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We present electrical resistivity ��� measurements for the intercalation compound FexTiSe2 �0�x�0.16�
over the temperature range from 4.2 to 300 K, and angle-resolved photoemission spectra for x=0, 0.05, and
0.14 at 50 and 250 K �or 280 K�. At 250 K, TiSe2 is a semimetal having hole pockets centered at the � point
and electron pockets around the L points of the Brillouin zone. Upon intercalation, Fe-derived flat bands appear
just below the Fermi energy, and the Se 4p derived bands forming hole pockets at the � point are lowered. At
50 K, band folding due to 2a�2a�2c superlattice is observed clearly near the L point for the host and x
=0.05, while it vanishes for x=0.14, consistent with the �-T data. The critical concentration for the suppression
of the superstructure �0.05�xc�0.075� can be explained reasonably well by the percolation threshold of a
two-dimensional-trianglar lattice consisting of seven Ti atoms, which is estimated to 1/14 �=0.0714�.
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I. INTRODUCTION

Intercalation of 3d transition metals into the van der
Waals �vdW� gaps of layered materials modifies structural,
transport, and magnetic properties of the host materials,
which makes it a candidate of a multifunctional material sys-
tem controlled by the guest species and their
concentration.1–3 In order to understand the physical proper-
ties of such systems, it is indispensable to elucidate how the
electronic-band structures, especially near the Fermi level
�EF� of the compounds, are modified by intercalation. Angle-
resolved photoemission spectroscopy �ARPES� is a powerful
method to examine occupied valence bands in solids.4–7 In
the present work, we report measurements of transport prop-
erties of FexTiSe2 �0�x�0.16� single crystals and ARPES
results for three samples with x=0, 0.05, and 0.14. The host
material TiSe2 has a CdI2-type layered structure �a
=3.536 Å, c=6.004 Å� with the space group P3̄m1 and a
hexagonal first Brillouin zone �BZ�, as depicted in Fig. 1�a�.
On the basis of the band-structure calculation,8 TiSe2 is a
semimetal having an electron pocket at the L point derived
from the Ti 3dz2 states and hole pockets at the � point de-
rived mainly from Se 4p states. The electrical resistivity ���
of TiSe2 passes through a maximum when it is cooled below
200 K, which is associated with a 2a�2a�2c superlattice
formation.9 Although the transition has been discussed in
terms of an excitonic insulator mechanism10 or a band-type
Jahn-Teller �JT� mechanism,11 its origin has not been fully
clarified yet.

The Fe atoms are inserted into the octahedral sites of the
vdW gaps, and modify the electronic structure of TiSe2. In
this paper, we will show a clear semimetal-to-metal transi-

tion at x�0.07 above which the anomalous resistivity behav-
ior disappears. ARPES results clearly show that flat bands
are formed near EF and that Se 4p derived states around the
� point are lowered upon Fe intercalation. Both effects are
discussed in terms of the bond formations between the Fe
-Se atoms and between Ti-Fe-Ti atoms. Furthermore, a band
folding due to the 2a�2a�2c superlattice formation in
TiSe2

9,12 is suppressed by Fe intercalation; the effect is ob-
served for x=0.05, and fully completed for x=0.14. The
value of the critical concentration, xc, of the destruction of
the ordered phase will be discussed in terms of a percolation
theory for a two-dimensional-triangular lattice.

