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The magnetotransport properties of NbSe3 in the temperature range below the second charge-
density-wave (CDW) onset of 59 K have been studied in magnetic fields up to 230 kG. At liquid-

helium temperatures giant magnetoquantum oscillations caused by magnetic breakdown (MB) be-
tween the normal Fermi surface (FS) and open orbits on the nested sheets of the FS dominate the
magnetotransport and are extremely sensitive to the pinned CDW configuration. Spatial variations
in the phase of the pinned CDW change the local Fermi level and CDW gap, giving rise to a distri-
bution of FS cross-sectional areas. These variations in FS cross section and CDW gap produce fre-

quency shifts, amplitude modulations, and beat structures in the quantum oscillations observed in

both the magnetoresistance and Hall effect. A model conductivity tensor has been developed
describing the open-orbit network and MB interference as well as the closed-orbit contribution.
The adjustable parameters of the model are the frequency of oscillation, the frequency-distribution

spread hF, and critical MB parameter ~p'T. The model has been used to study the detailed
configurations of the pinned CDW in nominally pure NbSe3 crystals and in NbSe3 crystals doped
with Fe, Ni, and Co. Unique fits to the data can be generated, and the resulting FS distributions
provide direct information on the local CDW domain structure produced by pinning and repinning
the CDW or by deliberately introducing impurities. At temperatures in the range 10-59 K, the os-
cillation amplitude decreases rapidly as the scattering time decreases, and a new magnetoresistance
enhancement is observed. The dc resistance anomaly associated with the CDW is enhanced by up
to a factor of 4 in a magnetic field of 226 kG and, if assigned exclusively to FS obliteration, it would

require an increase from 60%%uo obliteration at H =0 to 92%%uo at H=227 kG. Accurate measurements
also indicate a small increase in the transition temperature of -0.5 K in a magnetic field of 226 kG.
These results have been analyzed in terms of a theory proposed by Balseiro and Falicov in which a
transverse magnetic field induces a more perfect nesting of the FS. Magnetic-field modifications of
the electronic spectrum at the Fermi level can become large when the cyclotron energy Ace, is on
the order of the CDW gap h. Both the enhancement of the magnetoresistance and the sign change
in the Hall effect can be related to this mechanism. In addition to the magnetic-field-induced
changes in the static CDW state, studies of the dynamics of CDW motion have also been carried out
in magnetic fields up to 230 kG. The magnetoresistance response to the CDW motion can be
modeled with equations similar to those of the Bardeen tunneling model. At high electric fields the
enhanced magnetoresistance in the range 10—59 K is quenched; in the quantum-oscillation regime
the enhanced dc magnetoresistance is quenched while the oscillation amplitude saturates. The large
magnetoresistance in the static CDW state allows measurement of the threshold electric field down

to low temperatures. For the nominally pure crystals the temperature dependence of ET in high

magnetic fields follows a thermal-fluctuation model similar to that observed at 8=0, and the mag-
nitude of ET is not significantly changed from the values observed at H=0. At very low tempera-
tures a departure from the dynamics of the tunneling model can give rise to a large region of zero
dynamic resistance. This behavior is observed in the highest-purity crystals and is rapidly modified

by impurities. The magnetic field facilitates the study of a large range of both static and dynamic
CDW effects at low temperature: A systematic classification has been accomplished. Adequate
theoretical models have been developed for several of the effects, although further refinement of the
models and additional experimental confirmation are needed.

MS code no. BD4285 1990 PACS number(s): 71.25.Hc, 72.15.Gd

I. INTRGDUCTIGN

We have studied magnetotransport phenomena in sin-

gle crystals of NbSe3 in the temperature range 1.2 —59 K
using magnetic fields up to 220 kG. Measurements have
been made on crystals with residual resistance ratios

(R's) in the range 10—285 covering the widest possible
range of charge-density-wave (CDW) pinning phenotne-
na. Niobium triselenide exhibits two independent COW
transitions, ' one with an onset temperature T, =144 K
and the second with an onset temperature T2 =59 K.

Niobium triselenide is a quasi-one-dimensional metal
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with a high conductivity along the chains of Nb atoms
that run parallel to the b axis. The high-temperature
Fermi surface (FS) is composed of nearly planar sheets
oriented perpendicular to the b axis; they provide the
nesting conditions which drive the CDW transitions.
Band-structure calculations suggest that the CDW tran-
sition at T& arises from FS sheets that produce nearly
perfect nesting, while the transition at Tz arises from
only partially nested sheets. These transitions result in a
substantial reduction of the FS area, but the remaining
normal FS sections provide for semimetallic conductivity
down to the lowest temperatures.

