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The Méssbauer spectrum of FeCls-6 HO at room temperature is an anomalously asymmetric quadrupole
pattern, which is exceptionally sensitive to external magnetic fields. The asymmetry of the spectrum is
diminished both when an external magnetic field is applied and when the temperature is decreased. Quali-
tatively, the experimental results can be explained by a combination of a temperature- and magnetic-field-
dependent spin-spin relaxation and the Karyagin-Gol’danskii effect. This implies that the zero-field splitting
is about 20°K between the lowest-lying Kramers doublet, found to be the | #3), and the other doublets.
The fluctuating magnetic field at the Fe sites is found to be directed along the axis of crystal-field symmetry.

EVERAL authors have previously reported Moss-
bauer measurements on FeCl;-6 H,O and different
interpretations of the spectra have been given.'=¢ In
this paper results are presented which were obtained
with the absorber in an external magnetic field, and
some new conclusions are drawn.

The crystal structure of FeCls-6 H:0 is known,” each
ferric ion being surrounded by two chloride ions and
four water molecules, forming an octahedral Fe(H:0)4-
Cls* ion. This ion has almost axial symmetry, the two
chloride ions being placed along the z axis and the four
water molecules nearly placed in a square in the x-y
plane. The assumption of ionic bonding of the iron
atom is supported by measurements of the magnetic
susceptibility,® which has a value in agreement with
the spin-only value expected for a paramagnetic com-
pound with Fe®** in the %S5/, high-spin state.

Méssbauer spectra® of polycrystalline FeCl;-6 H,O
were obtained at temperatures ranging from 4.2 to
300°K and with an external magnetic field up to 0.8
Wb/m?. The measurements were carried out with an
ordinary constant-acceleration Mdésshauer drive in
connection with a 400-channel multichannel analyzer.
Co% in Pd was used as a source. Because FeCl;-6 H,0O
is very absorbent, it was pulverized in dry-nitrogen
atmosphere and placed in a Perspex absorber holder,
which was hermetically sealed and covered with silicon
grease and an aluminum foil. The condition of the
substance was controlled by inspection of the color,
as it becomes brownish when water is absorbed.

The spectra obtained are shown in Figs. 1 and 2. As
shown by the dashed lines, they have been decomposed
by means of graphical methods into two lines, the
parameters of which are shown in Table I. Computer
decomposition into Lorenzian lines was not applied,
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since none of the lines exhibit Lorenzian shape. The
spectra obtained at 78, 197, and 300°K were obtained
with the same absorber and can be mutually compared.
At 4.2°K, another absorber was used and only the
quadrupole splitting and the isomer shift should be
compared with the other spectra.

#, The spectrum obtained at room temperature is an
asymmetric quadrupole pattern consisting of two lines
of different shapes. The quadrupole splitting is 0.97
mm/sec, and the center of the lines indicates an isomer
shift of 0.27 mm/sec relative to Fe in Pd. Both values
are characteristic for Fe** compounds.

A quadrupole-split Mgssbauer spectrum of poly-
crystalline isotropic absorbers can become asymmetric
for two reasons: First, the Karyagin-Gol’danskii
effect,®1° which is based on the anisotropy of the Debye-
Waller factor in connection with the angular distribu-
tion of the v radiation, and second, the relaxation of
paramagnetic ions causing fluctuating magnetic
fields.1112 The former effect will give lines with different
areas and equal shapes, while relaxation will result in
lines with different shapes and equal areas. Both effects
influence the spectra of FeCl;-6 H,0O.

We observe a drastic change in the appearance of
the spectra when a moderately strong external magnetic
field is applied. Without an external field the width
of the left-hand line, I'_, increases with temperature
between 4.2 and 78°K, while I'y (width of the right-
hand line) remains largely constant. This would in-
dicate an increase of the relaxation time with the
temperature. Spin-lattice relaxation times will decrease
with increasing temperature, and spin-spin relaxation
is essentially temperature-independent. However,
Blume!® has shown that a temperature-dependent
spin-spin relaxation will occur in special cases, as
exemplified by ferric hemin, which has a Mosshauer
spectrum rather similar to the one of FeCl;-6 H.0.

