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The Mossbauer spectra of CsFeCl; and RbFeCl; single crystals have been studied in the temperature
range 4.2-300 K. The temperature dependence of the quadrupole splitting (QS), center shift (CS), and
f factor were obtained. It is shown that the single-ion parameters for the °T,, level of Fe’* are
similar in both crystals: A =78 45 cm™!, A/A = —0.88 and —0.78 for CsFeCl; and RbFeCl,,
respectively. Mossbauer measurements of CsFeCl; down to 1.4 °K show no transition to
three-dimensional ordered state. (RbFeCl; orders at 2.45°K.) When the magnetic interaction between the
lowest s = 1 crystal field state of Fe’* is taken into consideration, the following parameters fit best
the QS spectra: D =13+ 1 and 124+ 1 cm™), J;=254+05and 5+ 1 cm™), J, =541 and
11 42 cm™! for CsFeCl; and RbFeCl;, respectively. From the temperature dependence of the CS and
f factor, effective Einstein and Debye temperatures are deduced: ®, = (204 4 22)°K,
©p = (185 + 25) K for CsFeCl;; and ®; = (310 4 45)°K, ®, = (260 + 30) °K for RbFeCl,.

I. INTRODUCTION

In this work we report the results of a compara-
tive study of M6ssbauer results of RbFeCl; and
CsFeCl;. In a recent report! the analysis of the
behavior of the electric field gradient (EFG) and
the susceptibility in RbFeCl; were discussed in de-
tail: It was shown that at low temperatures the
iron-iron interaction along the hexagonal ¢ axis is
ferromagnetic, where a magnetic iron-pair inter-
action was assumed. In the low-temperature
region (below 70°K) the RbFeCl; system could be
described by an effective spin Hamiltonian with
s=1. Since CsFeCly is isomorphous with RbFeCly
it is interesting to try a comparative study of these
two nearly -one-dimensional systems. The quadru-
pole shift (QS), the center shift (CS), and the
Mbissbauer spectral area were measured as a func-
tion of temperature, and the results are discussed.

II. EXPERIMENT

The samples were cut from grown single crys-
tals of RbFeCl; and CsFeCl;. A commercial he-
lium cryostat (Ricor, MCH-5B) was used for sam-
ple ambient temperature. A Janis cryostat was al-
so used to reduce the temperature to 1.4 °K. The
temperature above 4.2 °K was regulated by con-
trolling the helium flow through the Ricor cryostat.
Below 10°K the stability was kept within +0.5°K.
The source used was 25-mC; *'Co in palladium
matrix. The spectra were recorded on an on-line
computerized spectrometer operating in a con-
stant-acceleration mode, and the spectra were

analyzed by a nonlinear least-squares program
assuming Lorentzian line shapes.

III. RESULTS AND COMPARATIVE STUDY

The space group of the hexagonal CsFeCl; and
RbFeCl; is D, with two molecules per unit cell.
The Cs (or Rb) and Cl ions form a hexagonal
closed-packed structure, and the Fe® ions occupy
the octahedral interstices, surrounded by six Cl
ions (Fig. 1). Along the hexagonal ¢ axis, the
FeClg!” octahedra make infinite chains.?® The lat-
tice parameters of RbFeCl; and CsFeCl; are given
in Table L.

A. Quadrupole splitting

Mo6ssbauer measurements of CsFeCly single
crystals and powdered samples were done in the
temperature range 4.2-300°K. The MGssbauer
spectrum shows a well-defined QS down to 1.4°K.
No sign of a phase transition was observed. At
room temperature the splitting is 1. 57 mm/sec.
The intensity ratio between the +3—=+43 and +$=+1
transitions was measured at room temperature at
various angles? in order to determine the sign of
the electric field gradient (EFG). These crystals
possess a cleavage plane which contains the ¢ axis
(z axis of the EFG). For this purpose the angle 6
is that between k, and the ¢ axis. For axial sym-
metry the sign of V,, is then determined. For our
thin absorbers, we can use the expression*
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FIG. 1. Unit cell of RbFeCl; and CsFeCl;.

for the ratio between the line intensities.

