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Magnetic structure nf zinc-substituted magnetite at T =4.2 K
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The magnetic structure of Zn„Fe3 „04(0~x ~0.8) has been investigated by Fe Mossbauer

spectroscopy at T =4.2 K. A localized canting model that considers the configurational details

of the neighbors has been developed for the analyses of the spectral data, The magnetization

predicted for the compounds with canted structures agrees reasonably well with the values

determined by experiment.

I. INTRODUCTION

Mixed Zn ferrites of the type Zn„M3 „04 where M
is a magnetic ion have been the subject of numerous
investigations in the past, especially with regard to
their magnetic properties. ' The metallic ions occupy
the tetrahedral A or octahedral B sites in the spinel
crystal structure. The Zn ions preferentially occupy
the A sites because of their tendency to form co-
valent bonds involving sp' orbitals. For x =0, the
magnetic moments on the more numerous B sites lie

along the magnetization direction; those on the A

sites are aligned antiparallel. Therefore, the substitu-
tion of diamagnetic Zn'+ ions for the M ions on the
A sublattice may reasonably be expected to result in

an increase in the magnetization, proportional to the
amount of substitution, at T =0 K. Such indeed oc-
curs for x & 0.5, although the increase is less than
expected if free-ion magnetic moments for the M
ions are assumed. At higher Zn concentrations, i.e.,
x & 0.5, the moment begins to decrease and for
x =1.0, an antiferromagnetic structure is observed. '
Although several other models' ' have been offered
for the behavior of the magnetization for x & 0.5,
spin canting has been determined to be primarily
responsible. The canting angles have been measured
for several systems using the neutron diffraction ' or
the Mossbauer technique. " From the measured
values of the canting angles it is possible in principle
to fit the magnetization results quantitatively. No
such work has yet been reported. Magnetization and
Mossbauer results have usually been determined for
different samples, and at differing temperatures and
fields. A quantitative determination of the canting
angles should allow a decision to be made on whether
or not the spin canting is solely responsible for the
magnetization behavior. However a "Fe Mossbauer
study can only give information about canting of the
iron magnetic moments. Therefore, the only mixed
Zn spinel for which a complete correlation between
magnetization and ' Fe Mossbauer measurements is

possible is the [Zn„'+Fe3t+„](Fe2t+„Fet~„)04 family.
Here the square and round brackets indicate cations

on the A and B site, respectively, This system was
first studied by Stuijts et al. ' at 4.2 K for x ~0.7
and most recently by Srivastava et al. "'8 between 77
and 300 K for x ~0.8, As with other mixed Zn fer-
rites, the magnetization was shown to increase with
increasing x until x =0.5, after which it began to de-
crease.

The main purpose of the present study is to com-
pare quantitatively the magnetization values mea-
sured at 4.2 K with those calculated from the micro-
scopic spin structure as determined from a 'Fe
M ossbauer investigation.

II. THEORY

The exchange interactions for the A and B sublat-
tices of the spinel structure of a ferrite can be
represented by three exchange parameters: J&~, the
intersublattice exchange parameter and J~~ and J~~,
the intrasublattice exchange parameters. If only
nearest-neighbor superexchange bonds are considered
then the local mean field for a spin on the ith sublat-
tice can be written, following the notation of
Rosencwaig, ' as'.

H; = (2/g p s) ( Jg S, + J;;S;)

where S; and S& represent the sum of the neighbor-
ing spins on either sublattice, For example, the B
sublat tice of [Fe3+](Fe'+Fe'+) 04 has

Is. l=6I J~l B ISBI =6up&vs

Here p, and p, & are the magnetic moments per atom
of spins on the A and B sublattices, respectively. As

J~~ is much more negative than J~~ and J~q the two

sublattices are arranged in an antiparallel fashion as
shown in Fig. 1(a).

In [Zn„'+Fe3t+„](Fe2t+„Fe3~++„)04, diamagnetic Zn'+

ions are randomly substituted into the A sublattice,
resulting in a change in S~ and Sg, and in a breaking
of nearest-neighbor exchange interactions. Geller
et al. ' proposed that random canting occurred on the
unsubstituted lattice under these conditions on the
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basis of their experimental data. This proposal was

developed mathematically by Rosencwaig' for the yt-
trium iron garnet (YIG) system and is outlined here
for spinels.

