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Mossbauer absorption spectra of *’Fe in an unstrained {100} single-crystal platelet of KFeF; have
been measured between 297 and 4.2 °K. The transition to the trigonal antiferromagnetic state occurred
at Ty = 112.5 4 0.5°K. The relaxation effects reported near T y in a previous study were absent, but
spectra of a strained crystal provided evidence of strong magnetoelastic interactions. A transition to a
lower-symmetry weak ferromagnetic phase was found at T, = 36.6 4 0.5°K. At 4.2°K the magnetic
hyperfine field is H ,; = 182.4 4- 0.5 kOe, and the magnitude of the quadrupole splitting is
|AE 5| = 1.97 4 0.05 mm/sec. Analysis of the data in the antiferromagnetic phase indicates the spin
alignment is parallel to the ( 111) distortion. The temperature dependence of H s and AE, in this
phase is compared with predictions of self-consistent molecular-field-theory calculations. Only fair
agreement is found with the magnetically induced electric-field-gradient (EFG) model, which describes
the Fe’* ions by a Hamiltonian incorporating free-ion terms, a cubic crystal field, and an exchange
interaction. A substantially better fit is obtained with a second model which adds to this Hamiltonian
an axicl distortion term (8/3) (L2 — 2), where & is zero above Ty and varies below T as
(1 —T/Ty)", with y=1/2 or 1/3. Application of this second model to the tetragonal
antiferromagnetic state of RbFeF; indicates that the spins align parallel to a (100) direction rather
than the ( 111) direction predicted previously by use of the magnetically induced EFG model. The
sign obtained for the axial-distortion parameter 8 in RbFeF; is inconsistent with an analysis which
attributes the cubic-to-axial transformation to Jahn-Teller stabilization effects.

I. INTRODUCTION

KFeF; and RbFeF; are two similar perovskites
which have a low-temperature antiferromagnetic
state with only a slight axial distortion (~0.3%)
from cubic symmetry (along a (111) direction for
KFeF,; and a (100) direction for RbFeF,),

Two properties make a Mossbauer-effect study
of this state particularly interesting. First, the
high symmetry of the Fe?' site reduces the number
of unknown parameters in any mathematical model
of the system, thereby facilitating detailed interpre-
tation of the data. Second, despite the smallness of
the distortion, a sizable electric field gradient
(EFG) has been observed at *’Fe nuclei in previous
Mossbauer-effect studies of the antiferromagnetic
states of KFeF; 2 and RbFeF,, 3™

The origin of this EFG is still unresolved. Sev-
eral investigators'~®'%'® have suggested that this
EFG results primarily from effects of the long-
range magnetic order. In this model of a magneti-
cally induced EFG (MIEFG),” the Fe®" ion is de-
scribed by a Hamiltonian which includes free ion
terms, a cubic crystal field, and an exchange inter-
action. While the MIEFG model can account for
qualitative features of the MOssbauer spectra and
yields approximate agreement with the temperature
dependence of the EFG, two considerations make
its applicability to KFeF; and RbFeF; questionable.
First, estimates indicate that the distortion-in-
duced crystal-field terms which are neglected in
the MIEFG treatment are comparable in magnitude

8

to the terms included. (These estimates are based
on a measurement® of the magnetoelastic tensor

G, of Fe* impurities in KMgF,.%!%) Second, the
MIEFG model leads to the prediction of a puzzling
difference in magnetic behavior between these oth-
erwise quite similar materials, the prediction that
in KFeF; the spins align parallel to the axial distor-
tion while in RbFeF, they align at an angle of ~55°
to the distortion.

In the present work we report a study of the *'Fe
Mossbauer absorption spectra of an unstrained sin-
gle crystal of KFeF; between room temperature
and 4.2 °K. A major motivation of this work was
to investigate the problem of the origin of the EFG.
KFeF; was chosen because its antiferromagnetism
persists over a temperature range much larger
than that of RbFeF;. An unstrained single crystal
was used to circumvent the line-broadening prob-
lems which plagued previous Mossbauer studies of
KFeF; and RbFeF; (in which powder samples were
used) and prevented accurate determination of hy-
perfine parameters near the Néel point Ty. Our
measurements constitute a substantial extension of
the temperature range of Mossbauer spectroscopy
in KFeF; since previously published measurements
extend down to only 77 °K.

An attempt to fit the temperature dependence of
our data for the antiferromagnetic state of KFeF,
has led us to a reinterpretation of the origin of the
EFG. In a later section we will show that addition
of a temperature-dependent axial distortion term to
the MIEFG Hamiltonian both produces a substantial-
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ly better fit to the experimental data and eliminates
the inconsistency in spin direction behavior between
KFeF; and RbFeF;. Treatment of RbFeF; with this
augmented Hamiltonian leads us to question a mod-
el which attributes the cubic-to-axial transforma-
tion in these materials to Jahn-Teller stabilization
effects. !

Our experimental results clarify other properties
of KFeF;. Well below Ty we discovered a phase
transition to a lower-symmetry structure and ex-
plored its properties. We also encountered evi-
dence of strong magnetoelastic interactions in the
antiferromagnetic state.

Before proceeding, we review relevant results of
previous studies of KFeF; and RbFeF;. At room
temperature both have the space group Pm3m and
the unit cell shown in Fig. 1.27'7 The room-tem-
perature lattice constants are a=4.121 A and
4,174 A" for KFeF, and RbFeF,, respectively.

For KFeF; values of 112 to 121 °K have been re-
ported for Ty, !'2:12:18:1% The trigonal structure be-
low Ty is characterized by a rhombohedral angle

a which decreases from 90° at Ty to 89°51’ at

78 °K.!® For RbFeF, reported values of Ty range
from 100.5 to 103 °K,%%16:17 The tetragonal distor-
tion at Ty leads to a c/a ratio of 1,0034 at 86 °K.!®
For both materials neutron-diffraction studies indi-
cate that the antiferromagnetic ordering is G type
with nearest-neighbor spins coupled antiparal-
lel.'"20 In both cases a single crystal develops a
domain structure when cooled below T.'*?! In
KFeF; neighboring domains have their distortions
along different (111) directions and all (111) dis-
tortion directions are equally probable.'® The anti-
ferromagnetic region in RbFeF; extends down to

86 °K, where it becomes ferrimagnetic; at 40 °K a
transition to a weak ferromagnetic state oc-
curs,¥11116:21 1 KFeF, no transitions from the
trigonal antiferromagnetic state were detected in
studies extending down to 77 °K.,

In Sec. II we describe our experimental technique.
In Sec. III we present and analyze the resulting
Mossbauer spectra. Section IV is devoted to an
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analysis of the temperature dependence of the hyper-
fine parameters obtained in the antiferromagnetic
state of KFeF; and Sec. V to discussion of implica-
tions of our analysis. We summarize our findings
in Sec. VI.

II. EXPERIMENT

Single crystals of KFeF; were grown from a stoi-
chiometric mixture of FeF, and KF using the hori-
zontal zone method. The FeF, was prepared by re-
acting 99.999% Fe sponge with dry HF at 900 °C.
Zone-refined single crystals of KF were used.

Our temperature-dependence data were taken
with a X8 mm {100} single-crystal platelet which
was polished to a thickness of 0.1 mm. Strain-free
mounting was achieved by placing the platelet inside
a slightly larger cavity in a disk-shaped Lucite
sample holder.

