Hyperfine interactions in ordered lithium ferrite: NMR investigations with
diamagnetic substitution and hydrostatic compression

V.D. Doroshevand M. M. Savesta

Donetsk Physicotechnical Institute of the Academy of Sciences of the Ukraine

(Submitted 26 March 1992)
Zh. Eksp. Teor. Fiz. 102, 1315-1334 (October 1992)

We have performed a detailed investigation of hyperfine interactions (HFIs) in a model crystal
belonging to an extensive class of ferrite spinels—ordered lithium ferrite Li, 5 Fe, s O4. To this
end, we have studied at 7= 4.2 K the satellite structure of the >’ Fe NMR spectra of tetrahedral
(4) and octahedral (B) Fe3* ions of diamagnetically diluted ferrites Li, s Fe, s _ . Al,O,
(0<x<0.225) and Li, s Fe, s _ ,Ga O, (0<x<0.43) with easy axes (111) and cobalt-doped
(~0.2%) ferrites with analogous compositions and easy axes (100); we have also investigated
the effect of high pressure, up to 16 kbar, on the NMR frequency. We have determined the
magnitudes of the components of the hyperfine (HF ) magnetic field on the nuclei of 4 and B Fe**
ions, namely, the field H oy , reflecting the effect of the nearest-neighbor anionic environment,
and the field H 4, determined by the transfer of spin density from the surrounding
magnetoactive cations. We have also reliably identified the contributions from different cationic
spheres. We find that the anisotropy of the HF fields can be explained on the basis of the
independent-bond model, whose applicability for studying HFI was established previously only
in the case of Y;FesO,, [ English ezal., J. Magn. Magn. Mater. 50, 174 (1985) ]. In accordance
with the characteristic features of the crystal structure of Li, 5 Fe, 5 O,, we show at a microscopic
level that the anisotropy of the HF field at the 4 sites is determined by the anisotropy of the field
H 4, while at the B sites the anisotropy is determined primarily by the anisotropy of the field

H .y . We find that the concentration dependences of the HF fields are determined not only by
radial effects due to the change in the lattice parameter, but also by the effect of diamagnetic
substitution in the second cationic coordination sphere. We establish, on the basis of the closeness
of the mechanisms of indirect exchange and indirect HFIs, the hierarchy of intersublattice and

intrasublattice exchange interactions in lithium ferrite.

1.INTRODUCTION

The method of >’Fe NMR, together with the Mossbauer
effect, has been successfully employed for studying hyper-
fine interactions (HFIs) in magnetically ordered dielectrics
by recording the local magnetic field on the *’Fe nuclei,
H, oc = Hyp + Hpp, where Hpp is the field due to the
surrounding magnetic dipoles and the field Hyy is propor-
tional to the electron spin density on the iron nucleus. The
source of the main part of the hyperfine (HF) field in 3d-
ions is the exchange spin polarization of closed s-shells by
the spin of unpaired 3d-electrons.! The effect of the crystal-
line environment for predominantly ionic iron compounds is
usually regarded as a modification of the field of the free ion
[H,~ — 630 kOe for Fe** (Ref. 1)1V as a result of cova-
lency and overlapping of electronic shells of the central ca-
tion and the ligands (H cov ). The change in the electron
structure of the ligands which participate in these effects,
primarily their spin polarization by the surrounding cations,
is described by introducing the indirect hyperfine (IHF)
field H 135 :°

Hyr =Hy+ Hcoy + Hiye- ()

A very informative method for studying magnetic HFI
is diamagnetic substitution. When a magnetic vacancy ap-
pears in a cation-ligand-cation chain, the local magnetic
field on the nucleus of the ion changes, in the general case, as
a result of the change in the dipole field, “‘switching off”” of
spin-density transfer, and distortion of the crystal field

AHl_oc = AHD[P + AHIHF + AHcov- (2)
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For ferrites with spinel structure, in which the cations occu-
py tetrahedral (4) and octahedral (B) sites, such investiga-
tions have been performed by substituting at both 4 and B
sites diamagnetic ions for iron ions.?® Mossbauer and NMR
experiments have shown that the field H, o decreases on
57Fe nuclei at sites whose nearest-neighbor environment
contains diamagnetic cations; this decrease was associated
primarily with the vanishing of spin-density transfer from
the substituted magnetic ion F>*, (AH 4 ). The spread in
the values of the IHF fields found in this manner in different
works is very significant. This is due to the low accuracy
with which H 4 is determined, in most cases by analyzing
the concentration dependence of the average HF fields. In
cases when satellites were resolved in the NMR spectrum,
H 3 per bond was determined by assuming that the IHF
fields are isotropic.® Later, however, in an analysis of NMR
spectra of diamagnetically substituted yttrium iron garnet, it
was shown that the anisotropy of the HF fields must be taken
into account.'® The anisotropy of the field H yr was de-
scribed with the help of the independent-bond model, pre-
viously widely employed in crystal-field theory, according to
which the contributions of separate ligands to the HF field
on the central cation are independent and given by

Hye = Hye + HiP cos® g, (3)
where @ is the angle between the magnetization and the cen-
tral-cation-ligand bond. This model employs the fact that

the admixture of ligand electrons to the electronic configura-
tion of the ion is small. For this reason, the correlation be-

© 1992 American Institute of Physics 713



tween the separate bonds can be neglected and it can be as-
sumed that the contributions of the ligands to the HF field
on the nucleus of the cation are additive. Each contribution
reflects the axial symmetry of the metal-ligand bond, while
the HF field can be determined as the sum of the components
(3) over all bonds.

In the present work we study the isotropic and aniso-
tropic HFIs with diamagnetic dilution of a model crystal of
ferrites with spinel structure—Li, 5 Fe, s O,. The *’Fe NMR
spectra are interpreted on the basis of the independent-bond
model for the purpose of confirming the applicability of this
model in iron spinels. We also present the results of measure-
ments of local fields on *’Fe nuclei in lithium ferrite under
hydrostatic compression. Such measurements are necessary
in order to study the subtle effects due to HFIs.