The low-temperature FS is therefore composed of elec-
tron and hole pockets remaining from the partially nested
FS sections plus possible FS sections, formed from one
high-temperature band that does not nest. The low-
temperature FS topology is therefore fairly complex with
the general form of small closed pockets separated from
the nested FS sheets by CDW gaps.

The application of magnetic fields is observed to have
unusually large effects on the low-temperature magneto-
transport, and these effects constitute new and unusual
mechanisms for electron transport in the presence of
CDW's and magnetic fields. The major effects are ob-
served below T2 =59 K and are not observed at high tem-
peratures where only the one CDW exists with nearly
perfect nesting. In this paper we concentrate on observa-
tions of magnetotransport in the temperature range
1.1-59 K.

At intermediate temperatures in the range 10-59 K
the magnetoresistance shows an unusual enhancement
with magnetic field. ' A mechanism for this change has
been proposed by Balseiro and Falicov (BF) and we in-
terpret the magnetoresistance data in terms of the BF
mechanism. The Hall effect shows a reversal of sign as a
function of magnetic field in the same temperature range,
and unusual behavior as a function of CDW motion is
also observed. ' The Hall effect in general can show
more subtle and complex behavior than the magnetoresis-
tance and we discuss various possible contributions to the
magnetic-field dependence, including the BF mechanism.

The existence of electron and hole pockets arising from
imperfect nesting of the FS sheets, responsible for the
CDW transition at 59 K, provides the FS topology neces-
sary for the BF mechanism. This mechanism involves
tunneling between the electron and hole pockets and is
dependent on the ratio of the cyclotron energy fico, to the
pertinent gap 6, rather than on co, v as in the usual mag-
netoresistance mechanisms.

At very low temperatures &10 K, the magnetoresis-
tance increases rapidly as the dependence of the magne-
toresistance on co, v. becomes dominant. Large-amplitude
magnetoquantum oscillations dominate the magnetoresis-
tance below 4.2 K in magnetic fields up to 220 kG. Al-
though the frequency of these oscillations is determined
by small pockets of normal electrons, the main mecha-
nism contributing to the oscillation amplitude is magnet-
ic breakdown (MB) to open orbits existing on the FS
sheets that nest to form the CDW condensate. The
normal-electron pockets are closely coupled to the pinned
CDW structure through the MB process and this cou-

pling is extremely sensitive to the pinned configuration of
the CDW. Deformation of the CDW can shift the local
Fermi level, which changes both the extremal FS area of
the pocket and the MB gaps. Frequency shifts and am-
plitude modulations are observed which have been ex-
plained by Everson et al. using a model developed by
Sowa and Falicov' for treating dephasing effects in MB.

The Sowa-Falicov model is a one-dimensional model
for calculating the oscillatory conductivity parallel to a
single open orbit that is coupled to small lens-shaped
closed orbits by MB. With this simplified model the cal-
culated component of the oscillatory magnetoresistivity
parallel to the open orbit provided a good simulation of
the actual experimental ac magnetoresistance effects ob-
served in NbSe3. The actual experiments on NbSe3 gen-
erally measure the component of resistivity perpendicular
to the expected open-orbit direction and this component
was not considered in the simplified model. The com-
ponent perpendicular to the open orbit should oscillate in
a similar manner, but would be shifted in phase by 90'
and calculation of this component must consider the
closed-orbit magnetoresistance as well as that of the open
orbit.

We have modified the Sowa-Falicov conductivity ten-
sor to include the closed-orbit contribution, and have cal-
culated the resistivity perpendicular to the open-orbit
direction in order to obtain a more accurate simulation of
the actual experimental data for specimens exhibiting a
range of impurity pinning. We summarize the results of
the simulation for data on the nominally pure crystals of
NbSe3 and present similar comparisons for new data on
crystals doped with Fe, Ni, and Co. The doped crystals
show an enhanced deformation of the static CDW and
the associated FS. The results also demonstrate the
unusual structure introduced into the oscillatory magne-
toresistance and Hall voltage by the CDW pinning and
MB processes.