A random distribution of diamagnetic ions is as-
sumed on the A sublattice and canting angles $ with

respect to the magnetization axis are assumed on the
B sublattice. This allows us to ~rite the local mean
field for a given ion i on the B sublattice by using Eq.
(I). However, since there is diamagnetic substitution
on the A sublattice,

IS. I
=(6-m) p, /gp, s, (2a)

where m is the number of neighboring sites on the A

sublattice which are occupied by diamagnetic ions.
Similarly, for the B sublattice

lssl =6I a(x)«1 B . (2b)

where p&(x) = (I —x)pa~++ (I +x) p&3+ and ps2+ and
p,&+ represent the ionic moments of the B site Fe +

and Fe'+ ions, respectively. This relationship for
p,a(x) assumes complete d-electron localization,
which is reasonable even for magnetite below the
Verwey temperature.

The resultant spin structure, with the spin S; taking
a local canting angle $; with respect to the magnetiza-

FIG. 1. Schematic representation (a) of a collinear spin
structure and (b) of a canted spin structure. The average
canting angle on the B sublattice is indicated by 8 and the lo-

cal canting angle by @;.

tion direction is shown in Fig. 1(b). Here the A sub-
lattice is represented by a single spin of magnitude

IS~ I [Eq. (2a)] aligned opposite the magnetization
direction, and the B sublattice is represented by a sin-

gle spin of magnitude ISsl [Eq. (2b)] at a canting an-

gle 8, the average canting angle of the 8 sublattice
with respect to the magnetization direction. It fol-
lows from this assumption, Eq. (I), and negligibly
small J~~/J~s that the local canting angle $;(m) is
given by

I s. I

—
I ss I

& c»g
cos[d;(m) l =

[I S„I'+ (IS,I5)'-2l S„II S, l
gcose]'"

where 8 = Jss/JAB
It follows that $;(m) can take on any value

between 0' and (180' —8) depending on the value of
the numerator. If S& )S~Scos8, i.e., if the net inter-
sublattice interaction on a spin is greater than the net
intrasublattice interaction, then $;(m) will be smaller
than the average canting angle 8. If S~ & Sg5cosH,
then $;(m) will be larger than the average canting
angle 8, and if S~ =0, then the B; spin will be aligned
antiparallel to S~, that is, with a canting angle

g; = —8. The result of this analysis is therefore that
the local canting angle of the B-site ion depends (via
S~) on the number of diamagnetic nearest neighbors
on the A sites and on the ratio Jss/J~s. If a random
distribution is assumed, the probability of a spin hav-
ing m of its six A-site neighbors occupied by Zn'+
ions can be calculated from the binomial distribution:

6
P(x, m) =. x' (1 —x)

which allows the magnetic moment per formula unit
to be written

6

p(x, T =0) =2 X P(x, m) cos[P(x, m) ]ps(x)
m 0

—(1 —x)p

The first term indicates the decrease in moment due
to random canting on the B sublattice, and the
second represents the increase in moment due to dia-
magnetic substitution on the antiparallel 3 sublat-
tice.

The model developed by Rosencwaig has been
used successfully in the past for a qualitative descrip-
tion of canting in several mixed Zn ferrites. Before
applying the model in a quantitative fashion however,
it is necessary to make some modifications. In the
first place, it should be noted that the representation
of the neighboring B-sublattice spins S& and their
canting angles $, by I Ssl and the average B-
sublattice canting angle 8 is not very good. A better
representation is given by a vector summation of the
B-sublattice nearest-neighbor spins. Thus Eq. (2b) is
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replaced by

6 6

Ss= XS,cos($, ) cos(p, ) x+ XS&cos(@,) sin(p, ) y+ Xsisin(pi) z (4)

where the P, are the azimuthal angles of the spin. Now, using Eq. (I) as before, it follows that:

I Sw(m;) I I Ssl acos[u;(m;)1
cos ; m;

[IS„(m;)I
+ ISsl S —2I S „(m;) II S slacos[~;(m;)]}''

(5)

where n;(m;) is the angle that the resultant Ss [of
Eq. (4)] makes with the magnetization axis. This an-

gle will, in general, be very different from 8, the
average canting angle of the 8 sublattice, and will be
smaller than X, , 6 @i because the spins will be ran-

domly distributed over the azimuthal angle pJ. In
practice, it will be very difficult to calculate a;(m;)
and thus, to determine g from Eq. (5).

