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The time-differential perturbed angular correlation (TDPAC) of y rays emitted from
"M Cd(«!""In) on tetrahedral ( 4) sites in single-crystal Liy sFe, sO, was measured at room tempera-
ture. Expressions for the anisotropy of TDPAC spectra under a hyperfine magnetic field combined
with an electric field gradient (EFG) are given explicitly. A least-squares fitting of the data with
these expressions reveals that ''Cd?*( 4) experiences a supertransferred hyperfine magnetic field,
Hgyyr, of 112 kOe parallel to the net magnetization of the specimen and an axially symmetric EFG
of 90 10'® esu. The observed Hgryr is seen to be the sum of the supertransferred ones from the
Fe’*(B) ions on the nearest-neighbor B sites. The magnitude of the transferred field from each indi-
vidual Fe**(B) ion is estimated to be 13.3 or 11.0 kOe, depending on whether the intervening O?~
ion has Li'*(B) as its neighbor or not. The remarkably large EFG at Cd**( 4) observed in this fer-
rite is interpreted qualitatively as being caused by the presence of the weakly electronegative next-
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nearest Li'*(B) ions.

I. INTRODUCTION

Nuclei of nominally diamagnetic ions in magnetic ox-
ides experience hyperfine magnetic fields transferred from
the neighboring magnetic ions through the intervening
oxygen ions.'~!° This supertransferred hyperfine (STHF)
magnetic field Hgpyp has been widely studied in order to
elucidate the electronic structure and the superexchange
mechanism in magnetic oxides. In ferrimagnetic oxides
with the spinel structure (spinel ferrites)) Hgryp at
1198n*+ and '?!Sb>*, both occupying the octahedral (B)
sites, have been systematically studied with the
Maossbauer spectroscopy.®~!4 On the other hand, only a
few studies have been made on Hgryg at the nuclei of
diamagnetic ions occupying the tetrahedral ( A) sites.!* !¢

We have been systematically investigating Hgpyp at
Cd?* in ferrimagnetic oxides with the spinel structure
by means of the time-differential perturbed angular corre-
lation (TDPAC) of the 171-245 keV cascade y rays emit-
ted from '''Cd(«!"In); the parent nuclei '''In**+ occupy
the A sites and the daughter nuclei '''Cd**(4) feel
Hgryr on these sites (the symbol in the parentheses
denotes the cation site). In our previous studies on
M _Fe; 0O, (M =Ni or Co; 0.0<x <1.0),"-! we found
that Hgpyp at !''Cd?*( 4) is transferred from the mag-
netic ions on the nearest-neighbor B sites and can be re-
garded as the sum of the contributions of individual B
site magnetic ions. The contribution of Fe’*(B) in these
systems is 11.0 kOe in common, independent of the con-
tent x of M.!°

In the present work, we studied Hgpyr at '''Cd**(A4)
in lithium ferrite. This ferrite is a completely inversed
spinel (Fe3*)[Li'*, sFe’*, ]0, and has a cubic struc-
ture belonging to P4,3 or P4,3, in which Li'*(B) and
Fe’*(B) ions form an ionic order in the B sites.?0"22 It
should be noted that this ferrite has the highest Curie
temperature (T =943 K) among all the spinel ferrites?
although one-fourth of the B sites are occupied by
diamagnetic ions Li'*(B). This fact suggests that the su-
perexchange interaction between Fe’*(4) and Fe’*(B)
via O~ is considerably stronger in Lij, sFe, sO4 than in
other spinel ferrites. One of our aims of this study is to
find the origin of such a strong superexchange interaction
in this ferrite. A comparison of the STHF interaction in
Cd’*(A4)—0?~—Fe**(B) bond in this ferrite with those
in other ferrites is expected to provide valuable informa-
tion on this problem.

