-
bor environments. Hence the lines in each hyper-
fine pattern corresponding to a different value of
2z are broadened.

In the above treatment, the bulk cluster is di-
vided into a central ion, whose interactions are
considered explicitly, and the rest of the ions,
which are treated in an average way. The average
magnetization of all the central ions must be the
same as that of the ions in the rest of the bulk clus-
ter. An improvement is to treat the central ion,
its shell of interacting neighbors, and the rest of
the crystal differently. The ions in the shell have
one neighbor whose magnetization is known exact-
ly, namely the central ion, and their remaining
interactions have to be treated in an average way.
Instead of (2) and (3) we find*

22J5% 2J5%
°(Z)=‘BS[ ZT ‘Bs(kT

[(2)-1)(a) +o(z)])] RNCY

The main difference between the two treatments
is that (4) gives more widely separated magnetiza-
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tion curves close to 7,. The predictions differ
little when 7/7.50.5. A typical calculation from
(4) for the case n=4, x=0.5 is shown in Fig. 2.

Whether or not the separate hyperfine patterns
for different environments are well resolved de-
pends on » and 7. Adjacent o(z) curves will be
more widely separated the smaller » and the high-
er T. However, the line broadening due to the
distribution of environments for the z neighbors is
smallest when the number of occupied cation sites
surrounding the neighbors is large, or constant.
The best conditions for observing resolved sub-
spectra are found in a two-sublattice structure with
iron on one sublattice, and a random distribution
of magnetic and nonmagnetic ions on the other.

The coordination number of the iron sublattice
should be less than 6, for all the systems studied
so far have 2> 6 (or else the neighbors do not all
have the same spin direction?') and in none of them
have well-resolved hyperfine patterns been seen
for different values of z. Conditions are more
favorable in the garnets with a-site substitutions,
where n=4.

In a two-sublattice structure, Eqs. (2)-(4) must
be modified, and terms may be added to represent
intrasublattice interactions in the two molecular
fields. The predictions are similar to those of the
simple model provided the intersublattice exchange
is dominant. Further discussion is given in Sec. V.

The molecular field theory predicts an unique
ordering temperature for the whole lattice, because
the molecular field is formally equivalent to an in-
finite-range interaction.** Furthermore, T, de-
creases linearly with x if the average (--- ) is taken
over all the ions in the lattice. Calculations by
cluster methods*? closely resemble the molecular-
field-theory results.

With strictly nearest-neighbor interactions the
theory should only be applied to the bulk cluster,
when it exists. Then

Tc(x) = Tc(o)(l - x)/feo ’ (5)

where f. is the fraction of the iron ions belonging
to the bulk cluster.

The theory is able to reproduce the spectra
throughout most of region ii,?’ % and may even be
applied when x > x, provided the magnetic interac-
tions extend beyond nearest neighbors. It fails,
however, in region iii because the molecular field
is never sufficiently small to give sharp central
peaks, except in z =0 environments. They must be
due either to macroscopic inhomogeneity or dynam-
ic effects.

III. MOSSBAUER SPECTRA AND CATION DISTRIBUTION
IN DIAMAGNETICALLY SUBSTITUTED YIG

Y3Fe;0,; is a ferrimagnetic oxide with three cat-
ion sites. The formula may be written
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FIG. 3. Lattice parameters of diamagnetically sub-
stituted yttrium iron garnet.

{Ys*}a (Fea*)a [Fes+]s 02!12 ’

where the different brackets refer to dodecahedral
(c), octahedral (@), and tetrahedral (d) interstices
in the oxygen lattice. Yttrium is diamagnetic, and
strong a-d superexchange couples the two iron sub-
lattices antiparallel, giving a ferrimagnetic spin
arrangement with a moment of about 5up per for-
mula at low temperatures. Each a site has 6
neighbors on the d sites, whereas each d site has

4 on the a sites.

Several trivalent substitutions for iron are
known,*® and the site preferences of various ions
in YIG have been established.* We will write the
formulas of the diamagnetically substituted gar-
nets, YsFe;.,D,0,,, as

{¥}; (Fey. .D,),[Fe,. 40515045
or
{¥}s (Fey-sD5); [Fey- D, 504z

depending on whether D* has an a- or d-site pref-
erence.

Two things must be specified besides £, to de-
fine the cation distribution. They are (a)thefrac-
tion f of the diamagnetic ions on their preferred
site; f=cx/t, where t=cx+(5~c)d and c=2 or 3,
and (b) the randomness of the distribution of Fe
and D in a given sublattice.

