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Shifts of NMR resonance frequencies in a single crystal of NaNiF; are studied as functions of
the orientation and magnitude of the external magnetic field, and also as functions of the tem-
perature. For the °F nuclei, these shifts are caused by dipole and hyperfine interaction with
the Ni%* ions, which leads to the appearance of local magnetic fields on the YF nuclei. Values
of the spin density on the fluorine nuclei are calculated, and NMR and Néel-temperature data

for NaNiF; and KNiF; crystals are compared. Qualitative agreement is established between
the theory of superexchange and experiment. The shifts of the NMR resonance field in 2*Na
are connected with second-order quadrupole effects. It is shown that the electric field near
the sodium nuclei has a preferred axis, whose direction coincides with [110] or [110] for dif-
ferent nuclei in the planes z = 1/4 and z = 3/4. No local magnetic field is observed on the
sodium nuclei; this indicates absence of hyperfine interaction between the sodium nuclei and
unpaired electrons in the eg orbitals of the NiZ*.

NUCLEAR magnetic resonance makes it possible
to measure with high accuracy the internal mag-
netic fields in crystals, and at the same time to
study the spin-density distribution, the exchange
interactions, and the chemical bond. If the nuclei
on which the resonance is observed possess a quad-
rupole moment, then there is also a possibility of
studying the quadrupole interactions and of obtaining
information about the size and the local symmetry
of the electric fields.

In the present work, the magnetic resonance of
YF and ?°Na nuclei is studied in a single crystal of
NaNiF;. The compound NaNiF; has a structure of
the perovskite type with an orthorhombic distortion.
The parameters of the elementary cell are
a=5.3614A,b=5.5244, andc = 7.688 A.[1] At
149°K there is observed a transition to an antiferro-
magnetic state with appearance of weak ferromag-
netism. It is noteworthy that despite the similarity
of a number of physical properties (the optical, for
example) to those of the compound KNiF;, which has
a cubic structure of the perovskite type, the Néel
temperature in NaNiF; is lower by nearly a factor
two than in KNiF;, where Ty = 275°K. In Ander-
son’s papersL“] a connection is established be-
tween the NMR parameters and the superexchange
energy, which is responsible for the magnetic or-
dering. It is therefore of interest to investigate to
what extent the theory of superexchange agrees with
NMR data on NaNiF; and KNiF;.

The measurements were carried out by means

of an oscillator adjustable over the range 6 to

30 Mc/sec. The magnetic field was measured with
an IMI-2 magnetic-induction gauge based on the
nuclear resonance of protons and lithium. The
crystal on which the measurements were made had
the form of a plate, of dimensions 14 X 11 X 2.5 mm.
A surface of the plate coincided with the (110)
plane. The conditions of preparation of the crystal
were described earlier. 4]

NUCLEAR MAGNETIC RESONANCE ON YF

Results of the experiments. Two lines were ob-
served from fluorine nuclei in positions (4c) and
(8d). The position of the lines depends on the
orientation of the crystal in the external magnetic
field. The angular dependence of the magnetic field
H, at resonance was recorded under the following
conditions: 1) Hy L [010], and the angle between
H, and [001] is varied (Fig. 1); 2) Hy 1[100], and
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FIG. 1. Angular dependence of the shift of resonance field
of *F nuclei in NaNiF, at room temperature; resonance fre-
quency f, = (y/2mHy(1 + AH/H,) = 29.12 Mc/sec.
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FIG. 2. Temperature dependence of the shifts of
resonance fields (in relative units): 0— NMR of **F; o — NMR
of #®Na.

the angle between H, and [001] is varied. The re-
sults in the two cases agreed within the limits of
experimental error. The line width between ex-
trema of the derivative was 6H = 12 + 3 Oe. The
temperature dependence was studied for ¢ = 54°,
where only one line is observed. The results of
the temperature measurements are shown in Fig.
2. The temperature variation of the line shift
agrees, within the limits of experimental error,
with the variation of the magnetic susceptibility.
With lowering of the temperature to 175°K, the
intensity of the signal increases; but near that
temperature there occurs an abrupt change of form
of the signal, and the intensity begins to decrease.
Below 161°K no NMR signal is observed.

Discussion of the results. To describe the
shifts of resonance field on the fluorine nuclei, we
use a Hamiltonian of the form [?]

H = —gnBnI(Ho 4+ HP) + 2SAI (1)

Here gy is the nuclear g-factor, Sy is the nuclear
magneton, I is the nuclear spin operator, S is the
spin operator of the Ni%* ion, A is the hyperfine-
interaction constant, and HD is the dipole field:

Z 3(rixmH)r;  xmH

; Nrs Nr3’

where X, is the molar susceptibility, rj is the
radius vector drawn from the nucleus under con-
sideration to the i-th Ni’* ion, and N is Avogadro’s
number. The sum extends over all the paramagnetic
ions of the specimen.

