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The intercalation of Fe into the van der Waals gap in the 2H phase transition-metal dichalcogenides
NbSe,, TaSe,, and TaS, produces many interesting electronic, magnetic, and structural effects. The
scanning tunneling microscope (STM) and atomic force microscope (AFM) prove to be very sensitive to
these changes and we report a wide range of results as a function of Fe concentration. All three materi-
als support similar 3a,X 3a, charge-density-wave (CDW) structures in the pure state at low tempera-
tures. At low concentrations of Fe the CDW superlattice is still strong at 4.2 K and persists to high con-
centrations of Fe. At high concentrations, the Fe becomes ordered in the octahedral holes in the van der
Waals gaps, and superlattices of the form 2a,X 2a, and V' 3a, XV 3a, are observed. These can be detect-
ed at both 300 and 4.2 K. STM spectroscopy at 4.2 K shows that in 2H-Fe, NbSe, and 2H-Fe, TaSe, the
energy gap in the electronic spectrum is initially reduced, but stabilizes at higher Fe concentrations and
remains well defined for the ordered 2a,X2a, phase. A transition from a CDW to a mixed CDW and
spin-density-wave state is indicated, since these high Fe concentration phases are antiferromagnetic. In
2H-Fe, Ta$S, both 2a,X 2a, and V3a, XV 3a, superlattices are observed. The 2a,X 2a, regions show a
large energy gap, while the V3a,X v 3a, do not. The latter phase is ferromagnetic and would not be ex-
pected to exhibit a gap. The development of the electronic structures over the entire range of Fe concen-
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trations has been followed by STM and AFM and can be tracked in detail.

I. INTRODUCTION

We have used scanning tunneling microscopes (STM’s)
operating at 4.2 and 300 K and atomic force microscopes
(AFM’s) operating at 300 K to study the intercalation of
Fe into the van der Waals gap of the 2H phase of the
transition-metal dichalcogenides1 NbSe,, TaSe,, and
TaS,. At low temperatures the pure materials support
charge-density waves? (CDW’s) which partially gap the
Fermi surfaces, but the CDW phases remain metallic at
the lowest temperatures. The intercalation of Fe into the
van der Waals gap gradually modifies the CDW structure
in all three materials, but the CDW structure persists on
a microscopic scale up to high Fe concentrations of 20%
or more. The Fe atoms occupy the octahedral holes be-
tween the chalcogen atoms and at higher concentrations
form ordered superlattices. The ordered superlattices
produce either antiferromagnetic or ferromagnetic transi-
tions with onset temperatures below room temperature.

The Fe atoms create charge transfer to the sandwich
layers and this allows both the STM and AFM to detect
the formation of the superlattice. The form of the super-
lattice can be a function of Fe concentration and in some
intercalated crystals two types of superlattice can be ob-
served due to microscopic variation in the Fe occupation
of the octahedral holes.

Using a low-temperature STM we have also measured
the effect of Fe concentration on the CDW energy gaps.
These can change rapidly in certain ranges of Fe concen-
tration, but remain relatively large up to high Fe concen-
trations. In addition, the crystals that exhibit antiferro-
magnetic phases continue to exhibit a gap in the energy
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spectrum, so that the CDW energy gap merges continu-
ously into a gap characterizing the antiferromagnetic
phase which indicates the existence of a mixed density-
wave state throughout the range of Fe concentration.

At higher concentrations of Fe ordered superlattices
and magnetic phases can be observed. In 2H-Fe, NbSe,
the magnetic phase is antiferromagnetic and the superlat-
tice is 2ayX2a,. A 2ayX2a, superlattice is also observed
in 2H-Fe,TaSe, while in 2H-Fe,TaS, superlattices of
V/3a,XV'3a, and 2a,X2a, can be observed in different
crystals or in different areas of the same crystal. The
2H-Fe, ;;TaS, crystals with a V'3a,XV 3a, superlattice
are ferromagnetic below ~80 K and exhibit no gap in the
energy spectrum while 2H-Fe,TaS, crystals with a
2a,X 2a, superlattice exhibit a well-defined energy gap at
42 K.

We have carried out STM and AFM scans on crystals
with Fe concentrations in the range x =0-0.33. STM
spectroscopy has been performed at 4.2 K and, in addi-
tion to energy gaps, a number of features indicating cou-
pling to the Fe or to excitations of the magnetic phase
have been observed. In some spectra from 2H-
Fe, ;3NbSe, crystals, zero bias peaks in conductance indi-
cate an interaction of the tunneling electrons with Fe
atoms at or close to the surface. In some cases isolated
Fe or FeO, particles can produce Coulomb barrier
effects. At higher energies strong peaks in conductance
indicate a resonance coupling to the magnetic phase.
STM and AFM scans showing superlattice formation in
all three 2H phase materials will be shown along with
spectroscopy curves that track the energy gap associated
with the density waves.
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Results of STM and AFM studies on the pure
transition-metal dichalcogenides have been reviewed by
Coleman and co-workers.>*

II. EXPERIMENTAL TECHNIQUES

The STM’s used in these experiments include both cus-
tom built and commercial models. The custom built
STM'’s are designed to operate in a cryogenic environ-
ment and are all based on a similar design briefly de-
scribed below and in greater detail in Refs. 3 and 4.
Operating with the microscope submersed in a cryogenic
liquid has produced a high degree of thermal stability and
has greatly aided in the detection of the many subtle elec-
tronic effects observed. Room-temperature STM and
AFM images were obtained with Nanoscope II and III
scanning probe miroscopes built by Digital Instruments.’

The custom built STM’s used in these experiments fol-
low a simple basic design using an x-y translator cut from
a single block of Channel 5400 piezoelectric material
(Channel Industries, Santa Barbara, CA) and a semicircu-
lar disk bimorph made of Channel 5800 material. The
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FIG. 1. (a) STM gray scale image of 2H-NbSe, recorded at
4.2 K (2 nA, 50 mV). This shows a ~3a,X3a, CDW superlat-
tice. (b) Profile of z deflection along a line of atoms in (a). The
total z deflection is ~0.5 A with the CDW and atomic modula-
tions showing approximately equal magnitudes (from Ref. 4).
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tunneling tip is mounted in the x-y translator and the
crystal is mounted on the bimorph which provides the z
deflection.