The second modification required for the localized
canting model occurs because nearest 8-sublattice
neighbors share some of the same A sites as nearest
A-sublattice neighbors. Thus the surroundings of
neighboring 8-sublattice ions are not independent of
each other. Once we choose a spin S; having m; zinc
A-sublattice nearest neighbors, the probabilities for
the possible values of m, and $, available to each of
the nearest 8-site neighbor spins SJ are no longer
given by the binomial distribution. This means that
a; is a function of m; as we have already implied in

Eq. (5). When $;(m;) ) 9G', such spins being re-
ferred to as reversed spins, this m; dependence of o.,
affects the orientation of S; in a very dramatic way.

Since, in the ferrites ii~si is known to be much
larger than i

Jason,

we will assume that only those
spins with all six nearest A-sublattice neighbors occu-
pied by Zn ions can be reversed. If more than half
of the nearest 8-sublattice neighbors of one of these
reversed spins are themselves reversed, then that
spin will have been reversed twice. Similarly, if the
neighbors to a reversed spin are themselves doubly
reversed, that spin will have been triply reversed. It
is thus clear that any theory which considers only

first-nearest neighbors will break down if multiple-.

reversal probabilities become significant. The proba-
bilities for multiple reversal to occur can be calculated

I

by assuming a random distribution of Zn2+ ions on
the A sublattice and considering the number of spins
shared by all the neighbors. The multiple reversal
probabilities are very small for x ~0.4; i.e., the first
order of reversal gives a satisfactory picture. For
x =0.6 and 0.8, calculations must be made to second
and third order, respectively, the results of which are
shown in Table I." This allows determination of the
total number of magnetic moments reversed or un-

reversed with respect to the magnetization direction
as given in Table II. An attempt was made to per-
form a similar calculation for x =0.9, but it was es-
timated that 4—6 orders of reversal would be required
to give a satisfactory picture and it is extremely diffi-
cult to calculate that many orders. For x =0.95, even
more orders, perhaps 10—20 would be required.

The magnetic moment per formula unit at T =0 K
may now be written

5

p, (x, T =G) =2 X P(m, x) cos[@(m,x)]
m 0

+P(6'x) cos[@(6',x)]

+P(6,x).cos[P(6.x) l p& (I —x) p, —

(6)

where m =6 refer to unreversed (or doubly reversed)
spins at m =6' are the sum of singly and triply re-
versed spins (Table II). This modified localized cant-
ing model will be used for the analysis of the Moss-
bauer spectra and magnetization data presented in

Secs. III—V.

TABLE I. Multiple-reversal probabilities for Zn„Fe3 „04
where x =0.6 and 0.8.

TABLE II. Probabilities for reversed and unreversed
spins in Zn„Fe3 „04 samples with x =0.6 and 0.8.

Sample
x

Unreversed
(Bo—B,)

Single
reversal

Double
reversal

Triple
reversal

Sample
x Unreversed (805) Reversed (B,) Unreversed (B6)

6

0.6
0.8

0.953 34
0.737 86

0.042 74
0.152 19

0.003 92
0,081 21 0.028 74

0.6
0.8

0.953 34
0.737 &6

0.042 74
0.18093

0.003 92.
0.081 21
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III. EXPERIMENTAL
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FIG. 2. Lattice parameter of Zn„Fe3 „04 as a function of
the Zn concentration x.

The samples were prepared by Srivastava et al. ""
in a way similar to that of Stuijts et al. ' X-ray-
diffraction techniques showed the samples to be free
of impurity phases. The lattice parameters' were mea-
sured and are plotted as a function of Zn concentra-
tion in Fig. 2. The linear increase in lattice parameter
with Zn concentration derives from the large size of
the Zn + ions as compared to the Fe + ions. The
high-angle lines were not broadened, indicating that
the samples had a uniform Zn distribution.

