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The intercalates Fe . TiS; (x = 1, 4, and ) and Fe,3NbS; have been prepared and characterized by 'Fe
Mossbauer effect spectroscopy. From isomer shift systematics it is inferred that the electron
configuration of the iron atom in these compounds is formally +2, high spin. Fe,;,TiS; shows magnetic
ordering at temperatures below about 140 K, and the internal field at 4.2 K is approximately 30 kOe.
Temperature-dependent Mossbauer measurements permit a calculation of the effective vibrating mass
of the resonant moiety and a lattice temperature as probed by the Mossbauer atom. The former is
nearly constant and that expected for a ‘‘bare’’ iron atom, while the latter varies over a significant
range for the four title compounds, despite the similarity in the nearest-neighbor environment around
the metal atom in all cases. This variation can be accounted for by the differences in the sulfur bonding

modes in these compounds.

In view of their potential use in high-tem-
perature stable electrochemical systems,
there has recently been a great deal of
interest in the electric, magnetic, and crys-
tallographic properties of the first transition
metal series intercalates of the dichalco-
genides, TiS;, NbS,, and TaS, (/-7). It is
expected that extra metal atoms, M, can be
inserted into the octahedral interstices be-
tween the sulfur layers of TiS; because this
sulfide has the Cdlrtype layer structure
(space group P3m,). Indeed, the existence
of intercalation compounds such as
Fe,TiS, with a NiAs-like type structure has
recently been reported by two groups of
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workers (8, 9). Among these intercalates,
Fe,,TiS, (FeTi,S,) has been well character-
ized and a number of studies of the mag-
netic and crystallographic properties of this
system have been reported (/0-14). For the
cases where the intercalation compounds
contain one or more appropriate atoms,
Mossbauer spectroscopy can be used to
elucidate the details of the chemical bond-
ing as well as the lattice dynamics of the
metal atom in these compounds. A number
of intercalation compounds have been stud-
ied (15-19) by using Mossbauer effect tech-
niques. In particular, Fatseas ef al. (20)
have studied the system Fe, ., Tisqs554 (x
= 0, 0.030, and 0.052) by Mossbauer spec-
troscopy and reported that the stoichiome-
tric sample (x = 0) showed only cne iron
site with a small magnetic hyperfine inter-
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action below 155 = 5 K. Above this temper-
ature only a paramagnetic doublet is ob-
served in the Mdssbauer spectra.

In the present investigation, 5Fe
Mossbauer studies have been undertaken
for the title intercalation compounds over
the temperature range 4.2 = 7 = 320 K, in
order to examine the systematics of the
hyperfine and lattice dynamical parameters
for a number of structurally related solids
of this type.

Experimental

The compounds Fe,TiS, (x = , 4, and $)
were prepared by heating a stoichiometric
mixture of pure Fe metal powder and TiS,
in evacuated Vycor tubes. After heating to
900°C for 2 days, the mixture was cooled to
room temperature, ground, and again main-
tained (evacuated tube) at 900°C for 1
week. The products were then cooled
slowly to room temperature. The TiS, used
was prepared from Ti sponge and recrystal-
lized sulfur as described earlier (21). The
sample of FesNbS,; was prepared by heat-
ing the stoichiometric amount of the high-
purity elements in an evacuated Vycor
tube. The thermal procedure was the same
as in the case of Fe,TiS,.

X-Ray powder diffraction (CuK a radia-
tion) and chemical analysis confirmed that
the obtained products were stoichiometric
and single phase.

