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A temperature-dependent crystal field at the Fe®* site in FeF, is inferred from anisotropic
thermal-expansion coefficients and Mdssbauer quadrupole-splitting data; the latter indicate
that the splitting of the ferrous Ty, state, due to the axial component of the crystal field, de-
creases from E g4, =1300 °K at 300 °K to E g4, =1000°K at 965°K. Thermal-shift and thermo-
dynamic data for FeF,, KFeF3, and FeCl, show that the electronic charge density at the nu-
cleus is essentially independent of temperature; thus, the expected decrease in this density
due to isothermal expansion must be approximately canceled by an increase due to thermal
effects at constant volume. In contrast, FeF; displays a significant decrease of electronic
charge density at the nucleus with increasing temperature. The above conclusions result from
Md&ssbauer studies of Fe®' in FeF, (300—965°K), KFeF3 (300—-945°K), FeCl, (300~644°K), and
FeF; (370—-810°K), reportedinthis paper. Also presented is a model which quantitatively fits
the high-pressure FeF, Mossbauer quadrupole-splitting data of Champion et al. below 60 kbar.
The new feature of this model is a method for estimating the effect of pressure on the 3d ra-
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dial wave function. A phase transition is proposed around 65 kbar.

I. INTRODUCTION

This paper consists of (i) a study of the tempera-
ture dependence of noncubic crystal fields as rep-
resented by FeF,, (ii) a model for explaining the
high-pressure quadrupole-splitting data on FeF,,
and (iii) an examination of the assumption that the
electron density at the Fe®” nucleus has only an im-
plicit temperature dependence due to thermal ex-
pansion. The iron 3d electrons prove to be a sen-
sitive probe of the environment, both via the split-
ting of the Fe?* Ty, state due to distortions from
cubic symmetry and via the radial component of the
3d wave function, which varies with covalency. The
MG0ssbauer quadrupole splitting depends on the
splitting of the T,, state through a Boltzmann func-
tion, and on the 3d radial distribution through the
multiplicative ¢-3) factor.! The measured shift of
the Mossbauer resonance energy (or thermal shift)
is the sum of the second-order Doppler shift, which
depends on the mean square velocity of the Fe®’
nucleus, and the isomer shift, which is propor-
tional to the electron density at the Fe’” nucleus.
(Only s electrons contribute to this density. )
Changes in the electron density at the nucleus re-
sult from the 3s-electron radial function responding
to changes in the shielding of the positive nucleus
by the 3d electrons. The electron density at the
Fe®” nucleus has been found to increase both at
higher pressures and in more covalent compounds,
hence indicating an expansion of the 3d orbitals.

Recent Mdssbauer studies on FeF, include (a)
Ganiel and Shtrikman’s analysis of their FeF,
quadrupole-splitting data (97-692 °K), 2 (b) Johnson
and Ingalls’s analysis of both FeF, quadrupole-
splitting and thermal-shift data (below 300 °K), 3
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and (c) Christoe and Drickamer’s analysis of high-
pressure quadrupole-splitting data.* The first two
papers assumed that changes of quadrupole splitting
with temperature resulted from the thermal popula-
tion of fixed energy levels, while the last paper as-
sumed that changes in the quadrupole splitting with
pressure (at 300 °K) result from the thermal popu-
lation of pressure-dependent energy levels: a
dependence that arises because of the anisotropic
compressibility of FeF,.

This paper reports FeF, quadrupole-splitting
data (300-965 °K) which are not consistent with
fixed energy levels or constant noncubic crystal
fields. Our results indicate that two processes
occur simultaneously: First, increases in temper-
ature thermally populate the low-lying electron
levels (in FeF,). This, in turn, changes the anisot-
ropy of the 3d electron charge density, thus affecting
the crystal structure and energy separations between
these low-lying levels. The evidence that these
two processes occur together consists of MGossbauer
quadrupole-splitting data and thermal-expansion
data which we have previously discussed. ®

Our model for explaining the high-pressure quad-
rupole-splitting data for FeF, of Champion ef al.®
introduces a method for estimating changes in the
expectation value 4¢3 due to the radial expansion
of the 3d electrons at increased pressures. We
propose a similarity between the decrease in (7‘3)
due to increased pressure and the decrease in &3
due to increased covalency in the anhydrous fer-
rous-halide compounds. This enables us to es-
timate the variation of ¢~%) with pressure from the
corresponding variation of the isomer shift using
the proportionality constant observed for the fer-
fous halides.’
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The thermal shift of the MOssbauer resonance
energy (5E) is analyzed as the sum of the second-
order Doppler shift (§Egop) described by an
Einstein model and the isomer shift (§E;) assumed
to vary linearly with temperature. The tempera-
ture dependence of the isomer shift will be dis-
cussed in terms of an implicit effect (36E;/3V),
associated with volume expansion and an explicit
effect (86E,/8T), due to possible constant-volume
contributions from lattice vibrations, thermal pop-
ulation of low-lying states, etc.

Drickamer and co-workers®® have demonstrated
for numerous iron compounds that the Mossbauer
resonance energy decreases when the lattice is
compressed by an increase in pressure. This de-
crease is attributed to changes in the isomer shift
and corresponds to an increase in s-electron den-
sity at the nucleus. This furnishes data for
(A8E;/AP); which allow the calculation of

(ASE;/AV)y if the compressibility data are available.

