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The addition of Cr to NbSe3 at low concentrations reduces the charge-density-wave energy gaps and
modifies the Fermi surface. As the concentration is increased to 5 at. % a new phase exhibiting a metal-
insulator transition at -700 K is formed. Atomic force microscopy shows a strong static charge modu-
lation with a wavelength of three times the atomic spacing and the crystal is completely insulating at
room temperature.

The addition of Cr to NbSe3 produces a number of
phases having different linear chain structures and unusu-
al electronic properties. Previous studies of Crp 67NbSe3
by Ben Salem et al. ' and Cava et al. showed that it
formed a new linear chain structure of the form
CI

~ 6Nb2 4Se&p with four chains per unit cell rather than
six as found in pure NbSe3. This new phase showed a
metal-insulator transition with an onset temperature of
—140 K similar to that previously observed by Hillenius
et ah. in Fep 25Nbp 75Se3. This latter compound also
formed a structure with four chains per unit cell of the
form FeNb3Se&p. Hillenius et aI. also showed that the
metal-insulator transition was induced by a charge-
density wave (CDW).

In this paper we report the discovery of a dilute Cr-
doped phase of NbSe3 that exhibits a metal-insulator
transition at a much higher temperature with an onset
temperature of —700 K. Atomic force microscopy
(AFM) scans on this new phase also indicate a very
strong charge modulation along the chains with a wave-
length equal to approximately three atomic spacings. At
Cr concentrations in the range x =0—0.04, Cr NbSe3 is
only slightly changed in structure from that of pure
NbSe3. The normal Fermi surface pocket is modified and
the CDW gaps are reduced, but the two CDW transitions
as observed in the resistance versus temperature show rel-
atively small changes in the onset temperatures. As
shown in Fig. 1 for Crp Q3NbSe3, the two resistance
anomalies associated with the CDW's are still strong
with onset temperatures that are reduced from 144 to 140
K for T2 and 59 to 56 K for T, . As shown in Fig. 2 the
CDW energy gaps are reduced from 6&=101.2+1.8 to
42. 7+3.2 meV and 5 =35.0+1.3 to 25.3+3.7 meV, re-

spectively, as measured by scanning tunneling micro-

scope (STM) spectroscopy. The extremal sections of the
normal Fermi surface (FS) as measured for field direc-
tions lying in the a-c plane also become more isotropic as
shown in Fig. 3. The frequency rises for field directions
near the c axis while it decreases substantially for field
directions near the CDW q-vector direction projected on
the a-c plane. This indicates a considerable change in the
anisotropy of the CDW energy gaps, although the energy
gaps measured in Fig. 2 are for tunneling only in the
direction perpendicular to the c axis. However, the large
changes in the measured CDW energy gaps are consistent
with the substantial change observed in the normal FS
anisotropy. AFM scans of CrQ Q3NbSe3 at room tempera-
ture show three chains per unit surface cell as shown in
Fig. 4. One chain is high and two are low consistent with
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FIG. 1. Temperature dependence of resistance along the b
axis for Crp o3NbSe3. The two CDW phase transitions are
characterized by giant resistance anomalies with onsets at
Tj =56 K and T2=140 K. Both are reduced compared to
T& =59 K and T2 =144 K observed for pure NbSe3. The overall
shape of the curve is very similar to that observed for pure
NbSe3.
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FIG. 4. AFM scan at room temperature on Crpp3NbSe3
recorded in the constant force mode. The crystal structure ob-
served is consistent with that for pure NbSe3 with one high
chain and two low chains. However, the image indicates a weak
charge modulation of 210 along the chains induced by the pres-
ence of the dilute concentration of Cr.