Temperature-dependent Mossbauer ef-
fect measurements were carried out using
the constant acceleration spectrometer de-
scribed in a previous study (22). Tempera-
ture control was sufficient to ensure stabil-
ity to better than +0.5 K for the time
interval necessary to accumulate the
Mossbauer data at each temperature point.
Data reduction was effected using the least-
squares matrix inversion program em-
ployed in the earlier studies (22). The
Mossbauer spectrometer was calibrated us-
ing NBS SRM 0.85-mil metallic iron foil
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and the same 3"Co-in-palladium source was
utilized in collecting all of the data. All
isomer shift data are reported with respect
to the midpoint of the a-Fe spectrum at
295 = 2 K. In the thermal study of
Fe,,TiS,, Al powder was used in order to
increase the thermal conductivity of the
sample (120 mg of Fe,,TiS, and 5 mg of
Al powder, mixed with silicon grease),
and to reduce the thermal gradient across
the experimental material.

Results and Discussion

The Mossbauer spectra obtained at 300 K
are shown in Fig. 1 for the system Fe,TiS,
(x= 14, and %) and Fe,;sNbS,. In Fig. 1b,
the spectrum of Fe,;3TiS, shows only a
single resonance maximum but the line-
width (full width at half-maximum) suggests
the presence of an unresolved quadrupole
hyperfine interaction. Except for Fe,,TiS
none of the spectra showed the presence of
a magnetic hyperfine interaction over the
temperature range 78 = T =< 320 K. These
results are in good agreement with the
magnetic data (8-/4) previously reported
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FiG. 1. Méssbauer spectra of the intercalation com-
pounds at 300 K. (a) Fe,,TiS;, (b) Fe,3TliS,, (c)
Fe,,TiS;, and (d) Fe,;NbS,.
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TABLE I
SUMMARY OF MOSSBAUER DATA For Fe,TiS; (x = 4, §, AND § AND Fe,3NbS,?

IS Qs
(mm sec™)® (mm sec™!) Temperature
—d18/dT¢ —d In[A(T)/ A(78)1/dT* range
78K 300K (mmsec'K™) 78K 300K (K™ (K)

Fe,,TiS, 0.86 0.73 6.69 x 10~ 0.29 0.30 1.25 x 1073 78-320
Fe,;TiS, 0.90 0.76 6.25 x 10 — — 0.68 x 1073 78-326
Fe,;;TiS, 0.91¢ 0.79 7.26 x 107 0.56¢ 0.44 1.30 x 1073 150-320
590 x 10~ 0.76 x 1073 78-200

Fe,sNbS,  0.92 0.79 6.58 x 107 0.50 0.43 1.04 x 1073 200-320

¢ The uncertainties in the IS and QS parameters are approximately +0.01 mm sec .

® With respect to o-Fe at 300 K, £0.01 mm sec™.

¢ The correlation coefficients for a linear regression are better than 0.994 for all of the compounds discussed.
The errors in these temperature dependencies are estimated as 6.0 X 1075 mm sec™! K1,

¢ Estimated error, +5 x 103K
€At 150 K.
fNormalized to 150 K.

for these compounds. The Mdssbauer pa-
rameters are summarized in Table I.

Isomer Shift

The values of the isomer shift of the iron
atom observed in these compounds lie in
the range 0.7-1.0 mm sec™! which is nor-
mally assigned to high-spin Fe?*, but are
smaller than those of halogen containing
high-spin ferrous compounds, such as
FeCl, and FeF, which lie in the range 1.0 to
1.5 mm/sec with respect to metallic iron.
The observed values are similar to those
reported for other sulfides in which the Fe
atom is located in an octahedral environ-
ment. From the Mossbauer data, it may be
inferred that the Fe atoms are inserted into
the octahedral interstices between the sul-
fur layers of TiS; and NbS,, respectively,
and are formally in the high-spin state.
Fatseas et al. (20) suggested that an isomer
shift calibration for the valence state must
be used very carefully for FeTi,S,, since
this compound has a metallic-type conduc-
tivity which has been attributed to direct
cation—cation interactions. It has been re-
ported that the resistivities of these interca-
lates are typically in the metallic range

(~107* €} - cm) and that the high electron
transport properties can be associated with
the partial filling of the titanium or niobium
dband. In all cases except for Fe,,TiS,, the
Fe-Fe bonding distance is too large for a
direct metal atom interaction and thus it is
assumed that the Fe ion has only localized
d electrons. Therefore, the small isomer
shift compared with those of other Fe?*
compounds may be primarily due to cova-
lent Fe-S bond formation, in consonance
with the general rule that isomer shifts of
the 5"Fe resonance increase with increasing
ionicity.