Several authors®® have assumed that the tempera-
ture dependence of the isomer shift consists only
of the implicit contribution given by (86E;/8V),
X (8V/8T)p (due to volume expansion). Housely and
Hess® have shown that this assumption is not true
for metallic iron and its alloys; we present evi-
dence that it is not true for certain iron compounds.
Recently, Walsh et al.'® and Shrivastava'' have
proposed an explicit thermal contribution to the
changes of the s-electron density distribution pro-
duced by the increase of the vibrational amplitudes
in the solid with increasing temperature. The evi-
dence for an explicit temperature dependence
presented in this paper consists of high-tempera-
ture thermal-shift data for three octahedral divalent
iron compounds FeF, KFeF; and FeCl,, and the
trivalent compound FeF; combined with the results
of x-ray and high-pressure experiments, as well
as thermodynamic data.

After describing the experimental details in
Sec. I, we analyze the FeF, nuclear quadrupole-
splitting data in Sec. III. This includes (i) a re-
view of the FeF, crystal structure and the pertinent
Fe?* wave functions, (ii) a discussion of our high-
temperature FeF, quadrupole-splitting data, and
(iii) a model for the high-pressure quadrupole-
splitting data. Section IV includes the analysis of
thermal-shift measurements on FeF,, FeCl,,
KFeF; and FeFj; in order to obtain information on
the temperature dependence of the isomer shift.
For FeF, it is possible to calculate the implicit
(thermal-expansion) and explicit temperature de-
pendences of the isomer shift using high-pressure
Mossbauer data together with compressibility and
thermal-expansion data. The slope of our thermal-
shift data for FeF; in the paramagnetic region,
which are consistent with the data published by
Wertheim ef al., ® is significantly different from the
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slope obtained for FeF,. The assignment of this
difference in slope to a difference in the isomer-
shift contribution rather than a difference in the
second-order Doppler shift® (as computed from
lattice-specific-heat data) is also discussed. Sec-
tion V contains a summary and discussion of our
results.

II. EXPERIMENTAL

Mossbauer transmission measurements were
made on powdered absorbers contained in a Ricor
Ltd. model MF-2 vacuum furnace where one could
vary the temperature from 300 to 970 °K. A mod-
ified Elron constant-velocity spectrometer together
with a temperature controller enabled both velocities
and temperatures to be automatically changed. The
Mossbauer data were simultaneously taken on IBM
cards for computer analysis, and displayed on a
two-channel chart recorder along with the voltage
from a chromel-alumel thermocouple measuring
the sample temperature. The compounds measured
were FeF, from two sources (Alfa Inorganics, Inc.
and H. J. Guggenheim at Bell Telephone Labora-
tories), KFeF; prepared by Vinor Laboratories,
FeF; from K& K Laboratories, and FeCl, from
Alfa Inorganics, Inc.

The Mdssbauer source of Co®” diffused in Pd was
held at room temperature. Initial experiments
used a 1-mC source with later experiments using
a 25-mC source, both obtained from New England
Nuclear Corp. The velocity scale, which was cal-
ibrated with a natural iron foil several times during
the experiments, has an estimated accuracy of
0.3%. All isomer shifts are referred to natural
iron at room temperature.

The chromel-alumel thermocouple was cali-
brated at room temperature and at the antiferro-
magnetic-paramagnetic transition temperature of
Fe,0, (948 °K)'? by observing the Mossbauer reso-
nance. With the velocity set on one of the paramag-
netic peaks, the y-ray transmission was recorded
as the temperature passed through the transition.
A sud'en change in the y-ras; transmission was
taken to indicate the transition temperature. Five
measurements of the transition temperature gave
values within + 2 °K of the average value. The es-
timated error in temperature readings is less than
+4°K.

III. ANALYSIS OF FeF, QUADRUPOLE-SPLITTING DATA
A. FeF, Crystal Structure and Fe?* Wave Functions

In order to interpret our data certain known fea-
tures of the FeF, crystal structure and the associ-
ated Fe® wave functions are reviewed, FeF; has
the rutile crystal structure!® with a tetragonal unit
cell containing two FeF, formula units. The Fe®*
ions occupy crystallographically equivalent sites
at (0, 0, 0) and (3, 3, %), while the F- ions occupy
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FIG. 1. (a) Orientation of the crystal field axes (x,y,2)
with respect to the tetragonal unit cell of the rutile struc-
ture. Filled circles correspond to cations and unfilled cir-
cles correspond to anions. (b) Atomic arrangement in the
(170) plane (xy plane) with a sketch of the angular depen-
dence of the d,2_,2 orbital for a body-centered cation. The
distances between the four anions and body-centered ca-
tion (dy) are shown. The crystal field experienced by the
corner cation differs from the body centered by a 90° ro-
tation around the ¢ axis. Consequently the d, distance
shown is identical with the distances to the two anions
along the z axis (not shown).

sitesat +(u, u, 0)and +(3 +4, 3+ —u, 3). The Fe?*
ion is surrounded by a distorted octahedron of 6F-
ions (Fig. 1) having the Fe-F bond distances