The magnetoresistance and Hall effect have been stud-
ied both at low electric fields, corresponding to the static
pinned CDW state, and at high electric fields where the
CDW is in motion and nonlinear behavior is observed.
The magnetic-field effects that are observed in the static
CDW state are demonstrated and interpreted first, and
include the following experimental observations. ( 1)
Enhancement of the transverse magnetoresistance in the
range 10-59 K by magnetic-field-induced changes in the
electronic structure not related to co, ~ but to the ratio
%co, /b. (2) The resistance maximum and the onset tem-
perature T2 associated with the low-temperature CDW
are shifted by the applied magnetic field. (3) The Hall
effect reverses sign as a function of magnetic field and the
Hall angle approaches 90' at the low temperatures. (4)
At helium temperature large-amplitude low-frequency os-
cillations dominate the transverse magnetoresistance and
indicate the presence of MB. (5) The quantum-oscillation
frequency is a sensitive function of CDW deformation
and the particular pinned state of the CDW. (6) The fre-
quency shifts occur in both the magnetoresistance and
Hall-effect oscillations and suggest the presence of a spa-
tial distribution of FS areas. (7) Amplitude modulation,
hysteresis and interference effects all confirm the ex-
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istence of a spatial variation of FS areas and its conse-
quent inAuence on the MB process.

These observations and processes apply to the magne-
totransport phenomena observed when the CDW is stat-
ic, at relatively low electric fields. At higher electric
fields the CDW's can undergo motion"*' above certain
threshold electric fields ET, which are determined by the
impurity pinning' of the CDW's. The large magne-
toresistance makes it possible to apply larger dc electric
fields at low temperatures than would be possible at
H=O. At temperatures below 4.2 K this has led to the
observation of large regions of high-conductivity CDW
motion where dV/dI is zero over a range of currents in
some high-purity specimens. This nondissipative Bow of
the CDW electrons exists only at low temperatures and
becomes dissipative above 10 K, where thermal-
Auctuation processes become dominant. We have also
studied the effects of magnetic fields on the threshold
electric fields and on the dynamics of CDW motion.

The nonlinear magnetoresistance observed for electric
fields above threshold can be fitted to expressions similar
to those used in the H=O case. In the higher tempera-
ture range of 10—59 K either the Bardeen' tunneling-
model expression or the semiclassical expression of Sned-
don et al. ' can be used to fit the magnetoresistance data
in the nonlinear regime above threshold. However, at
helium temperatures where the quantum-oscillatory com-
ponent arising from the MB process is important, the
analysis is more difFicult. Similar phenomenologica1 ex-
pressions can be used to fit the data quite well, but the
components arising from the oscillatory MB and the non-
linear CDW motion couple so that no simple explanation
is possible. We analyze and discuss the following experi-
mental results of measurements on magnetotransport in
the nonlinear regime. (1) The CDW magnetoresistance
anomaly below 59 K is rapidly quenched by CDW
motion, a result similar to the observation at H=O. (2)
The oscillatory component of the magnetoresistance
maintains a constant voltage amplitude over a large range
of current above threshold at 1.1 K, where MB processes
dominate. (3) The dc Hall voltage reverses sign as a func-
tion of magnetic field and this zero crossing moves rapid-
ly to higher magnetic fields as the current and electric
field increase above threshold at a given temperature in
the range 10—59 K. (4) At helium temperatures the large
transverse Hall voltage is a linear function of magnetic
field. For some cases the Hall resistance remains ohmic
above threshold, while the magnetoresistance becomes
highly nonlinear. In other cases the Hall resistance also
becomes nonlinear above threshold. (5) The threshold
electric fields ET in the nominally pure specimens show

very little dependence on magnetic field. (6) The temper-
ature dependence of ET follows a thermal-Auctuation, ex-
ponential behavior in the nominally pure specimens, but
this is strongly modified by Fe impurities.

The measurements of magnetotransport properties re-
ported here represent a wide range of unusual electronic
behavior introduced by the presence of CDW's in a high-

ly anisotropic metal. They demonstrate the extraordi-
nary complexity of electronic structure and FS effects en-
countered in NbSe3, but at the same time show that a sys-

tematic analysis is possible for most of the effects. Al-
though some details require further work, the data and
analysis provide a fairly complete picture of the magneto-
transport mechanisms operating in NbSe3. However,
more experiment and analysis are required to confirm the
microscopic models and to develop a more complete pic-
ture of the FS topology, as affected by both the static and
dynamic CDW structure.

