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Long-range modulations at room temperature in NbSe; doped with interstitial impurities have been
observed using both atomic-force microscopy and scanning tunneling microscopy. The wavelength of
these modulations is a function of the impurity concentration starting as high as ten unit cells in wave-
length and changing through a sequence of wavelengths to a wavelength of two unit cells. These modu-
lations are closely connected to the existence of a strong susceptibility anomaly which induces two
charge-density waves (CDW’s) with onset temperatures of 144 and 59 K, respectively. If the CDW’s are
quenched above certain critical concentrations, then the room-temperature modulations are also
quenched. This general behavior has been observed for eight different interstitial impurities: V, Mn, Cr,
Gd, Pd, Fe, Co, and Ni. The impurity-induced modulations are not observed for substitutional impuri-
ties such as Ti. In a number of cases interstitial impurities at certain critical concentrations can intro-
duce crystal phases which exhibit a range of electronic properties such as a metal-insulator transition.
The presence of the high-temperature modulations has only small effects on CDW formation until the
concentration approaches critical values. These effects have been monitored by measuring the tempera-
ture dependence of resistance in the range 300-4.2 K. The high-temperature modulations result from
long-range impurity screening effects and preferred interstitial impurity sites, in the presence of a com-
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plex susceptibility response of the electron gas.

I. INTRODUCTION

A study of doped NbSe; at room temperature using an
atomic-force microscope (AFM) has detected the pres-
ence of a variety of lattice modulations that we suggest
result from long-range impurity screening effects and pre-
ferred interstitial impurity sites. These modulations de-
velop in systems which at lower temperatures undergo a
transition to a charge-density-wave (CDW) state and
have complex electric susceptibilities leading to long-
range ripples in the screening charge associated with the
impurities.

In the case of the quasi-one-dimensional metal NbSe;,
two CDW phase transitions, with onset temperatures of
Tc,=144 K and T.,=59 K are observed."'? Pure NbSe,
has a monoclinic crystal structure with six chains per
unit cell, and a number of band-structure calculations®*
for the high-temperature phase have been published.

Previous scanning tunneling microscope (STM) studies
of pure NbSe; at 4.2 K have shown strong electronic
charge modulations induced by the CDW’s. These are
located on different chains of the unit cell, and the ob-
served modulations are in agreement with independently
measured® wave vectors Q of the CDW’s, which have
been determined to be equal to

Q=(0G,,0.243G,,0G,)
for the high-temperature CDW, and
Q=(0.5G,,0.263G,,0.5G,)

for the low-temperature CDW. Here G,, G, and G, are
the three reciprocal-lattice vectors of the monoclinic
structure; G, is along the twofold axis (chain axis).
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The STM results at 4.2 K show equally strong modula-
tions associated with the low-temperature CDW to exist
on two of the three chains per surface unit cell. This ob-
servation was not expected since previous models®’ and
nuclear-magnetic-resonance results® have generally con-
cluded that only one pair of chains supported the low-
temperature CDW. This point has not been fully
resolved, although it does not affect the main results de-
scribed here for the high-temperature screening modula-
tions or the overall structure of the CDW at low temper-
ature.

The impurities to be discussed here enter the NbSe,
lattice in mostly interstitial positions unless there is a ma-
jor phase change where the crystal structure changes and
the impurity is incorporated into one of the chains. This
generally means that the crystal grows, taking up an im-
purity concentration that is partially controlled by the
preferred impurity modulation structure rather than the
concentration introduced in the original sintered powder
from which the crystal was grown. This often results in a
substantially lower concentration in the final crystal than
is introduced in the starting material. This has been
quantitatively checked for Fe doping with secondary-
ion-emission studies,” but for most of the doped crystals
the residual resistance ratios are systematically moni-
tored in order to compare the relative impurity concen-
trations. In addition, changes in the CDW resistance
anomalies, CDW onset temperatures, CDW energy gaps
at 4.2 K, and magnetoquantum oscillations at 1.1 K have
been monitored. All of these show relatively small but
systematic changes as the impurity concentration in-
creases, although the changes produced for given ranges
of concentration in the starting powder are specific for
each type of impurity. The properties and specific modu-
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lations scale with the values of x in the growth powder
and are reproducible for crystals obtained from a given
starting composition. We find that, as impurity levels are
increased in the starting powders, the final crystals show
a sequence of shifts that correspond to a monotonic in-
crease of impurity concentration. The changes in the
high-temperature modulation wavelength occur above
certain critical impurity concentrations in the starting
powder, and correlate with a higher density of impurities
along the chains.

The above effects are to be distinguished from cases
where above certain concentrations in the powder, the
dopant replaces Nb and an attendant crystal structure
change is induced. For example, crystals grown from
Fe,NbSe; powder with x>0.10 form crystals of
FeNb,Se,, where the structure consists of four chains:!°
three NbSe; chains and one FeSe chain. In the case of Cr
a sequence of 5by, 4b,, 3b,, and 2b, modulations is ob-
served in the range x =0.01-0.05 followed by a sudden
change in crystal structure at x = 0.05, where a phase can
be observed which shows a metal-insulator transition!!
below 700 K and is insulating at room temperature. In
these cases the CDW structure is completely changed
and a much different analysis is required. Examples of
AFM scans on these types of modified crystal phases will
be presented in Secs. III A 7 and III A 8.

We will present AFM scans on NbSe; doped with a
range of different impurities. All of them produce regu-
lar modulated structures at high temperatures, but the
wavelengths, amplitudes, and profiles can be quite
different. We also compare these high-temperature struc-
tures to changes observed in the CDW formation and en-
ergy gaps at low temperature as measured by resistance,
STM scanning, and STM spectroscopy.

II. EXPERIMENTAL TECHNIQUES

The quasi-one-dimensional trichalcogenide crystals
M, NbSe; used in these experiments were grown in vacu-
um using sealed quartz tubes. Growth temperatures were
in the range 700-800°C with temperature gradient of
~15°C per inch. The exact temperature and tempera-
ture gradient differ for each different compound. For
these crystals, x refers to the M, concentration relative to
the Nb concentration in the original starting powder sin-
tered in the presence of excess Se. The crystals grown
from these powders are NbSe; with a concentration of M
proportional to that contained in the original starting
powder. The amount of M actually incorporated into the
final crystals is systematically less than the nominal M,
concentration specified in the starting powder. However,
all properties and modulations are reproducible for all
crystals obtained from a given starting composition, and
all these crystals are permanently stable at room tempera-
ture. The impurity concentration has been monitored by
measuring the residual resistance ratio R and the quan-
tum oscillation amplitude and frequency.