(ds, dy) and the rhombic angle 6 shown in Table I.
Variations in d,, d, and 6 with either temperature
or pressure affect the quadrupole splitting of the
Fe®" nucleus by two mechanisms: (a) changing the
orthorhombic splitting of the T, Fe?* electronic
ground state and (b) changing the value of ¢~3%),,
due to covalency effects. Changes in #3)y, affect
the shielding of the 3s electrons from the Fe®” nu-
cleus and thereby affect the isomer shift. X-ray
measurements of the lattice parameters as a func-
tion of pressure by Christoe ef al.* indicate anisot-
ropic compressibility as demonstrated by the vary-
ing a/c ratio in Fig. 2. High-temperature x-ray

TABLE I. FeF, crystal parameters.

T a c d, d, 0
CK) &) A) u (&) (&)  (deg)
300 4,697 3.309 0.300 1.993 2,122 78
722 4,740 3.300 0.300* 2,011* 2,126 832

2The fluoride parameter » is assumed to be equal to the
300°K value.
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measurements by Krishna Rao et al.!* show that
FeF, not only exhibi’s anisotropic thermal expansion
as indicated by a varying a/c ratio (Fig. 2), but
actually has a negative thermal-expansion coeffi-
cient along the ¢ axis (Fig. 3). Elsewhere® we have
proposed a model to explain the negative thermal
expansion and in this paper shall only consider its
effect on the surroundings of the Fe?* ion. In order
to calculate dy, dy and 6 from the available high-
temperature x-ray data (az and c) we assumed that
the fluoride parameter u does not change with tem-
perature’® and obtained the values shown in Table

1. The difference in Fe-F distances (d, - d,) has
decreased by 11% at 722 °K relative to its 300 °K
value and the rhombic angle 6 differs from the oc-
tahedral value of 90° by 7° at 722 °K compared with
12° at 300 °K. Hence, one expects a decrease in
the orthorhombic component of the crystal field at
high temperatures. An examination of Christoe’s
calculation® of d,, d,, and 6 from his measured a
and ¢ parameters at high pressures shows that he
made the tacit assumption of constant #—anassump-
tion that we question at higher pressures where the
unit-cell distortion a/c¢ would produce a 50% de-
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FIG. 2. Ratio of the FeF, tetragonal unit-cell param-
eters as a function of temperature and pressure. The
ratios are calculated using data reported by Christoe and
Drickamer (Ref. 4) and Krishna Rao et al. (Ref. 14).
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crease in the difference d,—d,. Intuitively one
does not expect « to remain unchanged over such a
wide range.'® Infact, the experimental quadrupole-
splitting suggests that » may change around 60 kbar
where d, - d, has decreased by 25%.

The octahedral crystal field splits the free-ion
Fe® ground term °D into a low-lying triplet T, and
a higher doublet E, separated by 8800 cm™.!® The
five d-orbital wave functions for Fe?* appropriate
to its rhombic symmetry (mmm) using the axes in
Fig. 1 are

by =a|x2-y%)+p|322 -7,

vo=ly2) ,
¢3=lxz> ’ (1)
4’4=|xy> ’

¢5=—lez-—y2)+a|3zz—rz) .

With this nonstandard choice of axes (due to the
rhombic-site symmetry) the T,, wave functions are
|x%~3%, lyz), and |xz), and the E, wave functions

i

[1+e28a/T 4 o 2B/ T _ o~ (EpER IT _ (o2 — 23 a8 — p2) "2/ T — (a? + 2V o — B2) o s/ T|L/2

are |xy) and 1322 —#%). ¥, and ¢5 result from the
mixing of the Ty, | x% - 3? state and the E, |32% - 7%
state by the rhombic perturbation with 8/ o ex-
pected to be small since the cubic splitting is large.
The states §; (which are exact eigenstates only for
a zero spin-orbit coupling constant 1) are used be-
cause the spin-orbit coupling produces a small ef-
fect on the quadrupole splitting (A< 85 cm™), &3 3,
is chosen as the ground state, in agreement with
recent papers, >3 even though a simple point-charge
calculation® using the six nearest F~ ions predicts
P, to be the ground state.

B. Temperature Variation of Quadrupole Splitting

The experimental quadrupole splitting is shown
in Fig. 4 together with a family of calculated curves
AEo(T) which thermally average the contribution
from the T,, states (§y, ¥,, ¥3) according to the
formula

AEQ(T) 2%_92Q(1 - R)('V-s)f(Ez; ES, T) ) (2)

where

f(E27E37 T)= 1+e

Here we have included only the predominant valence
contribution to the quadrupole splitting. The scal-
ing parameter @ ¢ (1 — R), which is the product
of the nuclear quadrupole moment @, @3 of the
3d electron and the Sternheimer antishielding fac-
tor (1 -R), is determined indirectly by calibrating
our calculations to the measured results of
Wertheim and Buchanan'” at 78. 2 °K (AEo=2. 92
mm/sec), where only ¥, is significantly occupied.
(The negligible temperature dependence of &%) is
estimated later.) The value of 0.11 is chosen for
|8/l consistent with the low-temperature mea-
surements of the asymmetry parameter 7. %!7 A
least-squares search with |8/« 1=0.11 and =0 for
the best fit of our data to Eq. (2) gives E,, .