2.MAGNETIC AND CRYSTAL STRUCTURE OF Li,sFe, 50,

Lithium ferrite is most suitable for investigations of
HFIs, since it has extremely narrow NMR lines thanks to
the completely ordered magnetic and crystalline structure.
The only type of magnetic ion it contains is Fe**, which has
3d °-5S electronic configuration with a purely spin magnetic
moment p,~ 51, and is antiferromagnetically ordered at
the 4 and B sites. The space group of the ordered lithium
ferrite is P4,32 (Ref. 11). But lithium ferrite can also be
regarded with adequate accuracy as a spinel (space group
Fd 3m) with ordering of the Li* and Fe** cations at 1:3
octahedral positions,'? so that the cation distribution can be
written in the form (Fe’*) [Fe}i Ligh ]JO;~. In such a
structure the cations have particular positions, while the po-
sition of the anions is characterized by the oxygen parameter
u. The lattice constant and the oxygen parameter determine
the position of all ions in the cell. For Li,sFe, 0O,
(a =8.330 Aandu = 0.3834) the A—-O-Bbond is character-
ized by the angle 122.7° and the B-O0-B bond is, correspond-
ingly, characterized by the angle 93.6°. In lithium ferrite
each Fe** (A4) ion is bound, through four oxygen ions, with

TABLE 1. Interionic distances in Li, s Fe, sO,.

12 B-ions (9Fe** and 3Li*), while each Fe** (B) ion is
bound, through six oxygen ions, with six Fe3* (A) ions and
six B-ions (4Fe®>* and 2Li*). These and other more distant
environments of 4 and B Fe’* ions are presented in Table I.

The local crystallographic symmetry of the tetrahedral
A sites in the structure of normal spinel is cubic, but the
presence of two types of ions in the B sublattice of inverted
lithium ferrite lowers the symmetry, so that each Fe>* (4)
ion has one of four (111) directions as a trigonal symmetry
axis. In accordance with this, for magnetization along the
(111) direction, which is the easy axis of Li, s Fe, 5 O,, there
are two types of magnetically inequivalent A4 sites in the ratio
3:1; this results in the presence of two lines in the NMR
spectrum of A sites of >’Fe. For magnetization along the
(100) direction all 4 sites are equivalent and the NMR spec-
trum consists of a single line. The B sites in the lattice of
normal spinel are trigonally distorted with (111) symmetry
axes. The presence of Li™ ions in lithium ferrite results in
additional nonequivalence of Fe** (B) ions due to ortho-
rhombic distortions. As a result, each Fe>* (B) ion has two
two-fold (110) symmetry axes. Since the symmetry of the B
sites is lower than that of the A4 sites, the number of lines in
the NMR spectrum of the B sites of Fe** is greater than for
A sites [three for M||(111) and two for M||{100) (Ref.
13)].

3.EXPERIMENT AND RESULTS

The NMR investigations were conducted using single
crystals of the ferrites Li, s Fe, s _ , Al O, (0<x<0.225) and
LiysFe,s_,Ga, 0, (0<x<0.43) with (111) easy axes of
magnetization as well as ferrites with similar compositions
doped with cobalt (~0.2%), which, as is well known, ' re-
sults in reorientation of the easy axis toward directions of the
type (100). The samples were grown by the method of spon-
taneous crystallization from a solution in a melt. The results
of the determination of the lattice constant, the cation distri-
bution, and the saturation magnetization for these samples

Surrounding ions
Central ions Remarks
N A type of ion
4 1,92 02~
9 345 F?“‘ (B) nearest-neighbor cationic
Fed+ (4) Z g‘é? Foot ) environment
13 5;;;, Fe’t (B) next-to-nearest neighbor
6. » 34 .
12 529 Fed+ (4) Fe’ ™ environment
12 6.91 »
6 2,02 02~
é %gg F‘?H (B) Nearest cationic environment
. i
Fe®+ (B) 6 3.45 Fed+ (A)
10 5,10 Fel* (B) Next-to-nearest Fe** environment
8 5.89 »
8 6.59 »
8 5.41 Felt (4)
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TABLE II. Characteristics of Li, s Fe, s _ , M, O, samples.
Samples x xA g | wa | Te [Ms(T=0),
& G
Lig,sFez,504 0 0 0 8,330 [ 911 313
. 0,1 0,010} 0,090 | 8,314 ~ 273
(Fel_xAAle) [LigsFei,s xgAlep] Og 0,164 | 0,017 | 0.147 | 8305 | 851 241
0.225 | 0.029 1 0,196 | 8,291 | 833 216
0.06 |0.037 {0.C23 8,228 | 853 ggo
. , 0.16 {0,112]0,048 | 8.325 | 823 7
(FerxyGagy) [LiosFers xpGaxp] Os { 0.22 |0.162|0.058|8.323| 789 | 389
043 10,30810.122 183161 705 433

are summarized in Table II."> The NMR spectra were re-
corded by the spin-echo technique. The NMR spectra con-
sisted of the average amplitude of the spin-echo signal as a
function of the filling frequency of the excitation pulses. An
incoherent NMR spectrometer with a gated integrator with
frequency pulling, was employed. The conditions under
which the signals were excited and recorded were chosen so
that only the intradomain nuclei were observed and there
was no instrumental broadening of the spectra. All measure-
ments were performed at 7= 4.2 K without applying an
external magnetic field.

The NMR spectra of diamagnetically substituted lith-
ium ferrites are presented in Figs. 1 and 2. A characteristic
feature of the spectra of the Li-Al ferrites with weak diamag-
netic dilution is the presence of a pronounced satellite struc-
ture for iron at the A4 sites. As the aluminum concentration
increases the intensities of the satellites a,~a, increase while
the positions of the satellites with respect to the principal
lines remain unchanged. Since at low concentrations Al oc-
cupies predominantly the B sites of the spinel structure (Ta-
ble I1), these satellite lines must be assigned to the nuclei of
Fe** (A) ions, in whose nearest-neighbor B environment
APt — ions appear, i.e., they must be attributed to diamag-
netic substitutions in the chains

Fe**(B)1-»0*" -Fe*" (4) 1.

In the spectra of Fe** (B) ions of Li-Al ferrites only one
resolved satellite b, is observed, but the substantially greater

’

ot 1

broadening of the principal lines of the B sites than those of 4
sites indicates the presence of unresolved satellites in the
spectrum of Fe>* (B) ions, which, like the b, satellites, are
due to the diamagnetic substitution in the chains

02
N
ke’ (B) Fe?* (B)]k .
\4 /ﬂ
02"

The NMR spectra of Li-Ga ferrites for Ga concentra-
tions 0<x<0.22 are also observed to contain satellites whose
intensities increase and positions relative to the principal
lines remain unchanged as x increases. The ‘“rise” of the
spectra of Li~Ga ferrites above 74 MHz, increasing as a
function of Ga content, is associated with the superposition
of a wider line of the ®*Ga NMR spectrum on the *’Fe NMR
spectrum.'® In contrast to AI** ions, a significant fraction of
the Ga®* ions ( ~60~75%, see Table II) replaces iron at the
A sites, and for this reason the presence of b, — b, satellites
in the spectra of Fe** (B) ions in Li-Ga ferrites can be asso-
ciated with diamagnetic substitution in the chains

Fe’t(4)1-02" sFe* T (B)1.

