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The crystallographically ordered Fe,TiSez compounds (x = 0.25, 0.38, and 0.50) have been investi- 
gated as a function of temperature using Mossbauer spectroscopy, susceptibility measurements, and 
X-ray diffraction. It is found that the coupling between the iron-d localized and the TiSez-band levels 
decreases as x increases, contrary to what is usually observed for lower iron contents in related 
disordered materials. For x = 0.50, magnetostriction is evidenced below TN. Besides, the conse- 
quences of iron intercalation in TiSe* are analyzed from the viewpoint of the crystal dimensionality as 
deduced from a thermal expansion study. o 1987 Academic PESS, IX. 

Introduction gap. The cell constants and structural types 
have already been reported (7): Fe0.s0TiSe2 

In the metallic Fe,rTiSe2 series with belongs to the Cr&-type structure 
the defect NiAs-type arrangement, the (Fe0.S0TiSe2 = FeTi#e4 = MS415 

FeO.SOTiSez (FeTizSe4) compound, with the Fe0.3sTiSe2 to the 2c’-Cr& type 
Cr3S4-type structure, was first reported (I, (Feo.38TiSe2 = Feo.57TiI.5&3 = M2.07x3), 

2) along with some physical properties (3- and Feo.25TiSe2 to the M+Ys type 
6). A more extensive study of the system as (Feo,25TiSe2 = FeTi4Ses = M&Y*) as defined 
a function of x was then performed (7, S), (9) by M. Chevreton (M = transition metal; 
which showed the existence of several X = S, Se, Te). The corresponding space 
other phases corresponding to superstruc- groups are 12/m (x = OSO), PJlc (x = 0.38), 
tures of the TiSe2 reference cell. The three and F2lm (x = 0.25). It should be noticed 
studied compounds can be schematically that the Cr3S4 model is quite stable, all the 
described as resulting from a partial occu- various FeTi2Se4 samples reported by vari- 
panty of the Van der Waals gap of TiSe2 by ous authors belonging systematically to this 
iron. The superstructures occur as a result structural type. Furthermore, from a Moss- 
of an ordering of iron and vacancies in this bauer study of FeTi2S4, it can be thought 

that, in this structure, the Fe-O arrange- 
* To whom correspondence should be addressed. ment is nearly perfectly ordered, since the 
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spectra can be fitted with only one iron site, 
even in the magnetic region (10). However, 
slight departures from stoichiometry can 
possibly induce a tendency to disorder (10, 
11). As for the two other compositions (x = 
0.38 and x = 0.25), there is no evidence that 
the structures obtained (2c’-Cr2S3 and 
M&s) represent the stable states, as differ- 
ent arrangements have been observed by 
various groups (7, 8, 12) without any pre- 
cise explanation of these differences pro- 
posed. Moreover, for the M0.25TiX2 com- 
pounds (M = Fe, Co; X = S, Se), 
single-crystal X-ray crystallographic stud- 
ies have shown that the M-0 order can be 
strongly imperfect (12, 13). 

The magnetic ordering of Fe,TiSez pow- 
der samples (0 5 x % 0.50) was recently 
studied (14): for lower iron concentrations 
(x < 0.20), a spin glass state occurs, 
whereas for higher iron concentrations (x > 
0.20), an antiferromagnetic behavior is ob- 
served. The former behavior is related to (i) 
the disordered character of the iron-va- 
cancy distribution in the Van der Waals gap 
and (ii) the RKKY contribution to the cou- 
pling between the iron magnetic moments, 
possibly together with a competition be- 
tween the superexchange interactions. The 
latter behavior results from the onset of 
iron-vacancy ordering when x is greater 
than 0.20. 

However, little is known about the physi- 
cal properties of the ordered states as a 
function of the iron content. The present 
work deals with the properties of three 
compounds belonging to the Fe,TiSe2 sys- 
tem (x = 0.25, 0.38, and 0.50). Mossbauer 
spectroscopy, accurate X-ray diffraction 
study, and polycrystalline as well as single- 
crystal susceptibility measurements have 
been carried out from 4 to 300 K. The syn- 
thetic procedure has been given elsewhere 
(7). As for the physical measurement ex- 
perimental procedures, they will be pre- 
sented separately. Owing to the fact that 
every crystal sample is bound to be twin- 

ned, such samples will be hereafter denoted 
as “crystals” and not “single crystals.” 

Room-Temperature 57Fe MGssbauer Study 

The Mossbauer spectra (Fig. 1) were ob- 
tained at 295 K with an -IO-mCi j’Co(Rh) 
source and an “Elscint” spectrometer us- 
ing a symmetrical sawtooth vibrator. Only 
polycrystalline samples were studied. 
Whatever the composition may be, the 
spectra can be fitted using a quadrupolar 
doublet. The characteristics of the spectra 
vary slightly as a function of the composi- 
tion, as shown in Table I. 

