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An increase in the area of the Mdssbauer spectrum at the ferroelectric transition point has
been observed in single crystals of potassium ferrocyanide trihydrate (KFCT), for spectra with
the ¥ beam in a direction near the ferroelectric [101] axis. Also an anomalous change in the

center shift appears at the transition point.

This behavior is related to polarization effects,

due to the presence of small quadrupole splitting in KFCT and to changes in the orientation of
the electric field gradient caused by the onset of ferroelectricity.

I. INTRODUCTION

Recently, contradictory results have been re-
ported on the behavior of the Mdssbauer recoiless
fraction in K,Fe(CN)4 3H,0 (KFCT), near the fer-
roelectric transition. Hazony et »l.! measured the
Mossbauer spectral area on single crystals of KFCT
and found an anomalous increase related to the f
factor near 7,, when the observation direction was
close to the ferroelectric axis. Gleasonand Walker?
and Clauser?® do not observe any changes in the
spectral area of powder samples at the transition
temperature. We measured the M&ssbauer spectral
area of KFCT single crystals in a direction close
to [101] (ferroelectric axis) and [010] directions and
results similar to those of Hazony et al. were ob-
tained, the anomalies are related to polarization
effects that may average in powders.

. The KFCT crystallizes from a water solution, *
The water molecules are located in layers perpen-
dicular to the [010] axis. Between each layer of
water there are two layers of Fe(CN);* groups and
interspersed potassium ions, with the iron nuclei
located at the center of a regular octahedra formed
by cyanide ions. °® The basic structure is either
tetragonal, which is metastable at room temper-
ature (rt) or monoclinic, which is pseudotetragonal
(8=90+3) and stable at rt. Under practical con-
ditions of crystal growth, complex lamellar twin
crystals and polytypic structures often appear, in
which monoclinic and tetragonal layers alternate in
a microscopic scale. %" The tetragonal modification
of KFCT is changed irreversibly into the ferroelec-

tric monoclinic at 218 °K, The monoclinic structure
of KFCT shows a spontaneous polarization below
248 °K in the [101] direction. ®° The phase transition
at 248 °K is accompanied by a change in the crystal
symmetry, C,,.to C,. Anomalies have been ob-
served in the sound velocity in KFCT in the [IOT]
and [101] directions at the transition point. ° Re-
cently, the ferroelectric transition in KFCT has
been investigated under hydrostatic pressure!! sug-
gesting that the KFCT is a hard ferroelectric with
a second-order transition,

It has been suggested that ferroelectricity in
KFCT is of the water molecule order-disorder
type. ® A simple order-disorder model of O’Reilly
and Schacher!® explains qualitatively the behavior
of the spontaneous polarization in KFCT. However,
contribution to the spontaneous polarization and
internal field due to displacement and, polarizabi-
lity of the K™ and Fe(CN)* have to be considered
as well, since there is experimental evidence that
the movement of the water molecules shows no
anomalies at the ferroelectric transition, 14:15

II. EXPERIMENTAL PROCEDURE

The samples were selected from grown single
crystals of K,Fe(CN)g- 3H,0. These yielded a Laue
pattern with a twofold symmetry, when observed
perpendicular to the [010] plane. The polarization
axis was identified through capacity measurements.
The crystal was found to have a polytypic structure
of a monoclinic crystal with microscopic layers of
tetragonal stacks®” and dielectric transitions at
248.5 and 230 °K. These transition points were
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FIG., 1. KFCT Mdssbauer line at 244 °K.

measured for the selected M&ssbauer sample by
conventional dielectric measurements.

The crystal, of thickness /=2.7, was sealed in
a Mylar sample holder to prevent dehydration in the
evacuated surrounding.

A Pd: Co®" (10-mCi) source was used throughout
the experiments. The ffactor of this source is
0.66; 10° counts per velocity channel yielded suf-
ficient statistical accuracy.

Mo&ssbauer spectra were recorded for the [010]
direction parallel to the ¥ beam at various temper-
atures. It was found difficult to prepare a single
crystal with the [101] parallel to the direction of

the beam, due to the presence of the cleavage plane.

The measurements were therefore taken at an angle
of 40° between the y direction and [101].

The sample was cooled below 218 °K to convert
it into monoclinic and then gradually heated between

runs, thus avoiding problems of thermal hysteresis.

The temperature at each run was kept stabilized
within 0. 5 °K.
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FIG. 2. Experimental area of KFCT versus tempera-

ture in the [010] direction.
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A typical KFCT line is shown in Fig. 1. The
background intensity has received special attention
since the accuracy of the line area is dependent on
it. The spectra were recorded and analyzed by a
nonlinear least-square program.

For center shift measurements a reference ab-
sorber of sodium nitroprusside, Na,Fe(CN);NO ‘- 2H,0,
was mounted on the cryostat window. This pre-
caution allowed the elimination of any electronic
drift.