Temperatures of 77.4, 20.3, and 4.2 °K were
obtained with the sample holder immersedinacryo-
genic liquid. Other temperatures were obtained
with the sample holder mounted in a Dewar vacuum
space on a “cold finger” connected to the liquid res-
ervoir by a thermal resistance. In the latter case
temperature was measured by a platinum resistance
thermometer?? mounted near the sample. A germa-
nium resistance thermometer? was used as a sen-
sor for an automatic temperature controller which
controlled the current to a heater on the cold finger.
Fluctuations in the temperature of the platinum re-
sistor during runs of ~24 h were always under
£0.05 °K. Despite careful radiation shielding, the
spectra provided evidence (to be discussed later)
of a temperature gradient possibly as large as
0.2 °K across the sample. We estimate that our
platinum resistor provided a measure of the aver-
age sample temperature accurate to +0.5 °K.

An electromechanical velocity drive of standard
design was used.? Our source was *’Co in Pd.

The ground-state splitting of Fe foil, as recently
remeasured by Violet and Pipkorn,? was used for
calibration.

IIIl. RESULTS AND PRELIMINARY ANALYSIS

Representative *’Fe absorption spectra for the
unstrained single crystal are shown in Fig. 2.
These were taken with the y radiation directed per-
pendicular to the {100} platelet. We label the three
types of patterns observed I, II, and III in order of
decreasing temperature. Parameters obtained for
the single crystal with the fitting procedure de-
scribed below are summarized in Tables I and II
and plotted in Figs. 3 and 4.

A. Type-I Spectra

Single-line absorption spectra were observed at
high temperatures. The linewidths [full width at
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FIG. 2. Representative 5’Fe M8ssbauer absorption
spectra for an unstrained KFeF; single crystal. The
solid lines are obtained by least-squares fits of the data
to sums of Lorentzian curves.

half-maximum (FWHM)=0. 33 mm/sec at room
temperature, 0.38 mm/sec at 125 °K] are some-
what higher than we observed for 1-mil Fe foil

(0. 29 mm/sec for the outer lines at room tempera-
ture). This line broadening is indicative of a De-
bye temperature of ~250+ 100 °K for KFeF;, com-
parable to the Einstein temperature of 413+ 60 °K
determined from thermal shift measurements. %
Thus the spectra are consistent with the absence of
unresolved hyperfine splitting, and with the equiva-
lence of all Fe sites, as expected for an undistorted
paramagnetic perovskite.

B. Type-II Spectra

Type-1I spectra reflect the combined presence of
a magnetic hyperfine field and an electric field gra-
dient.

Each type-II spectrum was fitted to a sum of six
Lorentzian curves of independent position, width,
and dip. Except for temperatures very near transi-
tion points, the resulting area-weighted average of
the six linewidths of each spectrum was in the range
0.28+0.01 mm/sec, indicating nearly equivalent
surroundings for all Fe nuclei.

The Hamiltonian of the I= excited state of 'Fe
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may be written as?"+28

3C,=g1inHul, + 1€%Q[ 1% -F +30(1E -13)], (1)

where x, y’, and z’ are the principal axes of the
EFG tensor V;;, z is the direction of the magnetic
hyperfine field ﬁh,, and the other parameters have
their usual meanings. As in the previous powder
measurements, 12 the pattern of line positions in
type-II spectra appeared to be close to that expected

TABLE I, Values for magnetic hyperfine field, quadru-
pole splitting, and center shift obtained for unstrained
KFeF; single crystal at various temperatures.

T? Hy,® IAEqg|® csd
(°K) (kOe) (mm/sec) (mm/sec)
297+ 2°K 0 0 1.331
112,02 53.8 0.014 1.440
111,61 63.5 0.018 1.441
111. 06 73.1 0. 026 1.439
110. 54 80.2 0.031 1.441
110.07 85.9 0.042 1.437
109. 55 91.2 0.049 1.441
109.05 95.8 0.055 1.441
108. 55 99.8 0. 064 1.438
108. 06 103.3 0.069 1.437
107.02 110.0 0.082 1.438
106.07 115.6 0.092 1.441
104. 97 121.3 0.105 1.440
102, 57 131.0 0.136 1.441
100,00 139.6 0.166 1.440
94,01 153.7 0.232 1.442
86.05 165.0 0.319 1.445
77.5+ 0.2 171.2 0.408 1.447
69. 98 173.4 0,492 1.451
60,03 171.8 0.598 1.453
50. 06 167.0 0.691 1.456
39. 98 159. 8 0.784 1.457
37.97° 158.1 0.798 1.453
36. 74° 157.2 0.800 1.452
36.59¢ 161.7 1.20 1. 457
36. 52¢ 162.1 1.20 1.454
35.97 163.7 1.28 1. 456
32.02 168.9 1.58 1.456
26.91 173.8 1.75 1.455
20.3+0.1 178.4 1.89 1. 455
4,2+0,1 182.4 1.97 1.452

*Temperatures for which uncertainties are not stated
varied by less than + 0. 05°K during a measurement; their
estimated accuracy is + 0. 5°K.

th, is magnitude of magnetic hyperfine field. Estimated
uncertainty is + 0, 5 kOe.

°AE, is quadrupole splitting (3¢?¢Q) (1 +1n%)!/2. Above
Tr=36.60°K, AE, is positive and estimated uncertainty
is + 0,006 mm/sec. Below Ty the sign of AE, was not
determined; estimated uncertainty is + 0, 05 mm/sec.

4CS is center shift relative to Fe foil. Estimated un-
certainty is + 0. 006 mm/sec.

°A superposition of two types of spectra is observed at
this temperature. The parameters given here apply to
the major portion by area.
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TABLE II. Averages of values found below Tp=36.60°K for n, 6, and ¢ of an unstrained
Uncertainties indi-
cate spread of values consistent with the data (see text, Sec. IIIC, and Ref. 31).

KFeF; single crystal by use of Monte Carlo search program (Ref. 31).

Tb

(a) If AE, positive?
0

(b) If AE negative?

@ 6 @

(°K) n (deg) (deg) n (deg) (deg)
36.59° 0.56+ 0,18 23.7+2.8 48 + 42 0.998+ 0,006 72.2+0.5 85+ 5
36. 52¢ 0.58+ 0,17 24,3+ 2.6 37+ 27 0.996+ 0,008 72.0+0,4 85+ 4
35.97¢ 0.58+ 0,17 26,0+ 2,2 35+ 28 0.999+£ 0,004 70.5+0.2 89+ 4
32,02 0.56+ 0,23 31.0+ 2.3 30+ 29 0.94+0.05 68.2+ 0.2 79+ 5
26,91 0.53+0.18 34.0+1.6 36 + 37 0.92+ 0,08 67.1+0,3 776+ 7
20.3+0.1 0.56+ 0,22 36.4+1.6 34+ 30 0.81+ 0,12 66.0+0,5 737
4.2+0,1 0.54+0.25 38.6+1.6 33+ 29 0.78+ 0,14 65.0+0.5 74+11

2A11 results are based on x% [Eq. (2)] <1 except for three cases with AE4<0 (T=35.97,
36.52, and 36.59°K). For these cases no x’<6 was found. Results are for x?<10.

bSee Footnote a, Table I.
°See footnote e, Table I.

for the case of axial symmetry of ¥, i.e., z'=2z
and 7=0 in Eq. (1). We therefore analyzed these
spectra assuming axial symmetry. With the absorp-
tion lines numbered 1 through 6 in order of increas-
ing velocity, we determined Hy; from the ground-
state splitting by the relation

ZokyHye=3[(ps - p3)+ (ps—p2)] ,

where p; is the position of the jth absorption line.
The center shift (CS) (the sum of the isomer shift
and the second-order Doppler shift) was obtained by
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FIG. 3. Temperature dependence of magnitudes of
magnetic hyperfine field (Hy,) and electric quadrupole
splitting (1AEq 1) for TFe in single crystal KFeF;. The
solid lines represent visual fits to the data.