The AFM scans at room temperature have been made
with commercial instruments Nanoscope II and III
manufactured by Digital Instruments of Santa Barbara,
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CA. The constant force detecting mode is used

throughout all these experiments.

III. EXPERIMENTAL RESULTS

A. AFM detection of modulated structures
in doped NbSe; at 300 K

The long-range modulations in NbSe; induced by im-
purities have an amplitude on the order of 0.5-1.0 A
and can easily be detected in AFM scans of the cleaved
crystal surface. Residual surface impurity atoms left
after the cleave do not interfere with the AFM image and
are either swept aside by the AFM tip or are no longer lo-
cated in the area of several thousand square A swept out
in recording a typical image. The images shown have
been Fourier filtered in order to eliminate noise, but the
original unfiltered images clearly show the modulation
structures being presented, and the Fourier transforms
show very strong peaks at the wavevector of the observed
modulation. For the impurities studied so far—
vanadium, chromium, manganese, gadolinium, and
palladium —a variety of modulations are observed as a
function of concentration. Data on these five impurities
will be presented first, followed by data on Fe and Co
doping where the modulation wavelengths show less vari-
ation due to the relatively narrow range of impurity con-
centration that can be easily studied.

1. AFM scans of V,NbSe; at 300 K

Vanadium produces ordered modulations in NbSe; for
the entire range of concentration so far studied. Crystals
have been grown from powders of the form V, NbSe,;
where x varies from x=0.01 to 0.33 in the sintered
powder. At x =0.01 a modulation of wavelength 6b, is
observed as shown in the AFM scan of Fig. 1(a). The
modulation of wavelength 6b, persists over the concen-
tration range produced by powders with x in the range
up to x =0.11. An AFM scan for a crystal grown with
x =0.11 is shown in Fig. 1(b). The 6b, modulation is ob-
served on all three chains of the surface unit cell with
only small changes in the relative modulation amplitudes
as the concentration increases in this range. However,
the relative phase of the modulation on each adjacent
chain does change as a function of concentration. At
x =0.01 the phase between chains shifts slowly with six
unit cells required for a phase shift of one period. At
x=0.11 the phase shift between chains is much more
rapid, with the shift of a complete period occurring be-
tween each surface unit cell containing three surface
chains.

For x in the range above 0.11 the induced modulation
changes wavelength from 6b, to 4b,. An example of an
AFM scan on a crystal grown from powder with x =0.18
is shown in Fig. 1(c). In this case the phase shift between
each chain accumulates to a full period across each unit
cell, as was the case for the 6b, modulation at x =0.11.

When x is increased to x=0.33 the modulation
changes again and assumes a wavelength of 3b,. An
AFM scan on a crystal grown from a powder with
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x=0.33 is shown in Fig. 1(d). In this case the modula-
tion remains in phase on adjacent unit cells.

The profiles recorded along the chains for the four
vanadium impurity concentrations represented in the
scans of Figs. 1(a)-1(d) are shown in Figs. 2(a)-2(d).
These show the atomic modulations within each period of
the long-range modulation, and show the relative ampli-
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tudes of the long-range modulations. As the wavelength
changes to shorter wavelengths the modulation ampli-
tude of ~0.5 A shows relatively small changes, indicat-
ing that the total charge modulation associated with the
impurity screening remains approximately constant as
the impurity spacing and screening modulation wave-
length decrease.

FIG. 1. AFM scans on V,NbSe;, Cr, NbSe;, and Mn, NbSe; recorded using the constant force mode at room temperature. (a)—(d)
V,NbSe;. A series of modulations with wavelengths 6b,, 6b,, 4b,, and 3b, corresponding to x =0.01, 0.11, 0.18, and 0.33, respec-
tively, are observed. (e)—(h) Cr,NbSe;. A series of modulations with wavelengths 5b,, 4b,, 3b,, and 2b, corresponding to x =0.01,
0.01, 0.03, and 0.04 are present. (i)—(1) Mn,NbSe;. A series of modulations with wavelengths 8b,, 4bg, 3by, and 2b, corresponding to
x =0.03, 0.10, 0.15, and 0.33 are shown.
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FIG. 2. Profiles of the modulations shown in Fig. 1 taken along the twofold axis (b axis).
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The precise atomic spacing of each

long-range modulation is clearly shown. (a)-(d) V,NbSe;. (e)—(h) Cr,NbSe;. (i)—(1) Mn, NbSe;.

2. AFM scans of Cr, NbSe; at 300 K

For Cr,NbSe; crystals grown from powder with
x=0.01 the AFM scans at room temperature show a
long-range modulation of wavelength 5b, as shown in
Fig. 1(e). The amplitude of the modulation is again on
the order of 0.5 A, as shown in the profile of Fig. 2(e).
As the Cr concentration is increased modulations with
wavelengths of 4b, 3b, and 2b, are observed as
confirmed in the profiles of Figs. 2(f), 2(g), and 2(h). Ex-
amples of AFM scans recorded from crystals with
x=0.01, 0.03, and 0.04 are shown in Figs. 1(f), 1(g), and
1(h). The rapid change of modulation wavelength with
increase of Cr concentration in the starting powder can
lead to the presence of more than one modulation wave-
length in a given crystal due to local variations in the im-
purity density. These generally occur in different areas of
the same crystal, but areas of overlap have been observed
leading to beat structures in the AFM scans. The initial
modulation of wavelength 5by shows a phase shift of a
full period over two unit cells. At higher impurity con-
centrations and shorter modulation wavelengths the
modulation is approximately in phase on each unit cell.

3. AFM scans of Mn, NbSe; at 300 K

The long-range impurity modulation induced by Mn
doping of NbSe; behaves in a similar way to that ob-
served for V doping as a function of concentration. At
x =0.3 the modulation wavelength for Mn, NbSe; is ob-
served to be 8b,, as shown in the AFM scan of Fig. 1(i)
and the profile of Fig. 2(i). As the Mn concentration in
the sintered growth powder is increased to x =0.10, 0.15,
and 0.33, the modulation wavelength decreases to 4b,,
3by, and 2by, respectively, as shown in the AFM scans of
Figs. 1(j)—1(1) and the profiles of Figs. 2(j)—2(1). This is a
different wavelength series than observed for V, but
occurs over the same wide range of starting impurity con-
centration in the growth powder. The differences in
modulation wavelength, phasing between chains, and the
relative amplitudes of the different chains all must reflect
the detailed charge defect and charge transfer charac-
teristic of each specific impurity. This will be discussed
in further detail in Sec. IV.