The lower A value observed for x = 0.38 
may possibly be related to the higher sym- 
metry of this compound (trigonal) as com- 
pared to the two others which are mono- 
clinic. 

The isomer shifts (6) are all located in the 
range corresponding to ferrous iron in an 

I 

-1 0 1 2 

V(mm/s) - 

FIG. 1. Room-temperature Massbauer spectra of 
Fe,TiSe2. 
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TABLE I 

M~SSBAUER PARAMETERS OF Fe,TiSe? COMPOUNDS 
AT ROOM TEMPERATURE 

0.25 0.74 0.31 0.14 
0.38 0.77 0.24 0. I4 
0.50 0.79 0.33 0. 15 

0 Relative lo a-Fe at 2Y5 K. 
h Half-width of half-height. 

octahedral covalent surrounding (15). The S 
value increases with x in contrast with what 
is expected assuming covalency effects 
only. Effectively, and following the com- 
peting bond principle, the Fe-Se bond co- 
valency increases as the iron content in- 
creases, as shown in the nonmetallic 
Fe,ZrX, (X = S, Se) compounds (26). As a 
consequence (17), 6 should decrease from 
x = 0.25 to x = 0.50. 

However, as far as the MxTX2 intercala- 
tion compounds are concerned (M and T 
are transition metals), it is known that the 
M-3d electrons interact with the conduc- 
tion electrons. The localized M moments 
then contribute to the electron scattering in 
the paramagnetic range (spin-flip scatter- 
ing). Hence, in the resulting mixed levels, 
the ionic ones (essentially of M character) 
become spatially less localized. Simulta- 
neously, a compensating spin polarization 
of the conduction electrons (essentially of T 
character) appears. In particular, this effect 
is drastically reduced below the magnetic 
ordering temperature. The magnitude of 
this interaction may thus be estimated from 
resistivity measurements by considering 
the spin-disorder resistivity as defined by 
the difference in the resistivity at T = 0 
extrapolated from above the magnetic tran- 
sition to that measured at low temperature 
(28). Then, from the data available in the 
literature, it turns out that the spin-disor- 
der resistivity decreases as the M content 
increases as far as the crystallographically 

ordered compounds are concerned (Table 
II) (29, 20). 

Consequently, in the studied com- 
pounds, the 3d-iron electrons should be 
more and more localized as x increases. 
This effect may overcome the effect due to 
covalency increase, leading to 6 values in- 
creasing with x, as experimentally ob- 
served. Such a behavior is not unique 
though not hitherto noticed (see the 6 value 
for Fe,NbS* (21, 22), Fe,Ta& (23), and 
Fe,Ti& (24, 25)). The 6 evolution in the 
metallic ordered iron intercalation com- 
pounds is thus dominated by the effect due 
to the lowering of the Fe- and T-d interac- 
tions as x increases, the metallic Fermi 
level and the virtual ionic 3d levels being 
further and further apart. 

The disordered related compounds (x < 
0.20) produce an opposite trend. In spite of 
the increase in the donated electron num- 
ber, the resistivity of such materials in- 
creases when x increases (14, 18, 26, 27), 
which means that the above discussed in- 
teraction increases. We hence predict that 
the 6 value will decrease. To our knowl- 
edge, no Mossbauer spectroscopy experi- 
ment has been done on this topic. 

Magnetic Susceptibility Measurements 

The change in x as a function of tempera- 
ture for crystal as well as polycrystalline 
samples was determined, from 4 to 300 K, 
using a Faraday balance system at several 
fields from 1 to 7.8 kG. Since the studied 
selenides are slightly sensitive to oxygen 
and moisture, the samples were transferred 