The tetrahedral ( A) sites of lithium ferrite can be
classified into four kinds of equivalent sites, each of
which has a trigonal axis parallel to one of (111) as
shown in Fig. 1. Because of the trigonal symmetry of the
A sites in this ferrite, !''Cd?*( 4) can experience an axi-
ally symmetric electric field gradient (EFG) in addition to
Hgrye. When the magnetic field Hgpyr and EFG coexist
in a ferro or a ferrimagnet, there are unavoidable ambi-
guities in the analysis of the TDPAC spectra for poly-
crystalline samples, as will be shown in Sec. III. In the
present study, we measure TDPAC spectra for both poly-
and single-crystal Li, sFe, sO, and prove that experi-
ments using single crystals are essential to obtain unambi-
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FIG. 1. Directions of the trigonal axes of the tetrahedral ( 4)
sites and the configuration of oxygen ions around one of the A4
sites in Lij sFe; sO4.

guous results.

This paper consists of three major parts. The sample
preparation, the experimental procedure, and the results
are described in Sec. II. In Sec. III expressions for the
anisotropy of TDPAC spectra under a hyperfine magnet-
ic field combined with an EFG are derived, and the ob-
served spectra are analyzed by these expressions. In Sec.
IV the effect of Li'*(B) ions on the covalencies of their
neighboring Cd**( 4)—0?~—Fe>*(B) bonds, and conse-
quently on the STHF interactions in them, is discussed.

II. EXPERIMENTAL PROCEDURE AND RESULTS

Polycrystalline Lij sFe, sO, samples were prepared by
calcination of a mixture of Li,CO; and a-Fe,0; in the ap-
propriate proportion at 1000°C in O, gas flow for about
10 h. Single crystals of Li, sFe, O, were grown in a flux
system PbO-B,0; by a method similar to the ones de-
scribed in Refs. 24 and 25. An appropriate mixture of
Li,CO;, a-Fe,0;, B,0;, and PbO in a 50-cm® platinum
crucible was heated up to 1050°C. The content was
stirred and kept at that temperature for 2 h to be homo-
genized, then cooled to 1010°C, again held at this tem-
perature for 20 h, cooled down to 400°C at a rate of
about 2°C/h, and finally furnace cooled down to room
temperature. The crystals were taken out of the flux by
immersing the crucible in hot dilute HNO;. The crystals
thus grown were in an octahedral form with edge dimen-
sions of about 3 mm.

The “carrier-free” parent nuclide !''In was diffused
into the polycrystals at 1100°C for 2 h and into the single
crystals at 1150°C for 2 days both in O, gas flow. The
poly or single crystals containing about 120 uCi of '''In
were subjected to TDPAC measurement at room temper-
ature. An external magnetic field H,, of 10 kOe was ap-
plied perpendicularly to the detectors plane to polarize
the magnetization of the specimens completely in this
direction. The measurements on the single crystals were
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FIG. 2. Geometries of the single crystal, detectors,_and the
externally applied magnetic field: (a) [111]||H, and [111] in the
x-z plane, and (b) [100]||H,,, and [111] in the x-z plane.

made in two different geometries as shown in Fig. 2. In
the first geometry, [111] was parallel to H,, (||z) and
[111] in the x-z plane, and in the second, [100] was paral-
lel to H,,, and [111] in the x-z plane. Here, the x axis was
defined by the direction of the first y ray detector. Time
spectra N (6,¢) of the 171-245 keV y-y cascade emitted
from !''Cd were taken using a conventional fast-slow set-
up with Nal (T1) detectors at © =+37/4.'® Here © and
t denote the angle and the time interval between the cas-
cade y rays, respectively. The normalized anisotropy
R (¢) of the angular correlation was defined by

_ [N(=37/4,0) =N (+3m/4,1)]

R(t)=
[N(=37/4,0)+ N (+3n/4,1)] ’

(1)

after the accidental coincident counts being subtracted
from the time spectra.

The normalized anisotropy R (¢) for polycrystalline
Liy sFe, sO4 at room temperature and its Fourier spec-
trum are shown in Figs. 3(a) and 3(b); respectively. As
can be seen, the Fourier spectrum has a considerably
broad intensity distribution around 3.5x 10% rad/s and
seems to have some structure.

