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Abstract

Using the measurements of the magnetic susceptibility and magnetization we have investigated the magnetic properties of Mn-intercalated
Mn, TiSe, compounds having a hexagonal crystal structure of a quasi-two-dimensional type. Unlike other 3d-transition metals, intercalation
of Mn ions between Se-Ti—Se tri-layers increasestharameter of the lattice. All compounds of MriSe, exhibit a paramagnetic behavior
above~15 K. The effective magnetic momemg; of Mn in Mn, TiSe is found to be less tham for the free Mt ion. In a low-temperature
region a spin-glass or cluster-glass behavior depending on the intercalant concentration is observed. The paramagnetic Curie temperature
0y takes negative values and decreases monotonically with increasivigle the freezing temperature shows non-monotonous change at
the intercalation. The obtained results are discussed taking into account Mn 3d-Ti 3d hybridization effects and variations of intralayer and
interlayer exchange interactions with intercalation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction romagnetic order below corresponding Néel temperatures of
62, 95 and 129 K5]. The antiferromagnet-like behavior was
The intercalated compounds based on layered titaniumfound to exist in CgsTiSe; below Ty = 38K [7].
dichalcogenides TiX(X = S, Se, Te) are attractive objects Distinctive feature of the intercalated compoundgiiX 2
during two last decades owing to the rich variety of the is the appreciable change of the lattice parameterd con-
physical properties which may be produced in these materi- sequently the distance between X-Ti—X layers with increas-
als upon insertion of different atoms or molecules between ing M-content. For the MTiSe, series the intercalation of
X-Ti=X layers [1-6]. In particular, the TiX% compounds Cr, Fe or Co up tor = 0.25 leads to contraction of the lat-
intercalated by 3d-transition (M) metals can be considered tice in the c-direction, which is ascribed to the formation
as an analog of artificial multi-layer structures with mag- of covalent links between X-Ti—X layers via intercalated
netic layers consisting of M-atoms, which are separated by M-ions[2,6,8]. The 3d-electrons of the intercalated M-ions
non-magnetic layers. The intercalation of some 3d-metals in are presumably involved in these links and hybridized with
M, TiX > leads to appearance of the different magnetic statesTi 3d-electrons and p-electrons of chalcogen atoms. Further
depending on the type and concentration of M-atoms as wellincrease of the M-concentration up to= 0.5 is accompa-
as on the parent Tixmatrix. While the compounds TiX nied by the growth of the-parameter in the case of M
are Pauli paramagnets, the intercalated compounds> Cr, while thec-parameter remains constant forsMFe and
exhibit a spin-glass or cluster-glass behavior at the low con- decreases more slowly at the intercalation of Co. Such a be-
centration of M-atoms and antiferromagnetic or ferromag- havior ofc(x) atx > 0.25 was attributed to the saturation of
netic order at the high M-contef4,5,7]. In particular, the the covalent links in these intercalated compoui@jsAn-
compounds FdiSe, (x = 0.25, 0.33, 0.5) have an antifer- other feature of MTiSe, compounds is a lower value of the
effective magnetic momentes of the intercalated M-ion in
comparison with the free 3d-transition metal ion, which may
* Corresponding author. Tek:7-343-2615343; fax47-343-2615978, D€ also associated with the contribution of 3d-electrons of
E-mail address: nikolai.baranov@usu.ru (N.V. Baranov). intercalated ions to the bonding of Se—Ti—Se layers and with
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hybridization effects of 3d-electrons of M-ions with TiSe
bands[8,9].

According to preliminary investigations of MmiSe
compounds, unlike other 3d-transition metals the intercala-
tion of Mn-ions increases theparameter and consequently
the distance between Se-Ti—-Se lay@k One can there-
fore assume that M7iSe, should reveal a higher degree
of two-dimensionality (2D) than MIiSe, compounds in-
tercalated by other 3d-transition metals.

The aim of the present paper is to study the influence of
Mn intercalation on the magnetic properties of the titanium
diselenide by means of magnetic susceptibility and magneti-
zation measurements of the MhSe, compounds with the
different Mn-content.