The Ga** ions at B sites, in turn, lead to the appearance of
satellites a; and a,, analogous to the stronger satellites of 4
sites in Li—Al ferrites, in the spectra of Fe** (A4) ions, Final-
ly, the aq satellite in the spectra of Fe** (A4) ions of Li-Ga
ferrites must be attributed to diamagnetic substitution in the

Intensity

=0 150 A
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I

FIG. 1. *’Fe NMR spectra of the ferrites Li, s Fe, s _ . Al O, at
T=4.2K.a) (111) easy axis and b) (100) easy axis.

x=0.225

4
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FIG. 2. *’Fe NMR spectra of the ferrites Li, s Fe,s . Ga, O, at
T=4.2K.a) (111) easy axis and b) (100) easy axis.
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nearest-neighbor 4 environment of Fe** (4) ions. Thus, by
taking into account diamagnetic substitution in Fe-O-Fe
chains we can explain qualitatively the satellite structure of
the >’Fe NMR spectra of diamagnetically diluted lithium
ferrite, and in addition substitution in chains of the form

Fe**(4)1-0*"-Fe’* (B)1
leads, as expected, to stronger changes in the spectra.
Another important feature of the >’Fe NMR spectra is

the asymmetric broadening and shift in the direction of low-
er frequencies of both the principal and satellite lines with

AH,¢ , KOe

FIG. 3. Concentration dependence of isotropic HF fields at *’Fe nuclei in 4
and B sites of diamagnetically substituted lithium ferrites: a—AH yr (4);
b—AH 4 (B). Notation: O—Li-Alferrites with (111) easy axis, @—same
with (100) easy axis; (0—Li~Ga ferrites with (111) easy axis; l—same
with (100) easy axis. The changes in the HF fields were obtained from the
shifts of the principal lines in the NMR spectra after correction for the
change in the Lorentz field. The dashed lines show the contributions of
AH ;¢ (x) which are associated with the change produced in the lattice
parameter by diamagnetic dilution. Insets: Values of AHyg(4) and
AH ;¢ (B), corrected for radial effects, as a function of the degree of substi-
tution of the 4 and B sublattices, respectively.
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increasing Al or Ga content. In view of the concentration
dependence of the magnetization AH | = 47/3AM  (Table
IT), we took into account the trivial contribution to the local
field, arising due to the change in the Lorentz field. We
found that the HF field at °"Fe nuclei decreases with increas-
ing diamagnetic ion concentration for both 4 andB sites of
iron (Fig. 3), and this behavior is not related with diamag-
netic substitution in the nearest-neighbor cationic environ-
ments, which result, as a rule, in splitting of the NMR lines.
The position of the lines can be affected by a coherent change
in the lattice parameter accompanying dilution. This is indi-
cated by the significantly greater change in the NMR fre-
quencies for Li—Al ferrites than in the case of Li-Ga ferrites;
this corresponds to the greater change in the lattice param-
eter in Li—Al ferrites (Table II).

In order to take into account radial effects, we per-
formed NMR measurements of the HF fields under condi-
tions of hydrostatic compression of Li, s Fe, s O, at the tem-
perature of liquid helium (the details of the experiment are
described, for example, in Ref. 17). The frequencies of the 4
and B iron ions decrease linearly with pressure in the region
0-16 kbar (Fig. 4). The values of the pressure coefficients of
the NMR frequencies of >’Fe (Table III) were determined
by least-squares analysis of the separate spectra (three to
five measurements for each value of the pressure) and the
pressure dependence in the linear approximation in the pres-
sure. For isotropic HF fields at the nuclei of Fe’+(4) and
Fe** (B) ions and their pressure coefficients, corrected for
the Lorentz field and the change in this field as a function of
the pressure, we have, respectively,

| H,a|=520,3 kOe,

0| Ho4| /8P = —5,00(9) -10~* kOe-kbar ",

|H.5|=539,6 kOe, (4)
0|H,5} /0P = —3,38(9) -10~% kOe-kbar .

Using the value of the compressibility of lithium ferrite
2% =5.78-10"*kbar~' (Ref. 18), we used the pressure coef-
ficients to calculate the changes occurring in the HF fields at

V. D. Doroshev and M. M. Savesta 716



73.85

73.80

73.10

73.05

72.20

72.15

71.45

71.40

] 1 ]

0 5 70 15 P, kbar

FIG. 4. Pressure dependences of the >’Fe NMR frequencies in lithium fer-
riteat T=4.2 K.

the nuclei of 4 and B iron ions owing to the change in the
lattice parameter accompanying diamagnetic dilution of
Li, s Fe, s O, (dashed lines in Fig. 3). However, the radial
effects explain only partially the experimentally observed
decrease of the HF fields.

4. ANALYSIS OF EXPERIMENTAL RESULTS

4.1. Diamagnetic substitution in Fe3*(8)1 - 02~ - Fe3*(A4)!|
chains

The NMR spectra of *’Fe at the A4 sites of Li-Al ferrites
(the easy axisis (111)) were analyzed in Ref. 6, where it was

assumed that the change in the HF field accompanying dia-
magnetic substitution is isotropic and the anisotropic
change of the dipole field, in view of its weakness, contrib-
utes only to the broadening of the lines. The satellites a; and
a, were referred tothe Fe*+ (4,) and Fe?* (4,) sites, respec-
tively, with a single A1>* ion in the nearest-neighbor B envi-
ronment, while the satellite a, was referred, on the basis of
the equal spacing of the lines a,—a, and a;-4,, to Fe** (4,)
sites with double diamagnetic substitution. This approach
gave the field Hyp(4) =2.84+0.3 kOe per bond
Fe’* (B)1—>0?" >Fe** (4) 1. In the present work, togeth-
er with careful repeated measurements of NMR spectra of
Li-Al ferrites with easy access (111), we also measured the
spectra of Co-doped Li-Al ferrites with easy access (100). It
was found that in order to explain the entire collection of
experimental NMR spectra of Fe®*(4) ions the compo-
nents of the local field at the >’Fe nuclei must be taken into
account more systematically. Indeed, in the case of the easy
axis (100) the satellite a,, by analogy with the satellite a;,
can be assigned to Fe** (4 ") sites with a single AI** jon in
the nearest-neighbor B environment, while the satellite as
can be assigned to Fe*>* (4 ') sites with double diamagnetic
substitution. However, the a,~4, splitting and a,—4 ’ split-
ting are substantially different, i.e., the change in the local
field at >’Fe-nuclei at the 4 sites depends on the direction of
magnetization. Therefore, the anisotropic components of
the local field must be taken into account in order to explain
the positions of the satellites.