To calculate the dipole fields, we use the dipole
sum obtained inéJ for KNiF;, but with allowance
for the difference in size of the molar susceptibili-
ties of NaNiF; and KNiF;. Then

HD =

HpP/Hy= —2H,?/H, = 1.94-10-3

at T = 298°K. The symbols L and Il refer to the ori-
entations in which Hj is perpendicular and parallel
to the Ni-F bond; Xm = 2.39 X 1073.11) The sum of
the Lorentz field and the demagnetizing field under
these conditions varies with orientation of the crys-
tal between about +1 and —4 Oe; it is taken into
account only in the estimate of the experimental
error.
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In the calculation of the hyperfine-interaction
constant from the experimental data, we will basic-
ally follow reference EG—]; and we neglect possible
deviations of the Ni-F-Ni bond from a 180° bond.

On this assumption
A= A;+ Ap(3coszg — 1), (2)

where Ag and Ap are determined by the equations

AH, — H,? 8N@2
Nepenby {2 — (= ) (24— 24,),
AH,— HP 8IVg2
NgﬁgerN(—“-iIml—”—)- = (xm—qu) (24, + 445). (3)

Here ¢ is the angle between the direction of H, and
the direction of the Ni-F bond, 10Dq = 7620 cm%,."
g is the electronic g-factor (g = 2.2887), and B is
the Bohr magneton.

On using the experimental values of AH| and
AH]| (cf. Fig. 1), we find

Ay = (41 = 4) - 10~%cm™, Ap = (9.0 & 1.2) -10~%cm™.

From a knowledge of Ag and Ap, it is possible to
calculate the spin densities fg and fp, correspond-
ing to the unpairedness of spins in the 2s and 2p
shells of the fluorine: 8’

fs = 284,/ Ass == (0.55 = 0.05) %,

fo =254,/ App = (42 = 0.6) %.

Here S = 1 is the spin of the nickel ion; A,g
=1.503 cm™ and A,y = 0.0429 em 18] are the
hyperfine-interaction constants for electrons in
the 2s and 2p shells of an isolated ion of fluorine.
We note that the calculated spin densities do not
include corrections for an excited state and for
interactions of the 1s and 2s shells of fluorine. %’

If one uses the method of molecular orbitals, (6’
the spin densities are expressed in terms of
parameters that describe covalence between the
Ni%* and F~ ions and overlapping of the correspond-
ing atomic orbitals. Then

(4)

fs = 7‘-32/N/7 fr= 7"172/1\7/- (5)

Here N’ is a normalizing factor, close to unity;

As =Y¥s *+ Ss, Ap =¥p + Sp; Sg and Sp are atomic
overlap integrals between the 2s and 2p orbitals of
fluorine and the 3d orbital of Ni%*, which belongs to
the eg representation; D and Ys and Yp are parame-
ters that describe the covalence between those
same orbitals. It is possible to calculate the over-
lap integrals from the known atomic wave functions

DIn the method of molecular orbitals, the notation usually
used is that of Mulliken’s representation,[*°] in which small
letters are used to describe single-electron states.
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and then, by use of the fg and f;, obtained from ex-
periment, to estimate the covalence.

As was shown in the papers of Anderson, (2,3]
the energy of superexchange interaction, which is
responsible for the magnetic ordering in insulators,
is directly connected with these same parameters
of overlap and covalence, obtained from NMR ex-
periments. It is therefore possible to compare the
ratio of the Néel temperatures of NaNiF; and
KNiF; as obtained from magnetic measurements
with that calculated by theory.[2:3) FromU[?] it
follows that

— (T}\,) NaNiFs; [7.6 (sz —_ Spi— 30.5(}»32 - Ssz) ]NaNiFa
(Tx)xwirs  [7.6(Ap? — Sp2) — 30.5 (A2 — Sq2)

g .
FKNiF;
(6)
On substituting in formula (6) the values of Ag and
)»p obtained from (5), we find £ = 0.73, whereas
according to magnetic measurements £ = 0.54. In
this calculation, all the overlap integrals have
been taken equal for the two crystals, in view of
the small difference in interatomic Ni-F distances
in NaNiF; and in KNiF3.D] The values of A, and
Ag for KNiF; were taken from [“], again without
taking into account the above-mentioned correc-
tions for excited states and for 1s-2s interactions.
No great significance should be attached to
numerical agreement between the calculated and
observed Néel-temperature ratios, in view of the
assumptions made above. Nevertheless, the fact
that formula (6) correctly describes the trend in a
change of the Néel temperature is reassuring.

NUCLEAR MAGNETIC RESONANCE IN %Na

Experimental results. In the general case,
there are observed two lines, of width 6H = 9
+ 2 Oe, whose position depends on the orientation
of the crystal in the external magnetic field. The
shift of these lines was measured in relation to the
position of the NMR of 2*Na in NaCl and the NMR
of 81Cu in the copper wire from which the coil used
with the specimen was made. Figure 3 shows the
angular dependence of the position of the NMR line
of sodium in NaNiF;, when H; L [110] and the angle
between H, and [110] is varied; the magnetic field
remains always in the plane of the plate. The
resonance frequency is f; = 9.01 Mc/sec. As is
evident from the figure, with such an orientation
the position of one line is independent of angle,
whereas the position of the other has an angular
dependence. For 6 = £90°, the two lines coincide,
and the shift is AH = 9.1 + 2.5 Oe.