The normalized anisotropies R (¢) for single-crystal
Liy sFe, O, are shown in Figs. 4(a) and 4(b); 4(a) in the
first geometry ([111]|H,,), and 4(b) in the second
geometry ([100]|H,,). There can be seen a remarkable
difference between these two spectra. As will be ex-
plained in Sec. III, this fact shows that an appreciable
magnitude of EFG is acting on ''"'Cd?*( 4) in addition to
the hyperfine magnetic field H hyp> Which is perpendicular
to the detectors plane. The external magnetic field H,,, is
included in Hyy,.
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FIG. 3. (a) The normalized anisotropy R (¢) of the angular
correlation of ¥ rays emitted from '"'Cd(«'"'In) in polycrystal-
line Li, sFe, O, at room temperature. The solid curve is the
fitted one with the Fourier spectrum shown (b). (b) The Fourier
spectrum of R (¢).

III. ANALYSIS OF THE TDPAC SPECTRA

A. Expressions for the anisotropy of TDPAC spectra
for '''Cd(«'"In) under Hy,, combined with an EFG

We derive expressions for the anisotropy of TDPAC
spectra for '"Cd(«<'"'In) in a single crystal with a

Med in LigsFe750, single crystal
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FIG. 4. The normalized anisotropies R (¢) of the angular
correlations of y rays emitted from '''Cd(«!!'In) in single-
crystal Lig sFe, sO4 at room temperature. The solid curves are
the fitted ones with the Fourier spectra shown in Fig. 6: (a)
[111])jH,,, and [111] in the x-z plane, and (b) [100]|H,,, and
[111] in the x-z plane.
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hyperfine magnetic field H,y, perpendicular to the detec-
tors plane combined with an axially symmetric EFG. We
take the Ay k, terms with k; =2 and k,=2 or 4 into ac-

count, because only the angular correlation coefficients
Ay k, With these k; have appreciable values in the case of
MCd(«""In) I+ -3+ 1+ cascade.’® Here, k; is the
multiplicity of the ith radiation.

The perturbed angular correlation can be written in the
form?’

NN
W(k],kz,t)= 2 Ak’szkllkzz(t)
ky.k,
N|,N,

X [(2k, +1)(2k,+1)]712
XYy (01,12 (665 . @)

Here, 0, and ¢; are the polar angles of the propagation
direction k; of the ith radiation, Y} ‘(6;,4;) the spherical

. NN .
harmonics, and lelkzz (2) the perturbation factor.

We choose a coordinate system with the quantization
axis z parallel to the magnetic field, and the axis x to the
propagation direction of the first radiation. We then
specify the principal axis z’ of the axially symmetric EFG
by the polar angles 3 and y (see Fig. 5). The perturbation
factor can now be written in the form?®

FIG. 5. Directions of the magnetic field and the principal
axis of the axially symmetric electric field gradient at '''Cd.
The detector D, for 7, and ¥ is on the x axis (8,=7/2,¢4,=0),
and those, D, for ¥, and Dj for y3, are in the x-y plane
(6,=63=m/2) with ¢,= —37/4 and ¢3= +37/4.



37 TIME-DIFFERENTIAL PERTURBED-ANGULAR-CORRELATION . .. 9143
G,ff‘,fj%:):m%y(—l)“*’"“*"‘"[(zk‘+1)(2k2+1>]”2 r; _;a ;11 "; _fnb ;1]
nn’
X {n |my)*{n|m){n" | my){n"|m,)*exp[(—i/ANE, —E,)t]expliy(N;—N,)] . 3)
Here,
I 1k

’

m, —m, Nl

is the Wigner 3-j symbol, | m, ) the state defined by the magnetic quantum number m,, and | n ) and E, are the energy
eigenstate and eigenvalue, respectively, of the Hamiltonian for ¥ =0 (i.e., the principal axis z’ of the EFG being in the
x-z plane). The matrix elements (n | m ) can be taken to be real and are functions of the Larmor frequency w,, the
electric quadrupolar frequency wg, and the angle 3.