II. EXPERIMENTAL TECHNIQUES

The NbSe3 and doped NbSe3 crystals were grown by
vapor transport in sealed evacuated quartz tubes using
mixed powders of the starting elements. They were first
sintered at 800—1000'C to give a free Bowing metallic
powder of appropriate composition. The crystals were
then grown for one to two weeks at a temperature of
-750'C in a temperature gradient of approximately
10'C/cm.

In the case of the pure crystals Nb powder of 99.99%
purity and Se powder of 99.999% purity was sintered to
produce the starting powder. The nominally pure crys-
tals gave % (R3QOQ/R42+) in the range 50-280. The
largest quantum-oscillation amplitudes were obtained on
crystals with % ~ 200.

Studies have also been carried out on crystals deli-
berately doped with Fe, Ni, and Co in the composition
M„NbSe3, where x is in the range 0.01-0.05. At these
concentrations the Fe, Ni, or Co impurities do not enter
the Nb chains and the quantum-oscillation amplitude
remains quite large even though the %'s are reduced to
the range 20-50. The pinning of the CDW is also in-
creased substantially, as detected by the frequency spread
of the quantum oscillations. The concentration of Fe in
the crystals of the form Fe„NbSe3 has been checked by
chemical and secondary ion emission analysis, and the re-
sults show that the crystals incorporate an order of mag-
nitude less Fe than that added to the starting powder.
Further details of the secondary ion emission results on
the Fe doping are given in Sec. III A 3. The Ni and Co
doping concentrations have not been checked in detail,
but the transport properties and CDW pinning show
similar features to those observed for Fe„NbSe3, indicat-
ing a limited incorporation of the Ni or Co atoms into
the growing crystal.

The quantum-oscillation shifts that are described in
this paper are observed for all ranges of %'s tested. The
frequency spread and degree of shift becomes progres-
sively larger as A decreases and the impurity concentra-
tion increases, but pinning of the CDW by impurities
modifies the normal FS in all cases.

The crystals were mounted on printed circuit blocks
with copper pads and silver paint. The magnetoresis-
tance measurements were made using a four-terminal
contact configuration with a counter emf loop printed on
the circuit block. The Hall voltage was measured with a
single pair of contacts on opposite faces of the crystal.
The correction for any magnetoresistance component was
very small because of the large magnitude of the Hall
voltage. Fine copper leads, noninductively ~ound, were
used to make all the connections from the circuit block to
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the top of the Dewar, where conventional shielded cable
connections were made.

The mounted crystal and circuit block were glued to a
gear-driven rotator immersed in a bath of liquid helium
and pumped to a temperature of —1.2 K. A supercon-
ducting solenoid was used for magnetic fields in the range
0-70 kG and the Bitter solenoids at the Francis Bitter
National Magnet Laboratory were used for the range
0-230 kG. The dc magnetoresistance and Hall voltage
were recorded with a conventional microvoltmeter driv-
ing an XY recorder and a computer. The oscillatory
components of the magnetoresistance and Hall voltage
were also recorded using ac techniques. Harmonic detec-
tion was used with a lockin amplifier and modulation of
the magnetic field at frequencies in the range 7.5 —15 Hz.
A modulation coil was mounted in the bore of the super-
conducting solenoid; the Bitter solenoids were modulated
directly by modulating the generators at 7.5 Hz. The
data were recorded with an on-line computer and the
Fourier transforms were generated directly from the
computerized data. The data were usually recorded in
the second harmonic mode.

III. EXPERIMENTAL RESULTS

The experimental results are divided into two main sec-
tions covering (a) the magnetotransport effects observed
when the CDW is static, and (b) when it is in motion pro-
ducing a nonlinear response of the transport coefficients.
With these categories we consider two separate tempera-
ture ranges where different fundamental mechanisms
dominate the magnetotransport. These are the very-low-
temperature range of 1.1-4.2 K, where quantum-
oscillatory effects related to MB play the primary role
and a higher-temperature range from 10 to 60 K, where
direct modifications of the energy spectrum at the Fermi
surface by the magnetic field produce unusually large
changes in the transport coefficients as a function of mag-
netic field. The CDW structure plays a crucial role in all
these regimes, and we systematically describe the many
experiments and results starting with the static CDW re-
gime first.

A. Magnetotransport in the pinned CD% state

These experiments were carried out at low electric
fields, where the electric field remained well below thresh-
old for the entire range of applied magnetic fields. The
initial magnetic-field response was usually measured after
cooling from room temperature and applying electric
fields that remain below threshold. Subsequent data were
then obtained for new states of the pinned CDW induced
by applying large electric fields, depinning the CDW, and
then repinning it by reducing the electric field below
threshold. The magnetic-field response was then again
measured and compared to the initial state. Changes in
response due to changes in magnetic and electric-field
direction were also measured.

