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There has been renewed interest in transition metal dichalcogenides (TMDs) as electronic materials. The modification of the electronic structures
of TMDs by means of metal intercalation would be of interest in that respect. With this motivation, we have synthesized and performed angle-
resolved photoemission studies on Fe- and Cu-intercalated TMD FexNbSe, and CuxNbSe, with various x values. FexNbSe, (x = 0,0.25) and
CuxNbSe, (x = 0,0.06) were grown by the iodine vapor transport method. Intercalation and doping were confirmed by changes in c-axis lattice
constant and electronic structure, respectively. A significant amount of electron doping from Fe and Cu was observed, as indicated in the ARPES
data measured as the rigid downshift of bands. In addition, band folding was observed in Fe,NbSe,, for which the unit cell is doubled owing to the
Fe order. However, the extra band folding expected from the antiferromagnetic order of Fe was not observed.

© 2013 The Japan Society of Applied Physics

1. Introduction

Graphene has many favorable properties as an electronic
material, such as high mechanical strength and excellent
thermal conductivity.'™ It has been demonstrated that
single-layer graphene can be used to fabricate a field-effect
transistor (FET).” On the other hand, the weakness of
graphene as an electronic material is that it does not have a
band gap. For this reason, there have been steady efforts to
create a band gap using an external electric field in double-
layer graphene'®'® or by growing graphene on hexagonal
boron nitride (h-BN).!%!>

Other than graphene, attention has been paid to layered
materials with layers weakly coupled by van der Waals
force.!® A few layers of those materials, obtained by an
exfoliation method, can be used in the fabrication of devices.
In that respect, a notable family of materials comprises
transition metal dichalcogenides (TMDs) with strong intra-
layer coupling but weak interlayer coupling. One advantage
of using TMDs is that there are various selections unlike
graphene. Recent reports on the successful fabrication of a
FET using single- and double-layer MoS, brought even
further attention to the possibility of using TMDs as elec-
tronic materials.'”

The modification of physical properties of TMDs by
inserting foreign atoms or molecules between weakly
bonded layers would be of natural interest. The intercalation
of metals atoms to modify electronic structures is of
particular interest, because through it, we can control the
doping process. NbSe;, one of the best-known TMDs [see
Fig. 1(a) for the crystal structure], is well known for its
charge density wave (CDW) state below Tcpw = 33.5K as
well as its superconducting transition below T, = 7.2K.'®
The intercalation of metal atoms, such as V, Cr, Mn, Co,
and Ni, was indeed found to modify physical properties,
such as the CDW and superconducting states.'®!°>* On the
other hand, studies on the electronic structure change upon
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Fig. 1. (a) Crystal structure of NbSe,. (b) Hexagonal BZ and schematic of

FS topology. Special k-space points are also noted.

intercalation by means of direct methods, such as ARPES,
are relatively rare.

Motivated by this issue, we have synthesized Fe- and Cu-
intercalated NbSe,, Fe,NbSe, (x = 0,0.25), and Cu,NbSe,
(x =0,0.06). We find that both Fe and Cu donate electrons
and downshift the original NbSe, bands. However, we find
that Fe and Cu are not fully ionized, especially for Fe.
Intercalated Fe is known to form a 2a superlattice as well
as an antiferromagnetic (AF) order.>” Although we see
folded bands due to the 2ag x 2aq structural order, there
is a lack of electronic structure modification due to the AF
order. The latter implies that the interaction of the electrons
in NbSe; and the Fe magnetic moment is fairly weak.

2. Experimental Methods

2.1 Crystal growth

Single crystals of NbSe, were synthesized by a conventional
iodine vapor transport method.?® The crystals were grown
from pre-reacted polycrystalline samples. For the prepara-
tion of the starting material CuggsNbSe,, Cu, Nb, and Se

© 2013 The Japan Society of Applied Physics
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powders corresponding to the stoichiometric ratio were
introduced into cleaned quartz tubes and sealed at a pressure
of 1072 Torr or lower. For the Feg,5sNbSe, polycrystalline
starting material, Fe, Nb, and Se powders at a ratio of
0.4:1:2% were sealed in evacuated quartz tubes. The
ampoules were slowly heated from 25 to 800°C at 4°C/h
and then annealed for 3 days at 800 °C.