Takahashi and Yamada (8) concluded
from their magnetic susceptibility data that
the Fe atom in Fe,,TiS,; is trivalent. The
present Mossbauer results, however, do
not confirm this proposed valency, as can
be seen from the isomer shift data summa-
rized in Table 1. The present results are in
good agreement with those of Fatseas et al.
(20), who reported an isomer shift for
Fe,,TiS, of 0.79 mm sec™! at 300 K. In the
case of Fe,3NbS,, Beal and Liang (26)
assigned a valence state of mixed +2 and
+3 to the Fe ions from their optical work.
However, as already noted the Mdssbauer
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data suggest that a more probable assign-
ment is that the iron atom is formally +2,
high spin, and the following discussion will
be based on this assignment. Magnetic
results (2, 4, 5, 7) which have been re-
ported also confirm this viewpoint.

Magnetic Ordering

The magnetic properties of Fe,,TiS,
(FeTi,S4) have been studied in considerable
detail by numerous workers (8, 74, 15) due
to the apparently anomalous behavior be-
low the magnetic ordering temperature. Al-
though there is general agreement regarding
the paramagnetic (Curie-Weiss law) behav-
ior above 140 K deduced from susceptibil-
ity versus temperature data, the interpreta-
tion of the magnetic behavior below Ty has
been the subject of some controversy. The
conflicting results have been summarized in
detail by Fatseas ez al. (20). The tempera-
ture dependence of the Mossbauer reso-
nance of Fe,,TiS, is shown in Fig. 2, in

i I ¥ 13 1 T
1221 a0t . et h
ORI '-..-\,_ L RN
_-'
1.8} N e
L - 42K
. _‘— - P4
1001 el - i
*'.. “ *
96 .
7 ). . s 20 K |
(4 - y
LN R s et
x 70} - - Vil “
n
T 68) WK 4
§ [_ “o o s ."-:’.'. ~
230 e, N :
a
(~]
2
2251 4
220f - 78 K ]
25 e 1
rl 1 1 1 (] L 1

-2 - 0 1 2 3 4
Velocity, mmis

KATADA AND HERBER

which the low resolution of the individual
components of the hyperfine spectrum is
clearly noticeable. The magnetic ordering
temperature estimated from the spectra is
about 140 K in agreement with the suscepti-
bility data. The Mossbauer spectra below
this temperature are consistent with those
reported by Fatseas et al.(20), who inferred
a value of 150 = 5 K as the magnetic
ordering temperature. The internal mag-
netic field at 4.2 K can be estimated from
the total width of the Mdssbauer resonance
curve, although it has not been possible to
resolve the individual components of the
magnetic hyperfine spectrum. The value
extracted from the liquid helium tempera-
ture data is 30 = 5 kQOe, a value which is
considerably smaller than those reported
for related intercalated chalcogenides such
as Fe;,,VS (120 kOe at 4.2 K) and FeCr,Se,
(89 kQOe at 78 K) (28). This small observed
internal field may be due to the anisotropy
of the magnetic field with opposite field
contributions. Further investigations (e.g.,
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FiG. 2. Mossbauer spectra of Fe,,TiS; at eight temperatures in the temperature range 4.2 < T <

140 K.
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single-crystal experiments) will be required
to explore this interpretation in detail.