I. Large amplitude lo-w-frequency quantum
oscillotions in mognetoresistonce

As previously reported in a number of studies" the
magnetoquantum oscillations at low temperature are
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FIG. 1. Quantum oscillations observed in the dc transverse
magnetoresistance of NbSe3 before and after depinning the
CDW at 1.1 K. A frequency shift from 0.31 to 0.28 MG is in-

duced by depinning and repinning the CDW; I~~b and H~~c

(from Ref. 5).

dominated by a few low frequencies representing ex-
tremal orbits on the FS, with cross-sectional areas
representing —10 of the Brillouin zone (BZ) cross sec-
tion. For the magnetic field parallel to the c axis and
current parallel to the b axis one single frequency of
-0.3 MG is usually observed. This frequency in-
creases ' ' smoothly as the magnetic field is rotated in
the a-c plane, reaching a maximum of —1.0 MG at Hlc.
Recent experiments have also shown that this frequency
could be shifted in a range from -0.28 to -0.32 MG for
H~~c by creating various metastable states of the pinned
CDW. A similar behavior is observed for most directions
of H in the a-c plane. This can occur spontaneously, or
in a controlled way by depinning and repinning the CDW
through brief application of an electric field above the
threshold for CDW motion.

Figure 1 shows an example of a dc magnetoresistance
curve recorded for a field range of 0-230 kG. The lower
curve was the initial response before depinning. The
upper curves were obtained after depinning and repin-
ning the CDW in a new configuration. The frequency
has shifted to a lower value and the background magne-
toresistance has increased. This is a bona/de frequency
shift, and not a phase shift. The frequency is also
definitely lower and both of these points are confirmed in
the ac magnetoresistance data presented later. One addi-
tional point with respect to the dc curve in Fig. 1 is that
80% of the total magnetoresistance change is in the oscil-
lating component. This is strong evidence that enhance-
ment by MB is occurring rather than simple modulation
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the beat. The frequencies are 0.35 and 0.38 MG. This
beat is not caused by two distinct FS cross sections, but
results from a single piece of the FS that interacts with
the CDW to give a distribution of extremal areas. The
beat is produced by interference e8ects generated
through MB. Details of the MB model are given in Sec.
IV.

The beat structure is observed for a large range of
magnetic-field directions in the a-c plane, and Fig. S(a)
shows a similar beat observed at a magnetic-field angle
60' from the c axis, while Fig. S(b) shows the oscillatory
magnetoresistance generated by a computer calculation
of'the MB model, with a spread of FS areas giving a beat
corresponding to frequencies of 0.39 and 0.41 MG. The
model neglects the spin splitting and we have calculated
the first derivative rather than the second derivative be-
cause of numerical noise considerations. Therefore the
amplitudes generated by the model are not accurate at
higher magnetic fields, but the determination of the fre-
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quency spread and the observed beat structure is very ac-
curate.

The crystal used for the data of Fig. 5 was a nominally
pure crystal with a high A of 284; the data are shown for
a magnetic-field range of 0—70 kG. Some crystals show
an even greater frequency spread, and a strong beat struc-
ture at higher magnetic fields can be resolved. An exam-
ple is shown in Fig. 6(a) for a magnetic-field sweep of
0—220 kG. Additional beats are present at lower fields
but the large magnetic-field modulation of -2 kG washes
these out. Figure 6(b) shows the curve generated by the
MB model, which requires a frequency interval of
0.31-0.36 MG.
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FIG. 4. {a) ac transverse magnetoresistance in NbSe3 ob-
served from 0 to 70 ko using 2f harmonic detection at 1.1 K.
Data were recorded using a pure as-cooled crystal with %' =284
and HII(c+30'). The beat structure was observed over a range

of magnetic-field orientations. {b) Fourier transform of the data
showing frequency split of 0.35—0.38 MG resulting from the
beat structure {from Ref. 9).