The magnetization measurements were performed
using a vibrating-sample magnetometer, usually
within the field of a regulated, water-cooled elec-
tromagnet. For fields in excess of 18 kOe, a super-
conducting solenoid was used for which a set of sens-
ing coils was developed. The system was calibrated
using a sphere of spectroscopically pure nickel and
the values of Crangle and Goodman. '

The Mossbauer measurements were made with a
constant-acceleration spectrometer which was cali-
brated by using iron-foil and n-Feq03 absorbers. " A
linewidth of 0.28 mm/s is measured for the outer
lines of an iron-calibration absorber 10 mg/cm~ thick.
The differential linearity" of the spectrometer is
0,2%. The isomer-shift values quoted in Sec. III are
with respect to iron.

The external magnetic field produced by the super-
conducting solenoid has a negligible field decay dur-

ing the time required to collect-a Mossbauer spec-

trum. Magnetic shielding was used to reduce stray
fields to below 100 Oe at the source, which was at
room temperature during the measurement. The
thickness of the absorbers was -0.4 mg/crn "Fe.

The Mossbauer spectra were fitted with one or
more patterns consisting of Lorentzian absorption
lines. All patterns were symmetrically constrained;
i.e., the linewidth and depth of the first peak equals
the linewidth and depth of the sixth peak, etc. The
splitting ratios for the 2,5 lines as compared to the
1—6 lines were constrained to theoretical values. '
This is necessary in view of the frequently small in-
tensities of the 2—5 lines.

Since the sample was powdered and randomly
oriented, the electric-field-gradient tensor was ran-
domly orientated with respect to the applied magnetic
axis throughout the sample. Therefore the quadru-
pole splitting was constrained to be zero; as expected
some slight-line broadening was observed.

Canting angles were calculated for the various com-
ponent spectra in order that the values could be used
for the calculation of the bulk magnetization. Two
methods can be used to calculate these angles: the
intensity method, and the hyperfine-field method.
The intensity method uses the ratios of the areas A ~ 5

and A ~ 6 of the 2—5 and 1 —6 lines, respectively, of
the various spectra and the formula

1/2—,'(A, 5/A, 6)

1+—(A~ 5/A) 6)
P = arcsin

where @ is the angle between the hyperfine field at
the nucleus, and the direction (positive or negative)
of the absorbed y ray (here parallel to the applied
magnetic field). This method is reasonably accurate
(+10' or less) because the line intensities are usually
well defined. For small angles (@(20') the relative
error becomes large, but this has little effect on the
calculated moments for the samples since cos@= 1 in
Eq. (6).

The hyperfine-field method for calculating the
canting angles employs the cosine rule to solve for
the canting angles (Fig. 3) and gives

Ht, r ( H, „,) —Hg~( (0) —H,~„,

2Hhr(0) H, „,

where Hhr(H, „,) is the hyperfine field in the pres-
ence of the applied field H,„„and Ht, r(0) is the hy-
perfine field for H, „,=O. This method has some as-
sociated problems. The hyperfine fields, Hhr(0) and
Hhf(H, „,), can differ by at most H, „,. Further, if
H, „, is small (-10 or 20 kOe), the hyperfine fields
for a spectrum are not well resolved, and the errors
in Hhr(H, „,) are an appreciable percentage, even up
to 100'/0, of H,„, itself. It follows that the uncertainty
in the numerator can lead to a very large error in the
canting angle @. Finally, experiments above 4.2 K,



MAGNETIC STRUCTURE OF ZINC-SUBSTITUTED. . . 119

Magnetization i'

Direction

Hext

be the result of a field dependence of the canting an-

gles. For this reason we have determined the canting
angles for various values of H, „,.

B. Mossbauer measurements

FIG. 3. Hyperfine fields with and without an external

tield, &«,, applied and the canting angle.

and on which a future report is planned, indicate the
H„r(H, „,) changes in magnitude and orientation with

H, „, in a manner that makes the hyperfine-field
method no longer applicable. In view of these prob-
lems, only the canting angles, @, calculated from the
intensity method are presented in Sec. IV,

IV. EXPERIMENTAL RESULTS

A. Magnetization measurements

The values of the magnetization for the various
samples are sho~n as a function of field at 4.2 K in