The phasing of the modulation between chains for Mn
doping starts our requiring two unit cells for a phase shift
of one modulation period of 8b,. At the shorter modula-
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tion wavelengths and higher impurity concentrations the
phase shifts are smaller, and require a greater number of
unit cells for a phase shift of one period. In this respect
Mn is different from V, where in the later case the modu-
lations at the shorter wavelengths and higher impurity
concentrations were observed to be in phase after initially
showing a phase shift between unit cells at the most di-
lute concentration (x =6b,) extending over six unit cells.
The observed phase shifts of the impurity modulation be-
tween chains and unit cells is a function of both the con-
centration and the specific impurity, and a slightly
different sequence seems to be observed for each separate
impurity sequence.
4. AFM scans of Gd, NbSe; at 300 K

The rare-earth impurity Gd modifies the electronic
structure of NbSe; fairly rapidly, but at the most dilute
concentrations in the starting growth powder a range of
modulation wavelengths can be observed. For the lowest
concentration studied corresponding to x =0.01 a long-
range impurity modulation of wavelength 10b, is ob-
served, as shown in Fig. 3(a) and the profile of Fig. 4(a).
This is the longest impurity modulation wavelength ob-
served so far, but longer-wavelength modulations can
possibly be generated if crystals with lower concentra-
tions can be prepared.
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FIG. 3. AFM scans of Gd, NbSe; for x =0.003-0.03 record-
ed using the constant force mode at room temperature. The im-
ages on the left and the profiles on the right show the wave-
lengths of impurity-induced modulations to follow a sequence of
(a) 10b,, (b) 6by, (c) 4bgy, and (d) 2b,.
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As the concentration of Gd in the growth powder is in-
creased, the modulation wavelength decreases through a
series of wavelengths 6b,, 4b,, and 2b,, as shown in the
AFM scans of Figs. 3(b)-3(d) and the profiles of Figs.
4(b)-4(d). These transitions in modulation wavelength
occur within a range of concentration created by doping
the growth powder with x in the range x =0.003-0.03.
Some crystals show different modulation wavelengths in
different areas of the crystal, indicating slightly different
impurity concentrations.

We conclude that Gd is taken up rather rapidly by the
growing crystal, and the rapid decrease in impurity
screening modulation wavelength with increase in x
confirms this. The changes in the low-temperature CDW
resistive structure discussed in Sec. III C 4 and the
changes in quantum oscillation frequencies reported in
Ref. 12 also confirm this conclusion.

5. AFM scans of Pd, NbSe; at 300 K

For the impurity modulations discussed in the previous
sections the series of monotonically decreasing wave-
lengths have all been observed with differences that can
be accounted for by differences in the charge Z; on the
impurity. The high-temperature modulations were ob-
served to exist either over a large range of x or were ter-
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FIG. 4. AFM scans on the left and the profiles on the right of
Pd, NbSe; for x =0.002-0.01 recorded using the constant force
mode at room temperature. The observed series of wavelengths
of the long-range modulations is (a) 7b,, (b) 4b,, (c) 3by, and (d)
2by, as shown in (a)—(d).
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minated by a phase change above some critical value of x.
In all cases, the low-temperature CDW structure
remained relatively unchanged in the range of x where
the high-temperature modulation series were observed.

In the case of Pd doping a different situation exists in
that the CDW structure can be quenched at a relatively
low Pd concentration, and a phase change in the NbSe,
crystal structure sets in a low concentration correspond-
ing to an eight-chain structure instead of six-chain struc-
ture. At very dilute concentrations in the range
x =0.002-0.01, the AFM scans show long-range impuri-
ty modulations very similar to those observed for the oth-
er impurities discussed above. As shown in the AFM
scans of Fig. 4, the observed series of wavelengths is 7b,
4b,, 3b,, and 2b,. However, for x between x =0.02 and
0.03 the CDW structure in Pd NbSe; is abruptly
quenched, as will be shown in the resistance versus tem-
perature curves of Sec. II C 1. AFM scans of
Pd, (;NbSe; show that the long-range impurity modula-
tion has also vanished, as shown in the AFM scan of Fig.
5(a), where the three-surface-chain structure is still ob-
served. The chains show an absolutely uniform modula-
tion along the chain with a wavelength equal to the unit
cell length of pure NbSe;.

There is, however, a major change in the relative chain
heights compared to those observed for pure NbSe;.
AFM scans on pure NbSe; at room temperature show
chain IIT to be the highest chain as expected from the
atomic structure (see Fig. 12). In contrast, the AFM scan
on Pd; ;3NbSe; shows chain II to be the highest, with
chain IIl at an intermediate height and chain I' at the
lowest height. This observation suggests a large charge
transfer from the Pd to chain II, a feature which may be
consistent with a band-structure change sufficient to
quench the CDW structure. At higher concentrations
the phase changes to a four-surface-chain structure as
shown in Fig. 5(b) at 4.2 K in a STM scan and in Fig. 5(c)
for an AFM scan at 300 K.

6. AFM scans of Fe, NbSe; and Co, NbSe; at 300 K

Doping of NbSe; with Fe and Co has so far been stud-
ied for a relatively narrow range of dilute concentrations
corresponding to x =0.01-0.03 in the starting powder,
with the exception of Co doping which has been extended
to x =0.10. The modulation wavelength produced for
both of these transition-metal impurities in the range
studied is 2b,. Examples of AFM scans for Fe and Co
doping with x =0.03 and 0.10 are shown in Figs. 6(a) and
6(b). The 2b, wavelength seems to be the final wave-
length obtained at higher concentrations for all impuri-
ties in the starting powder. This appears to represent the
limit of interstitial impurity spacing, although
modifications of the exact structure can occur as is the
case for Cr, NbSe; with x =0.33, to be discussed in Sec.
I A7

The Fe and Co impurities modify the CDW energy
gaps rapidly at dilute concentrations, and STM scans at
4.2 K show initial changes in the relative amplitudes of
the two CDW’s. These changes in CDW structure will
be discussed in Sec. III C 6, but are relatively indepen-
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FIG. 5. (a) AFM scan on Pd;(;NbSe; using the constant
force mode at room temperature. No long-range modulation is
present, although the crystal remains in three surface chains per
unit cell structure. (b) STM images of Pd, ;(NbSe; taken at 4.2
K using the constant current mode (I=2 nA, V=50 mV). It
shows a four-surface chain structure instead of three for pure
NbSe;. (c) AFM scan on Pd, (NbSe; using the constant force
mode at room temperature. A four-surface chain structure is
also observed.
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dent of the impurity modulations observed at room tem-
perature.