All images produced by the cryogenic STM were taken
in the constant current mode. The tunneling currents
were typically 1-10 nA and the tunneling bias voltages
were in the range 10-100 mV. Spectroscopic curves
were obtained by momentarily interrupting the feedback
loop to the microscope and sweeping the bias voltage
through the designated range. The current was recorded
directly to give an I versus V plot. The dI/dV versus V
curves were recorded by applying an additional ac signal
of 3 mV and 1 kHz during the dc sweep. The magnitude
of the conductance was detected with a lock-in amplifier.

The transition-metal dichalcogenides studied in this
paper were grown by the method of iodine vapor trans-
port. For the pure crystals, stoichiometric quantities of
powder were sealed in quartz tubes and prereacted by
sintering at 900°C. The sintered powders were then
sealed in another quartz tube with iodine gas and placed
in an oven. The exact temperature and temperature gra-
dients differ for each compound. The crystals are slowly
cooled from temperatures around 750°C. High-quality
crystals resulted from these growth procedures, as
confirmed by residual resistance ratios R of 60 to 300,
and the observation of large magnetoquantum oscilla-
tions in the pure 2H compounds. The Fe enters the van
der Waals gaps in the single crystals grown from the sin-
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FIG. 2. Conductance vs bias-voltage curves measured at 4.2
K. The arrows indicate the conductance peaks above the CDW
gap edges. (a) Pure 2H-NbSe, with peaks at ~+59.0 mV. (b)
2H-Fey 9166NbSe, shows peaks at ~+31.0 mV. The magnitude
is reduced by ~50% compared to the pure phase in (a).
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tered powders and little if any incorporates in the close-
packed layers of the crystals. At the higher Fe concen-
trations the Fe begins to order on the octahedral hole
sites within the van der Waals gap.

For the Fe-doped crystals, the appropriate amount of
Fe powder was added and sintered along with the pure
quantities. Ordered regions of a 2a,X2a, superlattice
correspond to a local Fe concentration of x =0.25 while
ordered regions of a V'3a,X V/3a, superlattice correspond
to a local Fe concentration of x =0.33.

III. EXPERIMENTAL RESULTS K

A. STM of Fe, NbSe, at 4.2 K

Pure 2H-NbSe, exhibits an incommensurate CDW
below 35 K with a wavelength of ~3a,. The q vector®is
given by q=(1—258)a* /3 with §=0.025 at the CDW on-
set and §=0.011 at 5 K. Figure 1(a) shows a STM scan
of pure 2H-NbSe, at 4.2 K showing the 3a,X3a, CDW
superlattice as well as the atomic lattice. The total z
deflection is ~0.5 A equally divided between the atom
deflection and the CDW deflection as shown in the profile
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FIG. 3. (a) Temperature dependence of the resistivity change
Ap parallel to the layers divided by the Fe concentration ¢. The
Kondolike minima are obtained for all three doped 2H-NbSe,
compounds. The position of the minimum shifts to higher tem-
peratures as the concentration increases (from Ref. 7). (b) The
resistance vs temperature curve measured parallel to the layers
of 2H-Fe, ,oNbSe, again shows a Kondolike minimum with the
position of the minimum at ~35 K.
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of Fig. 1(b).

The STM spectroscopy of pure 2H-NbSe, shows gap
edges at £59.0 mV as shown in Fig. 2(a). The addition of
Fe to 2H-NbSe, at a concentration on the order of 1%
substantially reduces the measured CDW energy gap as
shown in Fig. 2(b) for x =0.0166. The gap edges are ob-
served at £31.0 mV. In this low range of Fe concentra-
tions the CDW amplitude shows only small changes and
the STM scans continue to show a strong 3a,X 3a, super-
lattice. The resistance versus temperature develops a
Kondolike resistance minimum’ as shown in Fig. 3(a) and
this continues to be observed for Fe concentrations in ex-
cess of 10% as shown in Fig. 3(b). As shown in the
profiles of Figs. 4(a) and 4(b) the CDW modulation of
wavelength 3a; continues to dominate in this range of Fe
concentration. At Fe concentrations above x =0.10 the
3a, modulation is still observed as shown in Fig. 4(c), but
the total z deflection becomes considerably larger than
observed in pure 2H-NbSe, or in 2H-NbSe, with dilute
Fe doping.

As the Fe concentration increases the 3a,X 3a, super-
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FIG. 4. Profiles of z deflection taken from STM images at 4.2
K for (a) 2H-Feg 166NbSe,, (b) 2H-Fe, ;(NbSe,, and (c) 2H-
Fej ,0NbSe,. All three profiles show the ~3a,X3a, CDW
modulation, which is dominant in (a) and (b). The amplitude of
the CDW modulation increases with increasing concentration
of Fe.
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lattice becomes more disordered in the STM scans, but
the CDW gap decreases only very slowly with the gap
edges observed at 28.0%3.4 mV for x =0.10 and at
25.4+1.0 mV for x =0.20 as shown in Figs. 5(a) and 5(b).
In the Fe concentration range of x =0.20-0.30 the
3a, X 3a, superlattice disappears in the STM scans and is
replaced by a 2a,X2a, superlattice as shown in the scan
and profile of Fig. 6. This coincides with the expected or-
dered occupancy of the octahedral hole sites in the van
der Waals gap and the regions of perfect ordered
2a,X2a, superlattice occupancy would correspond to
x =0.25. As shown in the profile of Fig. 6(b), the 2a,
modulation is dominant and corresponds to an enhanced
z deflection of ~2 A. These observations suggest a sub-
stantial charge transfer from the Fe to the Nb atoms
above the occupied octahedral sites as well as to the sur-
face Se atoms.