FIG. 5. {a)ac transverse magnetoresistance at 1.1 K in a pure

NbSe3 crystal with %=250 showing beat structure for

HII(c+60 ). (b) Model calcu1ation based on the MB network

described in Sec. IV. A frequency spread from 0.392 to 0.412
MG is required to generate the observed beat; co, is the cyclo-
tron frequency and mo is the critical MB frequency. The ratio
scale matches the experimental scale measured in kG.
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In the preceding experiments on nominally pure crys-
tals, depinning of the CDW by applying a brief electric
field above threshold generally removes the beat structure
and produces a single frequency at the low end of the fre-
quency spread observed before depinning. This frequen-
cy shift to a single lower frequency can also be observed
in the doped crystals, as demonstrated for Ni NbSe3 in
the next section. However, the doped crystals can also
show a redistribution of FS areas after depinning and re-
pinning that generates a substantial frequency interval
and spread of FS areas. As the pinning becomes greater,
the spread in the FS areas becomes larger, and a spec-
trum of metastable states can be observed after repinning.
Examples are shown for Co NbSe3 later.

3. Beat structure and MB interference
in the rnagnetoresistance of Ni NbSez,

Fe„NbSe3, and Co NbSez

In order to increase the impurity pinning we have
doped the starting growth powder with Ni, Fe, and Co.
These impurities decrease the % and increase the CDW
pinning, but do not destroy the amplitude of the quantum
oscillations. At starting concentrations of x =0.01—0.05
they do not disrupt the Nb chain structure, and T2 for
the CDW onset is depressed only slightly. Spectroscopic
analysis of the Fe doping shows that the final concentra-
tion in the crystal is reduced by 2 orders of magnitude
from that of the starting powder. Secondary ion emission
studies also show that the concentration is approximately
uniform from the surface to a depth of at least -500 A
as indicated in the data of Fig. 7.

Doping with Ni reduces the % of the crystals to typical
values in the range 20-50. At the same time the beat
structure is more pronounced after the initial cooldown,
while the threshold ET for CDW motion at 1.1 K is only
increased by a factor of 2 from the values measured for
the nominally pure crystals at 1.1 K. Figure 8(a) shows
ac magnetoresistance data for a Nip p3NbSe3 crystal in the
magnetic-field range 0—70 kG. A prominent beat struc-
ture is observed and the model fit to the data, as shown in
Fig. 8(b), requires a frequency spread from 0.28 to 0.32
MG, a spread substantially larger than usually observed
in the nominally pure crystals. This frequency spread is
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FIG. 6. (a) ac transverse magnetoresistance for the field
range 0—210 kG. The beat at -35 kG indicates the existence of
a very large frequency spread in the as-cooled state. The data
were recorded for a pure crystal (%'=258) at 1.1 K with
H~~(c+25'). (b) The model calculation that fits the beat struc-
ture requires a frequency spread from 0.316 to 0.362 MG.

FIG. 7. Depth profiles obtained from secondary ion mass
spectrometry of a crystal grown from a starting powder of com-
position Feo Q3NbSe3. The final concentration of Fe in the crys-
tal was 2 orders of magnitude less than in the starting powder,
as estimated from calibration standards. The dilute Fe concen-
tration was, however, uniformly distributed within a given
depth profile, but could vary by a factor of 2 for different areas
of the crystal or for different crystals from the same batch.



41 EFFECTS OF HIGH MAGNETIC FIELDS ON CHARGE-. . . 467

750—
I I I I I a

I

Nj p ppNbSe~

H II(C+10')

I I I I ~ I I I a a I I I a I I I

confirmed in the Fourier transform of the direct data, as
shown in Fig. 9(a). In addition, both the direct ac data
and the second harmonic amplitude in the Fourier trans-
form show that the Ni has quenched the spin splitting in
this magnetic-field range. After briefly depinning the
CDW at high electric fields, the repinned CDW structure
no longer induces a beat structure in the ac magnetoresis-
tance and the Fourier transform shows a single frequency
at 0.28 MG, as shown in Fig. 9(b). The disappearance of
the beat structure after depinning and repinning the
CDW is a general phenomenon observed for most of the
nominally pure crystals as well as the lightly doped crys-
tals. The CDW motion at low temperature appears to
reduce substantially the spread in FS cross sections as
well as to reduce the average FS cross section throughout
the crystal. The beat structure can be recovered by

warming the crystal above the CDW transitions and re-
quenching it to helium temperatures. In some cases de-
pinning and repinning of the CDW at 1.1 K modifies the
beat structure, but does not eliminate it. Preliminary evi-
dence suggests that this occurs in the more heavily doped
crystals, where a wider frequency distribution is observed
and a more complex beat structure is often present. Ex-
amples observed for Fe and Co doping are presented
later.