Fig. 4. The results clearly show that the magnetiza-
tion values increase for x «0.5 and subsequently de-

crease for larger values of x. Figure 4 shows that the
high-field susceptibilities of the various samples are
quite different. For. the samples with x =0.0 and 0.2
saturation occurs in a field of approximately 8 kOe.
Above 10 kOe, these samples have, within the exper-
imental error, the same susceptibility with a value
less than 0.05 emu/g/kOe. The samples with x =0.4,
0.6, and 0.8, however, are clearly not saturated; they
have average susceptibilities between 10 and 50 kOe
of 0.19, 0.38, and 0.59 emu/g/kOe, respectively. At
50 kOe the susceptibilities are 0.08, 0.33, and 0.57
emu/g/kOe which indicates that for the x =0.4 sam-

ple the canting is then very small. This behavior may

In zero applied magnetic field only the components
corresponding to Fe + and Fe'+ ions are resolved.
The linewidth of the Fe'+ component is -0.6 mm/s
independent of zinc content, and does not permit the
A- and 8-site Fe'+ components to be resolved.
Furthermore, it follows that the Fe'+ hyperfine field
is not much affected by the distribution of neighbor-
ing Zn'+ ions. The Fe'+ component has a linewidth
of -1.0 mm/s indicating a broader hyperfine-field
distribution.

The hyperfine fields corresponding to spin com-
ponents parallel and antiparallel to an applied mag-
netic field are resolved for H, „, & 30 kOe. The at-
tempts to analyze the Mossbauer spectra have been
based mainly on the results for the fitting of these
resolved spectra. Several models were used: the lo-
calized canting model with no reversed spins, the lo-
calized canting model with reversed spins developed
by Rosencwaig, ' and the modified localized canting
model with multiple reversed spins discussed in Sec.
II. As an example, the analyses of the x =0.8 sam-
ple will be discussed.

The 4.2-K, 50-kOe spectrum (Fig. 5) was fitted
first assuming that line a corresponds to A-site ions
and line b to 8-site ions. Line c was assumed to be
due to canting on the 8 site alone. This yielded an A

to 8 area ratio of 0.30:1, a value much higher than
the ratio of 0.10:1 expected on the basis of the chem-
ical formula. In addition, the calculated magnetiza-
tion, assuming p,

'+ = 4p, ~, p,
'+ = 5 p, ~, and using the

canting angle obtained from Eq. (7) yields a magnetic
moment of 7.2 +0.2p, q per formula unit, a value 60'lo

higher than the measured value of 4.47 +0.04@,a per
formula unit. The possibility that the anomalous A

to 8 area ratio indicated the presence of Zn atoms on
the 8 sites could be eliminated because at 20 and 40
K in fields of 50 kOe the spectra had an area ratio of
0.09+0.01. Apparently at or above 20 K, only A-site
ions contribute to the absorption of peak a, but at 4.2
K, the reversed 8-site spins also contribute to the ab-
sorption of peak a. Also the Mossbauer spectra at 20
and 40 K established that with increasing tempera-
ture, peak b broadened, as expected, but that peak a
narrowed. This latter observation also suggests the
presence of more than one component in peak a at
4.2 K.

Reversal behavior is to be expected for those 8
sites with large numbers of Zn nearest neighbors ac-
cording to the localized canting model. %e next as-

sumed that all 8-site spins with six Zn nearest neigh-
bors, denoted by 8,, were reversed (that is @)90')
and contributing to the areas of both peak a and peak
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c. The structure visible in peak c hei
h B

wa

e 8, ions. The ratio (A +8 )/8
s obtained where the symbols

05 =0.35
now refer to areas

05 is associated with the ensemble of iron ions
on 8 sites with zero to fiv Zo ive n nearest A-site nei h-

bors. The theoretical ratio is 0.49 ' '
sio is . and still disagrees

with experiment. In addition th
cuulated with this model was 2.7 +0.2 er

i ion, t e magnetization cal-

la p

However by making allowance for m lt' 1

sais, a theoretical ratio (A +8 )
u ipe rever-

Bos+B .36
a e, in excellent agreement with the ex-

l r I

Zn„Fe „04 X=04

I40-

I55—

I30—

l25—

120—

I l5 —l

F ii0—
CL)