=3 (E,+E4)=(1180+ 250) °K and E yompic=Es— Es

= (140 +1000) °K.

The error limits given by our least-squares fit
show that (i) our experimental data are not con-
sistent with a constant E,,,, and (ii) the large er-
ror limits on Epomn. represent the insensitivity of
AE, to this parameter [e.g., changing Ep,mpic
=150 °K by + 150 °K produces changes in the AE (T)
curves in Fig. 4 at 7> 300 °K equivalent to chang-
ing E,..; by 25 °K]. A comparison of the experi-
mental data and calculated AE,(T) curves suggests
that E,,;,; changes from 1300 to 1175 °K (a decrease
of 9%) as the temperature increased from 300 to
722 °K. This should be compared with the decrease
in the difference between the two Fe-F distances

"B/ T | B3/ T

(3)

!

of 11% over the same temperature range (Table I).
Several attempts to fit the data with a constant
E,.ia Were unsuccessful; in particular we tried (@)
considering a temperature dependence in &) based
on the isomer-shift data as discussed in Sec. III C;
(b) examining the effect of changing Eipomsc (includ-
ing E nomnic= 1000 °K); and (c) including the lattice
electric field gradient calculated by Johnson and
Ingalls.® The weak dependence of AEo(T) on
Enomuic PrEvents any conclusion being drawn about
its temperature dependence although the x-ray data
(assuming constant u) indicate that it should also
decrease.

C. Pressure Variation of Quadrupole Splitting

Using Eq. (2) one can write the differential of
AEq in terms of differentials of ¢-~%) and
f(By Eg T):

dAEy=%¢?Q(1 - R)[f(Ey, Es, T)d¢™%)
+ @ df (Egy Eq, T)], (4)

with the nuclear quadrupole moment @ and the
Sternheimer factor (1 — R) assumed to be constant, '8
The magnitude of the first term in Eq. (4) may be
estimated from the pressure dependence of the
isomer shift using the phenomenological relation-
ship of Axtmann ef al.” appropriate to the anhydrous
ferrous halides. They observe that the linear re-
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FIG. 3. FeF, tetragonal unit-cell parameters (a,c) as
a function of temperature. Note that ¢ decreases with
increasing temperature. The data were reported by
Krishna Rao et al. (Ref. 14).

lation between the experimental isomer shift and

quadrupole splitting (corrected for degeneracy) at
low temperatures gives a phenomenological rela-
tion

£6°Q(1 - R)f(Ey, Eg, T)d ™% =3.2d0E, . (5)

We propose that Eq. (5) holds at higher tempera-
tures where f(E,, E;, T) changes also contribute
to AEq variation, andthat such a relationship de-
scribes the effects of compression or expansion
on covalency.

The pressure dependence of the quadrupole split-
ting of Fe*’ in FeF, measured by Champion et al.®
is shown in Fig. 5 together with several sets of
calculated points based on experimental data. We
used the isomer-shift data® and Eq. (5) to estimate
the effect of pressure on ¢~%) and on the quadrupole
splitting, assumingthat f(E,, E;, 7) remains con-
stant. On the other hand, Christoe and Drickamer
used their x-ray data to estimate the changes in
E, and E, via f(E,, E, T), assumingthat (+"3) re-
mains constant. They made a point-charge calcu-
lation of the crystal field at the Fe?* ion based on

4

the positions of six nearest fluoride ions. The
arrangement of the F~ ions as described by ds, d,,
and 6 (Fig. 1) is based on x-ray measurements of
the lattice parameters (a, c) and the tacit assump-
tion that %(0. 300) remains unchanged with pres-
sure.'® The failure of either of Christoe and
Drickamer’s models to fit the experimental data is
due to (i) ignoring the significant effect of ¢3)
change and (ii) a possible phase transition around
65 kbar inferred from the factor-of-20 change in the
slope of the experimental quadrupole splitting.
Since the lattice parameters (a, c) show no anomaly

‘near 65 kbar, we suggest that changes in the un-

measured parameter # occur and that above 65 kbar
Christoe and Drickamer’s models based on constant
u cease to be valid. A decrease in u of 0. 005 would
account for this. The daggers in Fig. 5 show our
calculated values of AE for P< 65 kbar obtained
by summing the effects of {(»*3) and energy-level
changes as calculated by Christoe and Drickamer with
¥, as the ground state. No AE, values are calculated
above 65 kbar since we do not have enough infor-
mation to calculate a f(E,, E;, T) contribution con-
sistent with the factor-of-20 change inthe experi-
mental slope.

Now let us examine the validity of assuming in
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FIG. 4. Quadrupole splitting of FeF, as a function of
temperature. The curves are calculated using Eq. (2);
the open circles are our data, the closed square is the
data of Wertheim et al. (Ref. 17), and the insert shows
the crystal field splitting of the Fe®* cubic-field ground
state. Our experimental error increases from +0.005
mm/sec at 300 °K to +0.008 mm/sec at 900 °K.
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Sec. III B that the experimental high-temperature
quadrupole splitting only depends on df changes.