Above x =0.20 the resistance versus temperature also
makes a transition from the Kondolike behavior to
curves showing a strong slope change in the neighbor-
hood of 120 K and a monotonic decrease of resistance
below this temperature. We associate this with the tran-
sition to an antiferromagnetic phase which is consistent
with the susceptibility measurements reported by Hel-
lenius and Coleman.! A resistance versus temperature
plot for x =0.33 is shown in Fig. 7. At the same time
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FIG. 5. Conductance vs bias-voltage curves measured at 4.2
K for 2H-Fe,NbSe,. They indicate that the CDW gap size
remains relatively constant when the concentration of Fe is
greater than x =0.10. (a) for x =0.10, A=28.0+3.4 meV.
(b) For x=0.20, A=25.4%+1.0 meV. (¢) For x=0.33,
A=25.3+01.5 meV.
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STM spectroscopy measurements show that the energy
gap persists and is essentially unchanged in magnitude as
x increases from 0.20 to 0.33. As shown in Fig. 5(c) the
gap edges are observed at +25.3+1.5 mV for x =0.33,
the same magnitude as observed for x =0.20 in the spec-
trum of Fig. 5(b).

The STM spectroscopy also shows the existence of a
strong resonance interaction with strong peaks in the
conductance curves at =150 mV as shown in Fig. 8(a) for
x =0.33. This suggests possible interactions with the an-
tiferromagnetic spin wave excitations. These strong reso-
nance peaks can be observed at different positions on the
crystal surface, but shift slightly in energy and at some
locations can show a distinct splitting as shown in Fig.
8(b). Variations in the local occupancy of the octahedral
holes by Fe may account for these spatial variations in
resonance coupling in 2H-Fe, ;3NbSe,.
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FIG. 6. (a) STM gray scale image of 2H-Fe, ;3NbSe, record-
ed at 4.2 K (2 nA, 50 mV). A 2a,X2a, superlattice is clearly
seen, which indicates that the ~3a,X3a, CDW superlattice is
reduced or converted to a mixed density wave. (b) Profile of z
deflection along the line shown in (a). The total z deflection is
~2 A with superlattice and atomic modulations of approxi-
mately equal amplitudes. However, these are much larger than
those observed for pure 2H-NbSe,.
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FIG. 7. Resistance vs temperature curve measured for 2H-
Fe, 33NbSe, which indicates an antiferromagnetic phase transi-
tion at ~ 122 K.

B. STM and AFM of Fe, NbSe; at 300 K

Pure 2H-NbSe, exhibits a perfect atomic lattice at
room temperature in both STM and AFM scans. The ad-
dition of intercalated Fe in the van der Waals gap is not
detected at low concentrations on the order of x =0.01,
but at much higher concentrations above x =0.10 local
areas of 2apX2a, modulation gradually develop. At
x =0.33 the crystals show a strong 2a,X2a, superlattice
as shown in the STM scan of Fig. 9(a). The scan shows
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FIG. 8. Strong, sharp resonance peaks are observed in the
conductance curves at ~+150 mV for 2H-Fe, ;3NbSe, at 4.2 K.
(a) Peaks without splitting. (b) Peaks with splitting. The reso-
nant peaks represent coupling to excitations of the Fe superlat-
tice.
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an enhanced z deflection predominantly centered on
every other Se atom with a slight asymmetry emphasizing
two additional surface Se atoms in the seven-atom cluster
to give a three-atom cluster. As shown in the profile of
Fig. 9(b) the total z deflection is ~0.4 A, with the addi-
tional 2a, modulation associated with the charge transfer
from the Fe contributing more than half the total.

The AFM scan as shown in Fig. 10(a) exhibits the same
basic response giving rise to a three-atom cluster with the
center Se atom showing the greatest z deflection. As
shown in the profile of Fig. 10(b) the total deflection is
approximately 0.5 A with about one half the deflection
contribution by charge transfer to the center Se atom.
Comparison of the STM and AFM scans suggests that
the local density of states (LDOS) is more concentrated
on the center Se atom while the combined effects on the
total charge due to the charge transfer and Fermi surface

distance (nm)

deflection (nm)

distance (nm)

(b)

FIG. 9. (a) Gray scale image of STM scan at room tempera-
ture on 2H-Fe; ;3NbSe,. The image was recorded using the con-
stant current mode with ¥ =20 mV and I =6 nA. The image
indicates enhanced amplitude on every other Se atom with a
slight asymmetry emphasizing two additional surface Se atoms
in the seven atom cluster. (b) Profile of z deflection along a row
of atoms in (a).
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changes shift the response farther off the center Se atom
as demonstrated in the three dimensional AFM scan
presented in Fig. 10(c). However, both the AFM and
STM scans show that the dominant charge transfer
occurs to the center Se atom, even though the octahedral
holes occupied by Fe are located symmetrically with
respect to the three surface Se atoms. The nature of the
charge transfer will be considered in Sec. IV.
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FIG. 10. (a) Gray scale image of AFM scan at room tempera-
ture on 2H-Fe, ;3NbSe,. The image was recorded using the con-
stant force mode. The image shows a basic 2a,X 2a, structure,
but with a stronger three atom cluster than observed in the
STM scan. (b) Profile of z deflection for the AFM scan of (a).
The profile indicates that the atomic and superlattice deflections
are comparable. (c) Three-dimensional projection of the AFM
scan of (a). The strong three-atom cluster is clearly evident.
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C. STM of Fe, TaSe, at 4.2 K

The intercalation of Fe into the van der Waals gap of
2H-TaSe, produces a sequence of changes similar to
those observed for 2H-NbSe,. Pure 2H-TaSe, exhibits a
CDW transition with an onset of 122.3 K. The CDW is
initially incommensurate, but undergoes a first-order
transition to a commensurate 3a,X3a, superlattice at
~90 K. At dilute Fe concentrations the 3a,X3a, CDW
superlattice modulation remains observable while the
CDW energy gap undergoes an initial rapid reduction
from ~90 meV for pure 2H-TaSe, to ~50 meV for
Fe, TaSe, with x =0.05. Spectroscopy curves for x =0
and 0.05 are shown in Fig. 11. In the lower ranges of Fe
concentration a Kondolike minimum also develops in the
resistance versus temperature curve followed by a resis-
tance maximum as shown in Fig. 12(a).

