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NMR spectra of 1°F and ®!Ni have been obtained at 4.2 °K, in zero external field, by a spin-

echo study of hexagonal ferrimagnetic RbNiF;.

The two inequivalent F sites yield broad spectra,

strongly peaked at the extremes, characteristic of random magnetization orientations confined

to the ¢ plane.

+1 MHz; of the lower-frequency % site, at 5.7+0.2 and 19.6 +0.2 MHz.

The extremes of the higher-frequency %z-site spectrum occur at 103 +1 and 227

Comparison of the

F hyperfine coupling constants indicates that at 4. 2 °K both the isotropic and pseudodipolar

parts are reduced by roughly 10% with respect to the room-temperature values obtained by
Smolenskii et al. for the paramagnetic phase. The ¢!Ni spectra are sharp quadrupole triplets,
with the center frequency of the more populous f site of 17.06+0.01, of the a site at 18.30+0.01
MHz, in agreement with expectation for Ni?* ions. The quadrupole splitting parameters e?‘qQ/ h

are 1.54 and 0.68 MHz, respectively.

I. INTRODUCTION

The compound RbNiF; is of particular interest
within the group of ABFj; trifluorides with nonmag-
netic A and divalent magnetic B ions. While most of
these materials are antiferromagnets with cubic per-
ovskitelike structures, ' RbNiF; (and also TINiF,)?
assumes the hexagonal BaTiOz form and below
139 °K is a ferrimagnet. '* Furthermore, it is
transparent to visible light. Optical, »**~" magnet-
ic, "#®and ferromagnetic resonance® !’ studies have
been made in the magnetically ordered material, but
the only nuclear-magnetic-resonance (NMR) work so
far reported has been the careful single-crystal
work of Smolenskii et al.'! done in the paramagnetic
region with the '°F resonances.

This paper describes the results of zero-field
spin-echo NMR studies of the ordered state of
RbNiF;at 4. 2 °K. Resonance spectra were obtained
for ®'Ni as well as for '°F nuclei, in each type of lat-
tice site. The °F spectral shapes are examples of
the uncommon powder average pattern corresponding
to a random distribution of magnetization orienta-
tions within a plane. The isotropic and anisotropic
hyperfine coupling parameters describing the 19p
spectra are in general agreement with the NMR re-
sults from the paramagnet, but indicate that there
is a significant temperature dependence to these pa-
rameters. The sharp ®'Ni resonances occur at fre-
quencies compatible with core polarization plus or-
bital fields for Ni®* jons. The measured quadrupolar
splittings, on the other hand, are smaller than ex-
pected and suggest structural changes with cooling.

II. EXPERIMENT

The sample used was a collection of small crys-
tals (> 0.5 mm diam) made by Becker fol-
lowing the RbF + NiCl, method described by Smolen-
skii et al.* No second phase was detectable by x-ray
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examination. Agreement with the x-ray spectrum
given by Riidorff et al.? was excellent.

Resonance spectra were obtained by the usual
spin-echo techniques, using a cold-finger Dewar to
contain the sample. Since a broad range of frequen-
cies was covered, several circuit configurations
were employed. At frequencies below 200 MHz, an
external tuned circuit driven by a pulsed oscillator
was used. Above this frequency, the sample was in-
serted directly into the tuning element of a lecher-
line oscillator. It was found that a great amount of
rf enhancement, with a maximum value in excess of
10% occurs in this material. In order to obtain re-
liable spectra it was thus necessary to control the
rf field amplitude carefully and to keep to very low
amplitudes. It was this enhancement which permit-
ted observation of the resonances at all; application
of external fields weakened the resonances below
observable levels, due to removal of domain walls,
before any field shifts could be detected. The ab-
solute signs of the hyperfine fields therefore could
not be determined directly.