CS=3(py+Da+Ps+De)

and the quadrupole splitting AEg = 3 €%gQ by
2€%9Q=3[(ps—ps) - (p2-11)] .

We found AE, to be positive.

To test the validity of the hypothesis of axial sym-
metry, we used the above values for Hy, CS, and
2€%Q to calculate the line positions predicted by
use of Eq. (1) with z’=z and #=0. The rms differ-
ence between the calculated and experimental posi-
tions was ~+0.003 mm/sec, an amount somewhat
larger than the rms statistical uncertainty of the
experimental positions (~+0.002 mm/sec). It is
reasonable to attribute such a small discrepancy to
nonlinearity in the velocity drive.

The relative line intensities provide further sup-

8 (DEGREES)

o] 10 20 30
TEMPERATURE (°K)

40

FIG. 4. Temperature dependence below Ty for 6, the
polar angle of ﬁm in the EFG principal axis system. The
value found for 6 depends on the sign assumed for the
quadrupole splitting AE,. The solid lines are visual fits
to the data.
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FIG. 5. Spectra in the vicinity of the transition at Tg.
The solid lines are obtained by linear superposition of
spectra of types II and II. The arrow (bottom spectrum)
indicates a seventh resolved line,

port for the hypothesis of axial symmetry. The ob-
served intensities are characteristic of a 3:2:1:1:2:3
pattern. Such a pattern is obtained for the case of
axial symmetry and any of several conceivable dis-
tributions of spin directions. One possibility is
that the Fe?* spins point along one or more of the
{111) directions. Another way of obtaining the
same intensity distribution is to have equal numbers
of spins pointalong eachof a set of directions equiv-
alent by cubic symmetry, e.g., all of the {100)
directions. ®

In summary, type-II spectra indicate Hy, and AEq
are nonzero, 7=0, and ﬁm is parallel to the princi-
pal axis of V;;. These properties are consistent
with previous findings that KFeF; transforms to a
trigonal antiferromagnetic state when cooled.

C. Type-III Spectra

Spectra below a temperature Ty differ radically
from those of type II in the pattern of line spacings
and intensities. At some temperatures a seventh
line is resolved. (See the bottom spectrum of Fig.
5.) These features indicate violation of one or both
of the conditions 7=0 and z’=2z.
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For this case eight absorption transitions are
possible. Their energies are determined by the
center shift, the ground-state splitting gouyHuyy,
and the excited-state energies E;(i=1,2, 3,4). Be-
cause }{.; E; = 0, the four excited-state energies
may be specified by three splitting parameters:
S,=E,-E,, S,=E,-E;, and S;=E, - E,. The split-
tings S; can be calculated by diagonalization of 3¢, if
five parameters are specified: Hy,, the quadrupole
splitting AEq=(3€%Q) (1+ 57?2, n, and the polar
and azimuthal angles 6 and ¢ of Hy in the x'y’z’
principal-axis coordinate system.

The first step in our analysis of each type-III
spectrum was to make a least-squares fit to a sum
of eight Lorentzian curves. To ensure convergence,
we took as free parameters the CS, gouyHpe, and
the three S; rather than the eight line positions.
The percent dip of each line and the widths of the
six most intense lines were also free parameters.
The widths of the two remaining lines were con-
strained to be equal to the average width of the mid-
dle pair of the six most prominent lines. The area-
weighted averages of the linewidths were again in
the range 0.28+0,01 mm/sec, indicating that all
Fe? sites are still nearly equivalent, From the
splittings S;, S,, and S;, we calculated the excited
state energies E; and used these to evaluate |AE,|
by the formula given by Karyagin®:

|AEq| = > E?)- sg2utmz]
Qi = ‘gli-gﬂlnm .

With Hy, and |AEq| fixed, we then searched for
values of 1, 6, and ¢ which would yield calculated
splittings S§*° consistent with the observed split-
tings S; and their uncertainties AS;. The search
was made by a Monte Carlo method with a computer
program® which in effect made a quasirandom
sampling of the distribution of those (7, 6, ¢)

parameters yielding values of

_ 1 3 (scllc_s ) 2
#3200 ) @

lower than a specified value x3. Only line-energy
information was used in the search as we found that
sets of parameters which gave low xZ values led to
nearly identical line intensity predictions. These
predictions were consistent with the intensities we
observed in Mossbauer spectra of KFeF; powder.
Table II summarizes the results of searches over
the intervals 0=7=1, 0= 6=90°, and
0=¢=90°.* For each spectrum we found about
30 acceptable sets (1, 6, @) yielding x2<x3. (We
used x2=1 except for certain spectra near Ty where
a slight admixture of lines from type-II spectra was
present; see next section.) The parameter values
and uncertainties (+7) in Table II represent aver-
ages and rms deviations (r) of members in these
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sets.

Good fits to the experimental data were found with
both signs of AEq. For both signs 6 was the best-
defined parameter, Its variation with temperature
is shown in Fig. 4. For AEL >0, mand ¢ are not
well defined. If AEg <0, 7 is in general close to
unity and ¢ close to 90°.

Attempts to obtain good fits with 7 fixed at zero
were not successful with either sign of AEq. For
the 4.2 °K spectrum we were unable to obtain a fit
yielding x® <160. This finding that 7#0 suggests
that a structural change has occurred. This was
confirmed by an x-ray diffraction study of a powder
sample at 4.2 °K.% Line splitting indicative of a
structure of symmetry lower than trigonal was ob-
served,

A magnetic study at 4.2 °K showed KFeF; to be a
weak ferromagnet.? A moment of 13,6 emu/g was
obtained in an external field of 10 kOe. If we as-
sume an Fe?" moment of 4up, this result indicates
a canting of the spins by ~5°.

D. Transition Regions

The change in the spectral parameters that oc-
curs at Ty is abrupt (see Fig. 5). Spectra close to
Tx could be fitted quite well as alinear superposition
of spectra of types II and III as indicated by the sol-
id lines in Fig. 5. (To minimize the number of
parameters in these fits, we assumed all lines to
have the same width; values in the range 0.28+0,01
mm/sec were found.) To estimate Ty, we plotted
against temperature the fractional area of each type
of pattern. The plot indicated that a 50%-50% mix-
ture would occur with our platinum thermometer at
36.60+0.02 °K, which we take as the value of Tg.
The temperature difference separating spectra
having 75%-25% and 25%-75% mixtures was 0.18 °K,
a measure of the sum of the widths of two possible
distributions, a temperature distribution across the
sample or a distribution of T values. (The fact
that we are studying a single crystal does not rule
out the possibility of a spread in values of the tran-
sition temperature. A paramagnetic-to-antiferro-
magnetic transition ~ 5 °K broad has been observed
in a Mossbauer study of an absorber made of single
crystals of Rb,FeF,.%)

The value of T, was estimated by assuming the
hyperfine field below Ty to have power-law depen-
dence on temperature of the form

th=c(1—T/TN)B . (3)

Such a behavior for Hy, at the nucleus of an Fe?* ion
has been previously observed.®* From a least-
squares fit to Eq. (3) with Ty, B, and C taken as
free parameters, we obtained Ty=112,51+0.02 °K,
B=0.306+0.003, and C=278+2 kOe. Eleven data
points corresponding to 0.9337y = T = 0.991Ty
were used in the fit. Calculated values agreed with
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experimental values to within + 0. 3%.