A. Sample Preparation; Mssbauer Spectra

Samples of YIG were prepared containing small
amounts of diamagnetic substitution. Y,0,;, Fe,0,,
and D,0; were dried and mixed in the required
proportions, with D=Al, Ga, In, Rh, or Sc. The

Y,0; and Fe,O; were spectroscopic grade, and the
purity of the other oxides was better than 99. 99%
except for Rh,0;,% which was 99. 5% pure. One
gram of each mixture was pelleted and prefired for
12 h at 950 °C in air. The samples were reground,
fired finally for 10 h at 1450 °C in oxygen, and then
cooled rapidly to room temperature. The sample
containing Rh,05, however, wasfired at 1400 °Cfor
only 2 h, but weak rhodium lines were found in

the powder pattern. All the other samples showed
only x-ray lines belonging to the garnet structure,
and the lattice parameters, plotted in Fig. 3, arein
agreement with values in the literature.*® The
horizontal axis assumes that cations which dilate
the lattice are in octahedral sites, and those which
contract it are in tetrahedral sites. This assump-
tion is examined below.

The room-temperature M&ssbauer spectra of
YIG, pure and with 10 site-% substitution, are shown
in Fig. 4. The spectrum of pure Y;Fe;0,, is the
superposition of six-line patterns from « and d sites
with an area ratio 2: 3. The a-site pattern hav-
ing the larger hyperfine field shows substructure
on account of the quadrupole interaction.*® The
garnets with Ga and Al substitution show broad a-
site lines, whereas those with Sc, In, and Rh have
outer d-site lines which are distinct doublets.

It was impossible to predict the site preference
of Rb® from steric considerations, because it does
not significantly change the lattice parameter, yet
it is clear from Fig. 4(f) that some Rh®" has en-
tered the lattice on the a sites. This is consistent
with the strong preference of Rh® for an octahedral
site, and low-spin state, found in spinels.?

B. Cation Distribution

The fraction f can be deduced from the area ra-
tio of the Mdssbauer patterns of iron in ¢ and d
sites, provided they are sufficiently well resolved.
Either the spectra from region iv (above T,) may
be used?® or else magnetically split spectra from
regions i and ii, where the line broadening and
overlap is unimportant. The magnetically split
spectra of Ga- andIn-substituted garnets resemble
the one in Fig. 4(a) at 4.2 °K, but the spectra of
pure and Sc-substituted YIGbecome very complex
below about 60 °K, and the a- and d-site patterns
overlap, perhaps as a result of a change of mag-
netic axis away from [111],%® or else a distortion of
the lattice.

When deriving f from the spectra, two correc-
tions may have to be made. First, the recoilless
fractions for *'Fe on @ and d sites do not have ex-
actly the same temperature dependence,* and sec-
ond, absorption corrections must be made when the
absorber is not thin.*® The corrected values of f
are given for two of the samples in Table III. Al
and Ga prefer d sites, whereas In and Sc prefer a
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sites, the preferences of Sc and Ga being particu- 4(c)] has a slight shoulder on the inner edges of
larly strong. lines 1 and 6 of the d-site pattern, but this is not
It is possible to define the cation distribution evident for Ga. We deduce that about 20% of the

completely, by saying whether it is random or not, Al, but no more than 5% of the Ga, is on a sites.
in the Sc- and In-substituted garnets. The two d-site This is consistent with the data in Table III, and
patterns in Figs. 4(d)-4(f) are identified with Fe**(d) agrees with Czerlinsky’s®® results, unexpected
having 4 and 3 Fe*(a) neighbors. If the distribu-~ from steric considerations, that Al has a weaker
tion was random, the intensity ratio would be d-site preference than Ga in YIG.
1:0.44, according to Eq. (1) with x=0.10. The ob- The distribution of Sc ions was tested for ran-
served ratios are 1: 0.44, 1: 0.38, and 1: 0.22
(+0.05) for the spectra of Figs. 4(d)-4(f). No
conclusion can be drawn from the third ratio, be- TABLE IIl. Fraction of diamagnetic ions on their pre-
cause not all of the rhodium has entered the gar- ferred sites.
net lattice, but the other two show that the Sc dis- s
tribution is random, and that In has a slight ten- Y, Fey.58¢0.501 0.97+0.05 (@
dency to form clusters. Y3 Gay.95Gag, 15012 0,910, 05 @