Part of the RbNiF; structure is illustrated in Fig.
1. Ni atoms are found in two inequivalent positions,
with twice as many in f as in a sites. Their sur-
rounding F neighbors form octahedra, more dis-
torted about f positions than about a. The F atoms
occur two-thirds in % sites, with the rest in inequiv-
alent % sites. The two Ni sublattices align antipar-
allel in the ordered state, with the easy direction of
magnetization perpendicular to the unique ¢ axis.
The axial anisotropy field is of the order of 30 kQe,
whereas almost no anisotropy is observed within the
¢ plane, %9

The experimentally observed resonance spectra
of ¥*F(z) and '°F(%) are displayed in Figs. 2 and 3.
The ®'Ni lines occur within the spectrum shown in
Fig. 2. The '°F patterns evinced in Figs. 2 and 3
are characteristic of a random distribution of mag-
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FIG. 1. Portion ofthe RbNiF; lattice (D§). ay=5. 84
A, co=14.31A, Site symmetries: Ni(2a) — 3m, Ni(4/)
—3m, F(6h) —mm, F(12k) —m.

netization directions within the c plane, an unusual
pattern for a collection of irregularly shaped small
particles. It is a consequence of the strong axial
anisotropy which prevents a three-dimensional ran-
domization which shape anisotropy could otherwise
produce. If the parts of the hyperfine fields which
depend on magnetization direction within the plane
are of pseudodipolar form, retention of only the
components parallel to the magnetization leads to

the prediction of a symmetric doubly peaked pattern.

With the inclusion of all dipolar components, as is
necessary for frequency distributions of such great
extent, one finds that the shape is modified, being
weakened relatively at the lower-frequency peak.
The theoretically obtained shape functions, the de-
velopment of which is described in Sec. III, are
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FIG. 2. Spin-echo trace of F(k) spectrum with super-
imposed ®!Ni spectra.
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FIG. 3. Spin-echo trace of ®F (k) spectrum.

shown in Figs. 2 and 3 as smooth curves.

The shapes shown in Figs. 2 and 3 represent
composites of several overlapping regions covered
by different instrumental configurations. The great
differences between minimum and maximum fre-
quencies prevented continuous tracing across the
spectra. In the high-frequency trace, there was a
considerable loss in sensitivity on going to the lecher-
line oscillator, so that only the region near the
upper peak could be observed. In both spectra, the
regions of minimum amplitude were near noise lev-
el, and subject to considerable scatter.

Across the °F spectra, relaxation times were not
completely uniform. In Fig, 2 the transverse time
T, was 50 usec at the lower peak, about half that at
10 MHz, and again 50 usec above 15 MHz. The
longitudinal time T;, estimated roughly, increased
from 0.1 sec at the low end to 1 sec at the high end.
For Fig. 3, the T, values were about 12 usec at
both peaks, and 7 was a few milliseconds. Since
Fig. 2 was obtained with the echo 50 usec from the
initial trigger pulse, and Fig. 3 at 20 usec, some
distortion may be attributed to changes in T,. Add-
itional broadening results from the frequency spread
of the pulses. In Fig. 3, 2-pusecpulses were em-
ployed; 1.5-usec pulses were used below 15 MHz
in Fig. 2, 5-usec pulses above.

It was possible to examine the INi spectra sep-
arately, in consequence of much longer T, relaxation
times there. These spectra are shown in Fig. 4.
Given the disposition of magnetization only in the ¢
plane, one anticipates no angular variation in the Ni
resonances, since the c axis is a threefold symme-
try axis for both Ni sites. This is borne out by the
sharp spectra in Fig. 4. The structure here is the
result of quadrupole interactions. Figure 2 shows
the presence of the superimposed Ni signals. They
do not match in detail the shape of Fig. 4 because in
tracing the '°F shape the rf pulses were somewhat
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FIG. 4. Spin-echo trace of $!Ni spectra with °F (k)
spectrum suppressed. The high-frequency shape is
sketched using the positions of the three maxima indicated
by the vertical bars. These could be located by hand-
sweeping the oscillator.

too short and strong so that the sharp Ni shapes
were distorted and broadened.