In their studies of a powder absorber of KFeF;,
Fatehally et al. observed below Ty pronounced line
broadening, which they attributed to a slowing down
of the Fe?" relaxation rate as temperature is in-
creased toward Ty.% In our measurements we
found a slight line broadening which increased as
Ty was approached. The average width W of the
outer pair of lines was 0,28 mm/sec at 100, 00 °K,
and 0.36 mm/sec at 112,02 °K. This broadening
could be due to relaxation effects, a temperature
gradient, or a distribution in Ty values.

As a test of the second hypothesis we consider
the relationship between W and a uniform tempera-
ture distribution of width AT, The temperature
gradient produces a spread AH,, in hyperfine field
values:

dHy,
dT

AHh,z| AT .

The spread AH,, causes an increase in the width
of the outer lines of the order of YAH,, where

y=(1.5 |g1 |+0- 5 ‘go ’)“N
=0,0161(mm/sec)/kOe .

Thus,
W Wty —M—d:T AT, @)

where W, is a constant. Using our best fit to the
power-law formula of Eq. (3) for calculation of
dH,,/dT, we made a least-squares fit of Eq. (4) to
our data for W and found AT=0.17 °K.

If the line broadening were due toa spread AT in
Ty values, a similar value would be obtained for
ATy by such a fit since |dH,/dT y|~ | dH,,/dT | for
temperatures near T y.

The closeness of our result for AT to the ob-
served spread of ~ 0. 18 °K near T suggests that
similar mechanisms are operative in the two
transition regions. Relaxation effects are clearly
absent near T, since no line broadening is ob-
served. Hence, the line broadening near Ty is not
due to relaxation effects.

E. Magnetoelastic and Other Effects

Indications of an extraordinary sensitivity of
KFeF; to pressure were encountered in measure-
ments made with a single-crystal {100} platelet
that was held with an adhesive tape (Scotch-brand
Mylar tape) to a Lucite disk. A pronounced altera-
tion in relative line intensities at 100 °K was
caused by the tape (Fig. 6). This change is indica-
tive of a rotation of some of the spins away from
their usual directions owing to strain induced by
the difference between the thermal expansion coef-
ficients of the sample and the tape. This result
suggests that the spin directions are strongly
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FIG. 6. Illustration of effects of strain on the M8ss-
bauer spectrum of a single crystal. The change in line
intensities indicates rotation of the spin directions.

coupled to the distortion direction, which is prob-
ably easily affected by external stress because of
the smallness of the spontaneous distortion. 3¢

Portions of the taped sample were found to have
a higher value of Ty than an unstrained sample.
This effect is illustrated by the middle spectrum
in Fig. 7. The line broadening in the wings is
evidence of magnetic hyperfine splitting at a tem-
perature 1.5 °K above the Ty value of unstrained
KFeF;.

A similar rise and distribution of T values was
observed in a powder sample and is shown in the
bottom spectrum of Fig. 7. These effects are
similar to those observed in Mossbauer spectra
of powder RbFeF; by Wertheim et al.,® who at-
tributed them to a strain-induced spatial variation
of Ty. Our finding that stress can raise Ty lends
support to their hypothesis.

IV. INTERPRETATION OF TEMPERATURE DEPENDENCE
IN ANTIFERROMAGNETIC REGION

In the present section we will consider the tem-
perature dependence of Hy, and AE, in the antifer-
romagnetic state of KFeF3; where the crystallo-
graphic symmetry at the Fe? site is trigonal. We
will attempt to fit the data to predictions of an Fe®
electronic Hamiltonian based on the crystal-field
and molecular-field approximations. No attempt
will be made to fit data below T as the reduced

symmetry there leads to a model with too many un-
known parameters.

A. Mathematical Formalism

The free Fe?* ion has an [Ar] 34 ground con-
figuration and a D ground term separated by about
20000 cm™ from the next highest term.***° The
octahedral cubic crystal field of KFeF; splits the
’D level into an orbital triplet °T, ¢ and an orbital
doublet °E, higher by ~ 9000 cm™.***' The ground
state has spin 2 so its total degeneracy is 3x5=15.
The principal perturbations to the ST& state may
be represented by the Hamiltonian® *

s/ =xT-S+hS,+26(LE -2), (5)

where IU and § are the total orbital and spin angular
momenta of the ion and z denotes the (111) distor-
tion direction. The first term in 3¢’ is due to spin-
orbit coupling. The second is the Heisenberg ex-
change interaction treated in the molecular-field
approximation. The third term is an approxi-
mate representation of the crystal field arising
from the trigonal distortion.®® We have assumed
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| oo

spin alignment parallel to the distortion. We will
show later that any other assumption would be in-
consistent with the Mossbauer data.

The EFG produced by 3¢’ at the nucleus of an
ion will be axially symmetric. Its V,, component
may be expressed as'?’

V,,/e =¢g=(1 —R)qm +(1=-7.)q1a¢ »

where g, is the EFG of the aspherical 3d valence
electron of the ion and ¢,, is the contribution of
the remaining ions of the lattice. The factors
(1 -R) and (1 -v.) account for Sternheimer shield-
ing** by the [Ar] 3d° core. Estimated values in-
clude 0.68 for (1 -~ R),* and 10.14 for (1-v.).*"
Calculation of ¢q,,; for KFeF; is not possible be-
cause precise positional parameters are not avail-
able below Ty. However, because the contribu-
tion to V,, from a charge at a distance » from the
nucleus is proportional to (1/73%), it is reasonable
to expect

(1-R)gya1>» (1 =Y. ) 1at -

Several previous studies support this expectation.
Nozik and Kaplan*® have used the point-charge
model to estimate lattice contributions to the 'Fe
quadrupole splitting AE, for four Fe * compounds.
Their calculated lattice contributions range from
0.5% to 13.3% of the experimentally measured
AE,. Also, in several cases good fits to the tem-
perature dependence of AE, have been obtained
with ¢, neglected.*® We will therefore assume
¢1a¢ =0 in our treatment.

Using operator equivalent formalism*? and as-
suming sufficiently fast relaxation among the elec-
tronic states of the Fe? ion,™ one may show that
the valence contribution to V,,/e can be written

(L=R) gy =30 LE -2)

The 3d radial parameter (%4 includes the factor
(1 -R). We use the unsubscripted brackets (-« *)
to denote a thermal expectation value; i.e., if M is
an operator, its expectation value at a temperature
T is
¥, I M I‘I’n)e'E"/”

En e-EnTkT ’

(My= &

where ¥, and E, are the electronic wave functions
and energy levels. Since the *"Fe quadrupole mo-
ment @ is positive,™ the quadrupole splitting at a
temperature T is a positive multiple of (L2 —2):

AEg=4e2Q (r ) (LE-2) . ®6)

In the present case the principal contributions
to the magnetic hyperfine field at an "Fe nucleus
may be expressed as® %

Hi=A(S)+2u5 (r~*) (L,)
- fius(r®), (nly (1)
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where h2=4S, - (L. §)L, - L,(C- S). The first of
the terms on the right-hand side represents ef-
fects of the Fermi contact hyperfine field and the
supertransferred hyperfine field.” The second
term is the field due to the orbital angular momen-
tum of the 3d electrons, and the last term is the
dipolar field due to these electrons. In writing
this expression we have assumed equality of the
orbital and dipolar radial parameters (»"3); and
(r-3 )0.53 Because of the threefold symmetry of
the Fe? site, the x and y components of ﬁm must
be zero. Note that we distinguish Hy,= | Hy, |from
H%,, which may be positive or negative de-
pending on whether ﬁm is parallel or antiparallel
to the ionic magnetic moment 1.