At higher Fe concentrations the gap in the energy
spectrum remains relatively unchanged in the range
50-60 meV and for x =0.33 gives a value of 58.8+4.6
mV for the location of the gap edge in the energy spec-
trum as shown in Fig. 13. Above x =0.20 the resistance
versus temperature curve also makes a transition to one
exhibiting a sharp increase in slope below ~58 K with a
monotonic decrease to the lowest temperatures as shown
in Fig. 12(b).

For Fe concentrations between x =0.20 and 0.33 a
2a,X2a, superlattice develops and is completely dom-
inant at x =0.33 as shown in the STM scan and profile of
Fig. 14. The z deflection from the 2a,X2a, superlattice
remains small at ~0.5 A indicating that the charge
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FIG. 11. Conductance vs bias-voltage curves measured at 4.2
K. (a) Pure 2H-TaSe, with peaks above CDW gap edges at
~189.9 mV. (b) 2H-Fe, ¢sTaSe, with peaks above CDW gap
edges at ~+54.6 mV.
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FIG. 12. (a) Temperature dependence of the resistivity

change Ap divided by the Fe concentration ¢, measured parallel
to the layers for doped 2H-TaSe,. A Kondolike minimum fol-
lowed by a maximum is obtained for each of the two Fe-doped
2H-TaSe, crystals (from Ref. 7). (b) Resistance vs temperature
curve measured for 2H-Fe, ;;TaSe,. A magnetic phase transi-
tion is indicated at ~58 K.

transfer and change in LDOS due to Fe may be substan-
tially less in 2H-Fe, ,sTaSe, than in 2H-Fe, ,sNbSe,. The
onset of the magnetic phase transition at ~58 K is also
lower compared to the 122-K onset observed for 2H-
Fe, ,sNbSe,. Otherwise, the development of the 2a,X2a,
superlattice and magnetic phase follows the same pattern
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FIG. 13. Conductance vs bias-voltage curve measured at 4.2
K for 2H-Fe, ;3TaSe,. The peaks above the gap edges occur at

~158.8 mV.
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FIG. 14. (a) STM gray scale image of 2H-Fe, ;;TaSe, record-
ed at 4.2 K (2 nA, 50 mV). A 2a,X2a, superlattice is clearly
seen. (b) Profile of z deflection along the line shown in (a). The
total z deflection is ~0.5 A with superlattice and atomic modu-
lations of approximately equal amplitudes.

FIG. 15. Three-dimensional projection of an AFM scan at
room temperature on 2H-Fe, ;;TaSe,. The picture was record-
ed using the constant force mode. The picture indicates a clear
2a, X 2a, superlattice due to the Fe intercalation.
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as a function of Fe concentration in both 2H-Fe, NbSe,
and 2H-Fe, TaSe,.

Measurements of the resistance versus temperature as
analyzed in Ref. 7 show negative values of the exchange
constant for both 2H-Fe ,NbSe, and 2H-Fe, TaSe,. We
conclude that 2H-Fe TaSe, also develops an antiferro-
magnetic phase although susceptibility measurements at
high Fe concentrations have not been made. The per-
sistence of the energy gaps in the high Fe concentration
phases of both 2H-NbSe, and 2H-TaSe, also appears to
be characteristic of crystals that develop a 2a,X2a, su-
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FIG. 16. (a) Resistivity vs temperature curves measured in
the temperature range 1-40 K for 2H-TaS, and 2H-Fe, (sTaS,.
The curve of 2H-Fe, osTaS, exhibits a superconducting transi-
tion at ~3 K and shows no Kondolike minimum. The pure ma-
terial is superconducting only below 0.8 K. Insert shows
Fey osNbSe, for comparison. (b) Resistance vs temperature mea-
sured for 2H-Fe, ;3TaS,. A magnetic transition is indicated at 80
K.
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FIG. 17. (a) STM gray scale image of 2H-Fe, 3;TaS, recorded
at 4.2 K (2 nA, 50 mV). A complete 2a,X2a, superlattice is
clearly seen. (b) Profile of z deflection along the line shown in
(a). The total z deflection is ~0.07 A with the superlattice and
atomic modulations of approximately equal amplitudes. These
are much weaker than observed for pure 2H-TaS,.

perlattice and exhibit antiferromagnetic phases. Further
discussion will be given in Sec. IV.

D. STM and AFM of Fe, TaSe, at 300 K

At 300 K the STM scans of 2H-Fe, ;;TaSe, show an
extremely weak 2a,X2a, modulation which is barely

0.064
9 2H-Feq 33TaS,
£ 0056
E |- 2/
% 0.048-
=
©
0.04 e ; et
315 010 -0.05 -0.00 0.05 0.10 0.15

VOLTAGE (V)

FIG. 18. Conductance vs bias-voltage curve measured at 4.2
K for 2H-Fe, 53TaS,. (a) The curve was measured on a crystal
with a 2a,X2a, superlattice and a clear energy gap structure
with peaks in conductance at ~+38.3 meV is observed.
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detectable relative to the atomic modulation by the sur-
face Se atoms. This indicates that the LDOS at the Fer-
mi level at the position of the STM tip has not been ap-
preciably modified at room temperature while it is sub-
stantially modified below the magnetic transition at 58 K
as was indicated in the STM scale at 4.2 K (see Fig. 14).

In contrast to the STM scans the AFM scans at room
temperature show a much larger relative amplitude
modulation at the 2a, wavelength. As shown in the
three-dimensional AFM scan of Fig. 15, the added inten-
sity is fairly well concentrated on the center Se atom of
the seven atom cluster.

These results at room temperature on 2H-Fe, ;;TaSe,
indicate that the static charge transfer to the surface Se
atoms by the Fe superlattice and detected by the AFM is
relatively large compared to the modification of the
LDOS at the Fermi level induced by the Fe superlattice
and detected by the STM at room temperature.