In the case of Fe for x >20.10 the crystal structure
changes to a four-chain structure which also exhibits a
CDW. The effect of excess impurity on this phase will be
discussed in Sec. III A 8. A similar sudden change in
crystal structure is also observed for Cr,NbSe; for
x=0.05. This phase exists over a very narrow range of
Cr concentration, and is discussed in Sec. IIT A 7.

7. Metal-insulator transition in Cr, osNbSe;

As the Cr concentration in the starting powder ap-
proaches x =0.05, the crystal can grow into a phase
characterized by a uniform chain structure and a strong
modulation of wavelength 3b, as shown in Fig. 7(a). This
phase has a different chain spacing and the unit-cell
length along the chain is 4.3 A versus 3.4 A in pure
NbSe;. A slightly different crystal morphology can be
detected in the optical microscope, although long needle-
like crystals are formed. Crystals of this type are insulat-
ing at room temperature with a metal-insulator transi-
tion!! between 600 and 700 K as shown in the resistance
versus temperature curve of Fig. 8. The onset of the
resistance rise occurs at ~700 K and the resistance has

(a)

®)]

——-—4 |- 2 nm
FIG. 6. (a) AFM scan on Fe, o;NbSe;. (b) AFM scan on
Coy.10NbSe;. Both images are needed using the constant force

mode at room temperature. They both show a modulation

wavelength of 2b,.
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risen to 10 M Q at 620 K followed by a completely insu-
lating state at room temperature. The modulation at a
wavelength of 3b, is extremely strong as shown in the
profile of Fig. 7(b). The modulation occurs on every
chain with a phase shift of ~120° between chains. The
chains are uniformly spaced with a spacing of 6.5 A.

As shown in the plane-view AFM scan of Fig. 7(a), the
3by, modulation of ~1 -A amplitude is identical on all sur-
face chains, and each chain appears at the same height in
the AFM scans. In this respect the chain structure and
charge structure are completely different from those of
the more dilute Cr-doped NbSe;, where the chains are at
different heights and the charge distribution associated
with the long-range modulation are different on each
chain of the unit cell consistent with dilute interstitial im-
purity modifications of the pure NbSe; unit cell.

Many crystals grown from powder with x in the range
0.04-0.05 remain conducting at room temperature and
do not grow in the phase exhibiting a metal-insulator
transition. These crystals show a mixture of 2b, and 3b,

wn
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=
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(b) nm

FIG. 7. (a) AFM scan at room temperature on Crg osNbSe;
recorded in the constant force mode. The image shows a large
charge modulation along the b axis at a wavelength of approxi-
mately three atoms spacings. Each chain appears identical ex-
cept for a phase displacement of 120° for the charge maxima on
adjacent chains. This indicates three surface chams per unit cell
for a superlattice. The cham spacing is 6.5 A The unit-cell
length along the chain is 4.3 A instead of 3.4 A in pure NbSe;.
(b) Profile of z deflection taken along the chain. A 3b, modula-
tion is clearly seen, indicating that a CDW has formed in this
phase.
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FIG. 8 Temperature dependence of resistance measured from
800-620 K for CryosNbSe;. The crystal is a reasonably good
metal at 800 K, while a strong metal-insulator transition is ob-
served with an onset of ~700 K. At 620 K the resistance
reaches 10 MQ, and below 620 K the crystal rapidly becomes
insulating.

modulations, and the low-temperature CDW structure
remains characteristic of pure NbSe;. The 3b, modula-
tion in the insulating crystals is the only one observed
and, although similar to that observed in the conducting
crystals, it is much stronger and is uniform on all chains
as emphasized above.

The experimental data seem to indicate that Cr impuri-
ties can be incorporated leading to either conducting or
insulating states at room temperature for a same Cr con-
centration in the growth powder in the neighborhood of
x=0.05. The conducting crystals remain in a crystal
structure similar to that of pure NbSe; and show a mix-
ture of screening modulations of wavelengths 3b, and
2b,. The insulating phase corresponds to a crystal phase
with a very strong 3b, modulation which is likely to be a
different CDW formation associated with and driving the
metal-insulator transition. This demonstrates how sensi-
tive the electronic structure of NbSe; can be to the pre-
cise way in which dilute impurities are incorporated into
the crystal structure.

The metal-insulator transition in dilute Cr-doped
NbSe; is somewhat similar to those observed!*!* in
FeNb;Se,; or Cr, ¢Nb, 4Se;,. However, the latter occur
at much lower temperatures, on the order of 150 K, and
these crystals do not go completely insulating even at 4.2
K. In addition, they have different crystal structures
with only four chains per unit cell with Fe or Cr incor-
porated into the chains. In the case of FeNb;Se,, the
metal-insulator transition is driven by a CDW which was
clearly detected in x-ray-diffraction work.!?

The experiments indicate that this insulating phase of
Cr,NbSe; exists for a very narrow range of Cr concentra-
tion and must correspond to a very special incorporation
of Cr into the crystal structure. At Cr concentrations
greater than the range of x =0.05-0.06, the crystals are
observed to grow only in the pure NbSe; structure with
the characteristic 2b, impurity modulation wavelength.
As the concentration of Cr in the growth powder contin-
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ues to increase, the charge distributions detected in the
AFM scans show changes in spatial distribution, but
remain at a wavelength of 2b, This indicates some
change in the positions or concentration of Cr impurity
in the unit cell, but the conclusion is that the local impur-
ity concentration shows a very slow monotonic increase
as x is increased in the range x =0.05-0.25.

At x =0.33 the Cr, NbSe; crystals grow with a zigzag
modulation predominantly located on two of the chains
as shown in Fig. 9. The wavelength of this modulation is
again 2b,, but a larger component of distortion or charge
transfer transverse to the chains has developed in con-
trast to the simpler modulation of wavelength 2b, ob-
served for x =0.03 and 0.04. The chain spacing and
unit-cell width remain approximately the same as ob-
served for pure NbSe;, demonstrating that the six-chain
structure can accommodate interstitial impurities in a
number of different preferred site configurations giving
rise to ordered modulation along the chains, but having
little or no effect on the low-temperature CDW structure.