2. Experimental

Polycrystalline MpTiSe, samples (0< x < 0.5) were
prepared by an ampoule synthesis method from the con-
stituent elements. The starting materials are Ti (99.9), Se
(99.99) and Mn (99.9). The method of the synthesis includes
two stages. At first, the parent compound Ti8es synthe-
sized by heat treatment of a mixture of starting materials Ti
and Se at 800C during 150 h. At the second stage the mix-
tures of Mn and TiSg powders were sealed in evacuated
quartz tubes and annealed under the same conditions. Th
obtained specimens were milled, compacted into pellets and
then homogenized for 1 week at 800 followed by cool-
ing down to room temperature during about 10 min. Powder
X-ray diffraction investigations have shown that all samples
have the Cdl structure. Lattice parameters were measured
by X-ray diffraction with an error of 3 103 A.

The static magnetization and magnetic susceptibility were
measured by means of a Quantum Design SQUID magne-
tometer in the temperature interval from 2 up to 300K in a
magnetic field up to 50 kOe.

3. Results and discussion

As it seen fromFig. 1, the compounds MTiSe; with
the Mn-content up tor = 0.5 exhibit a paramagnetic be-
havior with a nonlinear temperature dependence of the in-
verse susceptibility at the temperatures abexis K. The
phase transition to the superlattice with the charge density
wave, which was observed in the parent HEE] with de-
creasing temperature below200K, is not observed in the
Mn-intercalated compounds even at lowThis finding is
in agreement with other investigatiof&8,11] which show
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Fig. 1. Temperature dependencies of the inverse magnetic susceptibility
of Mn, TiSe, at various Mn content. Insety — xo)~* vs. T dependence
for the sample withe = 0.1.

Here xo is a temperature-independent term, which in-
cludes both the diamagnetic contribution from the ions with
full-filled electron shells ¢4) and paramagnetic contribu-
tion from the delocalized electrongy). As it follows from
estimations in Ref[7], the diamagnetic contribution to the
total magnetic susceptibility of MiSe; should not change
significantly upon intercalation. Therefore, the change of
xo may be associated mainly with the concentration de-
pendence of the Pauli contributigry. The second term in
Eqg. (1) relates to the Curie—Weiss contribution. The inset
in Fig. 1 shows the 1(x — xo) versusT dependence for
Mng 1TiSe, as an example. Such linear dependencies we
have obtained for the compounds with other Mn-content.
However, the magnetic susceptibility of MgliSe, was
found to follow the expression (1) only above 80K. One
can assume that the deviationdfl) from Eq. (1) with de-
creasing temperature below 80K results from the influence
of the magnetic short-range Mn—-Mn correlations. Using
Eq. (1) the parametergo, C and 6, were determined for
each compound. The effective magnetic momegg¢ per
Mn ion was calculated from the Curie const&htAll these
data are collected imable 1

As it turned out, the intercalation of Mn increases
the temperature-independent terpg. Our data for
Mng1TiSe (xo = 1.5 x 10 8emug0Oe 1) are some-
thing less than that obtained by Tazuke and Takeyama

Table 1
The temperature-independent contribution to the magnetic susceptibility
(xo0), effective magnetic moment of the Mn-iopds), paramagnetic Curie

that the intercalation of d-metals suppresses the superlatticdémperatureé) and freezing temperaturd( for Mn,TiSe, compounds

formation in TiSe. The temperature dependencies of the

magnetic susceptibility of M{TiSe, compounds in a wide
temperature range can be described well by the expression

1)

= yg+ .
r=xt o

X xo (x10%emugtOe™)  perr (mB)  Op (K)  Tr (K)
: 1.50 3.6 -2 ~2
017 147 43 -12 7.0
025 1.80 4.4 -30 10.0
05 320 43 ~105 5.0
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(~2x 10 %emugtOe! [6]). Nevertheless, the value of

xo for Mng1TiSe, obtained in the present work exceeds 441 (a) «—* .
o for other My1TiSe; (M = V, Cr, Fe, Co, Ni)[6], v 40 "

which supports qualitatively the data obtained in H#f. E

The enhancement gfp with increasing Mn-content in the 5 56l A o
Mn, TiSe, system we attribute to the growth of the density = o e

of electronic states (DOS) at the Fermi level. This assump- 32l ,,,O"

tion is confirmed by X-ray photoelectron spectroscopy,

which shows the appearance of a narrow band near the 6.151

Fermi level in the intercalated compounds with=MCr, Co

[12] in comparison with the parent compound TiS8uch 6.10r

a band is formed by 3d orbitals of inserted M-atoms, which < .05

are hybridized with Ti 3d and Se 4p orbitals. It should be ¢

noted that the calculations of the energy band structure 6.001

and the photoemission spectroscopy of analogous systems 595

M, TiS; have revealed a strong hybridization of M 3d-states
with Ti 3d- and S 3p-state®,12].