E. STM of Fe, TaS, at 4.2 K

The same series of Fe intercalated alloys of 2H-TaS, as
were measured for Fe intercalated 2H-NbSe, and 2H-
TaSe, have also been studied by both STM and AFM. In
this case the electronic behavior is quite different and the
STM and AFM techniques easily detect these differences.
The 2H phase of TaS, exhibits a CDW onset at ~75 K
and forms a ~3a,X 3a, superlattice that remains incom-
mensurate down to at least 14 K. The measured wave
vector at 70 K is given by q=(1+8)aj/3 where
8=0.01740.009. At low concentrations of Fe with
x =0.05 the crystals become superconducting at ~3 K
and no Kondolike minima are observed as shown in Fig.
16(a) for x =0.05. The STM scans also show the devel-
opment of a 2a, modulation in many regions of the crys-
tal, although there is a mixture of 2a, and 3a, modula-
tions in the STM scans. The CDW energy gap shows
only a slow reduction as the Fe concentration is in-
creased. The measured values for x =0, 0.05, and 0.08
are 55.5%3.7, 52.61+2.2, and 46.2+2.7 meV indicating
that the CDW phase remains relatively strong even
though regions of ordered Fe occupation are forming.

At higher Fe concentrations regions of ordered super-
lattices of both 2a,X2a, and V3a,X V/3a, Fe occupancy
of the octahedral holes are observed, and at x =0.33 the
resistance versus temperature shows a transition at 80 K
as shown in Fig. 16(b). A STM scan at 4.2 K showing a
2a,X 2a, superlattice is shown in Fig. 17(a) and a profile
is shown in Fig. 17(b) for a crystal of Fe, ;3TaS,. The lo-
cal occupancy in this region is therefore x =0.25. The
energy spectrum measured for a crystal with a 2a;,X2a,
superlattice shows an energy gap of 38.3+2.0 meV as cal-
culated from the conductance curve shown in Fig. 18. In
other regions of the same crystal or in different crystals a
V3 3a0><\/ 3a, superlattice can be observed in the STM
scans at nominal Fe concentrations of x =0.33 as shown
in Fig. 19. This indicates a local Fe concentration of

x~0.33. The V3a,XV3a, superlattice appears as a
larger hexagon rotated 30° from the inner hexagon of
atoms in Fig. 19. _ _

In the regions of the crystal with V'3a,XV 3a, super-
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FIG. 19. STM gray scale image of 2H-Fe, ;;TaS, recorded at
42 K. A \/3a0X\/3a0 superlattice is observed. The superlat-
tice, marked by larger solid circles, appears as the larger hexa-
gon rotated 30° from the inner atom hexagon (small solid cir-
cles).

lattice the conductance curves show little or no evidence
of any energy gap in the spectrum. Figure 20 shows a
comparison of conductance curves measured from
V'3ay XV 3a, versus 2a,X 2a, regions of the same crystal
(\i/o_ped with an initial Fe concentration of x =0.33. The

3a,X V3a, superlattice in Fe,TaS, with x =0.28 has
previously been shown by Eibschiitz er al.’ to be fer-
romagnetic through the use of Mdssbauer measurements.
We conclude that this ferromagnetic phase does not ex-
hibit an energy gap. The crystal regions with a 2a,X 2a,
superlattice or crystals with a dominant 2a,X2a, super-
lattice all show a substantial energy gap comparable to
the energy gaps observed in the antiferromagnetic phases
of 2H-Fe, NbSe, and 2H-Fe, TaSe,.

The profiles of Fe, TaS, in either phase show a weaker
z deflection generated by the superlattice than is observed
in Fe, NbSe,, 0.7 A versus 2.0 A. This indicates a weaker
charge transfer from Fe, but otherwise the 2a,X2a, su-

0.10 0.12
0.09- -Fe 43785, F0.11
< 0081 +0.10
g 0.071 0.09
= 0.061 -0.08
= 005 10.07
% 0.044 —»  0.06
0.03 2agx2ay g0
00320 015 010 005 000 005 o010 o015 o020°*
VOLTAGE (V)

FIG. 20. Conductance vs voltage curves for 2H-Fe, ;;TaS,
recorded at 4.2 K. Upper curve is an average of several
curves taken with the STM tip over a V'3a,XV3a,
region of the crystal. Little or no gap structure is apparent.
Lower curve is an average of several curves taken with the STM
tip over a 2a,X2a, region of the same crystal. An energy gap
with a measured value of ~30 meV is present.
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FIG. 21. Gray scale image of AFM scan at room tempera-
ture on 2H-Fe, 3;TaS,. The image was recorded using the con-
stant force mode. The upper region shows a large bright hexa-
gon with an inner weaker hexagon rotated by 30°, while the
lower region shows a large weak hexagon with an inner brighter
hexagon rotated by 30°. This indicates a phase slip of the
V3a, XV 3a, superlattice, created by an increase in the local
concentration of Fe in the octahedral holes.

perlattice is very similar to that observed in Fe, NbSe,
and Fe, TaSe,. Various aspects of the charge transfer and
magnetic phase formation will be discussed in Sec. I'V.

F. STM and AFM of Fe, TaS, at 300 K

The 2a,X 2a, and V'3a,X V'3a, superlattices can be ob-
served at room temperature in Fej ;;TaS, using both
STM and AFM. The charge transfer from Fe is relative-
ly weak and the AFM gives the best resolution. The oc-
cupancy of the octahedral holes shows substantial varia-
tion such that regions of 2a,X2a, and V'3a,XV 3a, can
be observed in the same crystal for x =0.33. In addition,
large regions of a single type of superlattice can also show
variations in the configuration of the charge transfer to
the surface S atoms. The entire region, however, remains
in the 2a,X2a, ordered superlattice state with a 2a,
wavelength. _ N

For crystals showing the V'3a,XV 3a, ordered super-
lattice in large regions, the Fe occupancy of the octahe-
dral holes can show variations corresponding to a phase
slip of the V'3a,X V' 3a, superlattice. The relative height
of the inner and outer hexagons similar to those in Fig.
19 are reversed. This reversal is equivalent to extra occu-
pancy by Fe such that the V3a, XV 3a, superlattice un-
dergoes a phase slip of one octahedral hole spacing as
shown from top to bottom in Fig. 21. The large and
small hexagons in either case are rotated by 30°, which is
a signature of the V'3a,X V/3a, superlattice.