8. AFM scans on FeNb;Se;, at 300 K

Crystals grown from powders with Fe concentrations
in the range x =0.10-0.50 are found to grow in a four
chain per unit cell monoclinic structure with Fe incor-
porated into two of the chains. The crystals of FeNb,Se,,
are composed of two NbSe¢ trigonal prismatic chains and
a double chain of edge-shared octahedral (Fe, Nb)Seq.!°
These crystals undergo a metal-insulator transition with
an onset temperature of 140 K. This metal-insulator
transition was first detected by Hillenius et al.,'*> who ob-
served a resistance rise of nine orders of magnitude be-
tween 140 and 3 K. It was also shown that a CDW tran-
sition occurred at 140 K with an incommensurate Q vec-
tor of Q=(0G,,0.26G,,0G.). Using pressure experi-
ments Hillenius and Coleman!® also showed that the
metal-insulator transition was strongly correlated with
the CDW formation, which allowed an Anderson type'¢
of transition to occur below the CDW onset.

We have taken AFM scans on crystals grown from
powders with nearly the correct stoichiometry of

FIG. 9. AFM scan on Crg 33NbSe; recorded in the constant
force mode at room temperature. A zigzag modulation pattern
on two of the chains is observed. The overall modulation wave-
length is still 25,,.
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Fe, ,5Nbg 75Se3, and crystals grown from powders with a
composition Fe, s)Nb, ;5Se; corresponding to a substan-
tial excess of Fe. AFM scans on crystals grown from
stoichiometric powder show a uniform two-surface chain
structure, as shown in Fig. 10(a). The crystals grown
from the powder with excess Fe show a modulation of
wavelength 2b, as shown in Fig. 10(b). We conclude that
Fe has been included interstitially in the latter case, and
that an impurity screening modulation similar to that ob-
served in pure NbSe; crystals doped with interstitial Fe is
being observed. This observation supports the conclusion
that the impurity screening modulations detected by the
AFM are characteristic of quasi-one-dimensional metals
which form CDW’s at lower temperatures, even though
the CDW’s exhibit different strengths and structure.

B. Comparison of AFM and STM scans on NbSe;

The AFM measures the total charge density, while the
STM measures the local density of states (LDOS) at the

(b) —»|

FIG. 10. (a) AFM scan on crystal grown for stoichiometric

|<— 1 nm

powder of Fej,sNbSeq,5S¢;. A uniform two-chain surface
structure is present. (b) AFM scan on crystal grown from the
powder with excess Fe. A modulation of wavelength 2b, is ob-
served, indicating a long-range modulation associated with a
susceptibility anomaly when interstitial impurities are present.
Both images are taken in the constant force mode at room tem-
perature.
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position of the tip associated with the conduction elec-
trons. The surface scans by the two different instruments
can therefore be quite different, particularly in the case of
the impurity doped NbSe; crystals.

Although direct quantitative connections between the
two types of scans cannot be calculated, qualitative com-
parison can be useful in establishing the reliability and in-
terpretation of the structures detected by the two instru-
ments.

In this section we present such comparisons for some
selected cases. In general the STM images are more
difficult to obtain than the AFM images, since the STM is
much more sensitive to surface work-function changes,
defects both on the surface and below the surface, and to
tip effects of various kinds. We also include some exam-
ples of STM scans at 4.2 K, although no AFM scans can
presently be obtained at 4.2 K.

AFM and STM scans on pure NbSe;

In order to establish the changes induced by impurities
we have obtained both AFM and STM images of pure
NbSe; at 300 K, as shown in Figs. 11(a) and 11(b). An
overlay showing the surface structure of NbSe; has been
superimposed on each scan. The AFM scan of Fig. 11(a)
shows a much stronger static charge distribution on
chain II than on chain I’, although both are at the same
height as shown in the unit cell diagram in Fig. 12. This
is in agreement with the results of high-temperature
band-structure calculations which show a substantially
greater, net charge on chain II than on chain I'. Chain
III shows a relatively strong localized charge, as expected
since it is the highest chain.

STM scans, on the other hand, show a somewhat more
uniform LDOS on all three chains with a very strong
minimum in LDOS next to chain III corresponding to
the large spacing between chains III and I’ (see Fig. 12).
The row of high Se atoms on chain III also creates a
slightly more intense LDOS at the tip than do chains II
and I’ The STM scans show a weaker response to
differences in the static charge on the chains that do the
AM scans, as expected. The LDOS at the Fermi level is
only weakly affected by the self-consistent changes in-
duced at the Fermi level by the tip and bias voltage, but
the conduction electron wave function above the surface
at the position of the tip can be more strongly modulated
by the static surface charge. However, in general these
effects are weaker in the STM than in the AFM, since the
latter responds directly to the static charge at close range
while the STM tip is at a greater distance in addition to
responding indirectly via effects of the static charge on
the LDOS at the position of the tip.

STM scans at 4.2 K on pure NbSe; show a somewhat
similar picture, although the modulation along the chains
is now dominated by the CDW modulation rather than
the atomic modulation. As shown in Fig. 11(c), the very
strong minimum between chains III and I’ is still present,
and in fact the scan is weakly detecting Se atoms on
chain II' lying below the surface layer. Chains I' and II
both show a very strong CDW modulation of the LDOS,
while chain III is substantially weaker, consistent with
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FIG. 11. (a) AFM scan on pure NbSe; recorded in the con-
stant force mode at room temperature with an overlay showing
the surface structure superimposed. It shows a much stronger
static charge distribution on chain II than on chain I'. (b) STM
scan of pure NbSe; recorded at room temperature using con-
stant current model (I=2 nA and V=20 mV). The image
shows a weaker response to differences in the static charge on
the chains than AFM does. (c) STM scan of pure NbSe; record-
ed at 4.2 K using the constant current mode (I=2 nA, V=50
mV). CDW modulations of approximately 4b, wavelength now
dominate the image.
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FIG. 12. Cross section of a NbSe; unit cell perpendicular to
the chain axis (b axis). The solid atoms lie in the plane of the
figure, and the open atoms are out of the plane.

the fact that the nearly perfect nesting of the Fermi sur-
face associated with chain III has substantially reduced
the conduction electron density on chain II.