FIG. 2. Conductance vs bias-voltage curves measured at 4.2
K for pure NbSe3 and Cr003NbSe3. The arrows indicate the
CDW gap edges. (a) Pure NbSe3 exhibits CDW gap edges at
+101.2 and +35.0 mV. (b) Crop3NbSe3 exhibits CDW gap
edges at +42.7 and +25.3 mV. These are reduced by -60%
and -30%, respectively, compared to those observed in pure
NbSe3.

the chain structure observed for pure NbSe3. However,
there is a weak charge modulation of -2bp along the
chains induced by the presence of Cr which at these di-
lute concentrations is likely to be located in the van der
Waals gap below the surface unit cell. Charge transfer
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FIG. 3. Angular dependence of the quantum oscillation fre-
quencies observed at 1.2 K in NbSe3 (solid rectangles) and

Cr003NbSe3 (solid triangles) for magnetic fields lying in the a-c
plane. Each curve shows a maximum near the direction Q
which represents the low-temperature CD%' q-vector direction
projected on the a-c plane. The frequency of Cr0&3NbSe3 rises
for magnetic-field directions near the c axis while it decreases
significantly for magnetic-field directions near the Q-vector
direction compared to the frequencies observed for pure NbSe3.
An additional low-frequency branch is observed for pure NbSe3.

from the Cr can occur as is also observed in the layer di-

chalcogenides where ordered superlattices of Fe in the
van der Waals gap create substantia1 charge transfer to
the surface Se atoms.

For x =0.05 the crystal structure shows an abrupt
change and becomes insulating at room temperature.
Scans with the atomic force microscope show a large
modulation of the static charge at a wavelength of ap-
proximately 3 atomic spacings as shown in Fig. 5. Figure
5(a) shows both the atomic modulation and the charge
modulation, while Fig. 5(b) shows only the charge modu-
lation. Each chain appears to be identical except for the
phase displacement of the charge modulation on adjacent
chains. This phase displacement is —120 and indicates
three surface chains per unit cell for the superlattice.

The insulating state and the strong charge modulation
appear to be connected with a metal-insulator transition
with an onset above -700 K as shown in the resistance
versus temperature curve of Fig. 6. The resistance has
risen to 10 MQ at 620 K and rises to an insulating state
in the lower temperature range. The initial rise in resis-
tance is similar to that observed in FeNb3Se~p ol
Cr, 6Nb2 4Se&p, but neither of these compounds becomes
insulating even at helium temperatures. ' STM tunneling
into Crp p~NbSe3 is not possible at room temperature for
bias voltages up to 10 V, while FeNb3Se&p shows tunnel-

ing at 4.2 K at relatively low bias voltages.
In Crp p5NbSe3 the strong charge modulation and the

insulating state may be connected with a commensurate
structure. In FeNb3Se&p the metal-insulator transition is
induced by a CDW, but it remains incommensurate
down to 6 K. Although the onset and resistance rise in

Crp p5NbSe3 is very similar, the abrupt rise below 600 K
may be connected with an incommensurate to commens-
urate transition. X-ray diffraction work to determine the
crystal structure and to detect the possible CDW struc-
ture is planned, but larger crystals are required and are
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FIG. 6. Temperature dependence of resistance measured
from 800 to 620 K for Cro05NbSe3. A strong metal-insulator
transition is observed with an onset of -700 K. At 620 K the
resistance reaches 10 MO while below 620 K the crystal rapidly
becomes insulating.

currently being grown. The efFect of dilute impurities on
CDW pinning and quantum oscillations has been dis-
cussed by Coleman et a/. in terms of magnetic break-
down of the CDW energy gaps. The role of the electron-
ic modifications of the CDW by impurities and how they
drive the phase transition need further study.

The high temperature at which this metal-insulator
transition occurs and the fact that it proceeds to a com-
plete insulating state make this material unique. Further
studies to understand the mechanism should be interest-
ing.

FIG. S.G. S. (a} AFM scan at room temperature on Croo5NbSe3
recorded in the constant force mode. The image shows a large
charge modulation along the b axis at a wavelength of approxi-
mately 3 atomic spacings. Each chain appears identical except
for a phase displacement of 120' for the charge maxima on adja-
cent chains. This indicates three surface chains per unit cell for
the superlattice. The chain sparing is 6.S A. (b) AFM scan at
room temperature on the same crystal as in (a). The charge
modulation of approximately 3 atomic spacings is detected both
on the surface chains (continuous white areas) and between the
surface chains (continuous black areas) ~ For this adjustment of
the look-up table two atoms are resolved along the chains below
the surface, but the charge modulation remains at approximate-
ly three times the atomic spacing.
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