As we will see inSec. IV, §E; decreases by 0.008
mm/sec as the temperature increases from 300 to
965 °K. The expected decrease in AEq from d{3)
'is 0.026 mm/sec compared with an experimental
decrease in the quadrupole splitting of 1.8 mm/sec.
This value of 0.026 mm/sec is also small compared
with the 0.3 mm/sec contribution to AE, at 965 °K,
previously attributed to a decrease in E, and Ej,.
Hence, we conclude that the effect on AE, from
changes in ¢3) with temperature is negligible,

even though changes in ¢~%) account for 50% of the
decrease in the quadrupole splitting of FeF, at

high pressures.
IV. ANALYSIS OF THERMAL-SHIFT DATA
A. Thermal Shift of FeF,

The thermal shift 5E of the Mdssbauer spectrum
is the sum of the second-order Doppler shift 6 Egop
and isomer shift 6E;,

SE=0Egop+0E; . (8)

The isomer shift is a measure of the electron den-
sity at the Fe®” nucleus while the second-order
Doppler shift varies linearly with the mean square
velocity of the Fe®” nucleus. Our experimental
thermal-shift values on FeF, are shown in Fig. 6

FIG. 6. Mossbauer resonance
energy of FeF, as a function of
'temperature. The square repre-
sents the data of Wertheim et al.
(Ref. 17), the triangles represent
the data of Johnson and Ingalls
(Ref. 3), and the circles repre-
sent our data, Our experimental
error increases from +0, 005
mm/sec at 300°K to +0, 010 mm/
sec at 965 °K.
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together with the best least-squares fit by a com-
puter to the formula

F(T)=6E%+€x10°T - 7. 3060,

X[3 + (/T =1)1]x10"* mm/sec °K . (7)

Here GE? is the isomer shift at 0 °K, ¢ is a linear
approximation for the isomer-shift change due to
both increased volume (thermal expansion) and any
explicit temperature dependence (86E;/87T),, and
@z is the Einstein temperature appropriate to using
the Einstein model to calculate the temperature
dependence of the mean square velocity of Fe%,
The calculated parameters

6E?=1.599+0.012 mm/sec ,
=-1.1+1.0 mm/sec °K ,
@5=(350%78) °K |

have large error limits due to correlation between
@y and ¢ in determining the slope, and §E? and

®f in determining the intercept. A visual compari-
son of the experimental data and plots of Eq. (7)
using the best ®; and 6E ? values for the assumed
€ gives similar results. The curves fitthe experi-
mental data with ¢=-0.5, —1.1, -1.5, and —2.0
and show a systematic deviation from the experi-~
mental data for € =0.0 and € =-2.5, thus support-
ing the computer-estimated value of e=-1.1+1.0.
Johnson and Ingalls® report their low-temperature
data (7< 300 °K) to fit Eq. (7) with 6E? =1.348
(relative to their source), €=2.5, and @5= 270 °K;
however, this does not fit our high-temperature
data. Figure 6 shows that their data fit the curve
calculated for our high-temperature data.

The negative value for € suggests an explicit
temperature dependence (86E;/57T), in addition to
the more commonly considered positive implicit
temperature dependence arising from thermal ex-
pansion. For FeF, we can calculate the explicit
temperature dependence of the isomer shift if we
assume isotropic thermal expansion and compres-
sion (which Fig. 2 shows to be untrue), and partial
derivatives which do not change over the tempera-
ture and pressure range (300-722 °K, 0-25 kbar).
Then the appropriate formulas are

<66E1) =(85EI> +(86EI) (amv) @)
8T Jp \ 8T /, \olnV /. \ oT /,

and

(), (%), Giar) L - ®

Using the values

(@—&) =-1.1x10"° mm/sec °K ,
oT /»

alnvV\ _ 50
(——aT )P—3.9><10 /°K ,

dlnVy _ -3
( 5P )T—1.0><10 /kbar ,

(ML) =1.3%10"® mm/sec kbar
9P /

calculated from our experiments together with the
x-ray measurements of Christoe? and Krishna Rao
et al.'* (Fig. 3) and the high-pressure Mdssbauer
measurements of Champion ef al., ® we estimate
the explicit temperature dependence

(Ml) == (6+1)X10" mm/sec °K
oT ),

based on a calculated implicit temperature depen-
dence

(35E1 ) <BIHV> =+5%10"% mm/sec °K .
T P

8InV 8T

The calculated implicit temperature dependence is
twice as large as that estimated by Johnson and
Ingalls.®

B. Thermal Shift of KFeF,

The Fe?' ion in KFeF,, which has the cubic
perovskite structure, is surrounded by an undis-
torted octahedron of 6F" ions at a distance of
2.06 A.'*% Figure 7 shows the measured thermal
shift at KFeF; which was analyzed by a least-
squares fit to Eq. (7) to give

0EY=1.593+0.011 mm/sec,
€=-0.8:+1.0 mm/sec °K,
®5=(413+60) °K .