III. RESULTS AND DISCUSSION

The area of the absorption spectrum versus tem-
perature for y direction parallel to [010] is shown
in Fig. 2. No anomalous changes are apparent at
T, within the experimental error. In Fig. 3 the
area of the absorption spectrum versus tempera-
ture is plotted for the y ray along [101]"0 direction
([101]*® direction means that the ¥ ray is at 40° to
the [101] axis). Here, two anomalous changes ap-
pear at the ferroelectric transition temperature,
one at T,, and one at a lower temperature due to
the polytypic structure of the sample. The shift of
the line centroid versus temperature is plotted in
Fig. 4, when the y ray is along [101]*° direction,
one anomaly appears at T, and one below the tran-
sition temperature. No such “anomaly” is apparent
in the [010] direction,

In a recent study on KFCT single crystals, ¢ we
have found that the single line shows actually a
slight quadrupole broadening. By applying an ex-
ternal magnetic field the quadrupole splitting be-
comes more apparent, If the unresolved component
lines are not symmetric, changes in the direction
of the electric field gradient (EFG) at the ferroelec-
tric transition cause a shift of the centroid and an
anomaly in its temperature dependence. At a finite
absorber thickness, polarization effects!” are fol-
lowed by changes in the spectral area (the f factor
does not necessarily change). Particularly, in the
[101]*° direction, where the effective thickness was
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FIG. 3. Experimental area of KFCT versus tempera-
ture in the [101]% direction.
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about 4, such effects are expected.

The rt EFG is attributed to slight displacement
of the K* ion from cubic symmetry around the
Fe(CN);*complex. In the ferroelectric phase the
water molecules contribute to the EFG at the iron
site by their electric dipole moments. This con-
tribution was calculated using the atomic positions
of the water molecules given by Poperovand Zdanov®
for the monoclinic paraelectric phase and assuming
thatall water molecules are aligned inthe [101] di-
rection. (This is far from correct but it gives an
order of magnitude for the EFG.) This calculation
yielded a maximum quadrupolar broadeningof 0. 12 of
the natural linewidth. This simplified model predicts
anaxial symmetryfor the EFG. From the direction
of the apparent center shift relative tozero it can be
concluded thatthe EFG is positive, V,,>0. The Stern-
heimer factor which wasnot considered here could in-
crease the quadrupole splitting, and the incomplete
alignment of the water dipolesat 7' >0 may reduce it.

It has been shown that the contribution of the water
molecules to the ferroelectricity is noticed at tem-
peratures lower than T..!* Also it is conceivable
that small displacements of the K* at the transition

temperature may contribute to the quadrupole inter-
action. The net result of the ferroelectric ordering
is then a change in the quadrupole splitting, as well
as reorientation of the EFG principal axis. Since
this is a second-order transition, the reorientation
of the EFG may be gradual through the transition
range of a few degrees Kelvin, It will be shown
that, during the process of reorientation, an in-
crease of the spectral area is expected. Atrta
careful siudy of the variation of the line position
with rotation of the crystal shows that the principal
axes of the EFG are set so that one axis is parallel
to the b-crystallographic axis, and the other two
lie on the ac plane. This is also expected from the
symmetry of the crystal at rt. Apparently, the
z axis lies on the ac plane: the line “shift” is
caused by the dependence of the two quadrupole
components on the angle between the y direction
and the z axis of the EFG tensor.!® Since the lines
are unresolved, it is impossible to extend this
statement further.

Bykov and Xien'® show that the spectral area,
when a quadrupole splitting isinvolved but polariza-
tion is not considered, is given by

A= Trozf[K(tl) +K(t,) - K(tl)K(t2)<K(tl) R R

K(ty) K(#,) A2 [K(#,) + K(t,)- K(tl+t2):h'l] (1)
K(t,) K(t,) /] 1>
[
A=naofK(t,+ty), (2

where K(t) =te™ t?[I,(¢/2) +1, (t/2)] and I, (¢/2) and
I,(#/2) are the zero- and first-order Bessel func-
tions of imaginary argument, respectively. A is
the quadrupole splitting in units of I'/2, ¢ is the ef-
fective thickness, o, fn, of the absorber, a is the
relative fraction of resonant y’s in the emission
spectrum, fis the source factor.

If the splitting is very small, in the limit A~ 0,
the area is given as

the ¢/, and ¢, are the effective thicknesses of the in-
dividual transitions.

For a polarized absorber, the area saturates
with the effective thickness in a different way.
Housley et al.'” have calculated the behavior of the
area with polarization for relatively thin absorbers
and unpolarized sources, when the quadrupole
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FIG. 5. Normalized area versus temperature calcu-
lated from formula (5). () for % Il x principal axis, (b)
for & || z principal axis.

doublet is well resolved. If there is overlapping
of the lines the calculation of Housley et al. " can
be generalized. The effective thickness can be
represented by a matrix, 17

ol ol
D no e O if; , &)
7 \ P4 o3} | RE/T-2E;;/T)*+1

g=

The site is labeled by j and the component by 2, the
p*! are defined in Ref. 17.