The Mossbauer spectra of Fe,,TiS, at
low temperatures (4.2 < T =-50 K) are
shown in Fig. 3. The value for the magnetic
ordering temperature is not well defined
from these data due to broadening of the
resonance absorption over a temperature
range, possibly due to a magnetic relaxa-
tion process occurring in this material. Oka
et al.(27) showed from Mdssbauer data that
the Fe atom in Fe,, VS, is in a low-spin
state. In contrast with this result, the Fe
atom in Fe,,TiS, is in a high-spin state.
This difference may arise from the differ-
ence in the magnetic properties of the host
matrix: VS, has a magnetic moment but
TiS, does not. From the Mossbauer data on
Fe,,TiS,; it may be concluded that the ab-
sence of magnetic ordering in Fe,,VS; is

nusk L
1124 v T

109 B .

A,
»
o
x
A
-

B e WA 3 A LR
\':3 o A
—111F Y T
x -
01081~ B
-
= <> d
=] ~ 30 K
oL .
Qolls AP . Sl e
— R 7
] < e, -,
s 1.2 ‘o, s I
— R
42K <
23 et
235 R 1
232 h
L I i 1 1 ! | | )
-3 -2 - 0 1 2 3 4 5

Velocity, mm/s

Fic. 3. Mossbauer spectra of Fe,,TiS, at four
temperatures in the temperature range 4.2 < T =< 50 K.
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F1G. 4. Temperature dependence of the quadrupole
splitting of the intercalation compounds in the temper-
ature range 78 = T = 320 K. (a) Fe,,TiS; (b)
Fe,NbS,, and (c) Fe,,TiS,.

related to a host-matrix spin—spin interac-
tion which is not present in the case of the
titanium chalcogenide system.

Quadrupole Splitting

The temperature dependence of the
quadrupole splitting parameter in Fe,»TiS,,
Fe,sNbS,, and Fe,,TiS, is shown in Fig.
4.

In general, high-spin ferrous compounds
have a large and temperature-dependent
quadrupole splitting because the major con-
tribution to the field gradient is due to an
extra electron beyond the half-filled o
configuration which can distort the symme-
try of the electronic environment of the Fe
atom. The temperature dependence of the
relative electron population in these d or-
bitals leads to a temperature-dependent
quadrupole hyperfine interaction.

In the case of Fe,,TiS,, the quadrupole
hyperfine interaction is almost temperature
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independent. This indicates that the rela-
tive population of electrons in the five d
orbitals is not dependent on temperature;
that is, the energy separation of the ground
state orbitals is small compared to kT, even
at the lowest temperatures at which the QS
interaction can be accurately determined
from the spectral data. On the other hand,
the quadrupole splittings of Fe,,TiS, and
Fe,;s;NbS;show an appreciable temperature
dependence which may be related to the
temperature dependence of the trigonal
component of the crystalline field as well as
that of the electron population, the thermal
dependence of which is given by the Boltz-
mann distribution.

The quadrupole hyperfine interaction can
be used as a criterion of the departure of the
structure from cubic symmetry only if it
can be assumed (or if one can estimate from
other data) that the electronic component
of the QS interaction is zero.! The values of
the IS and QS parameters reported in Table
I suggest very strongly that there is a
significant delocalization of minority p-spin
electrons, presumably arising from iron-
iron or iron—-chalcogen—iron bonding inter-
actions. In this case, the quadrupole
hyperfine interaction reflects the trigonal
component of the crystalline field. Under
these conditions the temperature depen-
dence of the QS parameter reflects the
anisotropic trigonal field, and in particular
the thermal variation of the axial ¢/a ratio,
rather than the temperature dependence of
the electron populations. It has been sug-
gested! that this is the situation which ob-
tains in FeS, Fe S, and FegS,.

The discontinuous temperature depen-
dence of the quadrupole splitting of
Fe,;sNbS; suggests that this compound has
a second-order phase transition at about
200 K. This transition is due to a distortion

! The authors are indebted to one of the reviewers of
this manuscript for commenting on this point in some
detail.
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of the octahedral environment around the
iron atom in this compound, and is com-
pletely reversible as judged from the iden-
tity of the Mossbauer resonance parame-
ters observed in a warming cycle as
compared to a cooling cycle through the
transition temperature. It is interesting to
note that such a reversible transition was
not observed in our previous work on the
related compound Sn,;;NbS, (/6).