II. EXPERIMENT

FexTiSe2 �0�x�0.16� single crystals used in the present
study were grown by a chemical vapor transport technique

FIG. 1. �a� First Brillouin zone of the host TiSe2 in the normal
phase. �b� Contours in k�−k� plane at EF by scanning polar angle
�� � �40� in the ARPES experiment for h�=21.2, 35, and 45 eV.
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with a temperature gradient of 500–600 °C and iodine as a
transport agent.9 The host material, TiSe2 single crystals, was
grown at 500 and 900 °C. The Fe concentration x was de-
termined by a microprobe element analysis using the x-ray
microanalyzer of an electron microscope, JEOL-733. Powder
x-ray diffraction measurements show that the in-plane lattice
constant, a, increases with x, while the interlayer lattice con-
stant, c, decreases, as already reported.12–14 This indicates
that Fe intercalation acts on the host layers as a source of
chemical uniaxial pressure along the c axis. The relative
variation is proportional to x, �	a /a���	c /c��0.03x for x
�0.25.14 The values of the lattice constants of single crystal
samples as a function of the Fe concentration are in a good
accordance with literature data,13 which confirms the Fe con-
centration obtained from the x-ray microanalyzer.

The resistivity measurements were performed for
FexTiSe2 �0�x�0.16� over the temperature range from 4.2
to 300 K using a dc potentiometric method with a four-probe
arrangement. The ARPES measurements were done for three
representative samples with x=0, 0.05, and 0.14 on a linear
undulator beamline BL-1 at Hiroshima Synchrotron Radia-
tion Center �HSRC�, Hiroshima University.15 The details of
the ARPES apparatus were reported elsewhere.16 Single
crystalline samples were mounted on a He-flow-type cry-
ostat, and the sample temperature was set at 50 and 250 K
�or 280 K�. In order to obtain clean sample surfaces, we
cleaved samples on the cryostat just before the experiments.
Total energy resolution was set at 28 meV for h�=21.2, 35,
and 45 eV, and angular resolution is 	�=0.3� �	k=0.011
−0.017 Å−1�.

The parallel and perpendicular components of the photo-
electron wave vector relative to the surface, k� and k�, were
evaluated by the relations k� =�2mEk /
2 sin � and k�

��2m�Ek cos2 �+V0� /
2, where V0 stands for the inner po-
tential, and Ek the kinetic energy of the photoelectron.17 Here
we assumed V0=13 eV, on the basis of the results obtained
by ARPES and of previous experiments.18,19 Figure 1�b�
shows contours in the k�–k� plane at EF by scanning the
polar angle �� ±40� in the ARPES experiment for h�
=21.2, 35, and 45 eV.

III. RESULTS AND DISCUSSIONS

Figures 2�a�–2�c� show the temperature dependence of �
��-T curves� of FexTiSe2 �0�x�0.16�. The host grown at
500 °C shows an anomalous behavior with a maximum at
170 K due to the 2a �2a�2c superlattice formation below
the phase transition temperature Tc=200 K which is deter-
mined from the maximum in the d� /dT vs T curve �Fig.
2�a��. The transition temperature is in good agreement with
the reported data for the nearly stoichiometric sample.9 For
the host grown at 900 °C, on the other hand, the peak in � is
suppressed �dashed line in Fig. 2�a��, which is due to Ti
self-intercalation. The decrease above Tc is attributed to a
large softening of the zone-boundary L1 phonon mode, as
revealed by an x-ray thermal diffuse scattering study.20

For the low concentrations 0.01�x�0.05, �-T curves
show a small decrease and a minimum on cooling, and then
an activationlike increase, followed by a metallic decrease or

a logarithmic increase �Fig. 2�b��. These curves suggest that
superlattice formation survives in this concentration range.
As indicated by the bars in Figs. 2�a� and 2�b�, Tc decreases
with increasing x. On the other hand, the samples with higher
Fe concentration 0.075�x�0.154 show a metallic behavior
and � decreases with x �Fig. 2�c��. From these figures, we
can see that the values of the electrical resistivity at 300 K
show a maximum between x=0.05 and 0.075, and decrease
for x�0.075. The �-T curves indicate the existence of
a critical concentration xc �0.05�xc�0.075� for the
semimetal-to-metal transition. We shall discuss these trans-
port results later in relation to the ARPES data.