The %S5/2 ground state of the Fe®* ion is split by the
crystal field into three Kramers doublets, described by
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TasBLE 1. Parameters® of the two lines obtained by graphical decomposition of the Méssbauer spectra of polycrystalline FeCls- 6 H,O.

Tem-
perature (°K) 300 197 78 4.2b
B Wb/m? 0 0.8 0 0.8 0 0.8 0 0.6
AEq mm/sec 0.97 0.97 0.93 0.93 0.91 091 0.91
b} mm/sec 0.27 0.27 0.34 0.34 0.42 0.42 0.36
P, % 7.7 7.9 10.5 10.9 15.1 17.7 14.7
P_ o 3.8 7.5 5.5 10.5 8.5 16.4 14.6
T, mm/sec 0.45 0.45 0.45 0.45 0.45 0.44 0.68
T_ mm/sec 1.06 0.59 1.05 0.60 1.16 0.59 0.84
Ay arbitrary unit 146 145 199 198 286 308 306
A_ arbitrary unit 145 177 207 243 353 382 363 e
A +A_ arbitrary unit 291 321 403 438 642 684 667 736
A_JA, 1.00 1.22 1.04 1.23 1.23 1.24 1.19 oee

a Quadrupole splitting AE g, isomer shift §, line amplitude P, linewidth I, and line area A ; the subscripts 4+ and — refer to the positively and the nega-

tively situated line, respectively.

b The parameters at 4.2°K should not be compared with the parameters at other temperatures as a different absorber was used.

S.==4%, +3 and ==}. The relaxation between the
different ionic states produces a time-dependent
magnetic field at the nucleus. The relaxation time
between the |+3) and |—3) states is much shorter
than between the other states. At sufficiently low
temperatures only the lowest Kramers doublet is
populated, and as the relaxation time is increased with
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_F1c. 1. Mossbauer spectra of polycrystalline FeCls-6 H,O at
different temperatures and with an applied external magnetic
field of 0 and 0.8 Wb/m?.
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the temperature, we can conclude that the |43%)
doublet lies below |+3) and |£3).

Qualitatively this mechanism can explain the ob-
served temperature dependence of the spectra, provided
that the zero-field splitting between the |41 doublet
and the other doublets is of the order of 20°K. This is
a rather great splitting for an S-state ion, but not un-
reasonable. In ferric hemin this splitting is 18°K.

The direction of the fluctuating magnetic field can
be deduced when the electric-field-gradient (EFG)
tensor is known. A Mdssbauer spectrum obtained by
Johnson at 4.2°K, in an external magnetic field of
3 Wb/m?, showed a six-line pattern from which it was
found that the quadrupole constant €2qQ is negative.
Here, Q is the nuclear quadrupole moment and eg="V .,
is the EFG tensor component along the z axis. Accord-
ingly, the lowest-energy line in our quadrupole split
spectra corresponds to the |=2)— |41) nuclear
transition. In the cases of asymmetry, this is also the
line with the larger width, given by I'_ in Table I.

A broadening or splitting of a narrow line will result
when the relaxation time of the magnetic field is com-
parable to or larger than the nuclear Larmor period.
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F1c. 2. Mssbauer spectra of polycrystalline FeCl;- 6 H,O at 4.2°K
with an applied external magnetic field of 0 and 0.6 Wb/m2.
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1 KARYAGIN-GOL’'DANSKII EFFECT IN FeCl3-6 H20

If this field is directed along the z axis, it is easy to see
that the % nuclear level can be broadened while the
+13 level is narrow. In the more complicated case in
which the field is transverse to the z axis, Blume and
Tjon'? have shown that the width asymmetry will be
inversed.