The interpretation given below is based on taking into
account the anisotropic change brought about in both the
HF field, according to Eq. (3), and the dipole field by substi-
tution:

Aquoc =AHil~S{F +A (5)

We exclude from analysis the satellites @, and a5, which are
associated with double substitution in the nearest-neighbor
environment of Fe** (A4) ions. The computed ratios of the
intensities of such satellites to the intensities of the corre-
sponding single-substitution satellites, the impurity is dis-
tributed randomly, are in agreement with the experimental
ratios and constitute ~0.16-0.38 for the Al concentrations
investigated. We shall analyze the position of the remaining
satellites, associated with single substitution, on the basis of
the data given in Table IV, where the values of cos® ¢ and
AF p,p for substitutions in nine nearest Fe’* (B) sites are
collected. For 4’ sites, all Fe~O bonds are equivalent, while
there are two values of AH 15 . Accordingly, the spectrum of
Fe3+ (4) sites is observed to contain two close-lying satel-
lites a4 and a,, the ratio of whose intensities and whose split-
ting are in agreement with the expected values. The spec-

i 2
Hrcos‘p + AHpp.

TABLE III. Results of statistical analysis of the pressure dependences
of Fe. NMR frequencies in LiysFe,sO, at T=42 K (F§=}4[3F, +F,];
Fiy =1[Fp +Fs +2F, ). ’
Tetrahedral sites Octahedral sites
A 4, A B, B, B, / B,

F, kxHz 71486 | 72221 | 71670 | 73135 | 73878 | 74406 73956

(P=0) (£3) (£2) (£3) (£5) (£6) (£4) (£5)

aF/aP, -7.1 -5.9 ~-6.80 -5.9 -45 -43 —-4,75

kHz-kbar ™' (£0,43) | (£0,08) | (x0,42) | (£0,42) | (£0,42) | (£0,12) | (x0,12)
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TABLE IV. Satellite structure of spectra of Fe** (4) sites with diamagnetic substitution in the
nearest Fe** (B) sites (substituent ions are AI** and Ga*™*).

Fe'* Multiplicity | cos?e AFppe, AF, kHz Observed
(A) site kHz AL+ Gat satellite
2 1,000 -197 —1450 - ay
4,(111) 5 0,111 +28 -430 -420 as
2 0,111 +140 - - -
3 1,000 -197 - —~ -
4x(111) 3 0,111 +28 -410 - a,
3 0,114 +140 -
’ 3 0,333 -226 —-980 - as
aany | {3 0333 |  +113 660 680 a1

trum of Fe** (4,) sites can be expected to have only two
satellites, since for the observed line widths ~200 kHz the
satellite with AF ;p = 140 kHz is not resolved. Two such
satellites, @, and a,, are observed experimentally. For 4,
sites the pattern of the satellites should be similar to the case
of A, sites, but, in view of the superposition of the spectra,
only one satellite, a,, is observed. Now the difference be-
tween the a;—4, and a—A4 ' splittings has a simple explana-
tion, since the different values of cos >p (0.11 and 0.33)
characterize the corresponding Fe-O bonds.

Only two satellites, a, and a-, associated with diamag-
netic substitution in the nearest-neighbor B environment,
could be recorded in the spectra of Fe** (4) ions of Li-Ga
ferrites, since the degree of substitution of Fe** (B) sites by
gallium is small (xz =0.02-0.06). Evidently, they corre-
spond to the strongest of the expected satellites. We note that
the position of the satellites a, and a, is close to that of the
corresponding satellites in the spectra of Li—Al ferrites.

Thus both the number and amplitude ratio of the satel-
lites of Fe** (A) sites of diamagnetically substituted lithium

AH,e , kKOe
—/” -
ﬁr—' —_— ?"‘" —_— "@
=S5+ /
/g
1 i ek i
0 0.5 1.0

r:ns’}o

FIG. 5. Change in the hyperfine field accompanying diamagnetic substitu-
tion as a function of cos *@: The circles refer to substitution with AI** ions,
the squares refer to substitution with Ga®* ions; the solid line is the approx-
imation of the change in the HF field at Fe** (A4) sites (dark symbols);
and, the dashed line corresponds to the change in the HF field at Fe** (B)
sites.
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ferrites and the position of the satellites can be explained by
using the independent-bond model for taking into account
the anisotropic change in the HF field together with the an-
isotropic change in the dipole field. On the other hand, the
linear dependence of the change in the HF field on cos g,
presented in Fig. 5, confirms the applicability of this model
for lithium ferrite. With diamagnetic substitution at the B
positions of Li, s Fe, s O,, a large change is observed in the
anisotropic part of the HF field on the nuclei of Fe** (4)
ions with respect to the change in the isotropic part:

AH e (4) = —3.1(5)kO0e, AHE(4) = — 6.0(9) kOe.
(6)

4.2. Diamagnetic substitutionin Fe3*(4)1 - 02~ - Fe3*(B)1
chains

In order to explain the NMR spectra of Fe** (B) sites
in Li—Ga ferrites, we started from the fact that all observed
satellites are associated with the substitution of one Fe** ion
by Ga**, since the probability of double substitutions
Ga—Fe at 4 sites is negligibly small for x<0.16. According
to the data of Table V, which gives the values of cos 2p and
AF ;p for substitution of the six nearest Fe** (A4) ions, a
similar picture of the spectrum should be expected for the
sites B'((100)) and B " ({100)): each site should have two
satellites, whose splitting owing to the HF contribution is
equal to AF e = — (¢/2m) AH e (B) and the splitting
owing to the dipole contribution is equal to AFp;p = 0.338
MHz. This makes it possible to assign unequivocally the sat-
ellites b, and b, to B’ sites and the satellite b5 to B " sites. The
missing satellite of B " sites is masked by the wing of the
strong B’ line. Two possible values of the change in the HF
field are obtained formally from the experimental b,—b,
splitting |AF,,, | = 0.38 MHz: AH ;i (1) = — 0.3(2) kOe
and AH 2¥(2) = + 5.2(2) kOe. The ratio of the intensities
of the satellites b, and b, favors the first variant. Moreover,
the satellite structure of the spectra of Fe** (B) sites of Li—
Ga ferrites with easy access (111) (Fig. 6) can be described,
using the computed values of the dipole contributions, only
in this case. Thus in the case of diamagnetic substitution in
the 4 positions of lithium ferrite the change in the anisotrop-
ic part of the HF field at the nuclei of Fe** (B) ions is very
small:

AH:(B) = —6.3(2) kOe, AHHE(B) = — 0.3(2) kOe.
(7N
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TABLE V. Satellite structure of spectra of Fe’>*+ (B) sites with diamagnetic substitution in the

nearest Fe>* (A4) sites (the substituent ion is Ga**).