A typical spectrum of a powdered CsFeCl; ab-
sorber is shown in Fig. 2. The difference in the
line intensities is apparently due to partial align-
ment, although an anisotropy in the f factor could
exist. The Fe* ion in CsFeCl, is subjected, as in
the RbFeCl, case, to the crystalline field produced
by the surrounding CI” octahedron. The weak-field
approximation® can be applied here for the °D term
of the single Fe* ion. The 3D(3d°) state is then
split by the cubic component of the crystalline
field. There is a further splitting of the lowest
(st‘) levels by the spin-orbit interaction, xﬂ-§,
and by the residual trigonal component of the crys-
tal field, Vy=-A(L%-2), where A is the crystal
field strength and the sign of A depends upon the
nature of the distortion. Being interested in the
trigonal distortion, we choose the quantization axis
along [111]. The sign of A can be determined from
the M6ssbauer spectra of single crystals. It is
seen from Fig. 3 that the ground state of the iron
ion is a singlet for A<0 and a doublet for A>0.
The sign of the V,, component of the EFG is then
negative for the singlet; this is the case in
CsFeCl,, as well as in RbFeCl;.! The total QS in
a field of an axial symmetry, for the case where
the nuclear relaxation time is long compared to the
transition time between the d orbitals, is given by
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where (733 )e includes both covalency and anti-
shielding corrections. The last term is the lattice
contribution to the QS, ® including the Sternheimer
antishielding factor,” and it can be significant. In
an exact calculation assuming point charges, ® the
lattice contribution can be overestimated; for the
case of the Fe-Cl bond, lattice summations have
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TABLE I. Lattice parameters of RbFeCl; and CsFeCl;.

Fe-Fe
a < c axis Fe-Cl-Fe Cl-Cl
&) (&) &) (deg) &)
RbFeCl, 7.060 6.020 3.01 74.1 3.67
CsFeCly 7.237 6.045 3.03 87. 06 3.81

not been particularly successful, where the main
problem lies in the assignment of effective charges
to the ions. In the temperature region of 4.2°K to
room temperature, we have taken the lattice con-
tribution as a (constant) free parameter. Fitting
our QS data gives a lattice contribution of 0. 08
+0.02 mm/sec for CsFeCl;, as compared to 0.04
+0.01 mm/sec for RbFeCl;. In the fitting proce-
dure, the lattice contribution to the QS merely
shifts the QS values but does not affect its temper-
ature dependence. We also followed Ingalls’s
procedure9 for estimating g,,;, namely,

14(1 - 7,)A @)
&

and obtained similar results using a free Fez‘,
(rg=1.4a.u., and (1 -y,)=12.

In order to understand the low-temperature be-
havior of the QS it is necessary to introduce an
exchange interaction between the spins. We
applied a treatment similar to that used in the case
of RbFeCl;, ! where a Heisenberg interaction was
assumed between the real spins of the Fe? ions:
¥=-2J3,-S,. Atlow temperatures, we consider
only the upper doublet and the singlet ground states,

which are separated by ~10 cm™. Thus we can

Qatt = —
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FIG. 2. Md0ssbauer spectrum of CsFeCly powder at
5°K.
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use a fictitious spin s =1 for the lowest three
levels. In order to transform the real spin to an
effective-spin system, we use conversion factors!®
QuSe=Ss; a1S:=Ss; auSy=S,. We then write the
total Hamiltonian for the lowest s =1 state of Fe?*
interacting ions, assuming only nearest-neighbor
interaction:

je=D2se - 2 [2sisi+dulsisisis)), 3)
i .

where J,=a?J’, J,=a?J’, a?/a? serves as a mea-
sure of the anisotropy.!® D is the single-ion an-
isotropy. As in RbFeCl, ! we have solved this
Hamiltonian, replacing (3) by a set of interacting
Fe® pairs. The results describe quite well the
magnetic properties of the substance. A detailed
calculation of the EFG including the magnetic in-
teraction can be found in Ref. 1.

It is reasonable to assume an equal spin-orbit
coupling® ) in CsFeCl; and RbFeCly; x»=78+5 cm™,
(733 )eg¢ iS essentially the same in both substances.
It is worth noting that this x is in good agreement
with the covalency parameter o? defined by Suchet
and Bailly! for FeCl,. The fit of the QS with these
values versus temperature for CsFeCl; yields
-A/x~0.85t0 0.90. For the low-temperature
region (S=1)the fit yields D=13 cm™, J,=2.5+0.5
cm", Jy=5=%1 cm™, These values are consistent
with the theoretical prediction g?J,=a2J,. The
lattice contribution is 0.08 mm/sec and of opposite
sign to that of the electronic contribution.

The experimentally observed QS as a function of
T for CsFeCl, is shown in Fig. 4(a). It can be
compared with the calculation and QS of the
RbFeCl; analyzed in Ref. 1 and shown here in Fig.
4(b). The contribution of the ground state (s =1)
was computed using the expression for (L% - 2),
[cf. Eq. (Bl) of Ref. 1]. The contribution of high-

| E/10*%cm-

FIG. 3. 5T2, level diagram for axial field and spin-
orbit interaction.
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FIG. 4. Quadrupole splitting vs temperature: (a)
CsFeCly; (b) RbFeCl;. The dashed line is the contribu-
tion of the ground state (s=1) using Eq. (3). The con-
tribution of higher single-ion states is calculated without
magnetic interaction. The total QS is represented by the
solid line,

er single-ion states was calculated without a mag-
netic interaction; the result is given by the solid
lines in Figs. 4(a) and 4(b) (where —A/x =0. 88 and
the lattice contribution is 0.08 mm/sec).

