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III. Atomic Force Microscopy

Our new Nanoscope II atomic force microscope (AFM) is assembled and running. It provides
extremely high resolution of atomic and charge-density-wave (CDW) structure in transition metal
dichalcognide layer compounds. The initial results were reported in publication (DOE-ER45072-40)
and (DOE-ER45072-43) reprints of which are attached to this report. Work in continuing on the
strong CDW materials IT-TaSe, and IT-TaS, with particular concentration on the CDW domain
structure in IT-TaS, at 300 K. We have thoroughly analyzed the domain data obtained with the STM
and have shown that it is consistent with the theories developed for the incommensurate domain
structure in IT-TaS,. This analysis is to be published in the Physical Review B a preprint of which
is attached to this report. The AFM data show a much stronger atomic modulation relative to t'he
CDW modulation. This gives a much clearer pattern of the superposition of atoms and CDWs, but
the analysis is more complex due to interferen.¢, Large area scans sufficiently well-defined to give
high quality Fourier transforms are required to fully analyze the AFM results,

The AFM is being tested on a wide range of both metals and insulatcrs. It works well on oxide
surfaces and we have used it with considerable success on Fe oxide grown on a (100) single crystal
surface. Asshown in Fig, III-1 the oxide surface shows a characteristic pebbled surface with patches
of random size. The STM scans of the same surface show an entirely different oriented structure as
shown in Fig, III-2. This is due to the fact that the oxide tunnel barrier is extremely low and the
STM samples the internal structure of the oxide layer rather than the surface. We expect to exploit
this difference between the AFM and STM response to study all stages of the oxidation of Fe. The
low barrier makes it possible to use the STM to study all stages of oxidation including very thick

films. Experimental plans are outlined in the renewal proposal.

IV. Spectroscopy with the STM
A. Introduction
We have previously demonstrated that the STM can produce high quality dI/dV versus V curves

from which CDW energy gaps can be measured with some precision (See publication (DOE-ER45072




-38, Phys. Rev. B42, 8890 (1990)). We have been applying the spectroscopy techniques to dilute
alloys of NbSeg where Fe, Co and Ni have been added to pure NbSes. We have discovered very rapid
changes in the CDW energy gaps and these represent both increases and decreases depending n the
dopant. These changes in CDW gap energies may also cause changes in the CDW amplitudes in the
STM scans and we are exploring this correlation.

We have previously studied2? the effects of Fe, Co and Ni dopants on the quantum oscillations
due to magnetic breakdown of the CDW gaps. Correlations may also exist between the STM
spectroscopy and scanning results and the changes in quantum oscillation frequencies and
distributions. The section below describes the initial results of the spectroscopy measurements on
Feg 01NbSeg, Cog gsNbSeg and Nij osNbSeg. These are suprisingly large effects and we will pursue the

spectroscopy measurements for wide range of dopants in NbSe,.

B. Correlation of Charge-Density-Wave Energy Gaps and Impurity Pinning in NbSey

Measurements of the magnetoquantum oscillations in NbSes, Fe,NbSes, Co,NbSeg and
Ni,NbSeg have shown that the frequency and frequency distribution of the quantum oscillations are
extremely sensitive to impurity pinning of the charge-density-wave (CDW). It has been argued
previouslyl? that the main contribution to the ac magnetoresistance at low temperature arises from
magnetic breakdown (MB) interference within a network of open and closed orbits connected by MB
across the CDW gaps. Interaction between the CDW pinning impurities creates spatial variations in
the CDW gaps inducing corresponding changes in the cross-sectional areas of the normal electron and
hole pockets. This spatial variation of the CDW energy gaps was then identified as the mechanism
for explaining the unique pattern of beats, frequencies and amplitudes observed after each cool~-down
of the crystal or after each depinning and repinning of the CDW at low temperatures.

In this paper we present data on direct measurements of the CDW gaps in NbSeg and NbSe,q
doped with Fe, Co and Ni using a scanning tunneling microscope (STM). The results show that the
increased pinning of the CDW due to the added impurities can substantially shift the CDW energy

gaps as well as change the beat structure and frequency spread in the quantum .-cillations. The



frequency ranges observed in the magnetoquantum oscillations of the doped crystals are directly
correlated with the change in magnitude of the CDW energy gaps induced by the pinning impurities
as measured with the STM.