Fe’* (B) site | Multiplicity cos’p AFyp,kHz| AF,, kHz (:::;E;’tced
By (111> 6 0.380 +140 ~740 b,
maw ({7 | g | | o | 2
man | (2| | g | oW | b
| (3| i || |k
B"¢100) { 2 1000 S22 ~1150 by

4.3. Diamagnetic substitution in chains of the form
(0L

Fe** (B) T Z ;FeS“ (B)T

0z

In the spinel structure the Fe’>* (B) ion is bound with
the nearest Fe** (B) ion twice by means of different oxygen
ions. Since both bonds are identical, in order to take into
account the change in the HF field on the basis of the inde-
pendent-bond model it is sufficient to sum Eq. (3) over the
two bonds without increasing the number of parameters.
The satellite b, in the spectrum of Fe** (B) sites in Li-Al
ferrites with easy access (111) is easy to identify starting
from the data in Table VI. It follows immediately from the
position of this satellite that

AHyp (AP SFe’*) = 2AH 5
+ 0.666A

anis

anis _ 0.9(2) kOe.
(8)

We verified the reliability of this value of AH yr by decom-
posing the entire spectrum of the Fe’* (B) sites of Li-Al
ferrites (easy access (111)) into the principal and satellite
lines for different concentrations of the diamagnetic sub-
stituent. The decomposition of the spectra was performed
using the shape of the resolved line B,. The number of satel-
lites was determined from the data given in Table VI. The

Intensity

relative position of the satellites and the principal lines was
fixed by the computed value of the dipole splitting. However,
in view of the fact that cos ¢ has almost the same value for
all bonds, the change in the HF field was characterized by
the single quantity AH 4. As aresult, we obtained values of
AH 4 lying in the range 0.8-1.1 kOe, in agreement with the
value presented above.

The satellite b, in the spectra of the B sites in Li-Ga
ferrites could not be explained by taking into account substi-
tution in the chains Fe** (4)1 —>0*~ -Fe** (B)t (Figs. 2
and 6). At the same time, since some of the Ga*>™* ions occu-
py B positions, it is natural to identify it with the strongest
satellite with substitution in the chains

0

7N
Fes*(B) I Fe’* (B) '[
N o

(Table VI). Then, it follows from the position of the satellite
b, that

AHyp (Ga** -Fe’*) = 20H iy + 0.621AH 35

= —0.5(2) kOe. 9)

Therefore, with diamagnetic substitution in changes of the
type

FIG. 6. Comparison of the satellite structure of the spectrum of
Fe’* (B) sites of the ferrite Li, 5 Fe, 1, Ga,, , O, with the comput-
ed positions of the satellites for AH ;- = — 6.4 kOe.

70 72 74 F,
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TABLE VI. Satellite structure of spectra of Fe*+ (B) sites with diamagnetic substitution in the

nearest Fe** (B) sites.

Observed
satellite

Fe’+ (B) site | Multiplicity costp AFpp, kHz | - AF,,,,kHz
B.(A11) o | {538 } +248 -
' 0.380
0.288 _ _
2 { 0.333 } 248
sy | e |
. { 0.000 } o8 _
, 0,000
B'<100> s | {0000 e
1,000 -
9 { 0.000 } _os8 _
, 0.000
B (100) 0,000
2 { 1,000 } +124 -
02~
7 N
Fe®* (B) T Fe’* (B)I
V4
0

the changes in the HF field depend strongly on the substitu-
ent ion. This difference will be explained below.

4.4. Effect of diamagnetic substitution in the A sites on the
NMR spectraof Fe3*(4)ions

In lithium ferrite there is no 4-O-4 bond between A
sites via an oxygen ion. For this reason, in the case of substi-
tution of Fe**(A4) ions, the change in the HF field at
Fe** (A) sites should be very small. Indeed, the satellite a,
(Fig. 2) with close-to-dipole splitting (Table VII) is ob-
served in the spectrum of 4 sites in Li-Ga ferrites. It follows
from the position of this satellite that AH . = — 0.12(15)
kOe.

4.5. Effect of diamagnetic substitution in distant spheres

In the case of diamagnetic substitution, the NMR fre-
quencies of the principal and satellite lines are observed to
decrease. This decrease cannot be explained solely by the
decrease produced in the HF field by the change in the lattice
parameter (Fig. 3). By analyzing the difference in the ex-
perimental concentration dependences AH yr(A4) and

by
by

AH ;i (B) (solid lines in Fig. 3) and the dependences deter-
mined only by radial effects (dashed lines in Fig. 3), it is
possible to observe a correlation between these differences
and the degree of substitution in the same sublattice. It was
found that the values of AH yr (4) (AH g (B)) corrected
for the change in the lattice parameter fall as a function of x ,
(x5 /1.5) on the same straight line for both Li-Ga and Li-Al
ferrites (see insets in Fig. 3). The slopes of the concentration
dependences of the HF fields on the iron nuclei at 4 and B
sites are as follows:

AH yp(A—>. . .~ A)=—1,224 kOe,

AHyg (B—...~B)=—T4(2s/1,5) kOe. (10)

5.DISCUSSION
5.1.Indirect hyperfine fields in lithium ferrite

Numerous NMR and Mdssbauer investigations of dia-
magnetically substituted ferrites have shown that |H ¢ |
decreases at >’Fe nuclei in 4 and B sites. In interpreting the
results, the change in the dipole field was neglected because
this field is weak. Neglecting also the local distortions ac-
companying the substitution M>* — Fe?*, which depend on
the difference of the ionic radii of the diamagnetic ion M>*
and theion Fe?* and result in a change in H oy , the changes
in the HF field were associated to the “switching off”’ of spin-

TABLE VII. Satellite structure of spectra of Fe’* (4) sites with diamagnetic substitution in the

nearest Fe** (4) sites.