The results described above show that the mag-
netic interaction between iron ions along a chain
is weaker in CsFeCl; than in the similar interac-
tion in RbFeCl;. This is consistent with our ob-
servation of no magnetic order in CsFeCl; down to
1.4°K, as compared to RbFeCl; (with a transition
at 2.45°K). We also observed that in CsFeCl; the
distance (Table I) between the Fe® ions along the
chain and the Fe-Cl distance are slightly larger
compared to those in RbFeCl;. Thus we expect a
smaller magnetic interaction in CsFeCl;. The QS
in CsFeCly is larger than that of RbFeCly; this is
consistent with the existence of a larger crystal
field in the former, as obtained from the QS data
fit. The parameters obtained from the QS data for
RbFeCl; and CsFeCl; are summarized in Table II.

TABLE II. Parameters for CsFeCl; and RbFeCl;.
A/ D (em™) J, em™!) J, (em™)

RbFeCly (-0.75)—(-0.8) 12+1 5=%1 112

CsFeCl; (-0.85)—(=0.90) 131 2,5%1 5x1
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B. Dynamical parameters and isomer shifts

We compare the experimental and calculated re-
sults of CsFeCl; with those of RbFeCl;: The cen-
ter shift (CS) and the Debye-Waller factor f depend
on the lattice dynamics (phonon spectra) of the
substances. 12

The CS results from the second-order Doppler
shift (SODS)® and from the isomer shift (IS):
En(ﬂ: )z (4)

2¢
In the harmonic approximation, the SODS is given
by

5(2: 518 -

2 1
8sops = %}—cgr‘ = 'z‘m ?[{e(h) (A)]zh’wx coth (ﬁf‘}-)],

(5)
where E;=14.4 eV, M is the mass of the M3ss-
bauer atom, e‘®’() is the part of the Ath-phonon
polarization vector describing the motion of the
Fe? ion, N is the number of Mdssbauer ions, kg is
the Boltzmann constant, and c is the speed of light.
The IS is given by

B1s =+ (212€®)(RZ, - R2)[ | 9ae (0) | % -

with the conventional notations.

The observed CS is the difference between
source and absorber, and thus Eq. (4) expresses
the experimental CS.

It can be seen that for the high-temperature
limit, kT > hiw,,, essentially optical vibrational
modes or high-frequency parts of the phonon spec-
trum contribute to the SODS In this limit we have

U3k T K )
ésops—é—ﬁ;z 24kB E X+""

| 9@ |2, (6)

We can therefore use the Einstein model to calcu-
late the SODS.
The temperature dependence of the CS as seen
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FIG. 5. Experimental CS vs T. The shifts are given

relative to the centroid of a standard Na,Fe(CN);(NO)
«2H,0.
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FIG. 6. Normalized M&ssbauer spectral area vs T,

from our results is therefore attributed to the
SODS. This is equivalent to the assumption that
the s -electron density is temperature independent
in the temperature range of our experiment. We
can then apply the following expression to fit the
expected behavior of the experimental results*:

8cs (mm/sec)=6y - 7. 306 10"6;(—8-8?,]5‘-_—1 +%>,

M
where §, includes the constant SODS of the source.
The experimental CS T dependence is shown in
Fig. 5. The shift is relative to the centroid of a

standard Na,Fe(CN);(NO)- 2H,0 absorber:

RbFeCly: §,=1.583 mm/sec,
6, = (310£45)°K,
CsFeCl;: 6,=1.577 mm/sec,

O = (204 £ 22)°K.

The isomer shifts of the Rb and Cs compounds
are essentially the same. This is expected, since
the Fe? has identical nearest neighbors in the two
compounds. Thus the center-shift difference in the
two crystals is apparently due to differences in the
vibrational spectrum projected on the Fe® ions in
the crystal (Fig. 6).

We use the calibration of the isomer shift for the
total s-electron density as a function of x in the
3d%4s* configuration, ** with respect to nitroprus-
side standard: A contribution of 10-20% of the 4s
electron is expected. If this is related to the
degree of covalency and expressed by o?(x=a?

X Xgree 1on), We find consistency with that obtained
previously. If we take (r3) = a¥r=),, <r )0
=5.1a;°, then @=0.24 b. (In this case, '® (»3),,,
=3.24g5°, which is close to the 0. 21 b obtained
elsewhere. '*1%)
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