The observed time spectra N (O,?) are expressed in terms of W (k,k,,t) as N(O,t)=W(k,,k,,t) exp(—t/Ty), where
7y is the lifetime of the intermediate state (I =3) of '''Cd. Then, we calculate the normalized anisotropy R (¢) of the
time spectra N (O,¢) defined by Eq. (1). Because of the angular dependences of the spherical harmonics, only G:: ‘kIZZ (2)
terms with |N;| =0 or 2, and | N, | =2 contribute to R (¢) in our coordinate sy}stem: 6,=0,=m/2, $,=0, and
¢,= +3m/4 or —37/4. By inserting Eq. (3) into Eq. (2) and using the relation Gk_ll,:{; 2 (t)=[G,?:‘k1:2 (£)1*, R pn(2) aris-

NN . : .
ing from the G, } *(¢) terms with | Ny —N, | =AN are written explicitly:

R (t)=—1"§'A 2 (_1)21+m0+mb I I 2 I I 2 —-‘Q A24 I I 4
0 4 22mn’mb m, —m, 2 m, —m, 2 2 Ay, |my —my 2
n,n’
X{n|my)*{n|my){n" |my){n'|m))*sin[(1/ANE,—E,)t], (4a)
172 ~
R (I):—i é_ A 2 (_1)21+ma+mb I I 2 I I 2 _ﬁ A,y I 1 4
2 2 22ma‘m‘, m, —m, 0 my, —m, 2 2 Ay |mp —m, 2
X{n|my)*(n|m, ) n |my){n"|m,)*sin[(1/ANE, —E,)t +2v], (4b)
R4(Z)=—1—5—A2 2 (_1)21+ma+mb 1 I 2 I 1 2 _ﬁ A24 I I 4
4 zma‘mb’ m‘; _ma ‘2 mb’ —mb 2 2 A22 m[; ‘*'mb 2
nn'
X (n | my)*(n | m,){n" | m{d{n"| m.)*sin[(1/ANE, —E))t +4y] . (4c)

When the hyperfine magnetic interaction is predominant over the electric quadrupolar one, the magnetic sublevels
| m) are approximately the eigenstates of the Hamiltonian, and only the term R,(¢) has an appreciable amplityde be-
cause of the orthogonality relation of the 3-j symbols. In this limit (0g <<@/ ), Ro(?) is written as

I I 2
n —n 2

I I 4

’

n' —n 2

_ V3 An

I I 2
nl —n 2 Sin ZCUL+6(n +n’)COQ

2
Ro()=2 453 ;@%&1¢4,

(5)

i.e., four Fourier components appear symmetrically
around w=2w; with an interval of 6wgy(3 cos’B—1).
The summed amplitude of these components is (3/4) A4 ,,,
the value previously derived for the case in which only
the hyperfine magnetic field H,,, exists.'®

The anisotropy R (t) for a polycrystal is derived by
averaging R (¢) over all directions. It can be shown that
the averages of R ,y(t) with AN50 are zero and that the

average of Ry(¢) in Eq. (4a) has distributed Fourier com-
ponents due to the distribution of the angle .

Thus, an important conclusion is derived as follows:
Given an observed distribution of the Fourier com-
ponents of R (¢) for a polycrystalline sample, it is impos-
sible in general to determine whether the distribution is
caused by a distribution of thp, or otherwise caused by
an EFG coexisting with Hy,,.
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B. TDPAC spectra for '''Cd(«'!"In)
in single-crystal Li, sFe; 5O,

In Li, sFe, sO,, tetrahedral ( A) sites are classified into
four kinds; each of which has a trigonal axis parallel to
one of (111) (see Fig. 1). The observed anisotropy
R () for the single crystal is an average of R (1) for
these four kinds of A sites. In the first geometry where
H,,, is parallel to [111] [see Fig. 2(a)], the principal axis
of EFG for one particular kind of site is parallel to Hy,y,
(B=0°), and those for the remaining three are oriented
symmetrically around H,, with B=70.5°, and
y=120°Xn (n =0, 1, or 2). The anisotropy R (¢) for the
former kind of sites contains only R (¢) term because
B=0°. The average of R (¢) for the latter three also con-
tains only R(¢) because the terms R py(¢) with AN =2 or
4 for these sites cancel out mutually due to the phase in
the last factor in Egs. (4b) or (4c). Thus the quantity
R () for this geometry can be written as

Reps()=(1/4)Ro(1)g_p+(3/8R(g_r05 s (6)

which does not depend on y.

