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Magnetomechanical ratios (g’) have been measured by the Einstein—de Haas method for
furnace-cooled samples of the ferrites Zn, Ni,., Fe,O, (x=0, 0.1, 0.15, 0.2, 0.35, 0.5,
0.63, 0.73) at (300+9) °K. The g’ values vary in an irregular way with increasing Zn"?
concentration from (1.849+0.002) at x=0 to (1.974 +0.006) at x=0.73. Using the ex-
perimentally determined ionic distributions and Yafet-Kittel angles reported from neutron
diffraction work on similar samples, we have calculated the expected g’ values at 0 °K.
For our calculations, the g’ for Ni*? on a B site was obtained using averaged reported sat-
uration magnetization values. Plots of the experimental and calculated g’ values compare
quite favorably and substantiate the three-sublattice molecular-field interpretation. The
g’ values have also been used to determine the effective electronic orbital and spin con-
tributions to the magnetization. The percent orbital contribution varies from 8.2 to
1.4%. The expression 1=1.016(g)"1+(g’)"!is found to relate the Einstein—de Haas g’ val-
ues with recently reported ferromagnetic-resonance g values to within about 0. 5% accuracy.

I. INTRODUCTION

In this paper we report g' values for the ferrites
Zn,Ni,_, Fe,O, measured by the Einstein—de Haas
method, ! all at (300+9) °K. The g’ values of these
ferrites have been determined to be independent of
temperature for the range of temperature reported
(+9°K) and are taken to be temperature indepen-
dent at all temperatures far below the Néel tem-
peratures.

The measured g’ values are generally inter-
preted in terms of the individual constituent ions
and hence are related to the individual ionic g’
values, the ionic distribution between simple sub-
lattices, the angles between sublattices, and, of
course, ultimately to the saturation magnetization
M. Here we have used values of My, 2! ionic
distributions, and Yafet-Kittel angles'? reported in
the literature to calculate values of g’ as a func-
tion of zinc concentration. The shapes of the mea-
sured and computed curves with increasing Zn*?
concentration are quite similar.

In a later section the measured g’ values are
used to determine the total effective electronic or-
bital and spin contributions to M;. The orbital
contribution, of course, is always found to be a
small fraction of the total M.

Improved ferromagnetic-resonance measure-
ments of g have been recently reported for these
ferrites. ' These are discussed in Sec. VII and
compared with the g’ values.

II. STRUCTURE

The Zn,Ni,_,Fe,O, ferrites are known to have a
spinel structure.'? Furthermore, it is generally
accepted that the Zn"® ions occupy tetrahedral lo-
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cations (A sites) and the Ni*? octahedral locations
(B sites). Recent neutron diffraction data confirm
this structure and ionic distribution. *?

Using a three-sublattice model, Satya Murthy
et al. '? have found a Yafet-Kittel (Y K) type of
magnetic ordering to occur at temperatures below
those for Néel ordering. No evidence for a spinel
spin configuration was found since no satellite re-
flections were observed.

The Y K angles ayx between magnetizations of
B-site Fe®* ions have been determined both as a
function of the temperature (7) and Zn*? concentra-
tion (x). At 0°K, ayg increases with x, approach-
ing 37 at x=1(ZnFe,0,). Satya Murthy et al. have
also given the temperature dependence of ayk for
various x.

The temperature ranges of the two types of mag-
netic ordering (Néel and YK) are shown in Fig. 1
as a function of zinc concentration. ' Systems in
the lightly shaded areapossessnonzero value of ayx
between Fe* on a B site. At a fixed concentration
the YK temperature is defined as the temperature
at which the B-site sublattice angle oy ¢ vanishes
and Néel ordering appears. To determine ayg
for a sample of given Zn*? concentration in the YK
region we have linearly interpolated from Satya
Murthy’s data of ayg at 0°K.

III. FERRITE SAMPLE PREPARATION

The ferrite samples, after sintering in the pres-
ence of oxygen, were furnace cooled and ground
to cylinders of 0.561 in. diam X3 in. length. Sev-
eral of these short samples were then stacked to-
gether to form a cylinder about 85 in. long on
which the g’ measurements were made.

All the ferrite concentrations given are known to
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within about 1%. The ferrite samples used in the
g’ measurements were later tested and found to
have low conductivity.!®> We believe this indicates
essentially no Fe*? present, except for the NiFe,0,
sample in which the maximum Fe*? concentration
was estimated to be some small fraction of 1%.