Figure 4 was made using 5-usec pulses and the
peaks in the higher-frequency triplet located by
means of 20-usec pulses. The peak separations
could also be measured by means of clear beat pat-
terns in the echo shapes. These lines were obtained
free of the '°F signal by observation of the echo 250
usec after the initial trigger. The T, for both BN
sets is 750 usec and 7, approximately 20 msec.

Identification of the sources of the various spectra
is made as follows. Figure 2 arises from k-gite
F, Fig. 3 from h-site °F. These are the only nu-
clei not possessing threefold axial site symmetry
about the ¢ axis. As will be discussed further below,
the % site, lying nearest oppositely directed a- and
f-site Ni moments, will have a much smaller hyperfine
field than the 7 site with its pair of nearest-neighbor
f-site Ni’s. The two triplets of Fig. 4 arise from
61Ni; Rb can be eliminated because of the large mag-
nitudes of the fields and because of the absence of
8Rb-*"Rb spectral pairs. One identifies the higher-
frequency set with a-site *'Ni from its weaker inten-
sity. Using these identifications, one thus obtains
the experimental parameters given in Table I.

III. DISCUSSION

From the experimental results it is possible to
identify separately, for the !°F sites, the signs and
magnitudes of the isotropic and pseudodipolar hyper-
fine fields and of the true dipolar fields. This is
done by examining the structure of the spectra and
by making use of the resonance information from the
paramagnetic region. One can then determine the
effect of reducing temperature on the hyperfine cou-

STAUSS 2

pling constants at the 19F sites. The signs of the
hyperfine fields and an estimate of the size of the
nuclear quadrupole moment of ®INi will also be ex-
tracted from the data.

19F

Considering first the '°F data, we note that in the
analysis of the '°F NMR in the paramagnetic region,
Smolenskii et al. '! found that all of their results
could be described in terms of local groups each
composed of an F atom and its two nearest Ni neigh-
bors. (See Fig. 1.) The effects of the Ni are further
limited to isotropic and point dipolelike terms.

With the exception of fairly small dipolar contribu-
tions from farther neighbors not conforming to the
geometry of these systems, this model is adequate
to discuss the present problem as well. It is nec-
essary to consider the entire dipole field, however,
rather than the component parallel to the magnetiza-
tion, as was sufficient for the paramagnet.

With a dipole & at a Ni(;) atom position (i=a or ),
located in the direction (x siné,;, 0, cos6;;) from an
F(4) atom (j=h or k) in a rectangular coordinate
system with z along the ¢ ax1s, the d1pole field on the
F(j) nucleus takes the form H= P”T A, where the
tensor T is given by

3sin®6;;-1 0 +3 sind;; cosb;,
0 -1 0
+3 sind;; cosby; 0 3 cos®h,; -1

The coefficient P;; contains a dipolar part |ul/7;;?
and a hyperfine fieldterm — (1/9%)A,(ij) {(Sy); where
(Su; is the expectation value of the Ni() spin in the
magnetizationdirection. Here yisthenuclear gyro-
magnetic ratio. Thereis, in addition anisotropic
(uniform) field contribution U, i i, where U;; = — (1/v7)

X A,(){(S;); . In the above, [i denotes a unit vector.
Immediately limiting the discussion to a magne-

tization direction (cosg, sing, 0) confined to the ¢
plane, the effective field at the F(j) nucleus becomes

H(j)={[U;;+P;; (3 sin%;; -1)] cose, (U;; - P;;)
Xsing, 3P;; sind;; cosb;; cose}.

At an F(k) site there are two Ni(f) neighbors giving
the same Uy, and Py, coefficients and with positions
[ -sinb,,, 0, cos(6,, or m—6,)]. Atthe F(k) site,
the coefficients U, U,, and Py, P, are unequal
for the Ni(f) and Ni(a) neighbors, and the positions
are [-sinf,, 0, cos(m —6,)] and (sinb,,, 0, cosfy).
The analysis by Smolenskii et al., ! however, led to

TABLE I. Experimental parameters (MHz).
Bp (k) Vmin=5.7%+0.2 Vmax =19.6+0.2
Br(n) Vmin =103 £1 Vmax =227 %1
61Ni(a) ¥ otr=18.30£0,01 e%qQ/h=0.68+0, 02