IV. DISCUSSION

Previous x-ray-diffraction experiments'®!! on 2H-
Fe,NbSe, and 2H-Fe, TaS, have established the existence
of ordered superlattices of Fe with the Fe atoms occupy-
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FIG. 22. Diagram of octahedral hole locations in 2H crystal
structure. The two types of supercells are indicated by dashed
lines.

ing the octahedral holes located below the Nb or Ta
atoms as shown in Fig. 22. Occupancy of all of the avail-
able octahedral holes would correspond to x =1.0. In
Fe,NbSe, with x =0.33 the superlattice was observed to
be 2a,X2a, while with x =0.50 it was observed to be
V'3a,XV'3a,. The above values of x are those of the
original growth compound used in the diffraction experi-
ments. The regions of perfectly observed Fe superlattice
correspond to x =0.25 and 0.33, respectively, while any
additional Fe is either randomly distributed in octahedral
holes or localized in clusters.

In the case of 2H-Fe, Ta8,, the x-ray data for x =0.33
indicated the formation of a V'3a,XV 3a, superlattice.
In both 2H-NbSe, and 2H-TaS, the addition of inter-
calated Fe was observed to expand the lattice along the ¢
axis. In Fe ,NbSe, with x =0.25 and x =0.33 the lattice
constants along the ¢ axis were measured to be 12.62 and
12.67 A, respectively, versus 12.54 A in pure 2H-NbSe,.
The lattice constants in the plane of the layers showed
only very small changes. In 2H-Fe; ;;TaS, the lattice
constant in the c direction was measured to be 12.29
versus 12.10 A in pure 2H-TaS,. Lattice constants in the
plane of the layers again showed very little change.

A. Superlattice formation
and STM spectroscopy of 2H-Fe, NbSe,

The STM and AFM results reported in this paper for
2H-Fe,NbSe, confirm the Fe superlattice structure as re-
ported in the x-ray-diffraction experiments for x =0.33
in the starting powder. Large areas of 2a,X2a, ordered
superlattice are observed and this superlattice appears to
be nearly perfect on a microscopic scale. Localized de-
fects can be observed but these represent isolated defects
in an otherwise perfect superlattice pattern. At Fe con-
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centrations less than x =0.33 the areas of 2a,X2a, su-
perlattice gradually decrease and the 3ay;X3a, CDW su-
perlattice appears. This is a gradual change in electronic
structure with the detection of CDW structure in STM
scans as soon as the Fe concentration of the starting
powder is reduced below x =0.20.

The behavior of the energy gap in the conductance
curves also shows a continuous slow change at the higher
Fe concentrations and does not change appreciably in
magnitude as the Fe concentration is increased to
x =0.33. This indicates that both the low Fe concentra-
tion phases dominated by the CDW superlattice and the
high Fe concentration phases dominated by the Fe super-
lattice formation exhibit an electronic spectrum with en-
ergy gaps of approximately equal magnitude. The per-
sistence of a substantial energy gap can be interpreted as
evidence for the existence of a density wave over the en-
tire range of Fe concentrations.

It has already been suggested by Antoniou'? that there
is a competition between charge- and spin-density waves
in transition-metal dichalcogenides and that the addition
of Fe impurities helps to stabilize the spin-density wave
(SDW). Using the framework of a Landau-Ginsburg
mean-field theory he has developed a model for interpret-
ing the behavior of 2H-Fe, TaSe, based on the transition
from a CDW to a CDWSDW phase. The latter is an
aperiodic SDW stabilized by the Fe impurities with a
smeared CDW serving as a background. This model was
used to explain the nonlinear dependence of the Hall
effect, the existence of a resistance maximum following a
resistance minimum at low temperature, the negative
magnetoresistance at high magnetic fields, and gives a
good numerical fit to the susceptibility data on Fe, TaSe,
with x <0.10. The onset of the CDWSDW is predicted
to be above 20 K for x =0.10 and to increase linearly
with the concentration of Fe.

The model should be equally applicable to 2H-
Fe,NbSe, since the transport, magnetotransport, suscep-
tibility, superlattice formation, and energy gaps behave in
exactly the same way as observed for 2H-Fe, TaSe,. The
only difference observed is that the STM detects a greater
amplitude both at room temperature and at 4.2 K for the
2a, X 2a, superlattice formed in Fe,NbSe, than formed in
Fe,TaSe,, while the AFM shows equal amplitudes for the
2a,X 2a, superlattices in both materials at room tempera-
ture. This suggests a subtle difference in the bound
charge transfer versus modification of the LDOS as
detected by the STM.

The susceptibility data* indicate a transition to an anti-
ferromagnetic state above x =0.20 and at x =0.33 a
well-defined susceptibility maximum is observed at ~130
K. For dilute alloys with x <0.07 the negative magne-
toresistance data’ have also been fit to a theory by Beal-
Monod and Weiner'® and the required exchange con-
stants are negative indicating an antiferromagnetic in-
teraction.

Overhauser'* originally proposed the formation of a
static spin-density wave (SDW) as a possible mechanism
for antiferromagnetism in dilute alloys. The paramagnet-
ic solute atoms would then become oriented through
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their exchange interaction with the spin-density wave.
2H-NbSe, has nested Fermi surface sections which favor
the formation of a CDW in the pure phase, but the inter-
calated magnetic impurities could tend to suppress the
CDW component and stabilize the SDW component
which at higher concentrations could drive the formation
of an antiferromagnetic phase. The existence of a
density-wave, either SDW or mixed SDWCDW, would
explain the existence of the energy gap up to high Fe con-
centrations as observed in the STM spectroscopy experi-
ments.

The STM and AFM scans are dominated at high Fe
concentrations by the effects of the charge transfer to the
Nb atoms by the Fe located below the Nb atoms in the
octahedral holes and the resulting charge transfer to the
surface Se atoms which gives rise to the dominant
2a,X2a, superlattice. The density wave, either SDW or
SDWCDW would exist at a wavelength determined by
the Fermi surface nesting, possibly near 3a, as observed
for the original CDW or at some other multiple of the
lattice vector depending on the degree of Fermi surface
modification due to Fe. The STM would not detect a
dominant SDW and would have difficulty detecting a
weak CDW component compared to the 2a, modulation
associated with the direct static charge transfer to the
surface Se.