For calculation of ¥, and E,, it is helpful to
have estimates of the approximate sizes of the
terms in 3¢,

For a free Fe? ion, the spin-orbit coupling
constant X=X o= -103 cm™.* In a solid, cova-
lency® and dynamic Jahn-Teller® effects may re-
duce | x| to as low as 50% of | X l.

If each Fe® ion is assumed to have an exchange
interaction that is isotropic and involves only its
n nearest-neighbor Fe?* ions, then the exchange
parameter % is related to the exchange integral
J by®®

h= sz<S:> ’

where n=6. The elementary molecular-field
theory treatment of an isolated ion relates J to Ty
bySS

J=-3kT/25(S+1) . (8)

Using T ,=112.51 °K and (S,)=2 leads to an esti-
mate of — 78 cm™ for the saturation value of A.

Finally, we may estimate § on the basis of the
magnetoelastic tensor®® G;; of Fe* impurities in
KMgF;. It can be shown that § is related to the
strain parameter®” €;, by 6=30G€,,. The rhom-
bohedral angle a=89°51’ of KFeF; at 78 °K yields
€,=1.31x10°, Using |Gy |=1000+100 cm™,®
we obtain |5 1=39+4 cm™.

Since A 1|, k|, |61, and BT for temperatures
of interest are much smaller than A, the effects
of 3¢’ may be treated by first-order perturbation
theory applied to the st, state. Because the mag-
nitudes of A, k, and 5 are comparable, all terms
in 3¢’ must be diagonalized simultaneously.

A convenient choice for the 15 °T,, basis func-
tions is the following :

‘I’n=<ﬂxxs ’

wheren=1,2,..., 15;1=1, 0, —1;and s=-2,
-1,..., 2. Here, x,denotes an eigenfunction of
the operator S, with eigenvalue s (in units of 7).
The ¢, are orbital functions® :



1872 DAVIDSON, EIBSCHﬁTZ, AND GUGGENHEIM 8

Q1= = (%)l/zdl - (%)Uzd-a ’

$o=dyg, (9)

Q== G)1Rd +(3)%4,,
where d,, is the spherical harmonic Y 3(6, ¢) de-
fined with respect to [111] as the polar axis. One
helpful feature of this set of functions is that ma-

trix elements of L are related in a simple way to
those of p functions [ p,,=Y '(6, ¢)] :

(Om| | @nd==bm | T | b0 -

Also, in the ¢, basis the important operator
(Li —-2) has a simple matrix representation:

P1 Po P
¢; |1 0 O
L2-2)=¢, |0 -2 0 . (10)
®410 0 1

Finally, by ordering the ®, as listed in Table II,
the 15x15 matrix of 3¢’ in the °T,, basis is reduced
to block diagonal form so that the largest matrix
one must diagonalize is 3%X3. (Each function ¢;X,
is an eigenfunction of J,=-L,+S, with eigenvalue
j=1+s; basis functions belonging to the same block
have the same j value.)

Before proceeding, it is helpful to consider some
simple examples which provide insight into the re-
lationship between the parameters of our formal-
ism and the resulting *"Fe quadrupole splitting
AE,. The special cases we shall examine are il-
lustrated in Fig. 8.

TABLE III, Standard order adopted for basis functions
used for diagonalization of 3¢’ [Eq. (5)] within the 5T2‘
basis. The basis functions are of the form ¢,=¢;Xs,
where the ¢; are defined by Eqs. (9) and y, is an eigen-
function of S, with eigenvalue s(in units of #). Also listed
is the j value associated with each function (j= (®,|-L,
+8g1@,) =1+5).

n 1 s j
1 1 2 3
2 1 1 2
3 0 2 2
4 1 0 1
5 0 1 1
6 -1 2 1
7 1 -1 0
8 0 0 0
9 -1 1 0
10 1 -2 -1
11 0 -1 -1
12 -1 0 -1
13 0 -2 -2
14 -1 -1 -2
15 -1 -2 -3

Two of the cases in Fig. 8 concern what may be
called a distortion-induced EFG due solely to the
structural distortion from cubic symmetry.

The case of a moderately large axial distortion
(A> 61> x|, |k |) may be considered by as-
suming A=k=0 in Eq. (5). With A=0 we may ig-
nore the spin components of our basis functions.
Our problem involves diagonalizing the perturba-
tion $6(L 2 - 2) within the basis (¢, ¢o, @.;) of
Eqs. (9). We indicate the results on the left-hand
side of Fig. 8. These results are obtained trivial-
ly because (Lf - 2) is already diagonal in this
basis. The perturbation splits the T, level into
an orbital doublet and an orbital singlet separated
by 15 1. The expectation value (¢, IL2 -2|¢,)
is 1 for each doublet state and — 2 for the singlet.
If 5<0, the doublet will be lower, and at T=0°K
the quadrupole splitting AE, will be positive. The
sign of AE, and the order of the energy levels are
reversed if 6>0.

Very similar results are obtained in the case of
a small axial distortion (|6 | < |X|<A; h=0).
We begin by considering only the perturbation
AL § Diagonalization of the 15X15 matrix of
AL -Sin the °T,, basis yields a splitting into three
levels as shown in the center of Fig. 8. For
A< 0, atriplet state is lowest. The diagonaliza-
tion yields the following wave functions for this
triplet :

a=(%)28,- &) 205+ @) 2,
ao=(%)" 27~ ()2 0e+ )"/ 2 s, (11)
a.q= )20y, (§) 20y, + () 20y, .

Using these functions, we obtain
oy 0y Qe

a; |0.1 O 0

(L2-2)= ag|0 -0.2 0 . (12)

a4l 0 0 0.1

Thus, at T=0°K, (L? -2)=0.1-0.2+0.1=0:
hence AE,=0. This result is to be expected as
spin-orbit coupling does not destroy the cubic sym-
metry.

An axial distortion will break this symmetry.
For |51 < |x], we may treat this problem by first-
order perturbation theory applied within the «,
triplet. The results are identical to those ob-
tained in the case of large |6 except for reduction
by a factor 3.

The interesting special case of a magnetically
induced EFG is illustrated at the far right of Fig.
8. We consider the situation in which 6 =0 and the
cubic symmetry is broken by turning on an ex-
change interaction 2S,, which corresponds to spin
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FIG. 8. Energy levels of Fe?* ion acted on by octahedral cubic field and perturbation 3’ =AT.+S+ hS,+38(L% - 2) with
z defined as the [111] cubic direction. Splitting of low-lying 5T2‘ levels is illustrated for various values of parameters in
3¢’. Numbers in parentheses are level degeneracies. Numbers in square brackets are expectation values (LE—Z) for

the indicated states.

alignment along the [111] direction. In the a,
basis of Eq. (11) the representation of S, is

@, @y Qg

@, #1.5 0 0
S,=a, |0 0 0 .

ay |0 0 -1.5

Thus, for |2 | < Ix | the interation S, will split
the triplet into three levels having the expectation
values of (L2 - 2) indicated in Fig. 8. A nonzero
EFG with AE positive will result.

We now reconsider the spin direction question
for KFeF;. The choice in 3¢ of spin alignment
parallel to the distortion direction ensures satis-
faction of the experimental finding 7=0. However,
if 6 is so small that its effects are negligible, it
is possible to satisfy 7 =0 by spin alignment paral-
lel to a {100) or {110) direction of the cubic po-
tential. (Directions other than {100), {110), or
(111) would yield n#0.) With 5 negligible, a mag-
netically induced EFG results. By diagonalization
of 3" with & taken as zero and z redefined as a
(100) or {110) direction, one may show that a neg-
ative (L2 - 2) and hence a negative AE, is in-
duced. Experimentally, AEq is positive for
KFeFg; hence, the spins must be aligned along a
(111) direction even if 5 is negligibly small.