SINi () Vetr=17.06 £0, 01 e%qQ/h=1.54%0, 02
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the satisfactory assumption that 6,,=6,=6,. Thus,
combining the effects of the two neighbors, with
04= 0y Up=2Usn, Py=2Ppy, Up=Up+ Uy, and P,

= Py, + P,,, one can write

H(t) ={[ti+ P, (3 sin’6,-1)] cosg,
(U,- P,) sing, 0},
H(%)={[ U, + P, (3 sin®s, - 1)] cosg,
(U, - P,) sing, 3P, sinb, cosf, cosq}.

Hence

H¥(h)= (U - B, +[6U, Py sin® 6,
+3P% sin9, (3 sin?6, - 2)] cos?y,
H3(k)= (U, - P,)?+ 3P, (2U,+ P,) sin®6, cos®¢.

The theoretical shapes drawn in Figs. 2 and 3 were
made on the assumption that there is a uniform dis-
tribution in azimuthal angle ¢; the shape functions
are thus of the form N(H)=2H/(d/dp) HE. The peaks
of this function in both cases occur at cos?¢ =0 and
1, which place the positions of the peaks at

H*(h)= (U, = P, or (U, - P, + 3P, sin®6,)?,
H(k)= (U, = P, or (U, - P, +3 sin6, (P2+2U,B,).

It turns out that U, - P, must be the lower-frequency
peak of H(k) if the ratio of lower to higher frequency
is less than cos6,. This is the case for the quoted
value, ! 6,=58°+2°, With this limitation, two pairs
of solutions (U,, P,) are possible. U, and P, have
the same signs but absolute sign is not determined
by the solutions. Similarly, for H(k), where 6,
=45°+2°, the absolute signs are not determined by
the data. Here U, - P, can represent either peak,

so there are four possible sets of solutions.

To select the proper signs and solutions, we re-
turn to the paramagnetic results. We look for the
results most compatible with the room-temperature
data, and for this purpose evaluate the quantities U,
and P; predicted by the parameters of Smolenskii
et al. Applying the hyperfine coupling constants A
for 300°K (cf. Table III below) to low temperatures
in the ordered system, where {(Sy);=~-1 and (Sy),
=+1 for the Ni** ions, one obtains the predicted U,
and P; values given in Table II. Included here is the
contribution from eight nearest Ni moments; the di-
pole field tensor is roughly proportional to that of the
two nearest-neighbor Ni(f)’s and leads to P, (dipo-
lar)=+5.25 kOe. There is very nearly cancellation
of both hyperfine and dipolar contributions to P,;
uncertainties in the structure parameters allow no
more definite evaluation of the dipole sum.

Comparing these results to the low-temperature
experimental values, the proper choice of F(k) val-

3475

ues is made easily. The signs on the F(k) sites will
not change upon ordering; these were observed'
both to be positive with respect to the Ni(f) polariza-
tion, which becomes the direction of spontaneous
magnetization. One also expects all field contribu-
tions to scale together almost exactly at the F(h)
site, and on this basis the solution entered in Table
II is to be preferred. The error limits shown in-
clude both measurement uncertainties and the error
in 6,.

The choice of solution is less direct for the F()
sites. However, one expects P, to be significantly
smaller than the predicted value of U,; this and the
better agreement with the paramagnetic results se-
lect the solution shown in Table II. The errors in-
clude the uncertainty in 6, In this case, however,
as will be discussed below, considerations of far-
ther-neighbor dipoles will increase the range of
error.