B. Superlattice formation and STM spectroscopy
of 2H-Fe, TaSe,

The behavior of 2H-Fe, TaSe, as a function of Fe con-
centration is very similar to that observed for 2H-
Fe,NbSe,. For more dilute concentrations the 3a;X3a,
CDW superlattice is still observed and the energy gap,
after an initial reduction, changes very slowly as the Fe
concentration is increased. A Kondolike resistance
minimum and negative magnetoresistance are observed
for x =0.10. These features disappear at high concentra-
tions where a strong 2a,X 2a, superlattice appears. How-
ever, the onset of the magnetic transition in Fe ;;TaSe,
occurs at a substantially lower temperature than observed
in Fej ;3NbSe,, 58 K versus 122 K. The STM modula-
tion amplitude contributed by the 2a,X2a, superlattice
at 4.2 K is also substantially weaker in Fe, ;3;TaSe,, 0.25
A versus 1.0 A in Fe, 33NbSe,.

This comparison suggests that the modification in the
LDOS at 4.2 K produced by the 2a,X2a, superlattice in
the antiferromagnetic phase is substantially weaker in
Fe, ;3TaSe, than observed in Fej ;3;NbSe,. The compar-
ison of STM scans at room temperature also shows a
much weaker modification in the LDOS for Fe ;3TaSe,.

In contrast to the STM profiles, the AFM profiles at
room temperature show nearly identical absolute and rel-
ative amplitudes indicating that the total charge
modification is the same in both materials. The con-
clusion is that Fe, ;3NbSe, shows a greater modification
in the conduction electron LDOS while Feg3;TaSe,
shows a greater static charge transfer associated with the
Fe superlattice. In both materials at 4.2 K the LDOS is
modulated by Fe and the persistence of the energy gap
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structure over the entire range of Fe concentration sug-
gests that a density wave is continuously present in the
electron gas in both materials. The model of Antoniou'?
shows a satisfactory fit to the data on Fe, TaSe, for
x <0.10, but has not been extended in any detail to the
ordered magnetic phase.

The negative magnetoresistance fits to the Béal-Monod
and Weiner!® theory give negative exchange constants
similar to those generated for Fe,NbSe,. However, the
susceptibility has not been measured for the high Fe con-
centrations above x =0.20.

C. Superlattice formation and STM spectroscopy
of 2H-Fe, TaS,

For dilute concentrations of Fe in 2H-TaS, the effects
on the transport properties are quite different from those
observed for 2H-NbSe, and 2H-TaSe,. At x =0.05 a su-
perconducting transition is observed at ~3 K in
Fe,TaS,, but at 4.2 K an energy gap of 52.6+2.2 meV is
observed indicating that the CDW remains strong. This
suggests that the CDW and superconductivity coexist at
the lowest temperatures in 2H-Fe; ,sTaS,. At higher
temperatures the resistance rises monotonically and no
Kondolike minima are observed (see Fig. 16). As the Fe
concentration is increased, the CDW energy gap slowly
decreases as larger regions of ordered Fe superlattice are
formed.

The regions of Fe superlattice observed in the STM
scans show two different geometries and these show a ma-
jor difference in the energy gaps detected by STM spec-
troscopy. In regions of the crystal where a strong
2a,X2a, superlattice is observed at high Fe concentra-
tions, the energy gap remains fairly large and well defined
at a value of 38.31+2.0 meV as shown in the lower curve
of Fig. 20. The same behavior was observed for the
2apX2a, superlattices in 2H-Fej;;NbSe, and 2H-
Fej ;3TaSe,. In regions of the 2H-Fej ;;TaS, crystals
where a strong V'3a,X Vv 3a, superlattice is observed little
or no energy gap can be observed by STM spectroscopy
as was shown in the upper curve of Fig. 20.

For 2H-Fe,TaS, with x =0.33 in the starting powder
the dominant superlattice forming in the sintered powder
as determined by x-ray diffraction'! was V3a,XV3a,.
Electron diffraction’ on crystals grown from x =0.33
powder also showed a clear V'3a, XV 3a, superlattice, but
the stoichiometry of the crystals as determined by x-ray
fluorescence was x =0.28, indicating a nonuniform Fe
content. The STM scans on crystals also grown from
x =0.33 powder show regions of both V'3ay,XV 3a, and
2a,X2a, superlattice, also indicating a nonuniform Fe
content.

Magnetization measurements’ and Mdssbauer adsorp-
tion measurements® on Fe, ,3TaS, single crystals at 4.2 K
showed the response to be ferromagnetic with a large
coercive force and anisotropy. The x-ray and electron
diffraction measurements suggest that these crystals are
dominated by the V'3a,X \/%ao superlattice so that the
ferromagnetic phase of the crystal should be associated
with the ordered V'3a,X V'3a, superlattice.

DAI, XUE, GONG, SLOUGH, AND COLEMAN 48

The present STM and AFM results show that although
the V'3a,XV 3a, superlattice may dominate in crystals
grown from x =0.33 powder, microscopic regions of
2a, X 2a,, superlattice can also be formed in such crystals.
These regions exhibit a large energy gap in the electronic
spectrum, comparable in magnitude to the energy gaps
observed for the 2a,X2a, Fe superlattices observed in
2H-Fe,NbSe, and 2H-Fe, TaSe,. This also indicates the
formation of a density wave in such regions. In this case
the 2ayX2a, superlattice would be antiferromagnetic and
the V'3a,X V73 3a, superlattice ferromagnetic, a possibility
since the exchange interaction can be a sensitive function
of distance. In the bulk crystals the ferromagnetic phase
would dominate properties such as magnetization.