Fe3+ (A) site Multiplicity AFpp, kHz AF,,, kHz ObSCI:VCdx
satellite
3 —91 - -
Attt { 1 +271 +255 as
3 -91 - -
411 { 1 +271 - -
A’¢100) 4 0 - -
720 Sov. Phys. JETP 75 (4), October 1992 V. D. Doroshev and M. M. Savesta 720



density transfer in the chains Fe** (B)1-0?"=Fe3+ (4) 1.
This approach made it possible to estimate the magnitude of
the IHF field H ;yr (B), induced from Fe** (4) ions, at the
nuclei of Fe** (B) ions and vice versa. In this work we also
found that the change produced in the HF field at >’Fe nuclei
in Fe®*(4) sites by substitutions in the B sites AI’*
-Fe** (AR = —0.110 A) and Ga-
3+ ,Fe’* (AR = — 0.025 A) are virtually identical. It fol-
lows from the results (6) and (7) of our analysis that the
IHF fields per Fe** (B)1-0>"-Fe**(4)! bond (on the

average) for lithium ferrite are?
Hyyp (B)=6,4(2)kOe, Hypur(4)=5,1(6) kOe.  (11)

At the same time, it was found that in the case of substitution
in chains of the type

0
7
Fe’* (B) T
N
oz

:Fe‘” (B) T

the change in the HF field depends significantly on the dif-
ference of the ionic radii [see Egs. (8) and (9)]. This result
can be easily explained, since in the spinel structure the dis-
tance between neighboring Fe*(B) ions rp_p = 2.95°A is
significantly shorter than the distance r,_ 5 = 3.41 A be-
tween the neighboring 4 and B ions, and the contribution of
the local deformation to the change in H oy and the Fe-O-
Fe bond angles on substitution can be significant. Extrapo-
lating the dependence AH y (AR) to zero difference of the
ionic radii of the diamagnetic ion and the iron ion, we can
estimate the average IHF field induced at the Fe3* (B) sites
by the nearest Fe** (B) ion:

Hyur (B~B)~0,9(2) kOe. (12)

For lithium ferrite, which is primarily an ionic com-
pound with a high degree of localization of the electron den-
sity, for the more distant environments the changes pro-
duced in the HF field by the diamagnetic dilution can be
expected to decay rapidly. The results of the present work
show that the total change AH 5, caused by substitution in
the nearest cationic environments, is an order of magnitude
higher than AH ;4 due to substitution in the next-to-nearest
environments. On the other hand, one can see from our data
that in the case of substitutions in the distant spheres
(Pgere >3.61 A) the local distortions can be neglected. For
this reason, the change brought about in the HF field by
substitution in distant spheres can be interpreted only as a

“switching off’ of spin-density transfer from Fe** ions, and
we can confine our attention to chains of the form Fe—~O-Fe-
O-Fe (or Fe-O-Li-O-Fe). Then, for Fe3* (A4) sites one
should expect, first of all, changes in the HF field on substi-
tution in the chains Fe**(4)!->0?>" -Fe**(B)1-0%"
->Fe*t(4)1 [or Fet(4)1-0?>"-Lit(B)->0*"
—Fe?*(4) 1] and for Fe** (B) sites with substitution in the
chains Fe**(B)1-0?" sFe*t(4)1 02" -sFe** (B)1,
containing 123-degree A-O-B bonds, which, in turn, are re-
sponsible for the strongest spin-density transfer in lithium
ferrite. This interpretation agrees very well with the depend-
ence, which we observed, of the change in the HF field at
>7Fe-nuclei in A and B sites on the degree of substitution of
the 4 and B sublattices, respectively. In lithium ferrite the
iron ions could be bound by a different number of chains of
the form Fe—-O-Fe-O-Fe or Fe-O-Li-O-Fe (from one to
six). Taking into account the total number of corresponding
chains with substitution of 4 and B sublattices, the average
IHF field per chain of this type can be estimated from the
slopes of the concentration dependences of the HF fields
(10):
H g (B+~0-+A-~0-+B)=0,2 kOe, (13)
Hyyr (A~0—-B—>0~A4)=0,02 kOe.
Diamagnetic substitution of iron ions at the 4 sites results, as
we have already mentioned, in the appearance of a resolved
satellite ag (Fig. 2) in the NMR spectrum of Li—Ga ferrites.
From the position of this satellite we can determine directly,
though with low accuracy, Hyp(4—-0—-B—0-A)
=0.12(15) kQe. This result agrees with the value of the
IHF field per chain 4 - O— B— O — A obtained above, since
in the spinel structure the nearest Fe®*(A4) ions
(74—4 = 3.61 A) are bound by six such chains.

Now, using the contributions to the IHF field (11)-
(13) and the number of corresponding bonds found above,
the total IHF fields at the nuceli of 4 and B iron ions can be
calculated, after which, using the experimental values of the
total HF fields (4), the values of H ooy can be determined.
These values are presented in Table VIII.

We now compare the values obtained in the present
work for H r in Lij s Fe, O, with the Mossbauer data. In
Refs. 4 and 7-9 the IHF fields per Fe**(B)1-0>"-
Fe**(4)! bond were determined by substituting
diamagneticions Sb°*, Ga**, AI’*, and Zn?"*. These values
are characterized by a significant spread and, as a rule, they
are higher than our data: H mr (4) =4-10 kOe and
H \yr (B) = 8-17 kOe. We believe that the disagreements
are associated with the simplified interpretation of the Mdss-

TABLE VIIIL Isotropic HF fields (kOe) at >’Fe nuclei in 4 and B sites in Li,sFe, O,

(Hy,= — 630kOe).
Type of field Fe** (4) sites Fe’* (B) sites

Hyr (A — B) - -38,4
Hyye (B— 4) -459 -
HIHF (B — B) - -3.6
Huyr (A— B — A) -1,2 -
H"_".-_ (B-—»A—wB) - ~-7.4
Higy -474 494
H_, +156,8 +139.8
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bauer spectra, when the total effect of the decrease in the HF
field is attributed to the fields H ; (4) and H ¢ (B), while
the change in the lattice parameter accompanying substitu-
tion and contributions from more distant environments to
H ;i have a definite effect on this decrease.