B. Fitting Procedure and Results

Our problem now is to find values for the various
unknown parameters (A, &, 6, @ & *)o, A, and
-3 ) such that the wave functions ¥, and energy
levels E, obtained by diagonalization of 3¢’ [Eq.

(5)] will yield values of AEq [Eq. (6)] and HZ, [Eq.
(7)] in agreement with experiment,

A complication in the fitting process is that &
and & both vary with temperature.

The axial splitting parameter § must be zero
above Ty, where KFeF; is cubic. Since the angu-
lar distortion | 90° — a | increases monotonically
with decreasing temperature below Ty, 15 |
should behave similarly. A plausible assumption
is the following:

5(T)=0,
6(T) =641 - T/Ty)", T=Ty

T>T,

where 8, and y are constants to be determined by
fitting the data. Many physical properties of a
solid have been found to have a power-law depen-
dence of this form in the vicinity of a critical point.
We determined the temperature dependence of
h by the self-consistency condition of molecular-
field theory. In the present case this requirement
takes the following form: For any temperature 7,
the value of % inserted in 3¢’ must be such as to
yield a value (S,) at T satisfying

Rr(T)=12J¢S,). (13)

If a particular value is assumed for A and a par-
ticular form for 6(T), one may determine the self-
consistent values of % graphically by the method*
illustrated in Fig. 9. The curved lines are ob-
tained by assuming various values for #, diagonal-
izing 3¢’ for each & value (and for each tempera-
ture if the assumed 6 is temperature dependent),
and using the results to calculate {S,) at each tem-
perature. The straight line represents Eq. (13).
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FIG. 9. Method used for determining self-consistent
values of the exchange parameter k. These curves were
calculated using the Hamiltonian 3¢’ of Eq. (5) with 5(7)
=8y(1 = T/Ty)'/? and the parameters A=—50 cm™, &,
=-35.5 cm™, and Ty=112.51°K.

Its intersection with the k-vs-(S,) curve for tem-
perature T yields the self-consistent values of %
and (S,) at 7. The slope of the straight line is
determined by the requirement that the line be tan-
gent at the origin to the k-vs-(S,) curve for 7= Tj.
The value of J is obtained from the slope.

With T fixed at the value 112.51 °K determined
by the power-law fit, we are left with six unknown
parameters: A, 8 ¥, @ 3)q, 4, and (r~%);.

A search for suitable values was made with the
aid of a least-squares computer program which
adjusted input guesses so as to minimize the dif-
ferences between calculated and measured values
of Hy; and AE,. The self-consistent values of &
were determined in a subroutine which numerically
simulated the graphical solution method. In these
fits some of the data points near Ty were omitted
in order to avoid overemphasis of data in this
region, where molecular-field theory is known to
be a poor approximation due to its neglect of spin
correlations.*® Only the following temperatures
were considered: 37.97, 39.98, 50.06, 60.03,
69.98, 77.5, 86.05, 94.01, 100.00, 104.97,
110.07, and 112.51 °K.

The sign of Hi, has not been measured. Within
the framework of restrictions to be described be-
low, we were unable to fit the H,, data with Hf, as-
sumed positive. We therefore assumed that Hi,
is negative in KFeF;. This hypothesis is in agree-
ment with a prediction made by Okiji and Kanamori
on the basis of a theoretical analysis of hyperfine
fields in a group of Fe* compounds. *°

Restrictions on allowed values for the param-
eters were found necessary because of the large
number of unknown parameters. Attempts to fit
the data with all six parameters varying freely
yielded for some of the parameters values which
differed by more than a factor of 2 from those

|

found in typical Fe?* systems.

Our principal restriction was the requirement
that the hyperfine parameter A not differ by more
than about 10% from its value for FeF,. This re-
quirement seems reasonable in view of the simi-
larity of the immediate Fe?" surroundings in FeF,
and KFeF3.2® In both cases there is an octahedron
of fluoride ions (moderately distorted in the case
of FeF,). The Fe?* site symmetry is orthorhombic
in FeF,, but the average Fe-F distance at room
temperature (2. 08 R)is very close to the value of
2.06 A for KFeF;. The 4.2 °K CS relative to Fe
foil is**® 1,47 mm/sec for FeF, and 1.45 mm/sec
for KFeF;. This closeness indicates that the
charge densities at the nuclei are nearly the same
in the two cases. For FeF, Johnson and Ingalls®®
estimate a contact field of —518 kOe at 4.2 °K
with (S)=2. This estimate yields A~ — 260 kOe.
We therefore required - 230 kOe > A > — 290 kOe
in our search.

An additional restriction was consideration only
of the values 2, 1, 3, 3, and 0 for the exponent y.
This set permits a variety of physically plausible
types of behavior for 6(7).

The shapes of curves calculated for Hy, vs T
were quite sensitive to the value of A. Shown in
Fig. 10 are best-fit curves obtained with the con-
stant A restricted as above, §,=0, and three val-
ues of A. With | X 1=40 cm™, the calculated peak
in H,, is sharper than the observed peak. As Il
increases, the sharpness decreases. With I\| =60
cm™! the peak in the calculated H, curve is nearly
gone. Best-fit curves calculated with values of
6, comparable to our preliminary estimate did
not differ very greatly from those with 6,=0. This
point is illustrated by the similarity of the two
curves in Fig. 11. Thus, we conclude that the
H,, data limit A to the range

A=-50+10 cm™!,

150
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T - 1. -40 -259 2.96
r 2. -50 -290 3.35
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sor 8620
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FIG. 10. Magnitude Hy, of measured hyperfine field
for antiferromagnetic KFeF; (dots) and best-fit curves
obtained assuming that A is restricted to range —260
+ 30 kOe, 6,=0, and the values indicated for A. Values
listed for A and (1‘3 )L provided the best fits.
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FIG. 11. Datafor Hy, of antiferromagnetic KFeF; (dots)
and best-fit curves obtained assuming A =—260+ 30 kOe,

=—50 cm™, and either 6(T)=0 (curve 1) or §(T)
=6¢(L = T/Ty)!/? with §y=—-35.5 cm™ (curve 2). Values
listed for A and (=3 )z provided the best fits. The poor
quality of the fits near Ty reflects in part the neglect of
many of the data points near Ty in the fitting process (see
Sec. IVB).

but do not restrict the form of 6(7).

In contrast, the shapes of calculated curves of
AEq vs T were found to be quite dependent on
assumptions regarding 6, and y, but not signifi-
cantly affected by the value assigned to A for X in
the range —50+10 cm™. We therefore used the
AE data to search for suitable §, and y values
with A fixed at — 50 cm™,

To test the magnetically induced EFG hypoth-
esis, we first considered the case §,=0. The
best fit is shown in Fig. 12 by the inflected line
(curve 1), a rather poor representation of the
data.