For NbSeg grown from pure starting materials the energy gaps measured at 4.2 K are A, = 35.0
+ 1.5meV and A, = 101.0 £ 1.8 meV. These values are the average of seven different measurements
and agree with previous tunneling measurements of A, by Fournel et al.® and measurements of A, and
A, by Ekino and Akimitsu.4 The typical structure in the dI/dV versus V curves induced by the two
CDW gaps is shown in Fig. 1(a) for pure NbSeg. The addition of dilute Fe impurities to NbSeg
substantially decreases the magnitude of both A; and A,. The average values obtained from seven
separate measurements are A, =24.8 + 1.8 meV and A, =73.2% 1.1 meV. A typical dI/dV versus V
curve taken at 4.2 K for Fey 5, NbSeg is shown in Fig. 1(b). The energy gaps associated with both
CDW'’s have been reduced by 25-30% and the structure due to the high temperature CDW gap (4,)
is enhanced. This is a significant modification of the CDW gaps and would be expected to increase
the number of normal electrons in small pockets of Fermi surface in the as cooled near equilibrium
state of the CDW. This is clearly observed in the quantum oscillations of Feg o, NbSey compared to
those observed in pure NbSeg. The frequency spread required to fit the observed quantum oscillations
in an as cooled Fey,NbSeg crystal is shown in Fig. 2(b) for oscillations recorded with H oriented
along (& + 5°). In pure NbSeq for field directions near the €-axis the oscillations always show a
maximum frequency of ~ 32 MG as confirmed in many experiments.}>®® In contrast, the as cooled
Fe, o; NbSe, crystals show a maximum frequency in the range 32-34 MG indicating a substantial
increase in the average cross-sectional area of the Fermi surface sections governing the MB
frequency. The frequency distributions required to fit the observed quantum oscillations for a
particular near equilibrium state or a metastable state produced by depinning and repinning have been
determined by Fourier transforms of the data or by fitting to a modified Sowa Falicov model.2” In
both the Fey o, NbSez and NbSeg the frequency distribution can be narrowed and the magnitude
reduced to ~ 28 MG by depinning and repinning the CDW at 1.2 K. An example for Feg o, NbSeg

is shown in Fig. 2(c) while examples for pure NbSe; can be found in references 1 and 2. The



depinning process creates metastable states of the CDW in which the impurity interaction with the
CDW can be substantially changed. In all cases, a depinning sequence can be found which eventually
narrows the distribution and shifts it to a minimum frequency.

STM scans of the b - @ plane of Fe, 5, NbSeg show that all three surface chains of the unit cell
still show a strong CDW modulation. A STM scan taken in the constant current mode at 4.2 K is
shown in Fig. 3. A strong CDW modulation is observed on chains I’, II, and III with profiles very
similar to those observed for pure NbSeq as reported by Dai et al.® Although the CDW energy gaps
are reduced by 25-30% the Fermi surface nesting topology and wavefunction components associated
with each chain must remain similar to those present in pure NbSeg.

In contrast to Feg 5, NbSeg, doping with Co produces the opposite effect on the CDW gaps.
The average of 10 separate measurements on Cog g3 NbSeg at 4.2K gives values of A; =47.8 £ 3.4 meV
and A, = 129.9 £ 2.0 meV, values 25-30% higher than observed for puie NbSe;. A typical dI/dV
versus V curve is shown in Fig. 4 and exhibits well defined gap structure with a substantial
enhancement of the structure due to the low temperature gap A,. This increase in the magnitude of
A, is also observed to change the frequency distribution of the magnetoquantum oscillations observed
in Cog o3 NbSeg compared to those observed in pure NbSeg.

A frequency distribution in an as cooled state for Co, o5 NbSe, with H 12 is shown in Fig. 5(a)
and shows maximum and minimum frequencies of 31.3 and 26 MG respectively, After depinning the
frequency distribution has shifted with a maximum of 29.0 MG and a minimum of 26 MG as shown
in Fig.5(b). The maximum observed frequency in Cog o3 NbSeg crystals is quite variable and depends
on the history ‘of cooldowns and depinning. Generally the entire distribution is shifted to lower
frequencies, but partial depinning and repinning can produce wide frequency distributions with
maxima up to 35 MG as demonstrated in Ref. 9. These higher frequency metastable states can be
reduced to lower frequencies by repeated depinning and repinning of the CDW at low temperature.
In all of the Cg g3 NbSeg crystals studied the minimum frequency can be reduced to 25-26 MG after
selected depinning and repinning of the CDW at low temperature. This minimum frequency is ~ 2

MG lower than can be observed in pure NbSeg or in Feg 5, NbSeg.




These observations of a strong downward shift in the minimum frequency in the quantum
oscillations of Cog o3 NbSeg are consistent with the increase in the average CDW gap. Increasing the
average CDW gap would be expected to condense more electrons into the CDW condensate and reduce
the cross-sectional area of the normal FS which determines the frequency of the magnetoquantum
oscillations.