5.2. Correlation between exchange and indirect hyperfine
interactions

The mechanisms of formation of the IHF field and in-
direct exchange have much in common, since both effects
depend on spin-density transfer from one metallic ion to
another via a ligand. If, however, the indirect exchange in-
teraction can be interpreted as spin transfer from a 3d-orbi-
tal of one iron ion to the 3d-orbital of another, taking into
account the energy of such a transfer, then in interpreting
the IHF field, in addition to the indirect contribution owing
to spin transfer into the 3d-shell, the contribution made by
the additional polarization of the s-shells of the central ion to
the generation of the spin density at the nucleus must also be
taken into account. For this reason, only a qualitative agree-
ment is observed between the ratios of H ,;r and exchange
integrals for different bonds.?'® In lithium ferrite, three ex-
change constants, J 5, 55, and J,, are usually considered.
These constants characterize the short-range exchange of
the nearest-neighbor iron ions and are determined, as a rule,
by analyzing the experimental data on the spontaneous mag-
netization or the paramagnetic susceptibility on the basis of
the molecular-field theory. In most such analyses, however,
B-B exchange is found to be weaker than the 4-A interac-
tion,?® and this does not agree with the bond geometry in the
spinel structure. In Ref. 21 it is shown that for ferrimagnets
the molecular-field theory gives values for the intrasublat-
tice exchanges which are too high, especially for the 4 sub-
lattice. The relative importance of different interactions in
the spinel structure can be assessed from the hierarchy, de-
termined in the present work, of IHF fields (see Table VIII):

Jap >Jpp > 445

which agrees qualitatively with measurements of exchange
integrals for Li, 5 Fe, s O, by the method of inelastic neutron
scattering.?* There is one interesting circumstance: At the
octahedral sites the IHF field from the nearest B ions and the
next-nearest B iron ions are completely comparable in mag-
nitude. Apparently, when the intrasublattice B—B exchange
is taken into account, both indirect exchange between the
nearest Fe** (B) ions through the oxygen ion as well as
the exchange interaction in longer chains of the form
Fe’*(B)1-0?>" -Fe’*(4)1-0%*" -Fe**(B), must be
considered.

5.3. Anisotropy of the HF field at 5?Fe nuclei in lithium ferrite

Thus far we have employed the method of independent
bonds to describe the changes brought about in the HF field
by diamagnetic substitution. If, however, Eq. (3) is summed
over all bonds of a given ion, then the total HF field at >’Fe
nuclei in unsubstituted Li, s Fe, s O, can be described. In so
doing, we determine the number of covalent contributions
from the number of nearest O>~ ions, and the number of
contributions to H ;;r depends on the number of bonds of
the type Fe-O-Fe. For Fe** (4) sites we have
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4
Hyg (4) = 4H Sov + H oy z cos’; + 9H Gy (B—A)

i=1

9
+ Hifir (B—~4) Y cos’;.
=1

If the positions of the ions for the space group Fd 3m are
taken into account, there should be no anisotropy of H cqv
for A sites, since =}_ , cos® ¢; = const = 1.333, irrespective
of the direction of magnetization (Table IV). For the split-
ting of the NMR frequencies in the case M||(111), we can
write

F(4,)—F (A,)=(y/2n) [AHpip +0889H ik (B—4)].  (14)

Since the computed value of the dipole splitting
AH 5;p = 0.486 kOe, determined in Ref. 13 by summing
over the lattice, the anisotropy of the IHF field at Fe** (4)
sites can be determined directly from Eq. (14):

H¥ (4) = 5.47 kOe.

The good agreement between this result and the value (6),
obtained from the position of the satellite of diamagnetically
diluted lithium ferrite, confirms the correctness of the fore-
going analysis of the satellite structure of the NMR spectra.
On the other hand, this result may mean that there is no
appreciable contribution of H oy in the splitting of the lines
of the 4 sites, since this contribution is not anisotropic. The
point is that the isotropic character of H ooy is associated
with the absence of distortions of the tetrahedral complex in
the spinel structure. Although lithium ferrite, strictly speak-
ing, has the space group P 4,32, in which the positions of the
ions are the same as in spinel, but with some displacements
relative to the positions in the spinel structure, the distor-
tions arising in this case are nonetheless so small that they
obviously do not make an appreciable contribution to the
anisotropy of the HF field at >’Fe nuclei. We note that be-
cause of the smallness of the distortions of the oxygen tetra-
hedron the IHF field induced from Fe** (A4) ions at Fe**
(B) ions is practically isotropic (Fig. 5).

Taking into account the contributions, obtained above,
of different interactions to the IHF field, we can write for the
HF field at Fe>* (B) sites

Hye (B) = 6[}Iicsov +HiISHF(A_’B) +HilsHF(B_’A—’B)]
+ [HEov + Hiny (B~4-B) |

6
X 3 cos @, + 8H 1y (B~ B)

i=1

8
+ Hifit (B—B) Y cos ;. (15)
j=1
The anisotropic HF field at °’Fe nuclei in the B sites can be
divided into axial and orthorhombic contributions. This is
expressed in Eq. (15) by the presence of two types of angular
dependences. The anisotropic part of H -oy has axial symme-
try owing to the trigonal distortions of the oxygen octahedron
in the spinel structure with #5#3/8 with (111) symmetry
axes. The field H 2. (B— A — B) is also axisymmetric, since it
reflects the trigonal symmetry of the cationic distortions of
the B sites. Correspondingly, both contributions have the
same angular dependence. The lowering of the local symme-
try at the B sites of lithium ferrite to orthorhombic symmetry
is associated with the presence of Li in the nearest-neighbor B
environment. Accordingly, the contribution of H 3is. (B— B)
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has orthorhombic symmetry. When the magnetization vector
is directed along the (100) axis, the axial component of H iy
vanishes and from the splitting of the NMR frequencies
F(B") —F(B') = (y/2m) [AHpp — H i (B—B) ],
where AH ;p = 2.82 kOe (Ref. 13), and using Eq. (12) we
obtain

H (B—B) = — 2.07 kOe,
H% . (B—B) = 1.14 KOe. (16)

For the easy access (111) the axial component of the
anisotropic part of the HF field is maximum and can be
determined from the splitting

F(B,) — F(B)) = (y/2m){AHpp — 0.466H i3 (B—B)
—037[H%S, + Hips (B~4A-B)]},

using AH p;p = 11.55 kOe (Ref. 13), Eq. (16)* and
H¥5, + Hins (B~A—B) =19.2 KOe. (17)

Since H oy > H jyr (B—A - B), the obtained value (17) re-
flects the high anisotropy of the covalent field at B sites.

Thus we have shown that the anisotropy of the HF field
differs at 4 and B sites of lithium ferrite. For A sites it is due to
the anisotropy of the indirect (transferred) hyperfine field,
while for B sites the anisotropy of the characteristics HF field
of the Fe** ion predominates.