The solution for the F(k) parameters is based on
the geometry of the nearest-neighbor positions
alone. Since the cancellation of terms is almost
complete, modifications introduced by farther neigh-
bors can be of relatively great importance. In order
to evaluate the proper dipole field one must know the
lattice structural parameters in detail. The four
parameters necessary to describe the Ni- and F-
site positions in this space group are related to the
values of 6, and 6,; one obtains for them the rela-
tionships u,=0.853+0. 012, u,=0.521+0,028, and
#,=1-(2,27+0.20)v,. With these values, and tak-
ing as an example the values u,=0. 84 and v,= 0. 07
near those for BaTiOz, one finds that about half of
the observed P, value is attributable to dipolar
fields; in this case fields from more distant neigh-
bors are significant and their inclusion alters the
geometry of the system. Recast in this way, the
isotropic field value U, is reduced by about 0. 25
kOe in magnitude from Table II.

It is apparent that within the errors quoted, the
low-temperature and room-temperature results are
in agreement. On the other hand, the agreement is
at the limits of error, and the paramagnetic results
consistently overestimate the low-temperature hy-
perfine fields. This suggests that the hyperfine cou-
pling constants actually are reduced in going from

TABLE II. Hyperfine fields (kOe). Signs with respect

___to magnetization adirection.

Observed Predicted?®

INi(@) ~ Hpe= +48.22+0.08
SINi() Hpp=—44,95+0.03

U p U P
Bp@p) +46.4+2 +20,7+2 +50.5+3 +23,3+1.8
BFk) —2.85+0.1 —1,42+0,08 —5.27+3 =0

2Reference 11. See text.
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room temperature to 4.2 °K. The comparison be-
tween the hyperfine coupling constants obtained here
and at room temperature is shown in Table III.

*'Ni

We turn now to the ®'Ni results. In the spectra of
®'Ni, one observes discrete hyperfine fields, with
quadrupolar splitting. The effective field values
represent combinations of isotropic hyperfine fields
with true and pseudodipolar fields which are inde-
pendent of orientation within w.. ¢ plane. One calcu-
lates the point dipolar contributibution to be ~0. 79
kOe at f sites and +0. 17 kOe at a sites, with respect
to the magnetization direction. These are small
perturbations in the face of the large terms giving
the total fields.

An examination of Ni?* hyperfine fields by Locher
and Geschwind? found a value of — 254 kOe owing to
core polarization effects. (The sign refers to the
direction of the ionic moments.) To this must be
added a contribution of +125 (%) A g |S| kOe owing
to unquenched orbital angular momentum., 12,13 Here
the radial integral is to be expressed in atomic
units; evaluation gives'* 7.09 a.u. The quantity Ag
=g -2 refers to the effective spectroscopic split-
ting factor observed in the magnetization direction.
From the saturation moment normal to the c axis,*
one obtains g,=2.24., Inthe present case, with the
moments confined to the ¢ plane, this leads to an
orbital hyperfine field of +212 kOe. Assuming the
g values are similar at both @ and f sites, one thus
finds the total fields at both to be —42 kOe. The
observed field values are in good agreement with
prediction, indicating that the signs of the fields
with respect to the magnetization [ Ni(f) moment
direction] are as summarized in Table II

The splitting between the two sites is opposite to
that expected from the true dipole fields. Thus the
parts of the hyperfine coupling effects which oppose
the core polarization are greater at f sites than at
a sites by 3.9 kOe. This difference corresponds to
a 2% greater Ag,, but could arise from several
sources related to the different environments of the
two sites.

The spectra of Fig. 4 represent one of the few
cases in which Ni quadrupole splitting has been
distinctly resolved, with the values of eqQ/% shown
in Table I. With the reasonable assumption that in-
tra-ionic field gradients from the unfilled 3d shell
can be ignored for the orbital singlet ground state
of the 37°® configuration, ' one has the effective elec-
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TABLE III. Hyperfine coupling constants (10”1 erg).