For the single crystal growth, a charge of 2.5g was
introduced into ampoules and I, as a transport agent was
subsequently added to the pre-reacted powder at an
amount of 10g/cm®. Ampoules were then placed in a
horizontal three-zone tube furnace with the hot and cold
temperatures kept at 750 and 650°C, respectively, and
maintained for 2 weeks. The single-crystalline phase of the
grown crystals was confirmed from (00/) X-ray diffraction
(XRD) peaks. Intercalant concentration was determined
from the c-axis lattice constant (lattice constants of NbSe,,
CugosNbSe;, and FegosNbSe, are 12.547,° 12.58, and
12.67 A, respectively).

2.2 Photoemission measurements

For NbSe, and CugosNbSe,, ARPES data were taken
using 21.2eV light with a laboratory system equipped with
Scienta R4000 and Gamma-data discharge lamp at 10 and
40 K. For Fey,5NbSe,, data were taken at beamline 9A of
the Hiroshima Synchrotron Radiation Center with a photon
energy of 24eV at 10 K. Samples were cleaved in situ at a
pressure lower than 5 x 10~!! Torr. The energy resolutions
were about 5 and 15meV for the laboratory and beamline
systems, respectively.

3. Results and Discussion

3.1 Doping effects

ARPES data from NbSe,, Feg,5NbSe,, and Cug gsNbSe, are
plotted in Fig. 2. The left panel of Fig. 2(a) shows the Fermi
surface (FS) map of NbSe, constructed by integrating a
20meV energy window at approximately the Fermi energy.
The symmetry and topology of the FSs are consistent with
those of the Brillouin zone (BZ) and schematic FSs shown in
Fig. 1(b). The right panel of Fig. 2(a) shows an image plot
of the ARPES data along the 'K cut. The bands are two
electron-like bands and there are 4 Fermi level crossings that
extend from I to K, consistent with the schematic FS. Note
that the bottom of the outer band is at a 200 meV binding
energy.

When Cu atoms are intercalated between the weakly
bonded layers of NbSe,, they donate electrons. Such a
process makes Cu,NbSe, an electron-doped system. With
extra electrons, the Fermi level shifts upward in the band
structure or the bands shift downward. Since the FS pockets
of NbSe, are hole pockets, the FSs should shrink. Plotted
in Fig. 2(b) are the FS and '-K cut data of CugosNbSe;.
Comparing the FSs of the two systems, we find that the FS of
Cug,0sNbSe; is smaller than that of NbSe, as expected. It is
easier to see the doping effect from the I'-K cut data in the
right panel. Note that the band bottom is now at 220 meV.
This confirms that Cu intercalation indeed electron-doped
NbSez.

Figure 2(c) shows the FS and I'-K cut data of
Fey,sNbSe,. Although the overall FS shape is retained,
one can immediately see that there is more electron doping
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Fig. 2. ARPES spectra from (a) NbSe,, (b) CugosNbSe;, and

(c) FepasNbSe,. Left panels show FS maps in the first BZ constructed by
integrating a 20 meV energy window at approximately the Fermi energy Ep,
while right panels show ARPES data obtained along the 'K direction. For
notations of I' and K, refer to Fig. 1.

in this material. This is more evident in the I'-K cut data for
which the band bottom is now at 300meV. The primary
reason for the strong electron doping is simply the fact that
there are more Fe atoms in Fej,5NbSe, than Cu atoms in
CUO.%NbSez.

From the ARPES data in Fig. 2, we note two aspects of
the data. We directly confirmed that electrons are indeed
doped into NbSe, upon metal intercalation. From the
estimated total FS area with respect to the entire BZ for
Cug 0sNbSe,, the band filling is 0.58, which is larger than
that for the pure system (0.51). In the case of Feq,5NbSe;,
the value is 0.73, which is much larger than that for the
pure system. The values indicate that both Cu and Fe
donate approximately one electron per atom and remain
away from being fully ionized. This should be related to the
fact that the metal hosting NbSe, is not as electronegative as
typical anions, such as oxygen, and that we do not observe
intercalant-derived bands. This is rather peculiar especially
for Fey,sNbSe; considering the large amount of intercalated
Fe and that Fe atoms are ordered. The overall effect of
metal intercalation is a simple rigid shift of the NbSe, band
structure.

© 2013 The Japan Society of Applied Physics
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Fig. 3. Temperature-dependent (a) magnetization and (b) resistivity data
from Fe(5NbSe,. Magnetization was measured with the field direction
perpendicular to the plane. The resistivity curve shows a sudden down turn
at 106 K. A kink is observed at the same temperature for the magnetization
curve.