As can be seen in Table I, the values of
the isomer shift and quadrupole splitting,
respectively, for all of the subject com-
pounds are very similar. This result may be
accounted for by the essential constancy of
the nearest neighboring environment of Fe
atoms in these compounds as shown in Fig.
5, in which, for clarity, only the metal
atoms are shown in the crystal structures.
These geometries can be described as de-
fect NiAs-type structures with part of the
cation sites unoccupied. The titanium layer
is completely occupied, while the iron layer
is only partially filled, with the Fe atoms
and vacancies forming an ordered arrange-
ment. If the Fe atoms and vacancies were
not ordered and/or the Fe and Ti atoms
were not located in every second metallic
layer, two or more distinct iron sites would
exist. Mossbauer spectra of all the interca-
lates, however, showed only one iron site
as judged from the linewidths observed well
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FiGg. 5. Crystal structures of (a) Fe,,TiS,, (b)
Fe,;3TiS; and Fe,;3NbS,;, and (c¢) Fe,;TiS,. The S
atoms are not shown for clarity. Fe,,IiS; and
Fe,,TiS; have a monoclinic supercell, whereas
Fe,;;TiS, and Fe,;NbS, have a trigonal supercell.
Parameters a and c are the lattice parameters for the
original TiS; and NbS; cells. O, Fe; @, Ti and Nb.
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above the magnetic ordering temperature.
This result suggests that the metal atoms
and the vacancies form ordered arrange-
ments, with the iron atoms occupying a
unique lattice position.

Temperature Dependence of the
Recoil-Free Fraction

The isomer shift and quadrupole splitting
Mossbauer parameters only yield informa-
tion relating to the nearest-neighbor envi-
ronments of the resonant atom, such as
details of the chemical bonding and the
spatial distribution of electrons, while the
recoil-free fraction and its temperature de-
pendence provide information about the
lattice dynamical properties of the solid
state which are associated with the motion
of the Mossbauer atoms.

The temperature dependence of the re-
coil-free fraction for the Fe Mossbauer
transition can be extracted from the tem-
perature dependence of the area under the
resonance curve, and such data for the
systems Fe TiS; and Fe,;NbS, are summa-
rized in Fig. 6. The temperature depen-
dence can be used to calculate a value of
the Mossbauer lattice temperature, 8y,
from the relationship

dlnf _ dIn[AT)/A(8)] _ -3E
dT dT - Mk

if the assumption is made that the effective
vibrating mass, M, is the mass of a ‘‘bare”
iron atom. In Eq. (1), E, is the Mossbauer
y-ray transition energy and « is the Boltz-
mann constant. The area under the reso-
nance curve at temperature T has been
normalized to that at liquid nitrogen tem-
perature, A(78).

The effective vibrating mass, M, can be
extracted from the temperature depen-
dence of the isomer shift; that is,

(M
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Combination of Eqs. (1) and (2) leads to
the relationship

. QE)" d1S/dT 12
By =" [dln[A(T)/A(78)]/dT] » )

which, in the case of >Fe, has the value

dIS dT 12

d 1n[A(T)/A(78)]/dT] )

(3")

The values of the lattice temperature

calculated using the d1S/dT and dln A/dT
data for Fe /TiS, and Fe,;NbS, are summa-
rized in Table II, together with the effective
vibrating mass evaluated using Eq. (2). The
similarity between the lattice temperatures
0y and 8, implies that the vibrating mass in
these compounds is close to that of a
“‘bare’” iron atom. This result may be ac-

= 4.327 x 10? [
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TABLE 11

SUMMARY OF M0OSSBAUER LATTICE TEMPERATURES FOR Fe . TiS; (x =14, §,
AND 3) AND Fe,NbS®

Effective Temperature

By ' mass range

Absorber K) (K) (a.m.u.) (K)
Fe,, TiS, 330+ 5 316 = 10 62+ 6 78-320
Fe,,;TiS; 448 £ 5 415 = 10 676 78-320
Fe,,TiS, 3235 3232 10 576 150-320
423+ 5 381 = 10 71+ 6 78-200
Fe,sNbS, 362+ 5 344 = 10 636 200-320