At the first gaze, the conclusion about an increase of the
DOS value at the Fermi level at the intercalation of FiSe Fig. 2. Cor_1centration depend_encies of the effective magnetic moment
by 3d-transition metals contradicts with experimental data Z\;ﬁ:p;rnl\/;'rl]%né?)) and the lattice paramete(b) for M, TiSe; systems
on the conductivity of MTiSe, (where M= Cr, Fe, Co),
which show a drastic fall of (about of one ordej8]) with
increasing M-content especially in a low concentration range bridized M 3d-band should be split by an exchange interac-
[8], whereas the additional s- and d-electrons are put intotion. Ab initio calculation of the magnetic moment per Mn
the matrix with inserted M-atoms. As is shown in Rg], in the compound Mgy3TiSe, has given the value of 3.35s
these results can be understood if the localization of chargeonly [9]. Moreover, the high-field magnetization measure-
carriers on the Ti—-M—Ti covalent centers will be taken into ments performed at low temperatures for some intercalated
consideration. Such a localization of charge carriers may oc-compounds GysTiSe; [7], Cr, TiTez [13] and M, TiS; (M =
cur on potential wells formed by the lattice contraction inthe Fe, Mn, Co, Ni[14]) have shown that the magnetic mo-
vicinity of intercalants. According to Ref2], the conduc- ment per intercalated guest atom in saturatiog, is ap-
tivity of Mn, TiSe, measured at room temperature shows an preciably lower than that expected from the localized elec-
opposite behavior with the intercalant concentration:¢he tron model. These data indicate the itinerant character of
value increases about twice with increasingp tox = 0.2 the M 3d-electrons. According to the spin-fluctuation theory
and then decreases with further growth of the Mn content. for itinerant electron magnef&5], the Curie—Weiss contri-
An upturn ofe in the low concentration range is not surpris- bution to the total paramagnetic susceptibility is associated
ing in this case bearing in mind that the intercalation of Mn with the temperature dependence of the amplitude of the lo-
increases the parameter (sekig. 2) and the concentration  cal spin density15].
of charge carriers. The charge carriers are apparently less In Fig. 2 we also plotted the concentration dependences
localized in Mn TiSe; than in other MTiSe, compounds of both uess andc for Cr, TiSe, (the data are taken from Ref.
(M = Cr, Fe, Co). It should be noted that the tempera- [2]). The comparison of these results with that obtained in the

0.0 0.1 0.2 0.3 0.4 0.5
X

ture dependence of the electrical conductivity of Mise, present work for MpTiSe, shows that in both these systems
shows a metallic charact¢?]. The metallic type ofo(T) a pronounced correlation betweggg (X) andc(x) exists In
dependencies was also observed for many othgFise, our opinion, such a correlation indicates that the valyef
compounds intercalated by 3d-transition mef8ls in M, TiSe, compounds is controlled by the hybridization
The values ofuest per Mn-ion in Mn. TiSe, compounds degree of the M 3d- and Ti 3d-states indeed. The growth
are found to be lower thapes = 2ug[S(S + 1]¥? = of the Pauli contribution to the total magnetic susceptibility
5.9 up for the free Mt ion. As is seen fronFig. 2, et and increase of the distance between the Se-Ti—Se layers
increases from~3.6pupg for x = 0.1 up to 4.3ug for x = together with the growth of the conductivity with increasing

0.17 and thenuest remains practically constant with fur-  xin Mn, TiSe, may be also indicative of a lower Mn 3d—Ti
ther increasingx. As it was mentioned above, the lower 3d hybridization degree than in the case of the intercalation
value of ueff per intercalated 3d-metal ion in comparison by other 3d-transition metals.