In the second geometry where H,,, is parallel to [100]
[see Fig. 2(b)], the principal axes of EFG for all the four
kinds of sites are oriented symmetrically around Hyg,
with B=54.7° and y=90°Xn (n =0, 1, 2, or 3). In this
geometry, the average of R () for these four kinds of sites
contains not only the R(¢) term but also R4(¢). These
terms are common to all the sites and the quantity
R s(t) can be written as

Robs(t)=RO(t)ﬁ=54.7°+R4(I)B=54.7°,‘y=0° . (7)

The observed spectra in Figs. 4(a) and 4(b) were fitted
with R, (¢) in Egs. (6) and (7), respectively. The ratio of
the effective angular correlation coefficients ( 4,4/ 45 )eg
corrected for the finite solid angles of the detectors was
calculated to be 1.1 for our experimental setup.?®?° It
was assumed that each Fourier component in Egs. (4a)
and (4¢) has a distribution of the Lorentzian shape. The
fitting parameters for each spectrum were o, g, and
the width of the distribution. The fitted curves and their
Fourier spectra are shown in Figs. 4 and 6, respectively.
The observed spectra for both the geometries can be
reproduced well with a common set of w; and wg, but
the widths of the Fourier components are considerably
large, and different from each other. The derived Hy,, is
122 kOe parallel to the B site magnetization, and the
magnitude of EFG is 90X 10'? esu.

It was found in the fitting procedure that the amplitude
of the term R,(¢) in Eq. (7) is only one-thousandth of
R(t) in the present case with ¥ =0° and does not exceed
a few percent for any value of y. Thus, the spectrum is
almost unchanged by a rotation of the crystal around the
z axis even in the second geometry.

IV. DISCUSSION

The TDPAC spectra for single-crystal Li, sFe, sO4 can
be analyzed with a set of a hyperfine magnetic field and
an axially symmetric EFG. In the analysis, the directions
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FIG. 6. Fourier spectra of R (t) for single-crystal Lij sFe, sO,
at room temperature. Dotted lines represent individual Fourier
components and solid lines the total of them: (a) [111}||H,,, and
[111] in the x-z plane. — — — for (3/4)R¢(t)g—70.5, and —-—
for (1/4)Ry(t)g_¢. (b) [100]||H,, and [111] in the x-z plane.

of the principal axes of EFG are assumed to be parallel to
the ones expected from the crystallographic study of the
ordered Lig sFe, s0,.2°-2? The satisfactory agreement be-
tween the observation and the analysis means that the
ionic order of Fe’*(B) and Li'*(B) is kept well around
Cd?*(A). The fairly large widths of the Fourier com-
ponents are ascribed to the after effects of the EC decay
of "In—!"Cd. It is known that in insulators both the
magnitude and the orientation of EFG at
M1cg?+(«!"'In) observed by TDPAC are considerably
distributed around those for the ground state Cd?* ions
by the after effects of the preceding EC decay.0-32

The field Hgpyg in Lig sFe, O, derived from the ob-
served hyperfine magnetic field Hyy, is 112 kOe, which is
parallel to the B site magnetization as in other spinel fer-
rites. Figure 7 shows the ionic configurations in
Liy sFe, O,. As shown in Fig. 7(a), Cd**(A4) is sur-
rounded by four 0%~ ions of two kinds denoted by 0>~ (I)
and O?~ (II). The trigonal axis lies along Cd**(A4)—
O2~(I) bond. As can be seen in Figs. 7(b) and 7(c), three
Fe’*(B) ions are linked to the Cd**( 4) through O?~(I)
ion, but on the other hand, two Fe3>*(B) and one Li'*(B)
ion are linked through O?~(II). Since Hgryr at 4 site
ion can be regarded as a sum of the STHF fields from the
nearest-neighbor B site magnetic ions through O>—(I) or
O?~(II) in this structure,'>'®!® the magnitude of the field
from each Fe’*(B) ion [denoted by h(«Fe*)] is 12.4
kOe on average.