TABLE II 

SPIN-DISORDER RESISTIVITY (a cm) FOR Two 
ORDERED INTERCALATION COMPOUNDS 

Compound x = 0.25 x = 0.33 Reference 

Mn,Ta& 1.1 x 10-d 0.6 x 1O-4 (19) 
Mn,Nb& 3.3 x 10-a 0.4 x 10-d (20) 
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to the helium gas-filled apparatus chamber 
from the sealed silica tubes as rapidly as 
possible to avoid deterioration. For the 
Feo.soTiSez polycrystalline sample, the sus- 
ceptibility varies as a function of the field 
strength within a few percent. At higher 
fields, x was found to vary linearly with 
H-l, so that the Honda-Owen method 
could be applied to derive the infinite-field 
susceptibility. Such a behavior is indicative 
of the presence of a ferromagnetic impurity 
which was identified, later on through a 
neutron diffraction study, as traces of ele- 
mental iron. The susceptibilities were cor- 
rected for the diamagnetism of the constitu- 
ents. However, they were not corrected 
from the Pauli paramagnetism contribution 
since, in the temperature range of the 
study, the x-l vs T curves do not show off 
any discrepancy from linearity. This means 
that below 300 K, the Pauli term is much 
smaller than the term arising from the iron 
localized moments. The effective moments 
peff, as well as the Weiss constants 19, (x = 
CI(T - 0,>>, have been calculated in the 
range 150-300 K, depending on the compo- 
sition (Table III). 

For all compositions, the susceptibility is 

TABLE III 

THE EFFECTIVE MOMENTS ( pCr) FOR Fe,TiSe? ( fiB) 

AND THE NOEL TEMPERATURES (K) 

x 0.25 

&fl 
H,c 4.2 
HIIC 4.2 
Powder 4.2 

TN 
Crystal 62 
Powder 83 

flp(l 
H,c -60 
W +X 
Powder -23 

’ 0, is defined in the text. 

0.38 0.50 

4.2 4.1 
4. I 3.9 
4.1 4.0 

95 129 
55 129 

-73 -80 
fl4 +I8 
-39 -9 

- 

0 

T (K) 

FIG. 2. Magnetic susceptibility as a function of tem- 
perature for crystal (0) and polycrystalline (+) sam- 
ples of Feo.zsTiSez. 

strongly anisotropic in the paramagnetic 
temperature range, as well as at the lower 
temperatures (Figs. 2, 3, and 4), as is com- 
monly observed for Fe(H) in an octahedral 
environment, specifically in the Fe,TX2 ma- 
terials (5, 14, 19, 27-29). This is due to 
strong spin-orbit coupling for the orbitally 
degenerate ground state of divalent iron 
(19). Moreover, all the compounds are anti- 
ferromagnetic, with the easy axis direction 
close to that of the c-axis, i.e., perpendicu- 
lar to the selenium sheets (Figs. 2,3, and 4). 

6 
100 200 300 

T(K) 

FIG. 3. As in Fig. 2 but for Fe0.38TiSe2. 
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T(K) 

FIG. 4. Magnetic susceptibility as a function of tem- 
perature for a crystal sample of Fe0 soTiSe2. 

The polycrystalline sample susceptibility is 
approximately equal to (Rx,, + $x1) in the 
temperature range of the study (x = 0.50) 
or, at least, in the paramagnetic region (x = 
0.25 and 0.38). For x = 0.50, the tempera- 
ture (T,) where X is maximum is the same 
for the powder and for the crystal. Hence 
the corresponding susceptibility curve for 
the powder is not shown in this paper. On 
the contrary, for x = 0.25 and x = 0.38, the 
T,,, values are markedly different for the 
polycrystalline samples as compared to the 
crystal samples (Figs. 2 and 3). 

First, it may be seen from Table III that 
the effective moments are considerably 
lower than the predicted spin-only value for 
Fe(I1) (4.9 ,uB), as already noticed by other 
workers concerning the Fe,TX2 materials, 
and thus a fortiori lower than the predicted 
value when taking into account the spin- 
orbit coupling effect in the c-axis direction 
(6.4 pa (19)). This perr reduction, currently 
observed in such compounds, is usually ex- 
plained by considering covalency and par- 
tial delocalization effects (4). 

Second, for the crystals, the value of T,,, 
is identical for both directions. Owing to 
the Ising nature of the spins, this may be 
taken as evidence of the 3-dimensional 
character of the magnetic lattice (30), de- 

spite the fact that the titanium-containing 
layers can be expected to decouple the 
magnetic planes. The 3D character is, how- 
ever, not surprising on the grounds of the 
significant interactions between the mainly 
Ti-conduction electrons and the Fe-par- 
tially localized moments. As a result (31), 
T, can be considered as the critical temper- 
ature TN (Table III). 

Third, a discrepancy is observed between 
the values of TN for crystal and powder 
samples as far as the x = 0.25 and 0.38 ma- 
terials are concerned. This can be related to 
the nature of the iron-vacancy ordered ar- 
rangement, which may be different for 
powders and crystals owing to different 
preparation conditions. Yet, this is not 
clearly demonstrated by means of the usual 
diffraction techniques. For the powders, 
the M&s (x = 0.25) and 2c’-M2Xj (x = 
0.38) types are unambiguously shown to oc- 
cur. But, for the crystals, no precise struc- 
tural determination could be done because 
of their poor quality (they appear as mosa- 
ics in the basal plane). In addition, X-ray 
diagrams obtained after grinding the crys- 
tals do not produce any information about 
the superstructure type due to important 
broadening of the lines. However, the TN 
values for the x = 0.25 and 0.38 crystal 
samples are well in line with that of the 
M& type x = 0.50 sample (Fig. 5). As a 
result, the two former crystal compounds 
probably belong to the iron-defect 1%2+X4 
type. 