Figure 3�a� shows the energy distribution curves �EDCs�
of TiSe2 at 250 K in the normal phase using h�=45 eV. In
order to indicate energy bands clearly, we have taken the
second derivative of the photoemission intensity along the
energy direction. Figure 3�b� exhibits the intensity plot thus
obtained, in a linear gray scale; the darker portion indicates
the stronger spectral intensity, that is, where the energy
bands are located.

The energy-band dispersion of TiSe2 is similar to that of
TiS2 �Ref. 7�, except for the details near EF. At least two
branches show maxima at the A point �k� /kAL=0�, minima at
the L point �k� /kAL= ±1�, and they cross EF at the � point
�k� /kAL=k� /k�M =2�. Thus, the valence top bands should
have a dispersion along the �A direction, as well as along the
in-plane ��M and AL� directions. A spectral feature with a
small intensity is observed at the L point just below EF,
showing the existence of a small electron pocket, in agree-
ment with previous works18–21 and band-structure
calculations.8,22–24 Such a result is consistent with the experi-
mental fact that the dominant carriers are holes in the normal
states, as revealed by the Hall effect and the Seebeck effect
measurements.9

Significant variations from the host band dispersion occur
in the Fe intercalation compounds with x=0.05 and 0.14
�Figs. 4�a� and 4�c��. Especially for the x=0.05 sample, one
can clearly recognize more than four branches around the A
point �Fig. 4�a��. This indicates a modification of the Ti-Se

FIG. 2. The �-T curves for FexTiSe2 single crystals with �a� x
=0, �b� 0.01�x�0.05, and �c� 0.075�x�0.154. The dashed line
in �a� shows � for the samples grown at 900 °C. The bars show the
characteristic transition temperatures Tc determined from the
d� /dT-T curves.
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hybridization upon Fe intercalation. Figure 4�b� shows EDC
around the A �k� /kAL=0�, L �k� /kAL=1�, and � �k� /kAL=2�
points. The intensity at the L point is increased indicating
filling of the electron pocket.

The x=0.14 sample exhibits dispersive bands with a
rather broad width at the A point �Fig. 4�c��. The EDC for the
L point in Fig. 4�d� shows a significant enhancement of spec-
tral intensity compared with those for x=0 and x=0.05
samples. One can clearly see two flat bands at EF and at the

binding energy of �0.3 eV in EDCs in Fig. 4�e�. As the EDC
for k� /kAL=2 in Fig. 4�d� shows, the dispersive energy bands
forming hole pockets near the � point are shifted away from
EF on Fe intercalation. Such a variation is strongly sugges-
tive of a destruction of the periodicity along the c axis due to
a random bridging of the layers by the intercalated Fe atoms.
Since the band position is lowered at the � point, a charge
transfers from Fe guest atoms to Ti and Se atoms to adjust
their net valence states.

FIG. 3. ARPES result of TiSe2 at 250 K using h�=45 eV. �a� EDCs, �b� intensity plot.

FIG. 4. ARPES results of FexTiSe2 �x=0.05
and 0.14� at 250 K using h�=45 eV. �a� The in-
tensity plot for x=0.05. �b� EDCs at k� /kAL=0, 1,
1.9, for x=0.05. �c� The intensity plot for x
=0.14. �d� EDCs at k� /kAL=0, 1, 2 for x=0.14.
�e� EDCs at k� /kAL=0.5, 1.5 for x=0.14.
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The bond formation between Fe 3dz2 and Ti 3dz2 states
should be responsible for the two flat bands for x=0.14, tak-
ing into account that similar flat bands also appear in FexTiS2
�Ref. 7� and Fe0.25TiTe2 �Ref. 25�. The present results of
FexTiSe2 is qualitatively consistent with theoretical results on
Fe0.25TiS2,26 in which net charges of the Ti, S sites, and Fe
atom and charge transfer between Ti and Fe or between S
and Fe are calculated by the full potential linear augmented
plane-wave �FLAPW� method.