Overall both the AFM and STM scans on pure NbSe;
presented above show detailed structures which can
reasonably be interpreted in terms of the atomic struc-
ture, charge structure, band structure, and CDW struc-
ture established both experimentally and theoretically for
pure NbSe;. The detailed changes induced by impurities
as detected by both AFM and STM scans can therefore
be reasonably interpreted as intrinsic changes in the lo-
cally averaged electric field at the surface in the case of
the AFM, and changes in the LDOS at the position of the
tip in the case of the STM. No evidence of any
significant tip effects or distortions introduced by the in-
struments has been observed for the data reported here
on images which satisfy both image quality and reprodu-
cibility. The results are also reproducible for repeated
cleaves of the same crystal as well as for different crystals
from the same growth tube.

C. Temperature dependence of resistance
in impurity-doped NbSe;

The long-range modulation observed at room tempera-
ture in doped NbSe; can be observed for many impurities
and for a wide range of concentrations depending on fac-
tors such as the effective charge on the impurity. In all
cases where room-temperature modulation is present,
low-temperature CDW transitions are also observed, as
can be verified in the resistance versus temperature
curves. Figure 13 shows a selection of curves demon-
strating the range of impurities and concentrations. In
these cases the low-temperature CDW resistance
anomalies are essentially unchanged from those observed
in the pure materials. All the observations indicate that
the existence of the high-temperature modulation in
doped NbSe; requires that the low-temperature CDW
transitions still exist when the crystal is cooled. In the
following sections we summarize the results of the resis-
tance versus temperature curves as a function of concen-
tration for all of the dopants studied that show long-
range high-temperature modulation.
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FIG. 13. Temperature dependence of resistance for a selec-
tion of impurity-doped NbSe; crystals. In these cases the low-
temperature CDW resistance anomalies are essentially un-
changed from those observed in pure NbSe;.

1. Resistance versus temperature for Pd, NbSe;

Pd,NbSe; is an example where at relatively low con-
centrations of Pd the CDW’s are quenched after initially
remaining unaffected by the addition of Pd. In this case,
the electron transfer is sufficient to modify the electronic
structure substantially as x increases from x =0.02 to
0.03, and at concentrations x = 0.03 the crystal structure
switches over to an eight-chain unit cell. The resistance
anomalies due to CDW formation are completely
quenched as x increases above 0.03, as shown in Fig. 14.

The experiments in the transition region suggest that
the low-temperature CDW transitions are quenched
when the crystal is still in the six chain per unit cell struc-
ture, but switches very easily to the eight chain per unit
cell structure for slight differences in concentration. As
shown in Fig. 5(a) for a Pd, j;NbSe; crystal in the six-
chain structure (three surface chains), the high-

Pd,NbSe,

x=0.005 RRR=21

/

x=0.01 RRR=18.5

t/ 149.4K

T/ 62.6K

T 1515€
63.8K %002 RRA=16.6
[ —

x=0.03 RRR=13.6

x=0.02 RRR =18

Resistance

0 50 100 150 200 250 300
Temperature (K)

FIG. 14. Temperature dependence of resistance for
Pd,NbSe;. For dilute Pd doping, the crystals of Pd,NbSe;
show little or no charge in the resistance anomalies associated
with the low-temperature CDW transitions. In the range
x=0.02-0.03 the low-temperature CDW resistance anomalies
abruptly disappear.
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temperature modulation is completely absent. As shown
in Fig. 5(b), the Pd, (;NbSe; crystals can show the eight-
chain structure. Four double rows of atoms are shown in
Fig. 5(b) and the c-axis unit-cell dimension is 23.7 A rath-
er than 15.4 A in Fig. 1. The four-chain structure shows
no long-range modulation, as expected.

2. Resistance versus temperature for V, NbSe;

The doping of NbSe; with V produces relatively small
changes in the resistance anomalies associated with the
two CDW’s. However, the CDW onset temperature sys-
tematically decrease as the vanadium concentration is in-
creased. Figure 15 shows a series of temperature depen-
dence of resistance curves including the four concentra-
tions present in the crystals used in the AFM scans of
Fig. 1. For crystals grown from sintered powders with
x=0.01 the CDW onset temperatures remain within a
few degrees K of those observed for pure NbSe;. The
magnitudes of the resistance anomalies are also nearly the
same as those observed for pure NbSe;, but the residual
resistance ratios R are reduced by more than an order of
magnitude from a value in the range 200—-300 to a value
on the order of 5. As the value of x in the starting
powder is increased, the CDW onset temperatures show a
slow reduction which scales with the amount of V in the
starting powder.

For x =0.01, 0.11, 0.18, and 0.33 the measured values
Tc,=137, 123, 117, and 120 K and T¢,=56, 50, 47, and
47 K. The CDW resistance anomalies show a gradual
reduction in magnitude but remain fairly strong. The
largest change in resistance is observed at 4.2 K, where
the resistance increases rapidly with increasing V concen-
tration accounting for the dramatic reduction in R. This
rise in resistance also interrupts the monotonic resistance
drop observed below the resistance maximum associated
with the low-temperature CDW.

The V-doping results presented in Secs. IITI A 1 and III
C 2 above represent a system of distinct impurity modu-
lations induced at high temperatures as function of the
impurity concentration. These are accompanied by rela-
tively slow monotonic changes in the CDW structure at

»
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FIG. 15. Temperature dependence of resistance for V, NbSe;.
The CDW onset temperatures systematically decrease as the
vanadium concentration is increased.
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low temperature. Other impurities in the dilute concen-
tration range induce similar long-range modulations at
high temperature, but can show more drastic
modifications as the impurity concentration increases
above certain limits. Examples will be presented below.

3. Resistance versus temperature for Mn, NbSe;

Doping of NbSe; with Mn produces a series of high-
temperature modulations similar to those observed in V
doping, but of slightly different wavelengths. Low-
temperature CDW transitions are essentially unchanged
over the entire concentration range as shown for x =0.03
and 0.33 in Fig. 16. This result is significantly different
than observed for V doping where the T¢’s of both CDW
transitions are decreased substantially as the impurity
concentration decreases. However, for both Mn and V
doping the CDW resistance anomalies show a magnitude
very similar to that observed in pure NbSe;.