with ues for the free 3d-metal ion is a common feature of As it follows from Table 1 the paramagnetic Curie tem-
M, TiX > compounds. According to the band structure calcu- peratured, is negative for all MpTiSe; compounds and the
lations such a difference may originate from hybridization absolute value of, increases with increasing Mn content,
effects between 3d-electronic states of inserted M-ions andwhich may be associated with enhancement of the exchange
3d-states of Ti[6]. In magnetically ordered state the hy- interaction when the distance between Mn atoms reduces. As
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to the origin of the exchange interaction one can suppose that o1
at a low Mn concentration the exchange interaction between 20 x> 10

3d-electrons of Mn atoms situated within one plane may be 15 x% f—— 5 f\

mediated by conduction electrons, i.e. this exchange inter- 1.0 o %
action is apparently of the RKKY type. Here we take into 05 DD%DQ'C?..D%Z e
account that these compounds reveal a metallic type of the s = o
conductivity, while the Mn 3d-electrons remain quite local-
ized because of the low hybridization degree. The exchange
interaction between Mn atoms located in the neighbor planes
may be considered as a superexchange type, which occurs
presumably through the intervening Se atoms because of
the large Mn—Mn distance and significantly lower conduc-
tivity along c-axis. A huge anisotropy of the conductivity
was revealed by the measurements of single crystalline sam-
ples of the TiX%-based compounds (see REf4] for exam-
ple). One may suggest that the sign of the coupling of the
M-magnetic moments in the-direction will depend on the
hybridization degree and on the Ti—-M-Ti and X-Ti—X dis-
tances too. The maximal energy of the M—M coupling via
superexchange interaction is expected when the M-atoms are
situated in neighbor octahedral sites along thdirection. 3
Such an alignment of M-atoms will be dominantsat 0.5. 0.55 ? T 30 35 30
Since the value of) is associated with an average of the T K
sum of exchange interactions acting in the magnetic system
we can conclude that the antiferromagnetic exchange dom_Fig. 3. Temperature de_pendencie_slgf the ZEC (solid symbols) and FC
inates in MnTiSe>. However, we should note that in some (OPe" Symbols) magnetic susceptibility for MiiSe, at uoH = 200 Oe.

- . . Inset: concentration dependence of the freezing temperat(@xe
M, TiX, systems thé, value was found to change its sign
at the intercalation. Thus, the concentration dependence of . o .
6, in Cr, TiSe; shows non-monotonous variation at the in- from x(T) curves. TheT; value increases with increasing

tercalation:¢, is negative atc = 0.25, while it becomes X UP t0x = 0.25, while further growth of the Mn con-
positive atr > 0.25[8,9]. A sign-varying behavior ofi5(X) tent reduces the freezing temperature. Bearing in mind that
was also observed fc;r FEiSe, [8]. P the absolute value of the paramagnetic Curie temperagure

Fig. 3shows the temperature dependencies of the suscep-

2% 10™ emu/(g Oe)

tibility of Mn , TiSe, measured in a low-temperature region 20l ' ' T
on a sample cooled in zero field (ZFC) or on a sample cooled : g('::c
in an applied field (FC). An essential difference between 151 1
ZFC and FC curves is observed for the compounds with mmﬁ H =50 Oe
0.1, which may be indicative of a spin-glass or cluster-glass 1.0¢ %00,
behavior below the freezing temperatufe, The value of
Ty for each sample we determined as the temperature that g '
" . 201
corresponds to the position of the maximum on the tem- 2
perature dependencies of the ZFC susceptibility. A small g2 15|
hysteresis below 3K may be also seen on #(€) depen- +
dencies for Mg 1TiSey, which implies a low spin freezing e 10¢
temperature §; ~ 2K) in this compound. The FC suscep- =
tibility has the same value as the ZFC susceptibility above 201
Tt, while for the sample withx = 0.17 it shows a nearly
constant value belowW;. These behavior is characteristic of 151
spin-glass found in various systefd. In the samples with
x = 0.25 andx = 0.5 the ZFC susceptibility exhibits a broad 10}
peak, while the FC one increases bel@wwith decreasing 0.5
temperature. Such a behavior one observes in cluster-glass 0