Thus € behaves alike for both FeF, and KFeF,, even
though in FeF, the T, state of Fe?* is split due to
the rhombic crystal field, while in KFeF; the T,,
state of Fe®* is unsplit in the cubic crystal field.
Next we would like to estimate the contribution
to € from volume expansion. X-ray data of Okazaki
and Suemune® for KFeF; below 300 °K were used
to estimate a volume thermal-expansion coefficient
of 4.4Xx107/ °K compared with 3. 4x10"%/ °K for
FeF; at 350 °K. The high-pressure isomer-shift
data are similar to FeF, % however, compressibil-
ity data are not available. Nevertheless, it seems
reasonable to assume a volume contribution to €
that is within a factor of 2 of the value calculated
for FeF,. This would imply that KFeF; also has
a negative explicit temperature dependence of its
isomer shift which approximately cancels the con-
tribution from volume expansion.

C. Thermal Shift of FeCl,
FeCl, has the CdCl, structure with Fe?* sur—
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rounded by a trigonally distorted octahedron of

Cl" ions.!® QOur thermal-shift data for FeCl,, shown
in Fig. 8, were analyzed as before by a least-
squares fit of Eq. (7), except that ®; washeld fixed
at 140 °K, asobtained by Hazony et al.?' from their
low-temperature isomer-shift data. The calculated
parameters are

5E?=1.314+0.001 mm/sec ,

€=0.11+0.24mm/sec °K.

(Using ®j fixed at 170 °K as reported by Johnson
and Dash, 22 the 5E{ and ¢ values were

1. 316 £0.001 mm/sec and — 0.2+0. 3mm/

sec °K, respectively.) Our improved error limits
arise because @y is held fixed instead of allowed

to vary as before. Comparison of the small € value
of 0.1 mm/sec °K with typical predicted ¢ =3 mm/
sec °K due to volume expansion suggests that FeCl,
also has a negative explicit temperature dependence
of its isomer shift which cancels the effect of
volume expansion. We certainly expect a contri-
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130 3E<1.314 4 01 X 1075 T-73068¢ [1 4 3/ 711 Jx10-4 |
8 = 140°K

S 120 _
o
~
€
€
o — .
- FIG. 8. MOssbauer resonance energy
S of FeCly as a function of temperature.
b =
g The experimental error increases from
00 7] £0.005 mm/sec at 300 °K to +0.008 mm/
s sec at 640 °K.
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w
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FIG. 9. Specific-heat curves as a function of tempera-

ture. The solid curves represent experimental data at
constant pressure with the FeF; data reported in Ref. 25,
the FeF, data reported in Ref. 26, and the FeCl, data
reported in Ref. 23. The dashed curves represent spe-
cific-heat curves at constant volume calculated using a
Debye model for the Debye temperature ®, equal to 100,
200, 300, 400, 500, and 600 °K.

bution to the isomer shift from thermal expansion
since a large degree of anharmonicity has been ob-
served by analyzing the M6ssbauer data.222 Also,
the fact that the specific-heat data for FeCl,?® in
Fig. 9 are appreciably above the limiting value of
Dulong and Petit indicates the effect of thermal ex-
pansion associated with the lattice anharmonicity.
In the Appendix is a tabulation of our experi-
mental quadrupole data, which are consistent with
the values reported by Ono et al.2* at 430 and
530 °K, but are much more complete and have lower
error limits.

D. Thermal Shift of FeF,

Next let us compare the temperature shifts of
the MOssbauer resonance energy of FeF, and FeF;
above 363 °K, the Néel temperature for FeF;. We
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analyzed our data by a least-squares fit to a linear
model since the temperature range proved to be
insufficient to use Eq. (7). Reference to Fig. 10
shows that FeF, has a more negative slope than
FeFg a fact which implies a larger Debye temper-
ature @, for FeF; or a different isomer-shift co-
efficient than found for FeF,.

Wertheim et al. ® have recently analyzed their
FeF; thermal-shift data from 4 to 700 °K in terms
of two models: (a) a constant Debye temperature
®p and a zero isomer-shift coefficient (¢), or (b) a
magnetization-dependent ®, and €=1.5 mm/sec °K.
A good fit is obtained for model (a) with ®,=615 °K
or for model (b) with ®,= (506 80) °K in the pa-
ramagnetic region. Our data are in good agree-
ment with theirs; however, we wish to compare
their Debye temperatures with the specific-heat
Debye temperature.