Figure 10 shows three ac magnetoresistance field
sweeps in Fe„wbSe3 corresponding to CDW states ob-
tained in a first cooldown from room temperature, a
second cooldown from room temperature, and a depin-
ning and repinning of the CDW at 1.1 K. As shown in
Fig. 10(a) a single-beat structure, very similar to that ob-
served in the previous examples, is present after the first
cooldown. After the second cooldown a more complex
two-beat structure is observed, as shown in Fig. 10(b).
After depinning at 1.1 K in a strong electric field the
cotnplex beat structure is entirely eliminated, as shown in

Fig. 10(c). The Fourier transforms of the Fe„NbSe3 data
500

MI-
z

250
CQ

0

C -250

T~l.2 K

8P ~ 46 Epp a a

80—

60—

N'o osNbSe~

Fourier Transform

BEFORE DE P I NN ING

(a)

I a ~ ~ I I ~ a I
1

I a I ~

+ -500

-750
0 10 20 30 40 50 60

H (kG)

(a)
I I I I I I I I I I I I I I I I a a I a I a I I I I

70

4p—

ao
Z

0 317 MG

0.281 M G

20 I I a I ~ ~ ~ I I I I
I

I I I

MODE I CA LCULAT ION

MI-
z
CQ
K 0—
x0

N
N -lO—

F) ~ 0.283 MG

Fp&0.5l8 MG

ldpv aa 2

(b)
-20 I a a I a a a I I a a I a a a I a

0 lO 20 30 40
10') !coo

a aaa I I
11

a a I a

50

aa II I a I
I

I I
a ~ I I I a

60 70

0
0

4p—

20—

Q3
CL

W 100
I-

CL 80—

0.5 10

0.213 M G

After Depinning

~ a I I I I I

(b)

2.0

FIG. 8. (a) ac transverse magnetoresistance measured in a
¹idoped single crystals of NbSe3 grown from a starting powder
of composition Ni(} 03NbSe&. The field range was 0—70 kG with
a beat minimum at 30 kG and fewer oscillations within the beat
period than generally observed in the as-cooled pure crystals at
the same field orientation of H~~(c+ 10'). This indicates a fairly

large frequency spread as confirmed in the model calculation
shown in Fig. 8(b). (b) Model calculation of the transverse mag-
netoresistance generating the correct beat structure using a fre-

quency spread from 0.283 to 0.318 MG.
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FIG. 9. (a) Fourier transform of data on the Ni-doped NbSe3

crystal shown in Fig. 8(a) ~ The frequency splitting corresponds

to minimum and maximum frequencies of 0.30 and 0.33 MG, re-

spectively, in good agreement with the model calculation of Fig.
8(b). (b) Fourier transform of ac magnetoresistance measured

after depinning the CDW at 1.2 K. A single low frequency of
0.27 MG is present.
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ture can be changed by depinning and repinning the
CDW at 1.1 K. Figure 12(a} shows a single-beat struc-
ture and its Fourier transform shows a frequency spread
of 0.28—0.32 MG. After depinning the CDW at 1.1 K a
more complex two-beat structure is observed as shown in
Fig. 12(b}. A MB model fit to this structure again re-
quires a wider and more complex frequency distribution,
similar to that required for the Fe NbSe3 data of Fig.
10(b). This result is presented in Sec. IV.

The examples of beat structure shown earlier demon-
strate the systematic connection between the metastable
CDW structure and the variable amplitude modulation of
the quantum oscillations. Although these metastable
states and the associated beat structures are formed in
fairly random fashion, the frequency and amplitude
analysis shows a consistent behavior characteristic of the
MB interference model discussed in Sec. IV. Increasing

the impurity pinning also increases the magnitude and
complexity of the beat structure, which is consistent with
a direct connection between the pinned CDW structure
and the local FS of the normal electrons.

We have also examined the magnetoquantum oscilla-
tions in the Hall resistance and correlated them with the
simultaneous oscillations observed in the magnetoresis-
tance. The results are reviewed below and provide addi-
tional evidence of the relation between the FS inhomo-
geneity generated by the pinned CDW structure and the
quantum-oscillation amplitude and beat structure.

4. Quantum oseillations and MB interferenee
in the Hall resistance

The Hall resistance has been measured in both the dc
and ac modes at 1.1 K in a magnetic-field range of 0-230
kG. In this case a very large dc component of transverse
voltage is measured, which shows a linear dependence on
magnetic field as shown in the two curves of Fig. 13 for
H~~c and Hall voltage ic. These represent the two com-
binations of +H and +I, and demonstrate that the lead
configuration on this crystal introduces a negligible com-
ponent of magnetoresistance. At 1.1 K the Hall effect is
positive at all magnetic fields above —1.5 kG; at the
lowest fields a sign change is observed. The sign change
plays an important role at higher temperatures and is dis-
cussed in more detail in Sec. III A 7.