Low-Temperature 57Fe MGssbauer Study 

Mossbauer spectra were recorded 
down to 4.2 K using an “Oxford Instru- 
ments” cryostat, and the temperature was 
regulated with a precision of +0.5 K. Even 
at the lowest temperatures, the hyperfine 
fields observed on the iron nuclei are very 
weak (Fig. 6) as already reported for 
Feo.soTiS2, which exhibits an -40 kOe hy- 
perfine field at 4.2 K (If). Because of these 
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T,,(K) I 1 

loo- 

-;/I: 

+ 

50 + 

I t 
0.25 0.50 

x 

FIG. 5. The NCel temperature, defined as the tem- 
perature of the maximum in the x vs T curve, is plotted 
as a function of the iron content in the studied 
FerTiSe,. (0) Crystals, (+) powders. 

low values of Hhf, it is quite difficult to de- 
termine precisely the magnetic ordering 
temperatures. For Fe0.soTiSe2, we find TN = 
149 ? 3 K, which is higher than the value 
derived from the susceptibility curves, as 
currently observed as a result of short- 
range magnetic ordering occurrence. For x 
= 0.38 and 0.25, the magnetic spectra are 
so narrow that it is nearly impossible to es- 
timate TN, especially with the poor quality 
of the present spectra due to the important 
selenium nonresonant absorption. 

Thermal Expansion Measurements 

For a lamellar compound, such as TiS2, 
the thermal expansion coefficient QI, is 
twice as large as (Y, (a and c representing 
the hexagonal lattice directions) (32). This 
is the signature of a 2D behavior. To the 
contrary, for TiSez, (Ye and (Y, are reported 
to be nearly equal above 200 K (18.4 and 
19.6 x lO-‘j K-i, respectively) (32), al- 
though this compound has a similar struc- 
ture. (Y, is too large and CL, too small. This 
departure from a 2D behavior (from the 
viewpoint of the thermal expansion data 
only), together with the observed CY, singu- 
larity at 200 K, has been interpreted (32,33) 

TABLE IV 

THERMAL EXPANSION COEFFICIENTS (K-7 

a x 10’6 
a” % UC w A P 

TiSel 15.2 16.4 46.8 220-300 
Fe,,25TiSez 13.2 11.6 18.6 43.4 130-300 
Feej8TiSez 15.1 19.1 49.3 150-300 
FeosaTiSez 13.3 18.1 13.0 44.4 150-300 

0 AT indicates the temperature range for which the 
(Y’S have been calculated. 

on the basis of effects due to the occurrence 
of clusters above 200 K. The same phenom- 
enon occurs for CrSe2 (34). These clusters 
announce the onset of the charge density 
wave (CDW) state at lower temperatures. 
From Young’s modulus measurements, a 
thermal expansivity singularity along the a- 
axis direction was predicted to occur at 200 
K (35). However, this effect was not ob- 
served (32). 

We did observe it (Fig. 7a) through unit 
cell thermal expansion measurements per- 
formed from 77 to 305 K (kl K) with the 
aid of an X-ray device already described 
(36). Our (Y values (Table IV) are in fair 
agreement with those reported by Wiegers 
(32) except for the change in the cy, curve 

I! 
g 

. . . - 
. . :.. * . . 

” . . .* . . . . . . . . . * ..’ . .-. .&. - .*. . . ..-*.*-. . . . . 

E 
-.. . . . ..- 

ii 
=.. 

*..**.. * *:: 

I . 0.50 -. . . -- -* -.. . . 
*. *. .*.. 