IV. MEASUREMENTS OF THE MAGNETOMECHANICAL
RATIO ¢’

Values of g’ for this ferrite series were mea-
sured using the Einstein—de Haas equipment at the
Kettering Magnetics Laboratory, Oakland Univer-
sity, Rochester, Mich. Details of the experiment
are given in earlier papers, ' and sources of
error have been recently discussed. ®* The mea-
surements are summarized in Table I and plotted
|

My= [j ) 2

=all sublattices i=all i~nic species

in Fig. 2.

V. CALCULATION OF g’ FROM IONIC g’ VALUES,
IONIC DISTRIBUTIONS, AND SUBLATTICE ANGLES ayx

The quantity g’ is related to Mg, the electronic
spin magnetization, and M by*°

&' =2My/(2Mp - My). @

g’ for the ferrite samples can be quite easily cal-
culated as a function of the individual ionic contri-
bution and hence of ayg from Eq. (1).

It can readily be shown by summation of individu-
al ionic moments over all sublattices that the sat-
uration moment per molecule at 0°K can be writ-
ten??

xij(éj“_‘f) Sii (cosayg )ij] N

(2)

’
_ gii
2 2 Xij( =7 ) Sis(cosayx )y )
j=all sublattices i=all ionic species gij— B

where x;; is the number of ions per molecule of the ith magnetic species in sublattice j, gi'j is the value of
the magnetomechanical ratio for the ith ion in sublattice j, (cosayg);; is the cosine of the YK angle ay g
for the ¢th magnetic ion in sublattice j, and S; ; is the total spin quantum number of the 7th ion in sublattice

J.

In our calculations we use values of x;; and (ayg);; taken from the neutron diffraction work of Satya

Murthy et al.!?

In a similar manner we can also write Mg at 0°K as

Ms=z[ > =

j=all sublattices i=all ionic species

-2
j=all sublattices {=all ionic species

Xy S,,(cosaYK),,] N

X3 S”(cosaYK)“]B, (3)

where the symbols have the same meaning as in Eq. (2). On the A site, the j summation reduces to one
term (one sublattice) and on a B site the j summation reduces to two terms.

Using (2) and (3) in (1) gives g,

’
g =
j=all sublattices #=all ionic species

Sij

E X4 (ﬁgﬂ_—

[j=all sublattices #=all ionicspecies
X
j=all sublatties {=all ionic species

j=all sublattices 4=all ionicspecies

!
8ij
Xy <g,’j _’_—1> Sis (COSaYK)u]A

) Siy (cosaYK)“]B}

1
Xig <E‘j> Sij (cosayx); ] .

-1

x[ E Z x,,({gﬁ:i) S;;(cosayg);y ] N } . 4)

In the Ni-Zn ferrites, g’ for Fe*? is thought to

be the same for both A and Bsites and to equal the

pure spin value?® of 2.0023. Zn*? is nonmagnetic
and does not contribute. For Ni*’ on a B site, g’



1308 G. G.
120 I T T
DOOOC  Region of Stability of
Néel-type Ordering
X822 Region of Stability of
Yafet-Kittel-type Ordering
= = — Temperature at Which
g' Was Measured
g
&
2
<
o
&
=
= —
0
0 0.2 0.4 0.6 0.8
X (Zn+2 concentration)
FIG. 1. Magnetic order in Zn,Ni,_, Fe,O, systems as

determined from neutron diffraction measurements
(Ref. 12).

has been obtained using the average of reported
values of M, [Eq. (2)]. 2™ The calculated values
of g’ appear in Fig. 2.
VI. EFFECTIVE ELECTRONIC ORBITAL AND SPIN
MAGNETIZATION

We have used the expressions®®
Mo/Myp=(2-g")/g" and Mg/Mp=2[(g'-1)/g" ]

to derive the orbital and spin contributions to the
magnetization from the measured g’ values. Our
values of the fraction M,/M, of orbital magnetiza-
tion differ from those determined from earlier
ferromagnetic resonance g factors by as much as
two orders of magnitude. This naturally results
because of the relatively smaller errors in g’ val-
ues as compared with earlier g-factor work. The
calculated values are shown in Table II.