The spectrum of the Al-substituted garnet [Fig.
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FIG. 5. Mossbauer
spectrum of
Y3(Fey, 755, 25) 5[ Fels0py
at 296 °K in an applied
field of 20 kOe. The
bars show the positions
of the outer lines of the
spectra of d-site iron
with different numbers
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domness at another concentration, x=0.25. The
room-temperature spectrum (Fig. 7) cannot be used
directly because the Fe*(d), z=2 pattern overlaps
the inner lines of the Fe*(a) spectrum. However

a 20-kOe field aligns all the spins parallel to the y
direction, and removes lines 2 and 5 from all the
patterns, giving the spectrum shown in Fig. 5.

The probabilities P,(z) are 0. 32, 0.42, 0.21,and
0.05 for z=4, 3, 2, 1. The lines indicated are
identified with iron in the z =2 environment, and
their intensity is 31 +5% of the intensity of the outer
lines of the d-site pattern, in agreement with 28%
expected from a random distribution. Many of the
measurements in the critical region were made on
this material.

There is no sign of any canting of the d-site mo-
ments with this concentration of scandium,**5! and
none is expected from the discussion in Sec. V.

IV. CENTRAL PEAKS IN THE MﬁSSBA_UER SPECTRA OF
MAGNETICALLY ORDERED COMPOUNDS
A. Pure and Diamagnetically Substituted YIG

The temperature dependence of the Mdssbauer
spectrum of pure Y3Fe;0y, above room temperature
is shown in Fig. 6. The ordering temperature,
taken as the temperature at which the magnetic hy-
perfine splitting goes to zero, is 553 °K. There is
no sign of the paramagnetic pattern persisting at
550 °K, so that T,/ 7T, >0.995. %

The situation is quite different for YIG with 25
site-% of Sc and Ga. The spectra are shown in
Figs. 7 and 8. It is clear that for both compounds
there is a significant region where mixed spectra
occur. If T, is taken as the temperature at which
the three-line paramagnetic pattern becomes dis-
tinctly visible, and T, as the temperature at which
the last trace of magnetic splitting has disap-
peared, then 7,=450°K and 7, /7T,=0. 933 for
Y3(Feg.155C0,25)2[Fe ;0. and 7,=467 °K and 7, /T,
=0.975 for Y4(Fe),[Feq.15Gag,25]5012- It is inter-
esting that the central peaks appear at a lower ab-
solute and reduced temperature in the Sc garnet
than in the Ga one, even though the fraction of non-
magnetic ions is greater in the latter, and the site-
% substitution is the same in each. It seems that

-2 0 2
Velocity ( mm/sec)

4 6 8 10 of a-site neighbors.

they are more likely to appear in structures with a
lower magnetic coordination, since # is 4 in the
first case, and 6 in the second.

B. YFeO,

Central peaks have been reported in the M8ss-
bauer spectra of the rare-earth orthoferrites just
below their ordering temperature.?®®% In view of
the different results obtained by different investi-
gators in FeF,,2""%* which may be due to small
amounts of impurity, it seemed worthwhile making
measurements on highly pure YFeO,. The starting
oxides contained less than 10 ppm of impurity.
After prefiring for 4 h at 900 °C, the material was
ground, pelleted, and then divided into two. The
two halves were fired at 1400 °C for 10 h, one in
an atmosphere of oxygen, and the other in nitrogen.

Counts

-8 -6 -4 -2 [0} 2 4 6 8
Velocity (mm/sec)

FIG. 6. Mossbauer spectra of Y3FegOy, at different
temperatures.’
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FIG. 7. M0ssbauer spectra of Yz(Fe( 755¢q »5)2[FelsOyq
at different temperatures.

The temperature dependence of the hyperfine
field was identical in both samples, and the order-
ing temperature was 647. 2 °K for them both. Cen-
tral peaks are found in both samples, as may be
seen in Fig. 9, but there is a slight difference. In
the oxygen-fired sample, T,/T,=0.996, whereas in
the nitrogen-fired sample 7,/T.=0.998. The two
spectra at 645.3 °K may be compared directly. It
is not known what effect of firing conditions on the
microscopic structure causes the peaks to appear.