phases. As it is seen froffig. 4, an increase of an applied

field up to 1000 O_e does n_Ot stro_ngly mﬂuence the shape Fig. 4. Temperature dependencies of the ZFC (solid symbols) and FC
of x(T) dependencies. The insetfiig. 3 displays the con-  (open symbols) magnetic susceptibiligyfor the sample withx = 0.5 at
centration dependence of the freezing temperature obtainedarious magnetic fields.
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Fig. 5. Magnetization curves measuredZat= 30K (a) and atf' = 2K Fig. 6. Thg full-cycle field dependencies of the magnetization for the
(b) on Mn.TiSe; compounds with different Mn content samples withx = 0.25 (a) andx = 0.5 (b) at7 = 2K. Insets show the
’ ’ M vs. H behavior in a low-field region in detail.

increases monotonously with increasing Mn content such a

non-monotonous change 0% is not understood yet. The Fig. 5k the magnetization measured at 2 K does not show
spin-glass or cluster-glass state in these compounds resultsaturation with increasing field up to 50 kOe. In a low-field
apparently from the oscillating character of the RKKY inter- region the compound MnTiSe, exhibits the higher mag-
action and the possible competition between the RKKY-type netic susceptibility than the samples with= 0.17 and
exchange (in the Mn layer) and superexchange interaction0.25. Such a behavior may be attributed to the difference in
(between Mn layers). One can suggest that owing to the highthe measuring temperature (2 K) in relation to spin-freezing
degree of two-dimensionality of MiliSe, the spin-glass  temperatures of these compounds. The measuring tempera-
or cluster-glass state has mainly 2D character at a low Mn ture for the sample witk = 0.1 is close tal; ~ 2 K, while
concentration X < 0.5), while the magnetic ordering be- it is significantly lower thail; for the compounds with =
comes three-dimensional at a higher intercalant content. The0.17 andx = 0.25 (7 and 10K respectively).

change of the dimensionality (2B> 3D) of the magnetic The full-cycle field dependencies of the magnetization
ordering with increasingk may presumably influence the at7T = 2K for the samples withk = 0.17, 0.25, 0.5 is
freezing temperature owing to the possible difference in the found to reveal a visible hysteresis in a low-field region.
relaxation rate of the magnetization of 2D and 3D clusters Fig. 6displays hysteresis loops for MfiSe; with x = 0.25

in cluster-glass state. It should be noted that our suggestionand 0.5. The insets iRig. 6 showM versusH behavior in
about the 2D nature of the magnetic ordering in,ViSe, detail within the field range-10000e< H < 1000 Oe.

at the low Mn concentration is supported by Monte Carlo For Mg 25TiSe, a step-like behavior of the magnetization

simulations of a cluster-glass state performed fof &, is observed near a coercive fielff ~ 500 Oe, which may
compoundsX = 1/4 and 1/3) in a simple site-percolation be associated with the coherent magnetization reversal of
model[4]. groups of Mn-clusters having the ferromagnetic short-range
The magnetization curves of MhiSe, measured al' = order. An analogoudM(H) dependence was observed for
30K (above freezing temperatures) andl'at 2K (below the compound Mg17TiSe. As it seen from the inset in
Ts) are presented iRig. 5. In the paramagnetic regioff’ (= Fig. 6k the compound MgsTiSe; exhibits nearly the same

30K) theM(H) dependencies are nearly linear in magnetic value of He (~500 Oe), while its magnetization does not
fields up to 10kOe. The slope of the magnetization curves reveal any jumps in the vicinity dfic and changes gradually
increases gradually with increasing Mn content, while such with variation of a magnetic field. Such a change of the
a graduality is not observed at 2K. As can be seen from shape of the hysteresis loop with increasing Mn-content may
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be attributed to the above-discussed changes of the ratiochange type. The non-monotonous change of the freezing
between intralayer and interlayer exchange interactions.  temperature with increasing Mn concentration we attribute
to the possible change of the dimensionality (2B 3D)
of the magnetic ordering resulting from the competition
4. Conclusion between intralayer and interlayer exchange interaction.
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