4,2°K Room temperature®
A, (fh) 6.2+0.3 6.7+0.4
Ap(fh) 2.1+0.3 2.420,2
A, (k) — A (ak) -0.7+0.1 -1.4+0.8
~—-0.2 =0

Ap(fl)—Aylak)

2Reference 11.

trostatic field gradient eq=(eq)attice(l = ¥w), taking
into account the Sternheimer antishielding factor.
Point-charge estimates of the values of (€q);attices
made with the structure parameters mentioned ear-
lier, are quite different for the two sites. In con-
junction with the reported Ni quadrupole moment*’
and a Sternheimer factor’® of about 10, these values
predict splittings considerably greater than those
observed. The values of (e7);a:1ce AT€ VEry sensi-
tive to the structure parameters and may further be
modified by covalent charge transfer, so that de-
tailed comparisons cannot be made. However, a
consistent improvement in the calculated values re-
sults if the distortion of the F octahedra is less here
than at room temperature.

IV. SUMMARY

The present work with RbNiF; confirms in gen-
eral the room-temperature results of Smolenskii
et al.™ for the '°F hyperfine interactions. It fur-
ther indicates a temperature dependence or an in-
fluence of magnetic ordering on the coupling pa-
rameters, The unusual two-dimensional distribution
of magnetization directions and the high rf enhance-
ment observed, for nuclei undoubtedly situated with-
in domain walls, are further signs of extremely
small magnetic anisotropy within the ¢ plane.

The positions of the ®'Ni resonances are in agree-
ment with the expected behavior for Ni?* ions and
demonstrate that between the two inequivalent sites
only a very small difference in g, factors exists.

On the other hand, one anticipates negligible intra-
ionic electrostatic field gradients for Ni%*; in their
absence, the observed quadrupolar splittings are
inconsistent with the repor’ced15 quadrupole moment
of ®!Ni, unless the room-temperature structure is
modified.
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Solid solutions FeSn and the compounds FezSn, FesSn;, FesSn,, FeSn, and FeSn, have been
studied by the Mdssbauer effect in both Fe and Sn nuclei. Also, standard x-ray diffraction and
magnetization studies were performed. The magnetic hyperfine (hf) fields in the Fe and

Sn components are not, in general, proportional to the magnetic moments.

It is found that two

simple relations containing the coordination numbers can be used within a wide range to de-

scribe the variations of these fields as a function of composition.

The collected results indi-

cate that the magnetic hf field at the iron nucleus is rather insensitive to the conduction-elec-

tron polarization in these alloys.

The isomer shifts are linearly related to the number of

Fe-Sn bonds in such a way that bonding reduces the electron densities at both nuclei. The
bonding is covalentlike and predominantly unpolarized.

I. INTRODUCTION

The origins of the hyperfine (hf) effects in metals
and alloys are, at present, only poorly understood.
This is partly due to the fact that one has still not
a satisfactory description of electrons in alloys or
of ordered magnetic phenomena in metals and al-
loys. These problems may be approached through
systematic experimental studies of hf effects,
which, for instance, can be observed as a function
of sample composition,

In the present work, we have carried out a study
of hf structure, measured by means of the Mossbauer
effect, on all the known different phases of the bina-
ry iron-tin alloy system. Both of these two com-
ponents are in practice very useful Mossbauer nuclei
in a wide temperature range, this being part of the
reason for choosing such a system. Data on the al-
loys were also obtained by means of more conven-
tional methods, such as magnetic-moment and
Curie-point determinations and x-ray crystallog-

raphy. The experimental results do in fact show
certain regularities which may prove to be of some
value in formulating theories on hf effects and in
planning future experiments. It appears that hf mag-
metic fields and electron densities may be expressed
as simple functions of the atom’ s surroundings.
Some general relationships will tentatively be pro-
posed and the physical mechanisms will be discussed.

II. EXPERIMENTAL METHODS

The known phases of the iron-tin system have
been given by Hansen and Anderko, ! and by Jannin
et al.? The phase diagram is characterized by one
solid solution, FeSn, and five definite intermetallic
compounds, FesSn, Fe;Sng, FegSn,, FeSn, and FeSn,.

Polycrystalline samples were prepared by diffu-
sion. Known quantities of 99. 9+% tin powder and
99. 9+% iron powder contained in an evacuated quartz
ampoule were annealed for fifteen days at the equilib-
rium temperature of the relevant phase. The sam-
ples of Fe;Sng were annealed for one month. Fin-