It is important to elucidate how Fe intercalation into the
host material affects the 2a�2a�2c superlattice formation
at low temperature. Figure 5�a� shows that branches appear
at 50 K around the L point for TiSe2. Note that a similar
bandfolding is also clearly observed at the M point for TiSe2
in Fig. 6�b�. Above Tc the spectral intensity at the M point is
very weak �Fig. 6�a��. These observations are in agreement
with the reported results for TiSe2, and also with the 2a
�2a�2c superlattice formation.18,19,21 If the superlattice is
realized, the volume of the Brillouin zone is 1 /2�1/2
�1/2=1/8 of the original zone, and the L and M points
become equivalent, as confirmed by the present results.

In Fig. 5�b�, the x=0.05 sample clearly exhibits bandfold-
ing at the L point. There is probably more than one branch,
which is different from the TiSe2 case. Instead of bandfold-
ing, however, one can only see a flat band at the M point as
Fig. 6�d� shows. The absence of bandfolding at the M point
indicates that the superstructure formation along the c axis is
inhibited by the Fe intercalation. The L and M points are no

longer equivalent for x=0.05, which is a significant variation
from the case of TiSe2.

For the x=0.14 sample, no new signal of bandfolding at
the L point has been observed at 50 K �Fig. 5�c��, besides
clear flat bands at EF and at 0.3 eV as in the higher tempera-
ture �Figs. 4�c�–4�e��. The flat band is also clearly observed
at the M point in Figs. 6�e� and 6�f�. Thus, the bandfolding
due to the superlattice formation was totally suppressed by
the Fe intercalation at a concentration of x=0.14.

The destruction of the superlattice formation upon inter-
calation was already pointed out indirectly from the analysis
of �-T data for substitution of Ti by other atoms such as Ta
and V.27 The critical concentration, xc, is 0.05�0.075 �Ref.
8�, which is in agreement with the present result. Although
the substitution of Se atoms by S atoms in TiSe2�1−y�S2y also
suppresses superlattice formation, the critical concentration
is much higher, yc�0.5 �Refs. 9 and 28�. This value of yc
corresponds to the threshold concentration for site percola-
tion on a two-dimensional-triangular lattice with a period
constant a.29

In the following, we shall discuss the critical concentra-
tion of FexTiSe2, in relation to a percolation theory. Accord-
ing to the Monte Carlo simulation of the dichalcogenide lay-
ered host,30 Fe guest atoms are distributed to avoid being on
their nearest neighbor sites as a result from a repulsive inter-
action between guests. Then a guest Fe atom makes a strong
bonding with six surrounding chalcogen atoms, while the
bonding between Fe atoms are negligibly small because of
the long inter-Fe distances in the case of x�0.25. Bonding
between the Ti atoms above and below the Fe atom, Ti-Fe-
Ti, takes place and it especially affects the electronic struc-
ture just near EF, since the Ti 3dz2 and Fe 3dz2 states are the
main contributors to the branches near EF.

In order to understand the observed suppression of the
2a�2a�2c superlattice, however, we should pay attention
to the remarkable displacements of the constituent Ti and Se
atoms in the ordered states in the host, which are 0.08 and
0.02 Å, respectively, from the positions in the normal states,9

as shown in Fig. 7�a�. In earlier works,9 a triple q mechanism
for the charge-density wave �CDW� transition accompanying
a 2a�2a�2c superlattice has been proposed, where the dis-
placements of Ti atoms �open circles� and Se atoms �dots�
shown in Fig. 7�a� results in the characteristic CDW tem-
perature Tc. According to Whangbo and Canadell,31 further-
more, the second-order JT effect is dominant for the super-
lattice formation in TiSe2 rather than the first-order JT effect
caused by the rotational deformation of Se atoms. An inter-
calated Fe atom forces to fix the surrounding Se atoms and
next neighboring Ti atoms via the strong p-d hybridization �a
Ti site over the intercalated Fe atom is represented by double
open circles in Fig. 7�b��, inhibiting a large lattice distortion
or a lattice softening to the vibration mode related to the
superlattice formation. In other words, the intercalated Fe
atom produces a cluster consisting of seven Ti atoms �Fig.
7�b��, which cannot participate with the host superlattice for-
mation because of its large deformation energy. An addi-
tional cluster within a 2a distance must overlap by sharing
one corner �Fig. 7�b��, while that separated by more than �7a
��2.65a� cannot overlap. Therefore, we can suppose a clus-
ter distribution on a two-dimensional triangular lattice of