Figure 9 shows the experimental specific-heat
data (C,) for FeF;, ® FeF,, 2% and FeCl, *® super-
imposed on a grid of calculated Debye specific-heat
curves (C,) for Debye temperatures of 100~600 °K.
Ignoring the peaks due to the antiferromagnetic-
paramagnetic transition, a visual estimate gives
Debye temperatures of 500, 400, and 300 °K for
FeF,, FeF; and FeCl,, respectively. One must
remember that Mossbauer experiments measure
the Debye (or Einstein) temperature for the dynam-
ics of the Fe®” nucleus. However, in general one
expects the higher-frequency lattice vibrations to be
associated with the lighter anions (F~ or Cl), with
the result that the Debye temperature for Fe®’ is
expected to be lower than the Debye temperature
for the lattice.?” For example, the Mossbauer-
measured Fe®” Debye temperature (1.29 times the
Einstein temperature) for FeF, of 450 °K is less
than the estimated lattice Debye temperature of
500 °K, and similarly for FeCl,the Fe® Debye tem-
perature of 180 °K is less than the lattice Debye
temperature of 300 °K. Hence a Debye temperature
for Fe® of 615 °K in model (a) or 506 °K in model
(b), which is larger than the lattice Debye temper-
ature of 400 °K, is somewhat surprising. On the
other hand, by assuming that the Debye temperature
at Fe®" in FeF, is less than the Debye temperature
of Fe®” in FeF,, we can explain our data with an ¢
value for FeF, greater than 4 mm/sec °K, compared
with —1 mm/sec °K for FeF,. Hence the different
behavior of Fe’” in FeF, and FeF, (or FeCl,) sug-
gests that either the Debye temperature for Fe®” in
FeF; is larger than the lattice Debye temperature
or ¢ for Fe’” in FeF, is greater than 4 mm/sec °K.
This value for ¢ is comparable with the calculated
volume-expansion contribution to ¢ for FeF, of
5 mm/sec °K; however, a better estimate of the
volume-expansion contribution to € for FeF3; may
be 1.5 mm/sec °K® based on data for K;FeFs. In
other words, assuming that the Debye temperature
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for the Fe®” nucleus in FeF; is not larger than the
corresponding one in FeF, (as indicated by the
thermodynamic data), the difference between the
two slopes in Fig. 10 indicates a significant ther-
mal variation of §E; in FeF;,

V. DISCUSSION

Interpretation of our high-temperature Moss-
bauer quadrupole-splitting data leads us to esti-
mate that the FeF, axial contribution to the crystal
field splitting decreases by one-fifth as the tem-
perature increases from 300 to 960 °’K. The mag-
nitude of this decrease is consistent with the de-
crease in the axial distortion (d, — d,) calculated
using the high-temperature x-ray data assuming
constant #. The weak dependence of the quadrupole
splitting on the smaller rhombic contribution to the
crystal field furnishes no information on its temper-
ature dependence; however, the x-ray data suggest
that it also decreases at higher temperatures. The
high-pressure quadrupole-splitting data of
Champion et al. have been interpreted in this paper
to indicate a higher-order phase transition around
65 kbar, based on the fact that the data can be fit by
two straight lines differing in slope by a factor of
20. Since the unit-cell parameters (a, c) vary
smoothly with pressure, a plausible cause of this
break is the failure of the assumption of constant
u. We were successful in fitting the quadrupole
splitting below 60 kbar by estimating the contribu-
tion due to radial expansion of the 3d orbitals with
increased pressure. This is in addition to the de-
crease in the splitting of the ferrous T,, state with
pressure previously considered by Christoe and
Drickamer. Even though 3d radial expansion has

been suggested to explain the increase in s-electron
density at higher pressure (due to decreased shield-
ing of the nucleus by the 3d electrons)® no previous
attempt has been made to estimate the effect. We
have estimated this using the phenomenological
relationship of Axtmann et al. for anhydrous fer-
rous halides. This enables us to use the pressure
dependence of the isomer shift, which is assumed
to depend on the change in ("3 of the 3d electron,
to estimate the percentage decrease in ™. In

the case of FeF,, the radial expansion accounts for
50% of the decrease in quadrupole splitting. Since
all reported isomer shifts show a considerable de-
crease with increasing pressure, it is expected
that changes in (#"% contribute significantly to the
pressure dependence of the quadrupole splitting

in other Fe?* compounds.

By subtracting the second-order Doppler shift
from our thermal-shift data we show that the three
Fe® compounds, FeF,, KFeF3 and FeCl, have
essentially temperature-independent isomer shifts.
This implies that the positive change in the isomer
shift from increased volume (based on high-pres-
sure data) is canceled by negative-explicit-tem-
perature dependence of the isomer shift. For FeF, "~
sufficient data are available to calculate the ex-
pected linear coefficient due to volume expansion
as 5x10°mm/sec °K and the resulting linear coef-
ficient associated with the explicit = 6 x10™° mm/sec
°K.

A comparison of the thermal shifts for FeF; and
FeF, in the paramagnetic region (7> 370 °K) shows
for FeF; a slope of — 6.7x10™mm /sec °K compared
with the slope for FeF, of —7.3%x10™mm /sec °K.

In order to attribute this to a difference in the sec-
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ond-order Doppler effect (instead of the tempera-
ture dependence of the isomer shift), the Debye
temperature @, for Fe’ in FeF; must be roughly
twice the Debye temperature for Fe® in FeF, (ap-
proximately 600 and 300 °K, respectively). How-
ever, lattice-specific-heat data Cp for FeF, and
FeF; indicate that the lattice Debye temperature for
FeFj is less than the lattice Debye temperature for
FeF, (approximately 400 and 500 °K, respectively).
Since the Debye temperature for the Fe®” nucleus is
expected to be less than the Debye temperature for
the lattice, we do not expect a Debye temperature
for Fe® in FeF, of 600 °K and, hence, cannot ex-
plain the thermal-shift slope without considering
the temperature dependence of the isomer shift.
Assuming that the Debye temperatures for Fe®" in
FeF, and FeF; are equal, the difference in their
thermal-shift slopes arises from a difference in the
temperature dependence of their isomer shifts.