I05-
O

IOO-

95—
LLj

90-

�

X =00
g

~m R

K~X =0.8

85—

80—

75—

70—

65—

60-

55
0

I I

IO l5 20 25
I I

50 35 40 45 50

ext ~kOe)

th i

FIG. 4. Magnetization vs applied field f Z F 4or n e 0
i ese data.

i error bars represent th e experimental data;



22 MAGNETIC STRUCTURE OFE OF ZINC-SUBSTITUTED. . . 121

1.430—

0
1.410—

O
C3

~ ~

a
gr~4 ~~h~

Zna. 8 Fe2.2 O

~ ~
~ ~

~ i

e 0

/
r ~

1~ ~

~& Magnetization
Direction

1.390—

—14
I

—7
I

0

VELOCITY (mm /s )

14

FIG. 5. Moossbauer spectrum of Z

50 kOe.
of Zno. SFe2 204 at 4.2 K and

perimental value of 0.35.
dt's 1 d

Here B, re
erse spins and B6 to do

Fsee ig. 6). Further
1 1 da e to be 4.2 + 0.2

nit diff f 6'/

Cl 1, h li 1

o 0 from the m
u ip e reversal model gives the best FIG. 6. Maagnetic structure of Zn Fen„e3 „04 for x =0.6 and 08~ ~

Zn„Fe& „0&

6.50—

6.30—

~ 6.io—

0)
z'

5.90—
O

5.80—

o.70—
x = 0.2

I

-5
I

-l0
I I

0
I

VELOCITY (mm /s j

FIG. 7. Mossbauer spectra of Zn Fen„e3 „04 for x =00 and 0 2 . e.n e = . an . at4. 2Kand0kOe.



122 P. A. DICKOF, P. J. SCHURER, AND A. H, MORRISH 22

TABLE III. Experimental values of the isomer shift 8 (mm/s), quadrupole shift ~' (mrn/s), and
hyperfine field Hhf (kOe) for Fe + ions in Zn„Fe3 z04 for H,„,=o kOe at 4.2 K. The subscripts I

and II indicate the two patterns for ferrous ions fitted to magnetite. The figures in parentheses are
the probable errors.

Fe2+
I

Hhf

Fe2+
II
I

Hhf

0.0

0,2

0.4

0.6
0.8

i, i6(s)
0.89(4)

0.93(7)

0.92(s)

—1.70(5)

-o.so(4)
-O.77(7)
-o.s4(s)

508(1)

464(1)

4so(1)
448 (2)

429(4)

i,s6(s) 2.07 (5) 356(1)

agreement between the Mossbauer and the magneti-
zation data.

The Mossbauer spectra were fitted with an ap-
propriate number of six-line patterns. When the
resolution was sufficient, the errors were taken to be
those given by the fitting program. When the pat-
terns were not resolved, a larger error of 5 kOe in
the hyperfine field was assigned in view of the uncer-
tainty. When several components were treated as
one six-line pattern, the error in the average hyper-
fine field was raised to 10 kOe. These two figures
represent approximately one-quarter and one-half the
linewidths of the fitted lines, respectively.

Below the Verwey temperature Ti, Fe304 exists in
a multiple twinned monoclinic state. " As a result the
lines in the Mossbauer spectrum are broadened be-
cause of the distribution of angles between the mag-
netic and the electric field gradient. The broadening
can be removed by cooling a single-crystal specimen
through Ty in a magnetic field applied along [100).2
The spectrum obtained from such a specimen can be

resolved into five components corresponding to one
A-site Fe'+ ion, two B-site Fe'+ ions, and two B-site
Fe'+ ions. " Rubinstein and Forester have pro-
posed six components corresponding to three Fe3+
sites and three Fe + sites.

Since the present Fe304 sample is polycrystalline
and it is not the purpose of this investigation to dis-
cuss the properties of Fe304, the spectrum for Fe304
has been fitted with only one Fe3+ component and
two Fe + components. The results are in fair agree-
ment with those published previously in the litera-

For the x =0.2 sample only two com-
ponents were fitted because the Fe2+ component with
the smallest Hhf value is not present anymore. The
data and computer fits are shown in Fig. 7. The as-
sociated Mossbauer parameters are listed in Table III
for ferrous ions and in Table IV for ferric ions. Here
the numbers in brackets are the errors in the last sig-
nificant digit or digits.