Similar inflected curves were obtained with

1.0
L. ! RbFeFy
H 2 0.2}
5 i L
< 5
{’ L 0 i 1
€ KFeFs 80 100
E 05|
o A=-50cm™!
b 1. 8020,
r Q<r=3),:0.573au-b
[ 2. 8,=-355cm™', r=05,
+ Q<{r-3>3=0.428a.u~-b
MR R |
% 50 100

TEMPERATURE (°K)

FIG. 12. Data for AE, of antiferromagnetic KFeF3
(dots) and best-fit curves obtained assuming A = — 50 cm=!
and either 5(T)=0 (curve 1) or §(T)=58,(1 = T/Ty)? (curve
2). Values listed for @ (»= )q and for 5, and ¥ of curve 2
provided the best fits. (Some of the data points near Ty
have been omitted for clarity.) Inset: Data for antifer-
romagnetic RbFeF; (from Ref. 3) and fit obtained using
Ty=102°K, 8o=—68.7 cm™, and the A, ¥, and Q(r*%),
values of curve 2.
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FIG. 13. Temperature dependence of parameters used
in Fe* Hamiltonian 3¢’ [Eq. (5)] for several cases.
Curve 1 is the temperature dependence of the axial dis-
tortion parameter 5(T) for our best fit: &(7T)=5,(1 — T/
TN)1/2, 5,=—135.5 cm™. Curve 2 is the self-consistent
exchange parameter k(T) obtained assuming A=-50 cm-!
and this 5(T). Curve3 is h(T) obtained assuming A
=-50 cm™ and 5(T)=0. The dashed line is the self-con-
sistent i (T) obtained by use of the Brillouin function for
spin 2, All quantities are plotted in units of A =—50 cm™!.

80#0 and vy fixed at 2 and 1. With §,#0 and ¥ =0,
the fit was also poor. The calculated AE4 has a
large step at Ty, reflecting the fact that 6(7) is a
step function for this case.

However, good fits were obtained with 6,# 0 and
y=%or 3. The fit was slightly better with ¥ =3.
This result is shown by curve 2 in Fig. 12. The
value of §, which gave the best fit was - 35.5
cm™. The values found for A, 4, (**);, and
(r )4 are listed in column 1 of Table IV. (We
assume® @ =0. 21b to obtain (»)q.)

V. DISCUSSION

A. Some Comparisons

Several comparisons are instructive at this
point. In Fig. 13 we illustrate the relative sizes
of 6(7) and A(T). At78°K, 161=19.7 cm™,
about one-half of our preliminary estimate based
on G;;. Also shown are %(T) curves calculated
with and without the presence of a crystal field.
These indicate the slightness of the influence of
the crystal field here on the temperature depen-
dence of the sublattice magnetization. The crys-
tal field also has little effect on the value derived
for J. With the crystal field neglected, we would
obtain J=-3.26 cm™ [by Eq. (8)]. Our best fits
to both the cubic and noncubic cases yielded J =
-3.38 cm™.

The effect of 6(7) on the energy levels of the ion
is illustrated in Fig. 14. The energy levels as a
function of temperature for the noncubic case are
shown in the top portion of Fig. 14. In the bottom
portion we show the low-lying levels obtained as-
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TABLE IV, Parameters ascribed to Fe®* ion in various situations.
KFeF;
(this KMgF; FeSiFg Free KFeF;®
work) CoO: Fe?*? :FeP MgO: Fe®*P *6H,0° FeF,¢ ion (theory)
Alem™) -50 -1 -60 -50 -90 -85 —103¢ -90
A (kOe) —290 -234 —248 —-230 —-210 —-259 —2758 cee
3y, (a.u.) 3.21 4.4 4.1 3.0 3.5 3.0 4.59¢ 4.01
r3)g (@ u)® 2.04 3.0 4.1 3.0 3.5 3.0 4.93¢8 4.31

23Reference 61,

bReference 62.

°Reference 51 and 63.

9Reference 60.

®These are obtained from the free-ion values (preceding

suming cubic symmetry. The chief difference is
the level crossing at about 45 °K which occurs only
for the cubic case.

In Table V we summarize for the noncubic (a)
and cubic (b) cases some properties at T=0°K
of the three lowest states. It is interesting to note
that, qualitatively, the ground states are quile sim-
ilar and the excited-state pairs also match quite
well provided one takes the level inversion into
account. This similarity was also found to hold
at higher temperatures. Thus, the qualitative
difference in the shape of AEq vs T for the two
cases is not related to any gross qualitative dif-
ferences in the properties of the individual states.

The data assembled in Table IV facilitate check-
ing on the plausibility of the parameters required
to fit our KFeF3 measurements to our model. In
addition to summarizing our best-fit values, Table
IV contains in columns 2-38 some parameters as-
signed to Fe®* on the basis of fits to other experi -
ments. *'%°"% These fits involved the crystal-
field and molecular-field models and, in most
cases, the approximation {(* %), =(r%)q. In col-
umn 7 we list free-ion values. The value for A is
based on experiment, ** while the values for A,
(r%;, and (r %), were calculated by Freeman and
Watson using the unrestricted Hartree-Fock for-
malism.* The numbers in the last column were
obtained by assuming A, (%), and {r %), to be
reduced from these free-ion values by a covalency
reduction factor of 0.874. This value was cal-
culated for KFeF; by Silva and Ingalls® on the
basis of a configuration-interaction computation
of wave functions for the (FeFg)*" cluster.

Table IV indicates that our values for A, A, and
(r %), for Fe** in KFeF; are not unreasonable.
For each of these parameters, at least one of the
other compounds has been assigned a value within
10% of our value.

While our value for (%), differs considerably
from the others in the table, it is fairly close to
values assigned by Hazony® for Fe?* in FeTiO,,

column) using the covalency reduction factor of 0.874 cal-
culated in Ref. 64.

fReference 40.

®Reference 45.

bvalues for (r=*), are based on Q=0.21b (Ref. 51).

FeCl,, FeBr, and Fel,. Hazony obtained {(» %),
values between 1.7 and 2.4 a.u. from the satura-
tion value of AE, in the paramagnetic state of
each of these materials.

Our finding of a large difference between {r %),
and (» %), is somewhat surprising in view of the
frequent assumption that {(r *%) g =(» =3) ;. 5%:60:62,63
However, such a finding is not unprecedented. A
similar difference was obtained in a fit to
CoO: Fe? data (column 2). These differences are
substantially larger than one would expect to
arise from error due to neglect of the lattice EFG
and therefore suggest that the assumption of equal-
ity between (r "3 and (r "%), needs reexamination.

Another noteworthy difference is the one be-
tween our parameter values and those obtained
using the covalency reduction factor calculated by
Silva and Ingalls (column 8). This discrepancy

ENERGY LEVELS (cm™!')
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=300~ -

-100
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FIG. 14. Temperature dependence of Fe?* energy
levels for two cases. Top: A=—50 cm™, §(T)=5,(1-T/
T2, 8,==35.5 cm™. Bottom: A=—50 cm™, §(T)=0.
Only the five lowest levels are shown for the second case.
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suggests that other reduction mechanisms are
operative. %

B. Implications for RbFeF,

MGdGssbauer spectra for antiferromagnetic tetrag-
onally distorted RbFeF; indicate AEq>0 and ap-
pear to be consistent with 7=0 and H,, parallel to
the principal axis of V;;.3~° If we assume the
EFG to be magnetically induced, then only spin
alignment along a {111) direction is consistent with
these properties.

However, the hypothesis 6=0 is not reasonable
for RbFeF;. The magnetoelastic tensor G;; for
Fe® in KMgF; and the distortion observed in
RbFeF; yield 161~100+12 cm™ at 86 °K.%7 A siz-
able nonzero value for 6 in RoFeF; implies that
the spins must align parallel to the (100) distortion
for consistency with n=0.