@ The larger error associated with the @, parameter arises from the additional
errors involved in the temperature dependence of the isomer shift, as

compared to the @y values.

counted for as follows: It has been ob-
served previously (29) that in many cova-
lent solids made up of discrete molecular
units held together by relatively weak inter-
molecular forces, the effective vibrating
mass extracted from the Mossbauer data
corresponds very closely to the molecular
weight of the molecular unit. In the present
instance, the three-dimensional metal-sul-
fur matrix is held together by strong inter-
atomic bonding forces while the intercalant
‘‘guest’’ atom is held in the structure by
much weaker forces. Under such condi-
tions, although there is not a complete
separability of the phonon spectrum of the
matrix and of the ‘‘guest’’ atom, the latter
may be expected to reflect the motion cor-
responding nearly to a single atom mass.
Thus, in the absence of strong bonding
forces between the matrix and the interca-
lant atom, the latter will evidence an effec-
tive vibrating mass which is very nearly
that of a ‘“‘bare’’ iron atom, in agreement
with experimental observation that 6y =
6y1. Both of these parameters will be char-
acteristic of the particular matrix in which
the intercalant atom is held. In this context
it is interesting to note that despite the
similarity in the nearest-neighbor environ-
ments about the iron atom in these struc-
tures, the lattice temperatures, 8y, are quite
different for the different matrices, indicat-

ing that the dynamical properties of the iron
atoms in these lattices are not identical.
The highest lattice temperature observed is
that for Fe,;TiS; which is assumed to be
isostructural with Fe,;3NbS,;. The differ-
ences in the lattice temperatures arise pre-
sumably through differences in the sulfur—
metal atom bridging bonds in the several
structures.

As shown in Fig. 7, there are three kinds
of sulfur atoms in these structures which
must be considered. In this representation,
only one side of the sulfur layers and the
iron atom are shown. S, (solid circle) has an
environment of three Ti atoms, two Fe
atoms, and one vacancy. Sy (half-solid cir-
cle) has an environment of three Ti atoms,
one Fe atom, and two vacancies, while Sy
(open circle) has an environment of three Ti
atoms and three vacancy sites. This kind of
sulfur atom (Sy;) is not directly involved in
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F1G. 7. Idealized arrangement of Fe and S atoms in
(a) Fe,,TiS,, (b) Fe,;TiS; and Fe,;NbS; and (c)
Fe,;TiS; viewed along the c axis (Fe atoms at z = 0; S
atoms at z = —4). The solid line indicates a supercell.
o,Fe;®,S;®, Si; O, S
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bonding to the intercalant atom, but does
contribute to the total bonding forces in the
matrix. In the Fe,;TiS, structure, all of the
sulfur atoms are of the same kind (S,) while
in Fe,,TiS, and Fe,,TiS, the lattice in-
volves the different types of sulfur atoms
discussed above. The higher lattice temper-
ature observed in Fe,;TiS; (and presum-
ably that for the isostructural Fe,;sNbS.,,
although the comparison data are not avail-
able) suggests that the Fe-S bridge bonds
involving only Sy atoms give rise to a more
rigid structure than that which obtains
when S; and /or S,; atoms are present in the
matrix holding the iron atom. It should be
emphasized that this conclusion is based on
purely phenomenological arguments; that
is, the relative values of 6y (and @) for the
several compounds discussed. Indeed it is
not clear at this stage why the Mossbauer
data for the iron atom in Fe,;TiS, reflect a
more tightly bound structure than that in,
for example, Fe,,TiS,, given the larger
number of vacancies in the former than in
the latter. Additional data on the relation-
ships between the Mdssbauer lattice tem-
perature and the microscopic details of the
structure of intercalation compounds will
be needed to elucidate this interesting
point.
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