A similar behavior of the lines was observed
also upon rotation of the crystal about [110], when
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FIG. 3. Angular dependence of the shift of the NMR line

of ?*Na (in relative units); T = 298°K.

H, 1[110] and the angle between H, and [110] was
varied.

Also observed was the behavior of the line shift
upon change of temperature (Fig. 2) and of the ex-
ternal magnetic field. It was found that the shift
changes in inverse proportion to the value of f,.

A similar rule is observed for the line width in a
poly-crystalline specimen as a function of f;,. Thus,
for example, at f; =9 Mc/sec the width is 6H = 32
+ 3 Oe, and at f; = 6.29 Mc/sec it is 6H = 47 + 4 Oe.

Discussion of results. For interpretation of the
2Na NMR data it is necessary to take into account,
besides the interaction of the sodium nucleus with
the magnetic moments of the paramagnetic ions,
also the interaction of the quadrupole moment of
the nucleus with the electric field in the crystal.

If the electric field has a symmetry lower than
cubic, then there occurs a splitting of the NMR line
into three, since the spin of %Na is I = 3/2. The
central line remains, in a first approximation, un-
shifted; the position of the two others depends on
the orientation of the crystal with respect to the
external field and is independent of the value of the
latter. In the experiments, however, only two lines
were observed, and there was an inverse propor-
tionality of the shift to the value of fj. Such a be-
havior of the line can be explained by taking account
of the effects of quadrupole interaction in the
second approximation.

As is known, in the second approximation the
central line is shifted; the amount of the shift, for
the case in which the electric field has axial sym-
metry, is described by the expression (cf.[“])

YAH_ —ve?
2 16,

[1(1+ 1)— i] (1 — cos?0) (9 cos20 — 1),

vo = 3e2qQ / 2rI(2I — 1). (7)
Here 0 is the angle between the direction of the
axis of the electric field and Hj; Q is the quadru-
pole moment; eq is a component of the gradient
tensor of the electric field; e is the charge of the
electron; h is Planck’s constant; and vy is the gyro-
magnetic ratio of the ?*Na nucleus.

The continuous line in Fig. 3 is the function
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—2(cos?0 — 1)(1 — 9 cos®6). As is evident from this
figure, there is observed a satisfactory agreement
between the experimental and theoretical angular
dependences of the line shift. From formula (7) it
follows that the amount of the shift is inversely
proportional to f; (or Hy); this also agrees with
experiment. Therefore the results obtained can be
interpreted as a second-order shift for the central
line. In conformity with (7), the calculated value of
vQ is (6.3 = 0.8) x 107! Mc/sec.

The presence of two lines is easily explained
by two different directions of the electric-field
gradients for different sodium nuclei. According
to the data of'!1, the sodium and fluorine atoms in
position (4c) are not shifted along the z axis; it
therefore follows from the experimental results
that in the planes z = 1/4 and z = 3/4, the electric-
field gradients lie along [110] and along [110]. In
the experiments there were observed no satellites
of the central line—of which there should, of course,
be four. This is connected with the large value of
the quadrupole-interaction constant (~vQ).

It is interesting to estimate the contribution to
the observed shift from dipolar and hyperfine inter-
action of the ?*Na nucleus with the paramagnetic
ions. When H; lies in the plane of the plate, then for
all dimensions of any crystal under study, the sum
of the Lorentz and demagnetizing fields was less
than the experimental error (~2.5 Oe). The contri-
bution to HP from nearest-neighbor Ni%' ions is
equal to zero for a cubic environment and is small
(< 1 Oe) even if the distortion is Arj/rj = 0.1.
Consequently, the contribution of the dipole fields
to the observed shift AH can be neglected. An
analysis of the angular dependence of Fig. 3, by
the method of least squares, showed that from the
hyperfine interaction, also, there is no contribution
exceeding the experimental error. This means that
the spin density on the sodium nucleus is less than
0.025% at most.

We remark that in the crystals TIMnF, 3] and
RbMnF; 1415), which have a similar perovskite-
type structure, there have been observed spin den-
sities of (0.03 + 0.003)% on the thallium nucleus
and (0.052 + 0.005)% on the rubidium nucleus.
These facts agree with the suggestion advanced
in[mj, that according to symmetry considerations
in compounds ABF; with perovskite structure,
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hyperfine interaction of nucleus A with ions B
occurs through those orbitals of the paramagnetic
ions that belong to representation t,, in the octa-
hedral group. Since in Ni%* (configuration d®) the
unpaired electrons occupy eg orbitals, whereas the
tzg orbitals are fully occupied, the spin density on
the sodium nuclei is in first approximation absent.
In compounds with Mn?, there are uncompensated
electrons in t,, orbitals; because of their influence,
a spin density is observed.

The authors thank P. P. Syrnikov for growing
the single crystal of NaNiF; and A. G. Tutov for
orienting it, and also V. M. Yudin for the magnetic
measurements.
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