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We have determined the ratio of recoilless fractions, f5’/f4’, of Fe® nuclei in octahedral (B) and tetrahe-
dral (4) sites in Fe;O4 and in yttrium iron garnet (YIG), using the Méssbauer effect, by measuring the
area ratios as a function of temperature. We find f5’/f4’=0.99+0.01 at 0°K and f5'/fa’=0.9440.02 at
room temperature. Since, in the Debye approximation, a difference in recoillesss fractions implies a difference
in the Debye temperatures, we have defined two Debye temperatures for such materials corresponding to
Feionsin 4 and B sites. These Debye temperatures have been determined independently and are consistent
with the ratio of recoilless fractions. The Debye temperatures are, however, considerably lower than those
found by specific-heat measurements. Possible explanations for this difference are discussed.

INTRODUCTION

SPINEL and a garnet are usually represented

by the chemical formulas (R)[Q,]O: and
{P}[Q2](R3)O12, respectively. Here the round brackets
refer to ions in tetrahedral, the square brackets to ions
in octahedral, and the curly brackets to ions in dodeca-
hedral sites. For convenience, we will use the same
notation for spinels and garnets, viz., 4 will refer to
tetrahedral sites and B to octahedral sites. If the 4
and B sites are at least partially occupied by ions
possessing a magnetic moment, these materials may
show a ferrimagnetic behavior. The rare-earth ions in
the simple garnets usually occupy the dodecahedral
sites. The dominant magnetic interaction is the anti-
ferromagnetic A-B superexchange interaction. Con-
sequently, the magnetic properties of these com-
pounds*™ are determined by the kind of cations in the
A and B sites and how these ions are distributed among
these sites.

The conventional technique of x-ray analysis® is
not suitable for a determination of the cation distri-
bution in these materials if the cations are nearby in
the Periodic Table. More recently, the Mossbauer-
effect technique has become a tool for measuring the
cation distribution among crystallographically in-
equivalent sites.® This distribution can be determined
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from the ratio of the areas under the recoilless resonant
absorption peaks for Fe’” nuclei in 4 and B sites,
provided the recoil-free fractions f4” and fp’ are known.
These two recoil-free fractions are not necessarily
equal, as has been pointed out by van Loef'® and by
Grant et al.1®

To determine f4’ and fg’, we have recorded spectra
of (Fe)[Fe,]Osand {Y;}[Fe;](Fes;)Os2. These materials
are suitable for such a study because (a) over a wide
range of temperature, the hyperfine fields differ suffi-
ciently for an accurate determination to be made of
the areas under the peaks due to Fe®” nuclei in 4 and
B sites, and (b) the distribution of the iron cations
among A and B sites is known for pure and stoichio-
metric samples.

EXPERIMENTAL

The absorption spectra have been obtained for
powdered samples of Fe;O4 and YIG using a 7-m Ci
source of Co% in a Cr matrix. The absorbers were
crushed single crystals of the mineral magnetite and
synthetically grown single crystals of YIG. The
stoichiometry of the magnetite sample was better
than 19;.17 The spectra are recorded using a Nuclear
Data 1024-channel analyzer, model 2200. Clock pulses
from the analyzer drive a scalar, and a digital-to-
analog converter then generates a stepwise voltage
with a saw-tooth waveform. This voltage serves as the
reference for the transducer-driving electronics.!® The
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furnace and temperature-control electronics have been
described previously.!?

RESULTS

Several absorption spectra of Fe;O4 have been re-
corded in the temperature range 300-800°K with
absorber thicknesses of 25, 15, and 8 mg/cm?. Some of
these results have been published in a previous paper
on the relation between the hyperfine magnetic fields
and sublattice magnetizations in Fe;04.1% All the spectra
have been corrected for some absorption in the middle
of the spectrum due to iron impurities in the beryllium
window of the proportional counter. and in the
aluminum-radiation shields of the furnace. The cor-
rection required was determined by recording spectra
over the whole temperature range without any ab-
sorber. The shape of the base line was determined in
the same way. The spectrum obtained at 298°K for
Fe;04 is shown in Fig. 1. Below 119°K ferrous and
ferric ions occupy the B sites. Above this temperature
a rapid electron hopping?2 removes the difference
between Fe?* and Fe** ions and consequently all the
nuclei in the B sites feel the same field. Therefore,
only two different spectra due to Fe in 4 and B sites
are observed. The ratio of the areas 74//p under the
peaks assigned to the 4 and B sites can easily be deter-
mined from the spectra recorded between 300 and
800°K. For a thin absorber, this area ratio would be
0.50 if fa’=f5’. Above 800°K a considerable overlap
of the peaks impedes an accurate determination of the
area ratio. The areas 74 and [p, as well as the ratio
I4/Ip, were determined by doing a least-squares fit
to the spectrum, assuming Lorentzian line shapes on a
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Fic. 1. Méssbauer spectra of Fe;O4 at 298°K. 4 and B indicate
the peak positions of the absorption lines from Fe’” in 4 and B
sites. The solid lines drawn show both the envelope and the indi-
vidual lines as obtained from a fit to the spectrum by the mgthod
of least squares.
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parabolic base line. Only the lines marked 41, 42, By,
and B, in Fig. 1 were used.