VII. COMPARISON OF ¢’ and g

Recently measured values of g for these ferrites
together with our g’ values allow us to test the gen-
eralized Kittel-Van Vleck relationship. '3 Mea-

TABLE I. Summary of g’ measurements for the fer-

rite series Zn,Ni;.,Fe,0, at (300 +9) °K.
X g’ probable error

0 1.849 +0.002

0.10 1.885 +0.005

0.15 1.989 +0.003

0.20 1.953 +0.006

0.35 1.936 +0.002

0.50 1.953 +0.003

0.63 1.959 +0.003

0.73 1. 9(7) anomalous at room

temperature
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FIG. 2. Experimental [(300 = 9) °K]} and calculated
(0 °K) magnetomechanical ratios, g’ as a function of
7Zn*? concentration for Zn,Ni,, Fe,0, ferrites. Mean
deviation of calculated g’: +£0.013. Mean deviations of
experimental g’ are given by error bars.

sured values of g by Makram?!® are shown as dots in
Fig. 3 and interpolated g values used for compari-
son are indicated by the O’s.

Table III lists interpolated g values, the sum of
the reciprocal g and g’ values, and p, recently
defined by Blume, Geschwind, and Yafet.? The
quantity p is the ratio of the expectation value of
the real spin to the fictitious spin. In terms of the
generalized Kittel-Van Vleck relationship?'?% we
have

g =glg-p)™.
The mean value of p for these ferrites is 1. 0186,
where the mean standard deviation is less than
0. 005, except for the value at x=0.15 where the
interpolation of g was quite uncertain because of
its rapidly changing value.

TABLE II. Electronic orbital and spin contributions
to the magnetization of Zn, Ni,_, Fe,0, ferrites.

x Mo/Mp Mg /My
0 0.082+0.001 0.918+0.001
0.1 0.061+0.003 0.939+0.003
0.15 0.006+0.002 0.994+0.002
0.20 0.024+0.003 0.976 +0.003
0.35 0.033 £0.001 0.967+0.001
0.5 0.025+0.002 0.975+0.002
0.63 0.021+0.002 0.979+0.002
0.73 0.014+0.003 0.986+0.003
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FIG. 3. Ferromagnetic-resonance g factors for
Zn, Niy, Fe,04as a function of x as reported by Makram
(Ref. 13). Dots represent experimental points and []’s
refer to “interpolated” values.

VIII. CONCLUSIONS

Measured g’ values for Ni-Zn ferrites agree
reasonably well with the values predicted from the
sum of ionic magnetic moments at 0°K. Our re-
sults seem to indicate that these ferrites can be
characterized using the three-sublattice model and
YK angles determined from neutron diffraction
work. While agreement is not within experimental
error at all Zn*? concentrations, the experimental
and calculated curves do possess the same general
behavior as a function of increasing Zn*? concen-
tration.

We have also calculated g’ for x=0.25 at 0°K
using Satya Murthy’s @y and reported M, A

MAGNETOMECHANICAL RATIO AND RELATED MAGNETIC- - 1309

value of g’=1. 962 was obtained (see Fig. 2).

At the two Zn*? concentrations for which both g’
and ayg were available in the YK region, the cal-
culated and measured g’ values agree within ex-
perimental errors.

Considering disagreement among early ferro-
magnetic resonance experiments and uncertainties
in the interpolation of the more recent g values,
the correlation between g and g’ appears to be un-
expectedly good. Although the value of p appears
to be constant throughout this ferrite series, the
limited number of g measurements makes this
constancy uncertain.

TABLE III. Comparison of g and g’ and validity of
the generalized Kittel-Van Vleck relationship (Refs. 21
and 22) for Zn, Ni,., Fe,O, ferrites.

x g 1/g'+1/g P
0 2.200 £0.005 0.995 +0.002 1.01
0.1 2.188%>+0.005 0.988>+0.003 1.03
0.15 2.160*>+0.005 0.966>+0.001 1.07
0.20 2.118%>£0,005 0.984>+0.003 1.03
0.35 2.106*>+0.005 0.991>+0.002 1.02
0.50 2.074%>+0.005 0.994>+0,002 1.01
0.63 2.052*>+0.005 0.998>+0.002 1.00
0.73 2.050%>+0.005 0.995>+0.003 1.01

=1.016 +mean
deviation
<0.005

Pay (except at x=0.15)
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