If we assume that there is only one resonant site
per unit all, then the (complex) index of refraction
may be diagonalized for any direction of the y ray.
For an unpolarized source

A =naf{K [0y (t,) + 01,(t) ]+ Kloza(ty) + 05(t2) 1},

For a relatively thin absorber, with @
a=(0y;=05)/(011+03,) and p = 3(0yy +0z):
A =2maf{p(1) +p(2) - 3[1+ (1) ]p(1)?
- i{1+a%2)]p%2)
- [a(Da(2) + 1]p(1)p(2) + - - 1. (5)

The difference between the relation for well-re-
solved and overlapping lines is the presence of a
mixing term,

If the behavior of the f factor is considered, the
polarization dependence of the experimental area
as well as the anisotropy of the f factor have to be
considered. It seems that at rt there is not too
much difference in the f factor measured along
[010] and [101].

In order to estimate qualitatively the behavior
of the area, we assume for simplicity #=0, and
that there is only one resonant site per unit cell.
The normalized area versus temperature was cal-
culated from (5) for the ¥ k vector parallel to the

x principal axis [Fig. 5(a)], and for k parallel to
the z axis [Fig. 5(b)].

Due to the establishment of the electric ordering
at a certain temperature, the principal axes of the
EFG change orientation. During this process, the
direction of the z principal axis passes through the
direction parallel to %2 and an increase inthe spectral
area is expected (Fig. 5). Associated with this
anomaly, a change in the intensity ratio of the “doublet”
will cause anapparent “line shift,” If the EFG axis
rotates by 180°, the net result will be an increase and
a reduction of the area, accompanied by a similar be-
havior of the line shift. This is anoversimplified mod-
el, but it reproduces qualitatively the experimental
results in KFCT single crystalsinthe[10 1]direction.

The behavior of the spectral area in the [010]
direction suggests that the EFG principal axes ro-
tate in the ac plane without causing changes in the
fractional polarization in this direction. The ex-
perimental linewidth in the [010] direction changes
at T, from 0. 27+ 0. 01 mm/sec to 0.29+0.01 mm/
sec below T,. In the [101]*° direction the linewidth
is 0.37+0.01 mm/sec at T, and 0. 34+0.01 mm/
sec above T.. This change is associated with the
onset of ferroelectricity.

The two transitions (Fig. 3) are related to the
polytypic structure of the sample, '* and they were
considered equivalent for the discussion.

The behavior of the f factor with temperature,
for powdered samples where polarization effects
can be ignored, is rather interesting. Housley and
Hess? found that for an harmonic solid, the mean-
square displacement versus temperature must lie
between two straight lines which intersect at a
particular temperature 7. One of these lines pas-
ses through the origin, the other intercepts T=0
at (2 )o=57((x% ) /mRT)?, a is the direction of
the displacement.

An f factor of 0,45 for powdered KFCT at rt was
found, in agreement with Kerler.?' For this f fac-
tor the msd of the Fe? exceeds any harmonic limit, 2°
The behavior of the f factor indicates therefore
some low-temperature anharmonicity. It was
shown®'2 that a model based on the relative sizes
of the ions in the crystal gives rough information
on the dimensions of the effective potential well
(“rattle space”). In the particular case discussed
here, ionic sizes and crystal dimensions exclude
possible rattle space for an ion iron. However, the
entire Fe(CN);* complex is allowed a rattle space
of some 1.4 A in thedirection of polarization, [IOI] .
This space is mainly restricted by the potassium
ions. The rattle space calculated from the simple
model of ionic sizes is larger in the [010] direction
(perpendicular to the cleavage plane) than it is in
the [IOT] direction. These large rattle spaces pre-
dict a low f factor, in agreement with the powdered
KFCT measurements.
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The contribution to the magnetocrystalline anisotropy of transition-metal ions in ferrites
on octahedral sites is calculated for the strong crystalline-field case for d!, % d%, and d°

configurations.

The single-ion model is used which requires small concentrations of such

ions. Good agreement with experiment was found for trivalent ruthenium. For this case,
anisotropy measurements of Ru®* (4d%)-doped yttrium-iron garnet of the composition
Y;.,Ca,Fe; Ru,O;y were carried out in the temperature range of 4.2—-500°K, By fitting the
theory to the measured anisotropy data, one finds for the product of the g factor times the
exchange field, gH,=1.1%10" Oe and the ratio of the trigonal field to the spin-orbit energy

v/E=~1,

I. INTRODUCTION

The anisotropy of ferrites can be considerably in-
fluenced by very low concentrations of transition-
metal ions'~® and rare-earth ions.”® In these cases,
the spin-orbit coupling is an important parameter,
since it measures the coupling energy of the spin in
a certain direction. Thus, such ions contribute to
the free energy due to the directional dependence of
the magnetization. For the metal ions of the sec-
ond- and third-transition series, the spin-orbit cou-
pling is much higher than for the first transition-
metal ions, so that especially for these elements a
large contribution to the anisotropy may be expected.

Since only very little experimental or theoretical
work is available in this field, the influence on the
anisotropy will be calculated here for some of these
ions with an md" configuration forn=1, 2, 4, 5.

The phenomenological energy expression for the
magnetocrystalline anisotropy F is given in the case
of cubic symmetry by

F=Ky+Ks +Kpp +Kgs2+ .00 | (1)
where
s=afaf+afairafal, p-aiafof.

The @; are the direction cosines of the magnetiza-
tion with respect to the cubic axes. The contribu-