We therefore conclude that the fluctuating magnetic
field in paramagnetic FeCl;- 6 H,O is directed along the
symmetry axis of the crystal field at the Fe3* ion.

As seen in Fig. 1 and Table I an external magnetic
field of moderate strength causes a considerable narrow-
ing of the broad line, corresponding to a reduced spin-
spin relaxation time. This magnetic field dependence is
not in contradiction with theory because of the crystal-
field splitting of the ionic levels.!s

It could be argued that a reduction of the left-hand
linewidth T'_ will result when the external field is
applied perpendicular to the z axis, because of the an-
isotropy of the g factor for the | &%) ionic state (gu=2,
g:=06). I'_ then decreases while I'; increases. As our
absorber is polycrystalline, an applied external field
might cause a narrowing of the left-hand line and simul-
taneously a broadening of the right one.

However, as no such broadening of the right-hand
line is observed by application of the external field, we
conclude that the field dependence of the relaxation
time is the predominant effect.

Apart from the asymmetry in the linewidth, the
spectra of FeCls-6 H;O also exhibit a marked asym-
metry in line area (integral line intensity). We wish to
point out that it is important to distinguish between
these two kinds of difference in line shape.! In the
present case relaxation effects alone could not cause a
difference in the integral intensities of the two lines.
We therefore conjecture that these observed area
asymmetries are rather caused by the XKaryagin-
Gol’danskii effect for the case of a polycrystalline
absorber.

Table I shows that the ratio between the left- and
right-hand line areas is about 1.2 for all cases when both

15 J. Caspers, Theory of Spin Relaxation (Wiley-Interscience,
Inc., New York, 1964), Chap. II, p. 108.

16 Concerning asymmetric Mdossbauer spectra, one should
distinguish between line amplitude and line area (integral in-
tensity). The word “intensity,” often used to describe such lines,
has no unambiguous meaning in this connection.
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lines are fairly narrow. When the left line is broad, the
area ratio is apparently smaller. However, under the
above assumptions, line broadening by relaxation, we
know that the central part of such a line is accompanied
by an extremely broad line, the area of which easily
can be up to 20309, of the total area. As this broad
line has a very small amplitude, it will be hidden in
the observed base line, i.e., our base line has been
placed too low. A shift upwards on only 3 per thousand
is sufficient to supply the necessary areas. A Mdssbauer
spectrum obtained at 300°K without external field in
the velocity range =410 mm/sec and with 4X 10® counts
per channel indeed showed a slight slope of the base
line, which can be attributed to the broad line.

Therefore, the area asymmetry may well have a
constant value given by 4_/4,=1.2240.05, roughly
independent of temperature and of external magnetic
fields.

An asymmetric Debye-Waller factor is very likely in
view of the structure of FeCl;-6 H»0O. Lind” finds the
rms values of the thermal vibration of the Fe atom
along the principal axes i, 7, k of the thermal vibration
ellipsoid to be 0.15, 0.16, 0.18 A, respectively, where the
1 axis is nearly coincident with the z axis, and the j-%
plane with the x-y plane. This means that the ratio
between the Mdssbauer probabilities along 7, 7, and %
axes is approximately 0.30: 0.25:0.18. As the Mdssbauer
probability is largest along the z axis, and as the y-ray
angular distribution of the |=#32)— |=£3) nuclear
transition has its maximum along the z axis, one should
expect the Mgssbauer intensity of this transition to be
the largest. This is consistent with the observed area
asymmetry.

At 4.2°K a broadening of the spectrum is observed
when the external magnetic field is applied. At this low
temperature the relaxation time is short and only the
lowest ionic level |#%) is populated. The magnetic
splitting is comparable with the temperature and the
levels will therefore be unequally populated, which
results in an effective magnetic field at the nucleus.
The spectrum will be quite complicated because the
sample is polycrystalline, causing a mixture of the ionic
states, and because the g factor of |=£3) state is aniso-
tropic. Furthermore, the relaxation time might not be
short enough to avoid an additional broadening of the
spectrum.