C. Y;(Feq.75S¢co.55), [Fel; Oy, in Applied Field

In order to decide whether the central peaks in
the M8ssbauer spectra below T, are due to para-
magnetic iron, or some form of relaxation process
which preserves short-range order, spectra were
obtained for one compound in the vicinity of its
ordering temperature in an applied field. A spe-
cially constructed furnace was used which fits into
a 5-cm room-temperature bore of a 50-kOe super-
conducting magnet.’® The temperature stability and
uniformity was 0.5 °K.

In Fig. 10, the spectra are shown at tempera-
tures in the range 436-479 °K in the absence and
presence of a 10-kOe applied field. The interest-
ing feature of the data is that the 10-kOe field is
able to enhance greatly the magnetic splitting of
the hyperfine pattern and reduce the fraction of
the absorption in the paramagnetic pattern. At
447 °K, three degrees below the temperature
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where the hyperfine splitting disappears inzero field,
10 kOe will induce a hyperfine splitting of up to

160 kOe, corresponding to (¢)=0.3. The spectra
at 479 °K are truly paramagnetic in that the ap-
plied field simply produces the broadening of the
lines which corresponds to 10 kOe. These may be
compared with the series of spectra shown in Fig.
11, taken at 457 °K, seven degrees above T,, in
several different applied fields.

It is difficult to analyze the spectra of the mixed
crystals near T, precisely, but the following pro-
cedure was adopted. The spectrum was divided
into a paramagnetic part which is only slightly
field dependent, and a magnetically ordered part,
for which an average hyperfine field Hiy could be
deduced. The fraction of the absorption in the
magnetically split pattern was F. This fraction
is 0.60+0. 05 for the spectra of Figs. 11(b)-11(d)
and O for the spectrum of Fig. 11(a). The average
polarization (o) of an iron ion in the crystal is then
taken to be

(o)=5FH}} /[2H}(H,,, 0)+3HE(H,,, 0)].  (6)

The denominator is obtained from the 4.2 °K
spectrum. The variation of (o) with H,,, is shown
in Fig, 12, together with the variation of the polariza~
tion of the magnetically split portion, thatis {o)/F.

In Fig. 13, the variation of (o (T, H,,)) is given
for Hy,=0 and H,,=10 kOe. It is remarkable that
the ordering temperature, defined by the disap-
pearance of all hyperfine splitting, is about 25 °K
higher in a 10-kOe field.

570

x| O3
560

550

Counts

Velocity (mm/sec)

FIG. 8. Mdssbauer spectra of Y(Fe)y[Feg 75Gay, 2515012
at different temperatures.
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FIG. 9. Mossbauer spectra of YFeOs in the vicinity of 7,, (a) fired in an oxygen atmosphere and (b) fired in a
nitrogen atmosphere.

Static magnetization measurements were also
made on several of the compounds, and magnetic
moment at each temperature was found by extrapo-
lating the magnetization in fields of 10-16 kOe to
zero field. This method gives an ordering temper-
ature in agreement with that deduced from M&ss-
bauer measurements, only for pure YIG. The val-
ues of T, obtained by the two methods are shown
in TableIV, and values of (o) deduced from the mag-
netizationina 10-kOe field are included in Fig. 13.

V. DISCUSSION

We will first consider how far the data of Sec.
IV are able to distinguish between the three explana-
tions that have been proposed for the central peaks
in region iii, namely, a range of ordering tempera-
ture, or individual or collective spin flipping.

In an external applied field H,, the hyperfine
field at an %"Fe® nucleus in a solid with no spon-
taneous magnetization may be written

Hyy=H,, — o(H,,, T)Hp(0) . (7)

Hy;,(0) is the numerical value of the hyperfine field

at T=0 and the minus sign indicates that it is op-
positely directed to the ionic spin S,. o(H,,, T)
(=S,/S) is the ionic polarization averaged over
the Larmor precession time. ¢ is only large for
paramagnets near 7'=0, and for magnetically or-
dered compounds, just above their ordering tem-
perature.

The static ionic polarization, which is propor-
tional to the magnetic susceptibility, will always
be less than the o derived from Mé&ssbauer spectra
because of the different characteristic times, but
the data in Fig. 13 show that values of (o) de-
rived by the two methods agree within 30%.

A virtue of the MOssbauer spectra is that they
give an idea of the range of o for individual ions,
and not merely its average value. The near equiv-
alence of magnetic and M&ssbauer measurements
of (o) allows us to examine the hypothesis that the
central peaks are due to different parts of the ma-
terial having different ordering temperatures.