FIG. 5. The intensity plots near EF of FexTiSe2 at 50 K; �a� x
=0 at h�=21.2 eV, �b� x=0.05 at h�=45 eV, and �c� x=0.14 at
h�=45 eV. Branches due to bandfolding appear around the L point
for x=0 and 0.05.
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�7a��7a for FexTiSe2. Note that the two-dimensional lat-
tice should be reasonable here since the superlattice forma-
tion along the c axis is suppressed by Fe intercalation for
x�0.05 on the basis of the present ARPES results.

For a special Fe concentration of x=1/7, all sites of the
lattice are occupied by clusters and there is no site to con-
tribute to the host superstructure formation, as shown in Fig.
7�c�. Then, the critical concentration xc can be evaluated as a
percolation threshold concentration on a two-dimensional-
triangular lattice with a period constant of �7a, that is, xc
=0.5�1/�7�2=1/14�0.0714 �Ref. 29� which is in good
agreement with the critical concentration for FexTiSe2 of
0.05�xc�0.075. Below xc, the seven Ti atom clusters no
longer percolate �Fig. 7�d�� and the network of superlattice
can extend to the whole specimen; the superlattice can sur-
vive and influence physical properties. The concentration de-
pendence of the electrical resistivity at 300 K, in which a
maximum appears at xc=0.05�0.075, and an increase of
iron content leads to the resistivity drop �Figs. 2�b� and 2�c��,
can be attributed to the fact that randomness is reduced
above the threshold concentration.

IV. CONCLUSION

We have examined �-T curves and ARPES spectra of
FexTiSe2 single crystal. The �-T curves indicates the
semimetal-to-metal transition occurs at 0.05�xc�0.075.
ARPES results indicated that flat bands appear near EF, and

FIG. 6. Temperature variation in ARPES near EF of FexTiSe2 at h�=35 eV. Left panels show results at high temperature; �a� x=0
�250 K�, �c� x=0.05 �280 K�, and �e� x=0.14 �250 K�. Right panels show results at 50 K; �b� x=0, �d� x=0.05, and �f� x=0.14. Branches due
to bandfolding appear around the M point for x=0, but are absent for x=0.05 and x=0.14.

FIG. 7. Schematic diagrams of �a� displacements of Ti and Se
atoms due to 2a�2a superlattice formation in TiSe2 and �b� a
cluster consisting of seven Ti atoms caused by an Fe guest atom,
where Ti and Se atoms are no longer displaced, as in the host. An
additional cluster within 2a must overlap partially while another
one separated by more than �7a does not. Cluster distribution on a
two-dimensional-triangular lattice of �7a��7a for FexTiSe2 with
�c� x=1/7 and �d� x�1/14, which correspond to a fully occupied
state and a critical state of percolation threshold, respectively. Se
atoms are omitted for simplicity.
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the Se 4p derived bands around the � point are lowered upon
Fe intercalation. The bandfolding due to the 2a�2a�2c
superlattice formation disappears above the critical concen-
tration xc�0.05. This value of xc can be well explained by
the percolation theory of the cluster consisting of seven Ti
atoms induced by the Fe intercalation. The percolation
threshold for a two-dimensional-triangular lattice with a
period constant of �7a has been evaluated to be xc=1/14
�0.074, which is in good agreement with the present
experiments.
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