No measurements in applied fields were performed
for the x =0.0 and 0.2 samples. Previous studies

TABLE IV. Experimental values of the isomer shift 8 (mm/s), hyperfine field Hhf (kOe), and
average canting angle 8 (degrees) for Fe + ions in Zn„Fe3 „04 at 4.2 K; the quadrupole shift
~ =0.0(1) mm/s.

H,„,(kOe)
3 site

Hhf

8 site

Hhf

0.0
0.2
0.4
0.4
o.4

0

0

0

10

50

o.82(1)
o.4s(i)
o.4s(i)
0.47(2)
o.39(i)

520(5)

si i(s)
s»(s)
si 1(s)
562(1)

o.82(i)
o.4s(1)
o.4s(i)
0.47(2)
o.so(2)

s2o(s)
511(5)
sii(s)
si i(s)
471(i)

21(2)
&10
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TABLE V. Experimental values of the isomer shifts 5 (mm/s), hyperfine fields Hhf (kOe), and local canting angles @ (de-

grees) for Fe + ions in Zn„Fe3 „04 at 4.2 K in various applied fields H,«(kOe).

X He„,

A site

+hf +hf

85
+hf

8 site
8
+hf +hf

0.6 0
10
25
50

0.45 (2) 511(10) 0.45 (2) 511(10) 0.45 (3) 511(10) 0.45 (3) 511(10)
0.43 (3) 521(5) . 0.47(2) 505 (5) 0.47(2) 505 (5) 59(2) 0.43 (3) 521(5)
0.34(9) 537(3) 0.48(3) 492(1) 0.48(3) 492(1) 40(2) 0.34(9) 537(3)
0.34(7) 561(2) 0.45 (6) 463 (1) 0.45 (6) 463 (2) (20 0.45 (6) 561(2)

0.8 0 0.45(2) 508(10) 0,45(2)
8.6 0.30(2) 524(5) 0.32(2)

15.4 0.40(2) 520(5) 0.49(1)
30 0.47 (3) 540(4) 0.47 (3)
50 0.37 (1) 566(3) 0.36(1)

508(10)
507(5)
so1(s)
476(4)
46o(1)

0.45 (2)
O.32(2)
0.49(2)
0.49(9)
0.44(7)

so8(1o)
so7(s)
so1(s)
494(3)
478(1)

0.45 (2)
65(12) 0.30(2)
60(2) 0.40(2)
54(5) 0.47(1)
46(1) 0.37(1)

s08(1o)
524(5)
520(5)
540(4)
s66(s)

0.45 (2) 508 (10)
0.32(2) 507(5)
0.49(2) 501(5)

140(5) 0.47(1) 496(5)
142(1) 0.44(7) 477(1)
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V. DISCUSSION

By using the canting angles determined from the
Mossbauer study the magnetization can be calculated
from Eq. (6) after values for the magnetic moments
on the different sites have been assumed. By using
free-ion magnetic moments of p, =4@,~ for Fe'+ and

p, =5p, ~ for Fe'+ ions, independent of the site occu-
pied, the dependence of the magnetization on H,„,
and x is in reasonable agreement with experiment.

In reality, the magnetic moments will be different
from the free-ion values for the following two rea-
sons: (i) The quenching of the orbital moment

might not be complete, increasing the moment of the
Fe~+ ions. (ii) Covalency effects could cause a

change in the magnetic moments from the transfer of
electrons into empty 3d orbitals, thus decreasing the
magnetic moments for both Fe'+ and Fe +. Calcula-
tions have been made for Fe'+ ions on both 3 and 8
sites by Sawatzky and van der Woude; they find
values of 4.31 and 4.62@,8, respectively. ' No values
for Fe + ions are available.

The 8-site Fe + hyperfine field at 0 K in spinels
and garnets are typically close to 550 kOe. As may
be seen from Tables III, IV, and V, these hyperfine
fields in ZnzFe3 z04 are -510 kOe, indePendent of
x, suggesting that covalency effects produce a mag-
netic moment —10% smaller than the free-ion value.
The Fe'+ hyperfine field at 4.-2 K is dependent on x,
which may be correlated to the change in covalency
contributions caused by the expanding lattice (Fig. 2).