The inverse susceptibility of a two-sublattice
ferrimagnet theoretically follows a hyperbola,®®
and the actual behavior of YIG is similar.’” The
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FIG. 10. Mbdssbauer spectra of Y3(Fey 755¢q 95)9[FelsOyq; (a) in zero applied field, (b) in an applied field of 10 kOe.

central peaks in Y4(Fey, 755¢o.25)s[Fe 50y, begin to
appear at 430 °K. If there is a uniform distribution
of ordering temperatures between 430 and 450 °K,
and if each region has the same susceptibility above
its ordering temperature as Y Fe;0;, (but scaled
by 1.4, the ratio of the moments at T =0*%), thenthe
reduced magnetization induced by a 10-kOe field

7 °K above T, would be only 0.022. (o) derived
from the M&ssbauer spectrum at 457 °K is 0. 13,
and from magnetization measurements it is 0. 10.
Therefore the critical behavior of these mixed ox-
ides cannot be properly explained in terms of a
range of ordering temperature. In fact the sus-
ceptibility of Y4(Feg, 755Co.25)2[Fel; Oz around T, is
even greater than it is in pure YIG, and not much
less, as a range or ordering temperature would
require. The critical isotherm in pure Y;Fe;0,,
has the equation®® M ;. ;. (H,,)=3.75H;/**. Fitting
a curve with the same exponent through the data of
Fig. 12 at 1.016 T, gives a coefficient of 4. 4.

It is possible that the spectra near T, could arise
frcm ions with a relaxation time for spin flipping
of order 7;.% If this relaxation was uncorrelated
and the ions independent, then the spectra in an
applied field would have to be explained by a reduc-
tion of the relaxation time by about an order of
magnitude. There would then be no reason for the
agreement between Mssbauer and magnetization

measurements of (o) in 10 kOe. Moreover, the
measurements just above 7', indicate that the spins
are not uncorrelated, and purely paramagnetic, but
that there exists a large degree of short-range or-
der. A high static susceptibility throughout a broad
critical region was studied in (NiZn) ferrites by
Ishikawa,’® and explained in terms of critical super-
paramagnetism or short-range order. The central
peaks found in the M&ssbauer spectra of pure?®

and mixed crystals!* have been explained in the
same way.

Superparamagnetic particles behave much like
single magnetic ions with a very large spin. Ina
parallel experiment®® we determined the effect
of an applied magnetic field on the spectra of ultra-
fine particles of YFe;O3. At room temperature
these particles are superparamagnetic, and the
Mosssbauer spectrum is a broad single line, indi-

TABLE IV, Ordering temperatures.

Y;Fe;0pp  Yg(Feg,q55¢0,25)2[FelsOra
Temperature at which the last
trace of magnetic splitting
disappears from the Méssbauer
spectrum (T,) 553 °K 450

Temperature at which the static
magnetization, extrapolated to
H =0, disappears

555 459
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cating that the relaxation time r is close to 7.
When a large field is applied, a well-developed
magnetic hyperfine pattern appears, which can es-
sentially be explained if the magnetization of each
particle is given by a Langevin function. The re-
laxation time need not be changed by the field® for
hyperfine splitting to be seen. All that is neces-
sary is that the particles should be polarized, and
spend more time with their moments parallel to the
field than antiparallel, since the splitting depends
on S,.

In terms of critical superparamagnetism the
spectra of the previous section are explained as
follows. Between T, and T, the crystal has broken
up into magnetically independent regions. The
larger ones are stable, but the smaller ones are
above their blocking temperature and the net mo-
ments fluctuate rapidly compared to 7, although
there is still a semblance of magnetic order within
the regions, which finally disappears well above
T.. As T increases from T,, the average size of
the regions decreases, and so does the fraction of

Counts

-6 -4 -2 (0] 2 4 6
Velocity (mm/seq)

FIG. 11. Mossbauer spectra of Yz(Fey,155¢q.95)2 [FelsOys
at 457 °K in an applied field of (a) 0 kOe, (b) 10 kOe,
(c) 30 kOe, and (d) 50 kOe.
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FIG. 12. Average polarization of the iron ions, derived
from the spectra of Fig. 11 using dots, the whole spec-
trum; and crosses, the magnetically split part only.

iron ions in regions with less than the critical vol-
ume which gives rise to the central peaks. An esti-
mate of the size of the larger regions justabove T,
canbe made by fitting a Langevin function through the
upper 10-kOe point in Fig. 12. The net spin of the
cluster is 1.5x10%up, and it contains at least 10°
iron ions, with dimension greater than 100 A. The
smallest cluster have moments of 10%u B, OT less.
All the data in Fig. 12 cannot be fitted to a single
Langevin function because there is such a range

of cluster sizes present.