Spectra of Fe® in YIG were obtained in the tem-
perature range 300-775°K and for absorber thicknesses
of 37, 34, and 17 mg/cm?. The spectra obtained at 296
and 560°K are shown in Fig. 2. Below the ferrimagnetic
Néel temperature the spectrum is complicated by the
presence of two B-site lines. The A4-site line is, however,
well resolved from both of the B-site lines for lines 1,
5, and 6 as seen in Fig. 2(a). The two B-site lines are
due to two possible angles between the principal axis of
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Fic. 2. Méssbauer spectra of YIG at (a) 296 and (b) 560°K.
Absorber thickness is 17 mg/cm? A4 and B indicate the peak
positions of the absorption lines from Fes” in 4 and B sites. The
solid lines drawn show both the envelope and individual lines as
obtained from a fit to the spectrum by the method of least squares.

the electric field gradient and the magnetic field. The
area ratio of the two B-site lines B’ and B’’ is expected
to be 3:1.2¢%

A least-squares fit was done to all spectra for lines
1, 2, 5, and 6. The fit was first done by imposing the
constraint that the area ratio 7p':7g” was 3:1. The
parameters obtained from this fit were used as initial
guesses for a fit without constraints. The area ratio
I14/(I5 +15"") was insignificantly different for these two
fits. From here on, we will use /5 as the total area of
the octahedral line determined from Ip=1Ig'+I5".
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The area ratio I4/Ip is expected to be 1.50 for a thin
absorber if f4’=fs". Above Twn there is only one
spectrum due to Fe’” in B sites. The whole spectrum
consists of two quadrupole split doublets, one for the
4 site and one for the B site. These spectra were fitted
to the sum of four Lorentzians on a parabolic base line,
which are identified with the two sites as shown in Fig.
2(b). It will be noticed that the peaks marked 3 and 4
in Fig. 2(b) have a slightly lower intensity than the
peaks marked 1 and 2. This is due to the large amount
of overlap of peaks 3 and 4 which increases the effective
thickness of the absorber. This fact can be used to
check the thickness corrections discussed below.

Corrections for the finite thicknesses of the absorber
can be made by using the following relation given by
Shirley et al.26:

Pexptl‘expt=nomff’I‘(I—O.24~r) s for r<4. (1)

Here Peypt is the fractional absorption at the peak
position, Texpt is the measured full width at half-height,
and # gives the number of the Fe® nuclei per cm? on a
particular site and in the correct hyperfine state. The
total cross section for recoil-free absorption is denoted
by om, and f and f” are the recoilless fractions for the
source and absorber, respectively. For all the recorded
spectra, the condition 7<4 was fulfilled, where

r=nflonl/T". )

In (2), T'is the natural linewidth, and I'” is the absorber
linewidth, which was chosen so that

Pexptz (P/+P8l) (1+0-1357) }) (3)

and Iy’ was adjusted to be consistent with all our data.
Then, in a particular absorption spectrum, the ratio
of the area I to area I, of two lines denoted by 1 and
2, respectively, is given by

Iy m f1' 1-0.247,
——— (4a)
Ig V(2 fz' 1—024T2

ni fl’ Il 1 —0.24:72

na fa) I21—024r,

Now I:/(1—0.247;) and I,/(1—0.247;) can be con-
sidered as the corrected areas under the peaks from
which the ratio fi’/f’ can be determined. These cor-
rections have been made for octahedral and tetrahedral
peaks in the spectra of Fe;O4 and YIG if it turned out
to be necessary. The thickness corrections required for
the area ratio was at most 3% for the 37-mg/cm?
YIG absorber for temperatures above the ferrimagnetic
Néel temperature. Since f4’ and fp’ vary only slowly
with temperature, the temperature dependence of the
correction is small but was taken into account using
values of f4” and f5" as determined from the measured

and

(4b)

( 26 D, A. Shirley, M. Kaplan, and P. Axel, Phys. Rev. 123, 816
1961).
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F16. 3. Areas of the 4- and B-site spectra for Fe;04 and YIG
plotted on a logarithmic scale versus temperature. The solid
lines are fits to the data as obtained by the method of least squares.

Debye temperatures. The final results are shown in
Fig. 3. Here the corrected relative areas of the octa-
hedral -and the tetrahedral peaks are plotted on a
logarithmic scale as a function of the temperature.