5.4. Pressure dependence of the local fields at nuclei

We employed the pressure dependence of the NMR fre-
quencies of Lij s Fe, s O, previously in order to separate em-
pirically the contribution of the radial effects to the concen-
tration dependence of the HF fields of diamagnetically
diluted lithium ferrite. We now discuss the effect of hydrostat-
ic pressure on the HFI in Li, s Fe, sO,. When the crystal is
compressed, both contributions H coy and H yg to the HF
field at the iron nucleus increase because the distances 7. o
decrease. Due to the difference in the signs, increases in H cov
and H ¢ result in a decrease and increase, respectively, of the
NMR frequencies. Thus the behavior of the NMR frequen-
cies under conditions of hydrostatic compression is deter-
mined by the competition between the radial dependences of
these contributions. We shall analyze the behavior of the
NMR frequencies at the B sites of Li, ;s Fe, sO, under pres-
sure in comparison with the rare-earth orthoferrites RFeOs,
where the Fe** ions have only octahedral coordination. In
Ref. 23 the pressure coefficient of the *’Fe NMR frequency
was found to vary strongly in the series of rare-earth orthofer-
rites due to the variationin H 1y, with H ooy Staying approxi-
mately constant. In the series of orthoferrites the distance
Fre.o Temains practically constant, but the Fe~O-Fe bond
angle 6, on which H ,r depends as (with other parameters
being fixed)

Hyye = [Hiyr (180°) — Hyyr (90°) Jcos %6 + Hyyr (90°)
(A2 —A2)cos?0+ A2, (18)

where A, and 4, are the covalent parameters for o and 7 Fe—
O bonds, including the corresponding overlap integrals and
the transfer parameters,'® varies significantly. The experi-
mental dependence of the pressure coefficients of the HF
fields for RFeO; (Ref. 23) is described well by the theoretical
straight line
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aHHF /arye—o“—-— (255(}082 9—155) kOe/fx ( 19)
in the approximation
OH g [0rpe_o = (0A4/0r) Hyye, (20)

which follows from Eq. (18), if the bond angle 6 and the
quantity 4 2/A4 2 are insensitive to the pressure. The straight
line (19) was obtained using the results of the radial depen-
dences of the HF fields for an undistorted octahedral Fe**
site with 7g, o = 2.01 A and taking into account the IHF
fields in six Fe** (octa)t - 0*~ > Fe** (octa) | chains.?*

Comparing our pressure coefficient of the HF field
J|H,5|/0P= —3.38(9)-1072 kOe-kbar~! for B sites of
lithium ferrite, characterized by the Fe**(B)1-0%*~
—Fe** (4) | bond angle 8 = 122.7°, with the variation of the
pressure coefficients in the series of orthoferrites, we find that
it not only agrees in sign with the negative pressure coeffi-
cients observed for RFeO; for 0 < 6., =~140°, but it satisfies
quite well the dependence (19), from which for 8 = 122.7° we
have (3 |H yg |/OP) . = — 3.26-1072 kOe-kbar ™', taking
into account the compressibility of lithium ferrite
x = 5.78-10"*kbar~". In Li, 5 Fe, s O, the oxygen octahedra
undergo relatively small distortions (the deviations of the O-
Fe-O angle from 90° are ~4° for lithium ferrite and ~ 1-2° for
orthoferrites), while the distance Tfeo
=2.02 A is virtually identical to the distances in the series
RFeO; (rg.o = 2.006-2.014 A). As a result, the covalent
fields in both structures are close: H oy (B) = 139.8 kOe for
LiysFe, O, (Table VIII) and H oy =158 kOe for
RFeO,."° For this reason, the correlation of the pressure coef-
ficient of the HF field at B sites of lithium ferrite with the data
for the series of orthoferrites, taking into account Eq. (20),
reflects the fact that, in spite of the difference in the formation
mechanisms, the magnitude of the IHF field of Li, s Fe, sO,
H,,r (B) = 49.4 kOe is described by the angular dependence
of Hye for the orthoferrite series'® H jyp(0) = [(104-
19.6)cos 2 0 + 19.6] kOe at @ = 122.7°. We note in this con-
nection that the computed values of the parameter 4 2 for
spinel (7o = 2.03 A) and orthoferrites 42 = 0.125 and
0.147, respectively, are close.”

The pressure coefficient of the isotropic part of the HF
field at A4 sites in lithium ferrite was found to be approximately
1.5 times larger than at B sites. The small difference between
H oy and H ¢ for A and B sites (Table VIII) cannot be the
main reason for this behavior. More important, in our opin-
ion, is the fact that at tetrahedral Fe*™ sites the distance 7,
o = 1.92 A is significantly shorter than at B sites. For this
reason, it is not so much the difference of H oy and H jy at 4
and B sites of iron that must be taken into account, as the
difference in the slopes of their radial dependences. Unfortu-
nately, at the present time it is impossible to make a quantita-
tive comparison, since no calculations of the radial depen-
dences of the HF fields at the tetrahedral Fe** sites have been
performed. We merely note that higher pressure coefficients
at tetrahedral sites than at octahedral sites were also found in
iron garnets.'”

A detailed analysis, the details of which are not present-
ed here, also has shown that the difference in the pressure
coefficients of the NMR frequencies of separate lines in the
spectra of A and B sites in lithium ferrite (Table III) reflects
the anisotropy of the HF field at these sites.
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6.CONCLUSIONS

Thus, thanks to the uniqueness of ordered lithium ferrite
among iron spinels, which consists of complete ordering of
the crystalline and magnetic structure, as well as the choice of
optimal degrees of diamagnetic substitution, in this work we
were able to record *’Fe NMR spectra with rich satellite
structure. Analysis of these spectra combined with the data
from pressure investigations made it possible to study an en-
tire series of previously not studied subtle effects due to HFIs.
The data obtained on the delocalization of the spin density
can be used to make more accurate interpretations of NMR
and Mossbauer spectra in magnetodielectrics—iron spinels—
when studying, for example, magnetic phase transitions, ca-
tion distribution, local distortions of the crystalline structure,
etc.

We thank P. Novak (Institute of Physics of Czechoslo-
vakia, Prague) for fruitful discussions and V. N. Seleznev for
kindly providing certified single crystals.

"The negative sign of H, reflects the fact that the internal magnetic field at
the nucleus is oriented antiparallel to the magnetic moment of the Fe**
ion. In what follows, for convenience we assume formally that it is posi-
tive, unless otherwise stipulated.

21f on substitution the HF field changes as a result of H ¢, then the magni-
tude of the indirect hyperfine field per substituent ion in lithium ferrite is
simply related to the parameters of the independent-bond model:
Hur = — (AH e +0.333H).

3The splitting F(B;) — F(B,)/(y/2m) = 3.88 kOe is determined virtually
completely by the dipole contribution of 3.66 kOe."
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