The main difficulty with the model of critical
superparamagnetism is that there are no obvious
boundaries for the superparamagnetic clusters.
The considerations of Sec. II give no indication that
the crystal divides itself into clusters of 103-10°

T T T T T T
A
b i
\
o) P 1
430 450 470
T(°K)
FIG. 13. Average polarization of iron ions in

Y3(Fey, 755¢y, 35) sl Fe3]0y5 deduced from Mdssbauer spectras
dots taken in zero applied field, crosses taken in an ap-
plied field of 10 kOe. Linear extrapolation to () =0
defines T';,. The broken line is the average polarization
of the iron ions deduced from static magnetization mea-
surements in a 10-kOe field.
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jons, and with x=0.25 the overwhelming majority
of the ions belong to the bulk cluster. It is possi-
ble that this bulk cluster contains weak points,
where it is connected by only a few nearest-neigh-
bor bonds, but these become increasingly improb-
able as x—~ 0. However, there is nothing in the
Mossbauer data which requires the superparamag-
netic clusters to be localized regions of the crys-
tal. The short-range spin correlation may be
evanescent, yet persist for a time longer than 7,
while the direction of the net moment changes many
times.

Any definition of 7', will contain a distance and a
time over which spin correlations are to be mea~
sured. In practice, the time is a property of the
measuring technique, and in M&ssbauer experi-
ments it is 7,. The definition of 7', as the tem-
perature at which the last trace of magnetic split-
ting disappears requires that the relaxation time of
an ionic spin is very small, <10 sec, but does
not exclude instantaneous long- or short-range
magnetic order., The range of the order can only
be determined from experiments in an applied
field. T, similarly defined in an applied field is
the temperature at which the relaxation time is
very small, and all short-range order has disap-
peared.

In static magnetization measurements, the
characteristic timeis much longer; typically 1 sec,
and it is expected that lower values of 7, will nor-
mally be found in zero field. However the ex-
trapolation to H=90 is likely to give nonzero values
of the magnetization in the region where critical
superparamagnetism occurs and hence high values
of T,. The raising of the ordering temperature by
25 °K in the 10-kOe field is similarly explained, in
terms of the polarization of rapidly relaxing super-
paramagnetic clusters.

Finally, the treatment given in Sec. IIB of a cen-
tral ion surrounded by magnetic and nonmagnetic
neighbors is compared with models developed by
other authors for the diamagnetically substituted
garnets.

Geller found a decrease in the iron moment ex-
trapolated to 0 °K in garnets with a-site substitu-
tions when x20.64. He proposed a random canting
in the unsubstituted sublattice due to competing
inter- and intrasublattice interactions.*®® (Simi-
lar behavior for the surface ions in ultrafine ferri-
magnetic particles has recently been suggested. &)
Geller’s localized canting model was developed by
Rosencwaig,’® who estimated J,,/J,,=0. 23 and
Jaa/Jea=0.07. Significant canting occurs only for
jons with z <2 in a-substituted garnets and z<1 in
d-substituted garnets. A similar model due to
Nowik® is a limiting case of Rosencwaig’s general
formulation. He supposes that the spins of d-site
iron ions with no a¢-site iron neighbors (z =0) in the
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a~substituted garnets are reversed, whereas if z
=1 they are canted. He makes the point that the
hyperfine field will not be proportional to the sub-
lattice magnetization in these circumstances.

These effects, however, have no influence on our
data analysis because they become important only
when the diamagnetic substitution is high enough
for environments with z <2 to have an appreciable
probability, that is x20. 35 for Y,(Fe,.,Sc,),[Fel0y,.

The theory in Sec. II B was given for a ferro- or
antiferromagnet with only one exchange interaction.
It can be extended in a straightforward way to ferri-
magnets, and to include other exchange interac-
tions while retaining a collinear structure.’* Pro-
vided the intersublattice interaction dominates,
it is reasonable to define the environments of an
iron ion by the single parameter z. However,
when the inter- and intrasublattice interactions
become comparable, one must adopt the approach
of the above authors.