-1 cl 1 2 3 4 

V (mm/s) - 

FIG. 6. Fe,TiSeZ Mossbauer spectra at 4 K. 
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0 100 200 300 
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1062 
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T(K) 

200 300 

a(i) d /e VW) 

x = 0.50 

6.26 - 
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T(K) ‘O” 

300 

0 100 200 300 
T(K) 

FIG. 7. Thermal evolution of the cell parameters and volume (a. b, c, and V) for crystallographically 
ordered Fe,TiSe,. (a) x = 0, (b) x = 0.25, (c) x = 0.38, (d) x = 0.50. 

slope at 185 K which we have detected be- 
cause of accuracy improvement. The CY, 
slope calculated just below the singularity 
is found equal to 25 X 1O-6 K-i, i.e, 10 X 
lop6 K-i larger than the high-temperature 
slope, in fair agreement with the 16 x 10m6 
K-i difference calculated by M. Barmatz et 
al. (35). It is also worthy of note that the (Y, 
singularity is observed at significantly 
higher temperature (215 K). Moreover, be- 
low 185 K and down to 4 K, the 2D behav- 
ior is not restored as far as the LY values are 
concerned, contrary to what is observed for 
CrSez below the CDW transition as a result 

of matching of the clusters from one plane 
to the next (34). In TiSe2, the cluster-in- 
volved atoms keep drawing closer and 
closer, so that cy, becomes still greater and 
(Y, still smaller. 

For Fe0.25TiSe2 and Fe0.ssTiSe2, the 2D 
expected anisotropy is observed (Figs. 7b 
and 7c and Table IV): (Y is greater along the 
c-axis than perpendicularly (a, > a0 ,,r b). 
That means that the CDW state does not 
appear. This fact is in agreement with what 
was observed for nonstoichiometric TiSez: 
Di Salvo et al. (33) reported that 0.03 ex- 
cess Ti is enough for the density of holes, 
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and the CDW state, to vanish. Hence, as- 
suming each excess Ti to donate four elec- 
trons to the bands, and each Fe only two, 
0.06 Fe should be necessary for the same 
result to be reached. Besides, as far as the (Y 
values are concerned, FeO.zs and FeO.JaTiSez 
are less anisotropic than Ti$. This results 
from the fact that interstitial iron weakens 
the 2D character and is consistent with the 
less pronounced anisotropy for x = 0.38 as 
compared to the iron poorer x = 0.25 mate- 
rial . 

We now discuss the case of Fe0.50TiSez. 
The 2D behavior is not observed (Fig. 7d 
and Table IV): cya and CY, are equal, and (Yb is 
surprisingly large. In addition, the (Y, and ffb 
curves display a slope change at -140 K. 
This value is close to TN, so that these sin- 
gularities can be attributed to magnetic or- 
dering effects. Below the transition, the CY 
behavior becomes still more abnormal: (Yb 
increases still further and (Y, decreases still 
further, enough to become negative. Con- 
sequently, the unusual (Y high-temperature 
values can be regarded as precursory of 
what will happen below the magnetic tran- 
sition, just as for TiSez as far as the CDW 
effects are concerned. According to the 
ideal structural model, magnetic Fe(I1) at- 
oms are nearest crystallographic neighbors 
along the b-axis (drewre = 3.59 A at 300 K), 
but not along the c-axis. Consequently, 
magnetic effects could induce the singular- 
ity occurring in the change of b, whereas 
the c singularity could be the reflex of elas- 
tic compensation, as suggested by the vol- 
ume variation which is quite similar to what 
is usually observed in the absence of any 
transition (Fig. 7d). More specifically, the 
fact that the b-axis abnormally shortens de- 
notes an attraction between neighboring 
spins. Thus, the mechanism of the contrac- 
tion may be thought to be similar to that 
proposed by Greenwald and Smart (37) and 
discussed by Kanamori regarding a few an- 
tiferromagnets (38). To wit, the system en- 
ergy is lowered as a result of the contrac- 

tion provided that the exchange parameter 
is magnified as the Fe-Fe distance is de- 
creased. Obviously, the gain in energy is 
largest when long-range correlations with 
the spins aligned along a common direction 
do occur, i.e., below TN. As the Fe(II)- 
Fe(I1) distance is small along the b-axis, we 
expect that the magnetic coupling is mainly 
governed by direct exchange via f2g orbitals 
overlapping. Then knowing from the 
Goodenough-Kanamori rules that such a 
contribution is ferromagnetic and increases 
with decreasing distance, and consistent 
with the above-mentioned mechanism, we 
predict ferromagnetic correlations as far as 
the Fe moments along the b-direction are 
concerned. However, the observed elonga- 
tion perpendicular to the layers could also 
be supposed to result from spin-orbit cou- 
pling effects considering a one-ion model. 
Probably, this effect has to be taken into 
account, as in Fe0 (39), since it has the 
same consequences. But the absence of any 
elongation at TN for the other studied mate- 
rials (for which no long-range Fe arrange- 
ment with 3.6-A Fe-Fe units appears) pre- 
cludes that this second mechanism is 
important. 

Neutron diffraction studies are in pro- 
gress with the aim of confirming the ferro- 
magnetic correlations along the b-direction 
for the x = 0.50 samples. 
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