4. Resistance versus temperature for Gd, NbSe;

At the most dilute concentration Gd doping produces
a high-temperature modulation of very long wavelength
equal to 10b,. This decreases rapidly through a series of
wavelengths to 2b, as the Gd concentration is increased.
In contrast to Mn doping, Gd produces very rapid
changes in the shape of the CDW resistive anomalies as
well as a rapid reduction in the T’s of the resistance
transitions, as seen in Fig. 17.

5. Resistance versus temperature for Cr, NbSe;

As pointed out in Sec. IIT A 7, Cr doping with x near
0.05 shows a phase with a metal-insulator transition.
This is produced over a very narrow range of Cr concen-
trations. At much higher concentrations of Cr,
Cr,NbSe; shows low-temperature CDW transitions
which are unchanged from those observed for the most
dilute concentrations. Figure 18 compares resistance
versus temperature curves for x =0.04 and 0.33 which
are virtually identical. However, the high-temperature
long-range modulations show a significant difference, as

| —s9+2k

\ Mn__NbSe

Resistance (Arbitrary Units)
N

1462k

150 2000 250 300
Temperature (K)

FIG. 16. Temperature dependence of resistance for
Mn, NbSe;. The CDW onset temperatures are essentially un-

changed over the entire concentration range from
x=0.03-0.33.
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FIG. 17. Temperature dependence of resistance for

Gd, NbSe;. Gd produces very rapid changes in the shape of the
CDW resistive anomalies as well as a rapid reduction in the T,’s
of the CDW transition.

was demonstrated in Fig. 9 where the high concentration
doping produced a zigzag pattern of wavelength 2b,,.

6. Resistance versus temperature for Fe, NbSe;
and Co, NbSe;

Fe and Co produce high-temperature modulations of
wavelength 2b, and at low concentrations do not modify
the low-temperature CDW’s. At x =0. 10 Fe changes the
crystal structure and enters the chain structure substitu-
tionally. A metal-insulator transition is introduced, trig-
gered by CDW formation at ~140 K. This is an unusual
modification and is not induced by Co. No high-
temperature modulation is observed for the Fe substitu-
tional phase, although in this case the CDW anomaly is
ten times'? weaker than in pure NbSe,. The resistance
versus temperature behavior for the two dopants Fe and
Co are shown in Fig. 19, which demonstrates the sensi-
tive changes in both band structure and CDW structure
which can be induced by impurities. For example at di-
lute concentrations Fe decreases low-temperature CDW

Cr, ., NbSe,

)
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< 157 \ Cro.0sNbSe,
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FIG. 18. Temperature dependence of resistance for

Cr,NbSe;. The two curves with x =0.04 and 0.33 are virtually
identical.
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FIG. 19. Temperature dependence of resistance for
Fep 03NbSe; and Coq 1o0NbSe;. Fe and Co introduce opposite
changes in the CDW energy gaps of NbSe;.

energy gaps, while Co increases the low-temperature
CDW energy gaps. Data for CDW energy gaps have
been presented and discussed in Refs. 17 and 18.

7. Ti Nb,_, Se;

Ti is a substitutional impurity, and as expected tends to
quench the low-temperature CDW’s at a rapid rate as a
function of concentration. The resistance versus temper-
ature curves for dilute concentrations are shown in Fig.
20. No high-temperature modulations are observed, as
shown in Fig. 21, possibly connected with the rapid
quenching of the susceptibility anomalies. In this respect
Ti and Gd doping both suppress the CDW’s rapidly, but
Gd shows a sequence of high-temperature modulations
before the CDW’s become quenched. Although many of
the substitutional impurities have not been studied, the
initial results suggest that only interstitial impurities pro-
duce high-temperature long-range modulations. The sub-
stitutional impurities introduce much less lattice strain
and rapidly quench the low-temperature CDW
anomalies.
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FIG. 20. Temperature dependence of resistance for
Ti,Nb,_,Se;, where x=0.01 and 0.03. Ti quenches the low-
temperature CDW’s at a rapid rate as a function of concentra-
tion since Ti enters substitutionally in the chains.
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1 nm

FIG. 21. AFM scan of Tig o3Nbg ¢7Se; recorded in the con-
stant force mode at room temperature. No impurity-induced
long-range modulation is present.

IV. DISCUSSION

A. Impurity-induced modulation at room temperature

The AFM data presented in the previous sections show
that the dilute interstitial impurities order along the
chains with spacings that are multiples of the unit cell.
This ordering of dilute impurities in the normal phase of
a quasi-one-dimensional metal which undergoes a CDW
transition at lower temperatures can be understood in
terms of a recent phenomenological Ginzburg-Landau
theory developed by Turgut and Falicov.!®

The theory calculates a total trial free energy of a sin-
gle infinite chain as a function of n(x), the spatially
dependent electronic charge density, and as a function of
the impurity positions R; and the impurity charges Z; .
The model uses the electronic charge density as the only
order parameter, but takes into account the periodic lat-
tice distortions (PLD’s), since the PLD is a unique func-
tion of n(x) and the impurity content and distribution
{Z,,R;}. The PLD can be calculated when the real
n(x)and {Z;,R; } are known.

In the normal state any impurity creates charge-
density fluctuations that exhibit Friedel oscillations with
wavelengths close to A,, the CDW wavelength at the
transition. In the presence of several impurities, the elec-
trons redistribute themselves on the chain, mostly in re-
gions around the impurities, in the process screening the
effective interaction between impurities. The model cal-
culates the effects of the charge redistribution, the result-
ing electric fields, the screening interaction between im-
purities, and the dependence of the total free energy on
the impurity distribution {Z;,R; }.

The interstitial impurities are assumed to be in a well-
defined location in the unit cell, and the separation be-
tween two impurities is an integral multiple of the lattice
constant a, since the variable {R;} refers only to unit
cells which contain an impurity.
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B. Effects on the low-temperature charge-density waves
and the Fermi surface nesting

All of the dilute impurities at the lowest concentrations
do not affect the formation of the two low-temperature
CDW’s. The onset temperatures show little or no shift
and the resistance anomalies remain at the approximate
magnitude observed for pure NbSe;,. However, as the
concentration of the impurity is increased, changes occur
depending on the specific impurity.

As outlined in Secs. III A-III C, the high-temperature
modulation is observed to transition through a range of
wavelengths as the impurity concentration is increased.
This occurs for widely different doping concentrations for
the different impurities, but as long as the high-
temperature modulation is present the low-temperature
CDW’s show only small changes.