3.2 Structure and AF ordering effects of Fe

Fe magnetic moments in Fey,;NbSe, order at a low
temperature. Figure 3(a) shows a temperature-dependent
magnetization curve of our crystals. The curve shows
paramagnetic behavior above Ty = 106 K. Below Ty, the
magnetization curve drops sharply, which is a typical
behavior of an AF order. It also shows that magnetic
moments lie in the plane as the magnetization was measured
with the field perpendicular to the plane. The AF order is
also reflected in the temperature-dependent resistivity data in
Fig. 3(b). As temperature decreases, the resistivity suddenly
drops below Tn. As the only difference observed above and
below Ty is the magnetic order, such resistivity behavior
implies that electrons in Fej,sNbSe, strongly interact with
Fe magnetic moments. The contribution of fluctuating Fe
magnetic moments to the resistivity above Ty decreases
when Fe magnetic moments order below Ty.

Intercalated Fe atoms also order, as shown in Fig. 4.
Shown in Fig. 4(a) are projections along the c-axis in a
single NbSe, layer (left) as well as FSs (right). As Fe atoms
are intercalated, they form an ordered phase, as shown in
Fig. 4(b). As a result, the size of the unit cell quadruples, as
indicated by the dotted tetragon. As the unit cell enlarges,
the BZ shrinks. From a different view, one can say that
bands should be folded. Considering the fact that the band
structure should repeat itself when translated by reciprocal
lattice vectors, one can construct the folded bands by
translating original bands using reciprocal lattice vectors.
So obtained FSs are drawn as dashed curves in the right
panel of Fig. 4(b).

A rather complex resulting FS structure should be
observed in the FS map. In fact, there is an indication of
such folded bands in Fig. 2(c). In the FS map in Fig. 2(c),
near the I' point, there is a small weak hexagonal FS, which
is formed by folded bands. However, such an FS is not
observed in the NbSe, and CugosNbSe, data in Figs. 2(a)
and 2(b), respectively. To investigate the folding effect in
the electronic structure more closely, we plot ARPES data
near the I" point in Fig. 5. An electron-like band centered
at the I' point is evident. This band was originally near the
M point of the BZ but was scattered in the I" point region
owing to the extra modulation induced by the ordered Fe
atoms. The right panel of Fig. 5 shows selected momentum
distribution curves of the data in the left panel. Two peaks
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Fig. 5. Fep,sNbSe, ARPES data obtained along the G-K cut near the I’
point. The right panel shows the selected momentum distribution curves
from the data in the left panel. Arrows mark the Fermi momenta of folded
bands at the I" point.

marked by arrows are very clear, confirming the presence of
an electron-like band.

By comparing the folded (at I') and original (intense band
between 0.4 and 0.6 10\’1) bands, the folded band is observed
to be much weaker. This indicates that the electron
scattering due to the extra modulation induced by Fe atoms
is not very strong. This is understandable considering the
fact that the electrons that form the bands are located within
NbSe, and the magnetic moments are in the Fe atoms, that
is, they are geometrically separated. Likewise, we may see
additional band folding due to AF ordering. This is more
plausible because the temperature-dependent resistivity data
in Fig. 3 indicate that coupling between an electron and an
Fe magnetic moment can be fairly strong. However, folded
bands due to the AF order were not observed in our data.
This shows that the effect of the AF order is not as strong as
that of the atomic order.

© 2013 The Japan Society of Applied Physics
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4. Conclusions 7)
. 8)
We grew single crystals of Fe,NbSe, (x =0,0.25) and
Cu,NbSe, (x=0,0.06) by the iodine vapor transport 9)
method. The crystallinity of the single crystals was o
confirmed by XRD analysis. The c-axis lattice constant )
determined from the XRD measurement increases upon  14)
intercalation, indicating that atoms are indeed inserted
between NbSe, layers. ARPES experiments were performed 12
to measure the electronic structures of the samples. We 13)
observed, judging from the amount of downshift in the band
structure, that a significant number of electrons are doped
to NbSe,. In addition, we observed band folding due to 14)
Fe atom ordering for Fe,NbSe,. However, we did not 15)
observe the effect of the Fe magnetic moment AF order in 1)
spite of the fact that fairly strong electron-magnetic moment
scattering is suggested from the resistivity data. This L
indicates that electron coupling to the AF order is not as g
strong as that to the Fe atom order.
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