We may analyze this case with the Hamiltonian
3¢’ of Eq. (5) provided we redefine z to be the [100]
direction. An appropriate set of basis functions
would again be of the form ¢, x,, but now, with
z=[100], the functions ¢, are*?

@1 zd-l ’
@o=3)"3dy~d_y) ,
Q.1=—dy .

With these basis functions, matrix elements of L
and S are identical to those of the trigonal (z=[111])
case. Matrix elements of (L2 - 2) are equal in
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magnitude but opposite in sign to the values for the
trigonal case [Eq. (10)]; i.e., for the tetragonal
(2=[100]) case

Y1 Qo P
¢ |-1 0 0

L:-2=9|0 2 0

[/ 0 0 -1

It follows that by itself an exchange field parallel
to [100] yields AE,< 0 while a [100] distortion by
itself will yield AE,< 0 if >0 and AE,>0 if 6<0.
Since AE is positive in RbFeF; & must be nega-
tive, and the effects of the distortion term in 3¢’
must outweigh those of the exchange term.

The Mdssbauer data currently available®=® for the
antiferromagnetic region of RbFeF; are for powder
samples and cover a relatively small temperature
range: from Ty=102°K down to the structural
transition at ~86 °K. Hence a fitting procedure as
complex as that we have used for KFeF; is not
justified.

To determine the approximate size of 6 needed
to account for the quadrupole splitting measured
in RbFeF; we used a simpler procedure. We em-
ployed the Hamiltonian 3¢’ with z taken as the [100]
direction and with #(T) obtained by use of the Bril-
louin function for spin 2. We took 7y=102 °K from
Ref. 3 and adopted the values =3, A= -50 cm™,
and Q * ~3),=0.428 a.u.- b from our best fit for

TABLE V. Properties at T=0°K of the three lowest-lying states of Fe?* for two cases.
Case (a) corresponds to the noncubic case (curve 2, Figs. 11 and 12); case (b) corresponds
to the cubic case (curve 1, Figs. 11 and 12). The functions &, are specified in Table III.

(a) b)

m 1 2 3 1 2 3
E, (cm™) - 288 -183 -167 -277 -181 -178
el 1 0 2 1 2 0
(Sedm 1.88 0.72 1.77 1.84 1.83 0.64
Ledm 0.88 0.72 -0.23 0.84 -0.17 0.64
(M2y® -2.40 -0.39 4. 51 -2.03 5.24 -0.20
Li-2), 0.69 0.40 -1.31 0.59 -1.49 0.21
H (kOe) - 545 -209 -513 - 534 -531 -186
H_ (kOe) 354 290 -93 352 -71 268
Hp (kOe) 34 6 -65 30 -79 3
AEq (mm/sec) 0.85 0.49 -1.62 0.98 -2.47 0.35
¥ 0.100& —0.320&;+0. 942&; 0.116&, —0.371&;+ 0. 922&;
¥, 0.198%;—0.449%;+0. 871&, —0.412¢,+0. 9118,
¥, —0.480%,+0.877d; 0.219%; - 0.512&4+0. 831&,

a7, =—L,+S, %P =45,— (L-§) L,-L, @-8).
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KFeF;. Varying only &,, we obtained the best fit to
the data points of Ref. 3 with 55= - 68.7 cm™, about
twice the value found for KFeF;.

The quality of this fit (inset, Fig. 12) is consid-
erably poorer than that of our KFeF; fit. It is not
clear whether this result is due to inadequacies in
the data, the model, or the abbreviated fitting pro-
cedure. Although little significance can be attrib-
uted to the parameter values found, this calcula-
tion does demonstrate that an 7 value of zero and a
AE , of the appropriate sign and order of magnitude
can be obtained with (100) spin alignment and a
plausible value for §,.

C. Cubic-to Axial Transition

Our result for the axial distortion parameter in
RbFeF; is inconsistent with a proposed explana-
tion of the cubic-to-axial phase transition.

Goodenough et al. have attributed the transi-
tions of KFeF,; and RbFeF; to Jahn-Teller stabili-
zation effects in the presence of internal (exchange
fields. For distortion occurring at Ty, their model
requires that 6 have the sign which would cause a
doublet ground state (with spin-orbit effects in-
cluded) in the absence of the exchange field.

We have already noted that with 6=1=0, 3¢’
yields a ground triplet (ay, aq, a.) [Eq. (11)] for
Fe?*. For the trigonal case the matrix elements of
(L ,2 — 2) within this triplet are given by the matrix
of Eq. (12). This matrix indicates 5 must be neg-
ative to obtain the doublet ground state a,,. Since
(ay ILE -2 |ay) is positive, a positive AE, re-
sults, in agreement with experiment for KFeF3.

On the other hand, for the tetragonal case the
matrix elements of (L2 - 2) are of opposite sign
within the ground spin-orbit triplet. Therefore,
the doublet ground state required by the Jahn-Teller
model is obtained with 6 >0. This sign for 6 is op-
posite to that needed to account for the observed
sign of AE, in RbFeF,.

VI. SUMMARY AND CONCLUSIONS

Mbssbauer absorption spectra of 'Fe in KFeF,
reflect the existence of three structurally and mag-
netically distinct phases between 297 and 4.2 °K.
On the basis of Mossbauer, x-ray, magnetic, and
neutron-diffraction studies, we may characterize
these phases as follows:

1 (Ty <T = 297 °K) simple cubic perovskite-struc-
ture paramagnet.

II (Tg <T= Ty) trigonal antiferromagnet.

I (4.2°=<T=Ty) weak ferromagnet with a

*Part of the work by this author was performed at the Physics
Dept., University of Pennsylvania, with support by the Office
of Naval Research.

*Present address: Argonne National Laboratory, Argonne, Il
60439.
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structure of symmetry lower than trigonal.

Analysis of Mossbauer spectra of an unstrained
single crystal of KFeF; establishes the following:
(@) Ty=112.5+0.5°K; (b) T=36.6+0.5°K;

(c) in the antiferromagnetic phase the spins align
parallel to the (111) distortion direction; (d) in
contrast to a finding in a Mossbauer study of powder
KFeF;, there is no slowing of the Fe® relaxation
rate near Ty.

Spectra of a strained single crystal show that
stress can raise the value of Ty and cause rotation
of the spin directions.

The temperature dependence of Hy, and AE, in
the antiferromagnetic state of KFeF; is in poor
agreement with predictions of the magnetically in-
duced EFG model. Good agreement with the KFeF,
data can be obtained by augmenting the Hamiltonian
of this model by a trigonal crystal-field term
(36)(L 2 - 2), where 6 vanishes above Ty and varies
below Ty as (1-T/Ty) ¥ with y=% or 3. Our op-
timum fit yields a value of & about one-half that
predicted on the basis of the magnetoelastic tensor
Gy, of Fe* in KMgF; and values for A, ¢ "%),, and
r~%)q in reasonable agreement with those charac-
teristic of Fe® in other compounds.

The hypothesis that there is a comparably large
6 in RbFeF; and the observation =0 lead to the
conclusion that the spins in RbFeF; align parallel
to the (100) distortion. This result is in disagree-
ment with the ( 111) alignment direction predicted
by use of the magnetically induced EFG model.
With (100) spin alignment the sign required for the
axial distortion parameter in RbFeF; is opposite
to that predicted by a model which attributes the
cubic-to-axial transformation to Jahn-Teller sta-
bilization effects.

Note added in proof. Recently, F. Varret and P.
Imbert published a study of a stressed KFeF, single
crystal [Phys. Status Solidi B56, 127 (1973)].
Their results support our conclusion that the Fe?
spins in KFeF, align parallel to a (111 ) direction.
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