Assuming that J,; and Jy; are the only important
interactions, we took the four sublattice magnetiza-~
tions from the data of Fig. 5, ¢,=0.84, ¢,(4)
=0.80, 0,(3)=0.72, and 0,(2)=0.54, to determine
their ratio, using modified versions of Eq. (4),
The result is J,,/J,;~0.1, but we found previous-
!.y2 that to derive precise' values of the exchange
constants from local- molecular-field theory, data
are needed at several temperatures, or for several
different values of x.

It may be noted that high-field Mssbauer ex-
periments on garnets with higher diamagnetic con-
centrations than those studied here would elucidate
the nature of the canting if any.®

V1. CONCLUSIONS

In favorable structures it is possible to use the
Mossbauer effect to measure not only the cation
distribution among different sites, but also to see
if the arrangement of a magnetic ion and a non-
magnetic substitution in equivalent sites is random.
This was found to be the case in
{Y }4(Fe,.,Sc,), [Fel; 0y, with x=0.10 and 0. 25.

Site preferences found for other trivalent substitu-~
tions agree with previous work, and the preference
of Rh® for the octahedral d sites was established.

The central peaks appearing in the Mdssbauer
spectra of the diamagnetically substituted garnets
are not true paramagnetic peaks, due to a range of
ordering temperature, but arise from iron in clus-
ters of short-range order, the ionic moment being
subject to fast relaxation which is at least partial-
ly collective. The size of these clusters is esti-
mated as 10°-10° ions just below the temperature
at which the last trace of magnetic hyperfine split-
ting disappears, but they persist even above this
temperature. A study of the geometry of the ran-
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dom lattice with nearest-neighbor interactions
showed no tendency for localized regions of this
magnitude to form, and it is suggested that they
are evanescent.

M. D. COEY
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In this paper we derive a general expression describing the evolution of the transverse
nuclear-spin magnetization for the Ostroff—Waugh multiple~spin-echo experiment in dipolar
solids. Our approach consists of expressing the formula for the magnetization at even echoes
in a form resembling an ordinary time-correlation function, and then evaluating this quantity
by means of Zwanzig’s projection-operator technique. For long times, we show that under
certain conditions the echo envelope decays exponentially, in agreement with experiment. A
general expression is obtained for the time constant T* associated with the decay. This re-
sult may be used to generate an expansion of 1/T* in powers of the cycle time ¢, but there
are experimental indications that this expansion is not legitimate and that more complicated
t, dependences can arise. In the case when higher-order correlations decay much more rap-
idly than lower-order ones, our result reduces to 1/T*=A t470(t,), where A is a quantity re-
lated to the sixth moment of the magnetization and 1) (¢,) is a characteristic correlation time
associated with decay of the lowest-order correlation function which enters the problem. The
t, dependence of T* is then determined by the behavior of 73(@,), and is in general more com-
plex than the proportionality between 1/T* and tz found previously. This previous result
emerges in the case when 1'2 (t) =t,. Available experimental results suggest that 1/T* is in
general a nonanalytic function of ¢,, as indicated by the observed proportionality between
1/T* and ¢, for Teflon and KAsF;. Further experimental results are needed to clarify the
nature of this nonanalytic behavior.

1. INTRODUCTION P, (a=x, y) denotes a 90° pulse along the o axis

of a reference frame rotating at the Larmor fre-

It was reported"2 that a periodic train of 90° rf
pulses can greatly prolong the decay of transverse
nuclear spin magnetization in dipolar solids. The
effect is observed as a train of multiple spin echoes
analogous to (but quite different in character
from) the familiar “classical” spin echoes first ob-
served by Hahn.! A detailed analysis of this ef-
fect, including the dependence of the decay time T*
for the echo envelope upon the pulse spacing, was
given by Waugh and Wang.? The pulse sequence
which gives rise to the effect may be represented
symbolically as P,, 7, P,, (2r, P,),, where

quency wg (=¥Hp). The first pulse P, serves mere-
1y to establish a suitable initial condition for the
remainder of the sequence. This pulse is followed,
after a time r, by a train of n P, pulses (r ~10%)
spaced apart by a time 2.

The free induction decay following a single P,
pulse in a dipolar solid decays nonexponentially
to zero on a time scale T, (T is the normal trans-
verse relaxation time). However, the echo train
induced by the action of the subsequent P, pulses
persists for times several orders of magnitude
longer than T,.'>* In fact, by reducing the pulse