The saturation magnetization M, (x) at 4.2 K, ob-
tained from Fig. 4 is plotted in reduced form,
p, (x)/p, (0), for several app]ied magnetic fields in Fig.
11. Also plotted are those values expected for free-

ion magnetic moments with no canting angles. For
the sample with x =0.2 the deviation between the ex-
perimental and calculated result can in principle be
modeled by assuming a canting angle of —10'. How-
ever it is more likely that there is no canting in this
sample since it has a high-field susceptibility which is
essentially zero and for the x =0.4 sample in 50 kOe
no canting was observed, except possibly the 180'
canting for the 8 component. For the x =0,2 sam-

6

pie this component can be neglected.
By assuming a collinear spin system for the x =0.0

and 0.2 samples, a Fe'+ moment on the 8 site of
p, (Fe3+,B) =4.55 +0.06ps and a difference between
Fe'+ ion moments on A sites and Fe + ion moments
on 8 sites of 0.35 +0.01p,~ are obtained for a fit of
the p, (x)/p, (0) values for x =0.0 and 0.2 for fields
H,„,~ 15 kOe. The value of p, (Fe'+, B) agrees well

with the value from the covalency calculation. ' Sub-
sequently the value of p(Fe'+, 2 ) =4.31ps was used
from the same calculation; this then yields
p(Fe'+, ,B) =4.0+0.1 p, . The expected magnetiza-
tion as a function of Zn substitution using these
values and assuming no canting is also shown in Fig.
11 by the solid line.

For larger values of x(x & 0.4), the experimental
points deviated more and more from this theoretical
fit. Further, the spread in p, (x)/p. (x =0) for various
applied fields increased with increasing Zn substitu-
tion. It will now be demonstrated that the localized
canting of the spin structure found in this region can
successfully account for these effects.

The sample x =0.4 was analyzed at 0, 10, and 50
kOe. It was assumed that canting was uniform over
the 8 site, although no 8-site Fe~+ canting was al-
lowed for in the fit because the 2—5 line intensity of

l.6

l.5

l.4

TABLE VI. Magnetic moment per chemical formula unit

in Bohr magnetons, p, &, for ZnzFe3 z04 as determined by

magnetization measurements and as calculated from
M ossbauer results.

I3O
II

l.2

I. IX
l.o

0.9

0.8

0.7
0 0.2 04 0.8 I.O

FIG. 11. Magnetic moment p, (x) per formula unit of
Zn„Fe3 z04 for various applied fields at 4.2 K. The dashed
and full straight lines are based on theory; the full curves
joining the experimental points are merely drawn as visual

aids.

0.4

0.6

0.8

0
10
50
0

10
25
25
0
8.6

15,4
25
50

5.72(6)
5.82(6)
6.07(6)
4.99(5)
5.16(5)
5.40(5)
5.78 (6)
2.84(3)
3.22(3)
3.54(4)
3.77(4)
4.47{5)

~ I ~

5.6(3)
6.2(2)

5.5(3)
6.0(3)
6.3(3)

3.2(3)
3.5(3)
3.8(2)
4.2(2)

Magnetization
Measured Calculated
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that pattern was small. By using the values for the
ionic moments calculated above and the formula

p, (x =0.4, T =4.2 K) = (1.4pa3++0. 6@a'+) cos8a —0.6p,

the moment for the bulk magnetization was calculat-
ed, and is compared to the experimental results in
Table VI. These results clearly agree within the cal-
culated errors.

The results obtained for the x =0.6 and 0.8 sam-
ples were analyzed for different fields, assuming that
all canting occurs on 85 and 8, sites. Magnetic mo-

ments per formula unit were calculated from Eq. (6).
The measured and calculated magnetizations are also
shown in Table VI. For the x =0.6 sample the
theoretical values are an average of 10% higher than
the measured magnetizations. No reasons for this
discrepancy have been established. It can neither be
accounted for in terms of absorber thickness effects

nor in terms of an inaccuracy in the nominal Zn con-
centration. For the x =0.8 sample, clearly good
agreement exists between the Mossbauer and mag-
netization measurements.

In conclusion, a magnetic structure is developed
for Zn„Fe3 „04 that is in good accord both with
Mossbauer spectra and with magnetization data. This
study supports the validity of the localized canting
model provided it is generalized to include more
structural details.
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