(If the Fe® Debye temperature were less in FeF,
than in FeF,, this would increase the difference in
the temperature dependence of their isomer shifts.)

The significant differences between the three
ferrous compounds, which all have the Fe?" ion
octahedrally coordinated to the halide ions, are (a)
the ferrous-chloride bond is more covalent than the
ferrous-fluoride bond and (b) slight distortions from
octahedral symmetry split the T, state in FeF,
and FeCl, while it is unsplit in KFeF;. Therefore,
our experiments can measure no significant effect
on the temperature dependence of the isomer shift
that can be attributed to the thermal population of
low-lying states or the difference in covalency in
the ferrous-fluoride and ferrous-chloride bonds.
Such a difference might be observable with a better
estimate of the second-order Doppler contribution
to the thermal shift. The FeF, crystal structure?
has the Fe® ion octahedrally surrounded by fluoride
ions; however, the ferric-fluoride bonds are likely
to have more 4s-electron involvement than the
ferrous-fluoride bonds. The Fe®* 3d electron con-
figuration is 3,2, while the Fe?* 3d-electron con-
figuration is #3,¢% i.e., a difference of one #,,
electron.

Now let us explore the consequences of a model
which assumes (i) that the observed difference in
the temperature dependence of the isomer shift for
ferrous and ferric compounds results solely from
the extra f,, electron, and (ii) that the shielding of
the nuclear charge by the 3d electrons is essentially
the sum of the shielding produced by the £, elec-
trons and the e, electrons. Then the fact that
(86E; /8T)p for the #3562 configuration is essentially
zero, while (80E;/87T)p for the 3,2 configuration
is positive, implies an expansion of the #,, radial
wave function and a contraction of the e, radial
wave function with increasing temperature. These
two effects cancel for the Fe® ion, while the ef-

fect of e, radial contraction dominates for the Fe®
jon. This model results in the opposite temperature
dependence of the radial wave functions for the ?,,
electrons and the e, electrons.

Other models, which also have an expansion of
the £,, radial wave function and a contraction of the
e, radial function relative to the free ion (due to
bonding), have recently been successful in explain-
ing the neutron data for?® CoO and the systematics
of the M8ssbauer data in high-spin ferrous com-
pounds. ¥ Similar behavior is found in metallic
iron if one combines (a) the knowledge that the 3d
radial wave functions associated with the top of its
3d band are contracted while those at the bottom
of its 34 band are expanded® with (b) the fact, ob-
tained from Fourier analysis of the magnetic-
neutron-scattering data, that the magnetic electrons
have predominantly e, symmetry. % The symmetry
of the unpaired spin-density distribution reflects
the symmetry of the distribution of the unfilled por-
tion at the top of the 3d band, which implies that the
contracted 3d wave functions are predominantly of
e, character. This may imply a predominant ¢,,
symmetry for the expanded wave functions at the
bottom of the 3d band.®® Consequently, one should
not be surprised if changes in bonding with temper-
ature also affect the e, and ¢,, radial wave functions
of the 3d electrons in opposite ways.

The pressure dependence of the M8ssbauer
isomer shift also shows a significant difference be-
tween the Fe?* and Fe®* compounds.® An analysis,

TABLE II. FeClz quadrupole—splitting data.

T AEq* T AEQ* T . AEQ*
(°K) (mm/sec) (°K) (mm/sec) (°K) (mm/sec)
299 0.779 416 0.633 519 0.534
302 0.775 427 0.634 527 0.524
334 0.738 432 0.623 529 0.534
339 0.724 437 0.614 540 . 0.517
346 0.725 440 0.604 551 0.499
351 0.714 448 0.602 562 0.499
361 0.700 463 0.583 570 0.495
370 0.697 470 0.574 571 0.492
373 0.681 475 0.577 581 0.481
379 0.677 486 0.567 587 0.475
383 0.683 486 0.562 595 0.461
390 0.669 497 0.549 610 0.454
391 0.662 498 0.555 619 0.446
403 0.653 507 0.539 625 0.444
403 0.647 508 0.544 634 0.435
413 0.642 517 0.531 644 0.440

2The experimental error of +0.007 mm/sec arises
from variation in the room-temperature quadrupole
splitting with thermal history. A corresponding variation
in the isomer shift was not observed. This variation in
the quadrupole splitting could be associated with the for-
mation of some metastable hexogonal close~packed phase,
as discussed by MacLaren and Gregory (Ref. 34).
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using assumptions similar to those used for the
temperature dependence, implies that the radial wave
function for the £,, electron expands and the one
for the e, electron contracts with increasing pres-
sure. The expansion of the ¢,, radial wave func-
tion with both increased temperature (volume in-
crease) and increased pressure (volume decrease)
‘requires an explicit temperature dependence of the
t5¢ radial wave function. A similar argument holds
for an explicit temperature dependence of the e,
radial wave function. The explicit temperature
dependence of these radial wave functions, which
results from the previously stated set of assump-
tions, supports the more general conclusion of this
paper that the isomer shift has an explicit temper-
ature dependence.

AND Y. HAZONY
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