However, for selected impurities such as Cr and Pd
both the high-temperature modulation and low-
temperature CDW transitions disappear at relatively low
concentrations. In the case of Cr crystal phase appears
with a metal-insulator transition for a narrow range of in-
itial concentration just above 5%. At much higher con-
centrations of Cr the high-temperature modulation and
CDW transitions are restored, which indicates a rever-
sion to the original NbSe; phase, but a slightly different
impurity configuration.

In the case of Pd both the high-temperature modula-
tion and the CDW transitions disappear above an initial
concentration of between 2% and 3%, and are not reesta-
blished at higher concentrations. In the Pd case the crys-
tals remain in the NbSe; structure with six chains per
unit cell even though the CDW transitions are quenched.
This is a metastable structure and easily changes over
into an eight chain per unit cell structure as outlined in
Sec. III.

The observations indicate that not only do the impuri-
ties form a long-range modulation at high temperature,
but also begin to induce band-structure changes and
Fermi-surface modifications. The latter are very depen-
dent on the specific impurity, and in a number of cases
can induce a crystal phase transition.
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V. CONCLUSIONS

The experiments reported here show that most dilute
impurities in NbSe; produce a long-range modulation at
high temperature of significant amplitude and wavelength
that can be connected with the susceptibility anomaly
that produces the low-temperature CDW transitions.
Both coexist over the same range of concentration for a
given impurity, although the high-temperature modula-
tions progress to shorter wavelengths.

Both the high-temperature modulation and low-
temperature CDW’s disappear at critical concentrations
where either the Fermi surface and band surface change
or the crystal undergoes a phase transition. In the latter
case a linear chain structure is formed with a variety of
properties such as metal-insulator transitions. In some
cases they are purely metallic without CDW’s or long-
range modulations.

The results show that NbSe; exhibits a delicately bal-
anced electronic structure with CDW formation in the
pure phase. Impurities initially are accommodated with
an interesting long-range modulation. In some cases the
electronic structure remains extremely stable against an
increase in the impurity concentration, while in other
cases an additional crystal structure is induced. This
wide range of behaviors is closely connected with the ex-
istence of the susceptibility anomaly and the highly po-
larizable electron gas. The high-temperature modula-
tions have been explained by the theory of Turgut and
Falicov.
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FIG. 1. AFM scans on V,NbSe;, Cr,NbSe;, and Mn,NbSe; recorded using the constant force mode at room temperature. (a)-(d)
V,NbSe;. A series of modulations with wavelengths 6b,, 6b,, 4b,, and 3b, corresponding to x =0.01, 0.11, 0.18, and 0.33, respec-
tively, are observed. (e)-(h) Cr,NbSe;. A series of modulations with wavelengths 5by, 4b,, 3b,, and 2b, corresponding to x =0.01,
0.01, 0.03, and 0.04 are present. (i)=(l) Mn, NbSe;. A series of modulations with wavelengths 8b,, 4b,, 3b,, and 2b, corresponding to
x =0.03, 0.10, 0.15, and 0.33 are shown.
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FIG. 10. (a) AFM scan on crystal grown for stoichiometric
powder of Feg,sNbSeq 155¢;. A uniform two-chain surface
structure is present. (b) AFM scan on crystal grown from the
powder with excess Fe. A modulation of wavelength 2b,, is ob-
served, indicating a long-range modulation associated with a
susceptibility anomaly when interstitial impurities are present.

Both images are taken in the constant force mode at room tem-
perature.
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FIG. 11. (a) AFM scan on pure NbSe; recorded in the con-
stant force mode at room temperature with an overlay showing
the surface structure superimposed. It shows a much stronger
static charge distribution on chain II than on chain I'. (b) STM
scan of pure NbSe; recorded at room temperature using con-
stant current model (/=2 nA and V=20 mV). The image
shows a weaker response to differences in the static charge on
the chains than AFM does. (c) STM scan of pure NbSe; record-
ed at 4.2 K using the constant current mode (/=2 nA, V=50
mV). CDW modulations of approximately 4b, wavelength now
dominate the image.
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FIG. 21. AFM scan of Ti,43Nbg ¢7Se; recorded in the con-

stant force mode at room temperature. No impurity-induced
long-range modulation is present.
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FIG. 3. AFM scans of Gd,NbSe; for x =0.003-0.03 record-
ed using the constant force mode at room temperature. The im-
ages on the left and the profiles on the right show the wave-
lengths of impurity-induced modulations to follow a sequence of
(a) 10bg, (b) 6by, (c) 4by, and (d) 2b,.
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FIG. 4. AFM scans on the left and the profiles on the right of
Pd,NbSe; for x =0.002-0.01 recorded using the constant force
mode at room temperature. The observed series of wavelengths
of the long-range modulations is (a) 7b,, (b) 4by, (c) 3b,, and (d)
2by, as shown in (a)-(d).
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FIG. 5. (a) AFM scan on Pdg;NbSe; using the constant
force mode at room temperature. No long-range modulation is
present, although the crystal remains in three surface chains per
unit cell structure. (b) STM images of Pd, ;oNbSe; taken at 4.2
K using the constant current mode (/=2 nA, V=50 mV). It
shows a four-surface chain structure instead of three for pure
NbSe;. (c) AFM scan on Pd, ;,oNbSe; using the constant force
mode at room temperature. A four-surface chain structure is
also observed.
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FIG. 6. (a) AFM scan on Feg,;NbSe;. (b) AFM scan on
Coy, 1oNbSe;. Both images are needed using the constant force

mode at room temperature. They both show a modulation
wavelength of 2b,.
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FIG. 7. (a) AFM scan at room temperature on CrgosNbSe;
recorded in the constant force mode. The image shows a large
charge modulation along the b axis at a wavelength of approxi-
mately three atoms spacings. Each chain appears identical ex-
cept for a phase displacement of 120° for the charge maxima on
adjacent chains. This indicates three surface chains per unit cell
for a superlattice. The chain spacing is 6.5 A. The unit-cell
length along the chain is 4.3 A instead of 3.4 A in pure NbSe;.
(b) Profile of z deflection taken along the chain. A 3b, modula-
tion is clearly seen, indicating that a CDW has formed in this
phase.
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FIG. 9. AFM scan on Crg 33NbSe; recorded in the constant
force mode at room temperature. A zigzag modulation pattern
on two of the chains is observed. The overall modulation wave-
length is still 2b,.