DISCUSSION

In the Debye approximation for lattice vibrations
the recoil-free fraction f’ can be written as?

fl=e o= BT for T>10. )

Here E, is the recoil energy, & is the Boltzmann con-
stant, ® denotes the Debye temperature, and T is the
absolute temperature. Actually spinels and garnets
have structures which are too complicated for the
Debye approximation. In order to correct in part for
this, we introduce two Debye temperatures ®p and
©4 for octahedral and tetrahedral sites, respectively.
It is perhaps difficult to justify two Debye tempera-
tures, but since this is the only variable in (5), we shall
assume for data analysis that this can be done. A
measure of the strength with which the ion is bound to
its equilibrium position is given by ©. In this way, we
have made the model more realistic. Because I is
proportional to f’, the InfT-versus—T curve should be a
straight line for 7>%10©; hence ®4 and ®p can be
determined from the slope of the straight line. The
drawn lines in Fig. 3 are the least-squares fits to the
data points. From this we find that the Debye tem-
peratures are

0,4=334+10°K, Op=314+10°K,
and
0,=406+15°K, ©z=366=:15°K, for YIG.

for Fe;O4

27 A, J. F. Boyle, D. St. P. Bunbury, C. Edwards, and H. E.
Hall, in The Mossbauer Effect, edited by D. Pines (W. A. Ben-
jamin, Inc., New York, 1963).
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F16. 4. Area ratio of the 4- and B-site lines for Fe;04 and YIG

plotted versus temperature. The solid lines are fits to the data
as obtained by the method of least squares.

The errors are calculated from the last-squares fit and
do not take into account the possible inadequacy of
the Debye model. These Debye temperatures are much
lower than those obtained by specific-heat measure-
ments. The values obtained from specific-heat data
range from 570 to 660°K for Fe;0428% and from 454 to
599°K for YIG.**=% The Debye temperatures that we
obtained are perhaps not suitable for comparison with
those obtained from specific-heat data, because the
latter were obtained at temperatures 77<300°K, while
ours were obtained at 77>300°K. Another reason that
this comparison is unsuitable is that with the M&ssbauer
effect we obtain information about the vibrational
properties of the Fe’” nuclei, whereas the specific-heat
data involve the vibrational properties of the whole
lattice including the much heavier Y ions for YIG.
Since it has been concluded that Fe®’(4) and Fe®’(B)
have different vibrational properties, it is not incon-
ceivable that these would be considerably different
from the vibrational properties of the lattice as a whole.

In Fig. 4, we have plotted the corrected values of
the area ratios 7 4/I5 for both Fe;04 and YIG. At high
temperature and in the Debye approximation this area

ratio can be written as
——=—€Xp )
k \@A LE

IB V(3:]

which can be approximated by

Iy n4 6E,./ 1 1
PG
IB V2:] k ®A2 @B2

28 J. S. Kouvel, Phys. Rev. 102, 1489 (1956).
2”R W. Mlllar J. Am. Chem. Soc. 51, 215 (1929).
®JE. Kunzler L. R. Walker, and J. K. Galt, Phys. Rev. 119,

1609 (1960).

31D, T. Edmunds and R. G. Peterson, Phys. Rev. Letters 2,
499 (1959).

32 H. Meyer and A. B. Harris, J. Appl. Phys. 31, 49S (1960).

8 S, S. Shinozaki, Phys. Rev. 122, 388 (1961).

SAWATZKY, VAN DER WOUDE, AND MORRISH

183

The straight lines drawn in Fig. 4 are least-square fits
to Eq. (7), and from this we find 74/7p=0.50824-0.015
and 1/042—1/0g= — (1.42£0.2) X107 for Fe;O4. For
YIG, we get n4/np=1.4940.05 and 1/0,.2—1/05
=—(1.540.2)X 1075, The values of n4/np are well
within the experimental error of the known values for
Fe;04 (0.50) and for YIG (1.5). The values of 1/0 4’
—1/@3? are in good agreement with those calculated
from the previously determined values of ®4 and ©p.
The two types of analysis, i.e., the determination of
©4 and Op from the areas and the determination of
na/ng and 1/0,2—1/0g involve slightly different
errors, especially for the cases where significant thick-
ness corrections are required. The area ratio is of course
much less sensitive to thickness corrections than the
area is. It is gratifying to see that the two methods of
analyzing the data give the same results.

At room temperature, the ratio of the recoilless
fractions fa'/fa’ determined from the intensity ratio
is 0.944-0.02 for Fe;O, and 0.9420.02 for YIG. At
0°K the ratio of recoilless fractions can be calculated
from

I8/ fa/=e3E2(1/@p—1/04). 8)

By using the values determined for ©4 and ©p, we
get f5'/fa’=0.99+£0.01 for Fe;O4 and 0.994-0.01 for
YIG. In earlier work, fp’/fa’ was found to be 0.85 at
room temperature!® and 0.9640.02 at S5°K,!¢ for
BaFe;s019 and CaqFe)O;, respectively. These two
materials have a different crystal structure and only
ferric ions in octahedral and tetrahedral sites.

CONCLUSIONS

From Mossbauer spectra of Fe;Os and YIG the
relative intensities of the peaks ascribed to Fe®” nuclei
in tetrahedral and octahedral ions have been deter-
mined. From these results, it has been shown that the
recoil-free fractions of nuclei in the two sites are almost
equal at 0°K. At room temperature, the recoil-free
fraction fz’ of octahedrally situated nuclei is 6%, lower
than f4’ of tetrahedral nuclei. This means that the
relative occupation numbers cannot simply be deter-
mined from Méssbauer spectra of these materials at
room temperature. However, the information can be
obtained by extrapolating from data taken at high
temperatures over a wide temperature range.
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