For selected metastable states in all of the doped crystals it is possible to produce very
localized pinning domains where the gap is sufficiently lowered that frequency components of 35 MG
or higher can be observed. Such local regions contribute strongly to the MB network as measured
over macroscopic regions of the crystal. In contrast, STM tunneling measurements of the gap occur
at an arbitrary local region a few unit cells in extent and the probability of placing the tip at a
location where the gap deviates strongly from the average value is rather small. So far measurements
on a given crystal at random positions all give similar gap values. Simultaneous measurement of the
quantum oscillations and the tunneling spectra would be desirable since the crystal could be driven
into a metastable state characterized by a narrow distribution at the lowest frequency. In this case
the STM shculd measure an enhanced CDW gap compared to the average values measured in the as
cooled crystals. Experiments of this type are being developed.

In the case of Nig o3 NbSeg the results differ from those observed for both Fe and Co doping.
STM measurements of A, and A, are shown for a typical dI/dV versus V curve in Fig. 6. The average
gap values determined from 24 different measurements are A; =356+ 1.5 meVand A, =1163+2.3
meV. The low temperature CDW gap A, is essentially unchanged from that observed in pure NbSeg,
while the high temperature CDW gap A,, is increased by ~ 15%. Since the quantum oscillations arise
from MB of the low temperature CDW gap we do not expect the frequency distribution to shift much
from that observed for pure NbSes. In the field orientation range from H parallel to € to € + 10° the
frequency distributions for Ni, o3 NbSeq are observed to have minimum and maximum frequencies
of 28 and 32 MG respectively, the same as observed for pure NbSeg in this range of magnetic field
orientations. (See Ref. 2). Repeated depinning of the CDW at low temperature does not lower the

minimum frequency below 28 MG, the same minimum frequency as observed in pure NbSeg.




The measurements on the NbSeg crystals doped with Fe, Co, and Ni establish that the
frequency range required to fit the magnetoquanmm oscillations is directly related to the size of the
low temperature CDW energy gap in the doped crystals. Doping the crystal with Fe, Co or Ni
increases the threshold electric field and enhances the number of metastable CDW States. However,
the range of frequencies characterizing these metastable states is determined by the effect of the
impurity on the average energy gap for the low temperature CDW. This is quite different for the
three impurities tested and suggests that the detailed domain structure of the pinned CDW determines
the shift of the CDW energy gap and consequently the shift of the cross-sectional area of the normal
FS.

The concentrations of impurity given are those in the starting powder from which the crystal
was grown. In the case of Fe it has been shown by secondary ion mass spectroscopy? that the starting
Fe concentration is reduced by two orders of magnitude in the final as-grown crystal. However, at
starting concentrations above x=0.09 the Fe is incorporated into one of the Nb chains and the crystal
structure changes.!® The Co and Ni concentrations are also reduced in the as grown crystal, but Co
and Ni do not induce a crystal structural change at higher starting concentrations suggesting a subtle
difference in their reaction with the NbSeg lattice compared to that of Fe. All of the doped crystals

studied have RRRs in the range 30 to 120 compared to 100-300 for the pure crystals measured.
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The scanning tunneling microscope (STM) not only gives excellent atomic resolution of surfaces, but
also responds to the detailed electronic structure of the material. Charge-density-waves (CDWs)
represent an instability of the Fermi surface leading to the formation of standing waves, modifications
in the local density-of-states and in some cases unusual conduction properties. We present STM data
on a wide range of the CDW materials exhibiting several different types of CDW structure.! The
materials include the quasi-two-dimensional crystals TaS,, TaSe, and NbSe, and the quasi-one-
dimensional materials NbSeg and TaSq. CDW phases are observed that are both commensurate and
incommensurate with the lattice. In several materials and phases two separate CDW transitions are
observed. The STM can detect the relative CDW amplitudes and charge distributions as well as
wavelengths, domain structures and positions with respect to the atomic lattice. In the case of the
linear chair 1aterials, NbSes and TaSg, detailed identification of the specific chains carrying the
CDW modulation has been obtained. CDW modulation due to the low temperature CDW in NbSeg has
been observed? to exist on two pairs of chains rather than on just one pair of chains. For the layer
structure crystals such as TaS,, detailed CDW domain structure in the nearly commensurate phase of
IT-TaS, has been obtained along with complete information on the commensurate phase. The
amplitude modulation of the CDWs in the nearly commensurate phase has been measured and is in

close agreement with theory. In the mixed coordination phases 4Hb-TaS, and 4Hb-TuSe, the two



independent CDWs can be simultaneously detected. The spectroscopic mode of the STM has also been
used to measure the CDW energy gaps in all of the CDW materials studied by STM. Two CDW gaps
have been resolved in those materials exhibiting two CDW transitions. All of the CDW gaps values
indicate strong coupling with the strongest coupling observed for the 2H phase compounds. The STM
results on CDW structure demonstrate the sensitive response of the STM to modifications of the
electronic structure near the Fermi level.
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