V. CONCLUSIONS

The STM results have shown that the CDW modula-
tion and CDW energy gaps in the 2H phases of
Fe,NbSe,, Fe,TaSe,, and Fe, TaS, persist up to relatively
high concentrations of Fe, on the order of x =0.10 to
0.20. At higher Fe concentrations the CDW modulation
in the STM scans is replaced by a superlattice due to the
ordered Fe occupancy in the octahedral holes in the van
der Waals gap. When this superlattice is 2a;,X 2a, a large
energy gap in the electronic spectrum continues to be ob-
served up to x =0.33. This suggests the continued pres-
ence of a density wave at high Fe concentrations. A
mechanism as originally proposed by Overhauser, ! and a
similar one developed later by Antoniou'? could be
operating. The stabilization of a static SDW would drive
the formation of the antiferromagnetic phase, or the for-
mation of a mixed SDWCDW could lead to the antiferro-
magnetic phase. The mixed density wave state has been
discussed by Denley and Falicov!® who studied a variety
of electron correlated density wave states in_hexagonal
layers. When the Fe superlattice forms a V3a,XV3a,
lattice as observed for 2H-Fe, ;;TaS,, the energy gap is
no longer observed in the superlattice phase. This phase
is also ferromagnetic and would not be characterized by a
SDW or a mixed SDWCDW.

The STM and AFM scans indicate a rather large
charge transfer to the surface Se or S atoms. This charge
transfer is concentrated on one surface atom, but can be
shared between the three surface Se or S atoms that were
originally symmetrically located above the metal atom
and the octahedral hole occupied by the Fe. Comparison
of the STM and AFM scans shows that both the LDOS
at the Fermi level and the static charge on the surface
atoms are modified by Fe. The changes vary in both ab-
solute and relative magnitude for the three materials
studied and are strongest in 2H-Fe, ;;NbSe, where the
antiferromagnetic transition shows the highest onset tem-
perature of 122 K.

The use of the STM and AFM to study the new phases
of the 2H layer structure dichalcogenides induced by in-
tercalated Fe continues the use of probe microscopy stud-
ies that have proved very useful in looking at the most
detailed structure in these materials. Recent results on
1T-TaS, were able to show the clear existence of domain
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structure due to CDW formation. Wu and Lieber!®!?

showed the detection of CDW domain structure in 1T-
TaS, using STM scans at room temperature. Burk
et al.'® using Fourier transforms of large area STM scans
at room temperature were able to analyze both phase and
amplitude characteristics of the CDW domain structure
in 1T-TaS,. Coleman, McNairy, and Slough'® were able
to analyze detailed amplitude variations due to CDW
domains in real space STM data and to take into account
interference effects from the atomic surface structure.
All of these studies have demonstrated the power of scan-
ning probe microscopes in detecting both surface struc-
ture and electronic structure.

“ The results reported here show that the combined use
of STM, AFM, and STM spectroscopy can detect not
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only the microscopic superlattice formation due to Fe
doping, but also provides clear evidence of a sequence of
unusual electronic structure changes associated with in-
creasing Fe concentration and the existence of density
waves over the whole range of Fe concentration.
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FIG. 1. (a) STM gray scale image of 2H-NbSe, recorded at
4.2 K (2 nA, 50 mV). This shows a ~3a,X3a, CDW superlat-
tice. (b) Profile of z deflection along a line of atoms in (a). The
total z deflection is ~0.5 A with the CDW and atomic modula-
tions showing approximately equal magnitudes (from Ref. 4).
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FIG. 10. (a) Gray scale image of AFM scan at room tempera-
ture on 2H-Fe; ;;NbSe,. The image was recorded using the con-
stant force mode. The image shows a basic 2a,X 2a, structure,
but with a stronger three atom cluster than observed in the
STM scan. (b) Profile of z deflection for the AFM scan of (a).
The profile indicates that the atomic and superlattice deflections
are comparable. (c) Three-dimensional projection of the AFM
scan of (a). The strong three-atom cluster is clearly evident.
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FIG. 14. (a) STM gray scale image of 2H-Fe, ;;TaSe, record-
ed at 4.2 K (2 nA, 50 mV). A 2a,X2a, superlattice is clearly
seen. (b) Profile of z deflection along the line shown in (a). The
total z deflection is ~0.5 A with superlattice and atomic modu-
lations of approximately equal amplitudes.



FIG. 15. Three-dimensional projection of an AFM scan at
room temperature on 2H-Fe, ;;TaSe,. The picture was record-
ed using the constant force mode. The picture indicates a clear
2a, X 2a, superlattice due to the Fe intercalation.
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FIG. 17. (a) STM gray scale image of 2H-Fe, ;;Ta$S, recorded
at 4.2 K (2 nA, 50 mV). A complete 2a, X 2a, superlattice is
clearly seen. (b) Profile of z deflection along the line shown in
(a). The total z deflection is ~0.07 A with the superlattice and
atomic modulations of approximately equal amplitudes. These
are much weaker than observed for pure 2H-TaS,.



FIG. 19. STM gray scale image of 2H-Fe, ;;TaS, recorded at
4.2 K. A V3a,XV 3a, superlattice is observed. The superlat-
tice, marked by larger solid circles, appears as the larger hexa-
gon rotated 30° from the inner atom hexagon (small solid cir-
cles).
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FIG. 21. Gray scale image of AFM scan at room tempera-
ture on 2H-Fe, ;;TaS,. The image was recorded using the con-
stant force mode. The upper region shows a large bright hexa-
gon with an inner weaker hexagon rotated by 30°, while the
lower region shows a large weak hexagon with an inner brighter
hexagon rotated by 30°. This indicates a phase slip of the
V3a,X V3a, superlattice, created by an increase in the local
concentration of Fe in the octahedral holes.
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FIG. 6. (a) STM gray scale image of 2H-Fe, ;;NbSe, record-
ed at 4.2 K (2 nA, 50 mV). A 2a,X2a, superlattice is clearly
seen, which indicates that the ~3a,;X3a; CDW superlattice is
reduced or converted to a mixed density wave. (b) Profile of z
deflection along the line shown in (a). The total z deflection is
~2 A with superlattice and atomic modulations of approxi-
mately equal amplitudes. However, these are much larger than
those observed for pure 2H-NbSe,.
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FIG. 9. (a) Gray scale image of STM scan at room tempera-
ture on 2H-Fe, ;;NbSe,. The image was recorded using the con-
stant current mode with ¥ =20 mV and 7 =6 nA. The image
indicates enhanced amplitude on every other Se atom with a
slight asymmetry emphasizing two additional surface Se atoms
in the seven atom cluster. (b) Profile of z deflection along a row

of atoms in (a).