The above value is more than 10% larger than the one
(11.0 kOe ) in M,Fe;_,0, (M =Ni or Co) system.'” It
should be noted that the value in the latter system does
not depend on the kind of ion M and its content x. The
lattice constants, the oxygen parameters (u parameters),*?
and other physical parameters of MFe,O, (M =Fe, Co,
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FIG. 7. Local ionic configurations in Lig sFe; sO4: (a) 0%~
jons around Cd2*(4). The trigonal axis lies along Cd**( 4)—
02~(I) bond. (b) Cations around O>~(I) ions. (c) Cations
around O?>~(II) ions.

and Ni) and Li, sFe, sO, are tabulated in Table I. As can
be seen, the lattice constant of MFe,O, decreases appreci-
ably along with a slight increase of the u parameter in se-
quence of M =Fe, Co, and Ni. Furthermore, both the
lattice constant and the u parameter of NiFe,O, are al-
most the same with those of LijsFe, sO4. This fact
means that the large value of & («Fe**) in Lij sFe, sO,
as compared with those in MFe,O, system can be ex-
plained neither by the small lattice constant nor by the u
parameter of Li, sFe, sO,, but should be attributed to the
presence of Li'* ions.

The STHF interaction between Cd**( 4) and Fe**(B)
can be divided into two processes'~®: The first is the po-
larization of the ligand electrons of O?~ ions by the 3d
electrons of Fe**(B) ions, and the second is the polariza-
tion of s electrons of Cd2*( 4) ions by these ligand elec-
trons. These two processes are caused by the overlap dis-
tortion and the transfer mechanisms in the relevant
chemical bonds [Fe3*(B)—OQ?~ for the first process,
0?~—Cd?*( A) for the second], and it is known that the
magnitude of the total STHF interaction increases with
an increase of the covalency of either bond.!"® Now, we
consider the effect of Li'*(B) ions on the covalencies of
the neighboring Cd?*(4)—O0*~(II) and Fe**(B)—
O?~(II) bonds in the following.

The electronegativities** of the 3d transition metal ions
and the Li'" ion are listed in Table II. As can be seen in
the table, the electronegativities of 3d transition metal
ions are nearly equal to each other, but that of the Li'*
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TABLE I. The lattice constants a, the oxygen parameters u,
and the Curie temperatures T¢ of spinel ferrites, and the super-
transferred hyperfine magnetic fields & («Fe’*) at ''Cd?*( 4)
from a single Fe**(B) ion on the nearest B site in them.

a*® u® T h(«—Fe3*)®
Material (A) (K) (kOe)
Fe;0, 8.39 0.379* 858 11.0°
CoFe,0, 8.38 0.3818¢ 793 11.0°
NiFe,O, 8.34 0.3822¢ 858 11.0°
Lig sFe, O, 8.33° 0.382° 943 12.4

#Reference 23.

At room temperature.

*Derived from the variation of STHF fields at Cd*>*( 4) with x
in M Fe;_,04 (M =Ni or Co) system. Possible error is 0.2
kQe. See Ref. 19.

9S. Krupi¢ka and P. Novak, in Ferromagnetic Materials, edited
by E. P. Wohlfarth (North-Holland, Amsterdam, 1982), Vol. 3,
Chap. 4, pp. 189-304.

“The value is 8.337 in Ref. 22.

fPresent result.

ion is remarkably smaller than these. It will occur as a
result of this smaller electronegativity of Li'*(B) that the
ligand electrons of O>~(II) are polarized towards the
Cd**( 4) and the two Fe**(B) ions to some extent since
the electrons are less attracted towards the Lil!*(B).
Then, the covalencies of the chemical bonds Cd?*( 4)—
O?~(II) and Fe’*(B)—O0?~(II) are expected to be larger
than the corresponding bonds with no adjacent Li'*(B)
in this or in other ferrites.

This influence of the Li'*(B) ions on the neighboring
bonds is expected also by the electrostatic valence princi-
ple first proposed by Pauling® and extended later by oth-
er workers.*®37 The meaning of the original principle is
as follows. In solids, the strength of the valence bond be-
tween a cation and an anion (bond strength) is defined as
the valence of the cation divided by its coordination num-
ber. The sum of such strengths around each anion gen-
erally coincides with the valence of the anion. This origi-
nal principle holds in most solids at least approximately.
Then, the extended principle postulates the following.
When the original principle does not hold exactly as in
Liy sFe, sO,, the individual bond strengths in the original
principle are modified in such a way that their sum
around each ion approaches the valence of the ion. The
bond strengths thus modified are positively correlated to
the covalencies of the bonds.’” Applying this extended
principle to the present case of Lij sFe, O, the bond
strengths or the covalencies of Cd?>*(A4)—O0?~(II) and
Fe3*( 4)—O?*~(II) bonds are enhanced by the presence
of the neighboring Li'*(B) because of the small bond

TABLE II. The electronegativities of Li and some 3d transi-
tion metal ions (Ref. 34).

Ion Li'*+ Fe’+ Fe3+ Co?* Ni?+

Electronegativity 0.95 1.7 1.8 1.7 1.7
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strengths of Li'*(B)—O?~(II) bonds.

A large value of h («—Fe3") through O*~(II) is expect-
ed on the basis of the above discussion. On the other
hand, the value of h («Fe**) through O?>~(I) is expected
to be not much different from those in M,Fe; ,O,
(M =Ni or Co) system as will be discussed later. If we
assume that h(«<Fe**) through O>~(I) is 11.0 kOe as in
M,Fe;_,0,, h(<—Fe’*) through O*~(II) must be 13.3
kOe, about 20% larger than the former.

The EFG at Cd**(4) in Liy sFe, sO, is remarkably
large. This large and axially symmetric EFG is explained
as a result of the difference of the covalencies between
one Cd?*(4)—O0?>~(I) and three Cd**(A4)—O?~(II)
bonds around Cd?**( 4) in this crystal [see Fig. 7(a)]. It
should be noted that no appreciable EFG is observed at
Cd?*(A) in M, Fe; ,0, system although the nearest-
neighbor B sites around Cd**( 4) are occupied randomly
by Fe and M ions and thus the point symmetry at
Cd?*( A4) is lower than cubic. This fact, along with the
constant value of h(«Fe**) in the system, means that
the effects of Fe(B) and M (B) ions on the covalencies
(and consequently on the STHF interactions) of the
neighboring bonds are not different from each other, as
expected also from the similar magnitude of the elec-
tronegativities of these 3d transition metal ions.

The STHF and superexchange interactions have a no-
ticeable similarity>®; both increase with increases of the
covalencies of the relevant chemical bonds. The covalen-
cy of Fe3*(A4)—O0?~(II) bonds should be enhanced by
the presence of the neighboring Li!*(B) ions. Then, a
large magnitude of the superexchange interaction is ex-
pected in Fe3*(4)—O?~(II)—Fe**(B) bond, resulting
in the high T of Li, sFe, sO,, the highest among all the
spinel ferrites.

V. CONCLUSION

The supertransferred hyperfine magnetic field Hgryp
and the electric field gradient (EFG) at Cd>* on the 4
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sites in Liy sFe, O, were obtained by means of TDPAC
of y rays emitted from !''Cd(«'""In) in the single crys-
tals. The value of the STHF magnetic field transferred
from a single Fe3*(B), h («Fe**), was found to be 12.4
kOe on average, which is 10% larger than that in
M, Fe;_,0, (M =Co or Ni) system. This large value was
accounted for through an effect of Li'*(B) ions on the
STHF interactions in their adjacent Cd**(A4)—0%—
Fe*(B) bonds. The covalencies of Cd?>*(4)—0?%~ and
Fe**(B)—O0?~ bonds are enhanced when these bonds
share O~ ion with Li'*(B) ion because the electronega-
tivity of Li'*(B) is considerably smaller than those of 3d
transition metal ions. It was estimated that h(«Fe’*)
through the oxygen ion O*~(II) which has one Li!*(B)
on its neighbor site is 13.3 kOe, and the one through the
oxygen O’ (I) with no adjacent Li'*(B) is 11.0 kOe.

The remarkably large EFG observed at Cd2*(4) in
this ferrite is accounted for by the difference between the
covalencies of one Cd**(A4)—O?7(I) and three
Cd?*(A4)—0?~(II) bonds around Cd**(A4). The su-
perexchange interactions between Fe3*( 4) and Fe*+(B)
ions through O?~(II) ions in this ferrite are expected to
be large by the same mechanism for the large STHF in-
teractions through O?~(II). These large superexchange
interactions in Li, sFe, sO, are considered to be an origin
of the high Curie temperature of this ferrite.
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