The oscillatory component represents a smaller percen-
tage of the total Hall voltage than observed for the mag-
netoresistance, but is easily detected and constitutes
-10% of the total voltage. The ac component obtained
from a four-term sum of the +I,+H set of ac curves is
shown in Fig. 14(b). This curve exhibits the same basic
low-frequency oscillations observed in the simultaneous
recording of the magnetoresistance shown in Fig. 14(a).
However, the frequency spread and beat structure are
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FIG. 12. Beat structures in the ac transverse magnetoresis-

tance of a Co-doped NbSe3 crystal grown from a powder of
starting composition Co(j 03NbSe3. In this case beat structures
persist after repeated depinning and repinning of the CDW at
1.1 K. A single beat is observed in the curve of (a), while a more
complex two-beat structure is observed in the curve of (b)
recorded after a second depinning of the CDW at 1.1 K. These
beat structures require rather complex frequency distributions
in the model calculations and these are shown in Fig. 40.
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FIG. 13. dc Hall resistance measured at 1.1 K in the field

range 0—220 kG. Curves are shown for +H and +I and indi-
cate the presence of little or no magnetoresistance component
for this pair of Hall leads oriented perpendicular to c.
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different, as shown in the Fourier transforms of Fig. 15.
In the magnetoresistance the low-frequency peak is at
0.30 MG, while the Hall resistance shows a low-

frequency peak at 0.29 MG. The frequency spreads are
AF=0.06 MG for the magnetoresistance and AF=0.09
MG for the Hall resistance.

These variations suggest that different domains of
CDW configuration and FS inhomogeneity contribute to

the two resistivity components, as would be expected
since the two measurements sample different regions of
the crystal. The effects of depinning and repinning the
CDW on the simultaneous measurement of the magne-
toresistance and Hall resistance also give evidence sup-
porting the aforementioned conclusion. The Fourier
transforms of the ac data obtained after depinning and
repinning the CDW at 1.1 K are shown in Fig. 16. As in-
dicated in the transform of Fig. 16(a), the rnagnetoresis-
tance shows a single low frequency of 0.28 MG, charac-
teristic of most nominally pure crystals following CDW
depinning. In contrast the simultaneously measured Hall
resistance shows an increased frequency spread EF=0.10
MG, as shown in Fig. 16(b), with a low frequency at 0.29
MG and a high frequency at 0.39 MG. This difference in
FS inhomogeneity for the two measurements is consistent
with the MB interference model. This is discussed in
more detail in Sec. IV.

5. Magnetoresistance in the 10-60K range
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At H=O the resistance at electric fields well below
thresho1d shows a rapid increase with temperature above
10 K, which reaches a maximum at -48 K and then de-
creases rapidly as the temperature approaches the CDW
transition at T2=59 K. If this resistance anomaly were
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FIG. 14. Quantum oscillations observed simultaneously in (a)
the rnagnetoresistance and (b) the Hall resistance in a pure
NbSe3 crystal in a field range 0—220 kG. The Hall resistance
was measured perpendicular to c with Hllc and Illb; %=220.
The oscillations were recorded in the as-cooled state before de-
pinning of the CDW.

FIG. 15. Fourier transforms of the magnetoresistance and
Hall resistance data shown in Fig. 14 for a pure NbSe3 crystal.
A large frequency split is observed in both components in the
as-cooled state, but different maximum and minimum frequen-
cies are present for each component. (a) magnetoresistance; (b)
Hall resistance.
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entirely due to FS obliteration below T2 then -60% of
the FS existing above 59 K would have to be annihilated

by gap formation in the low-temperature CDW phase.
We have shown that this low-temperature resistance
anomaly is strongly enhanced by application of a magnet-
ic field transverse to the b axis. At 227 kG the resistance
is enhanced by up to a factor of 4 in the temperature
range 59-10 K: this would require a FS annihilation
below T2 of 92% as opposed to 60% for H=O. In addi-
tion to the resistance enhancement the peak in resistance
moves to lower temperature and is observed at -38 K in
a field of 226 kG.

This resistance enhancement is not associated with or-
dinary magnetoresistance, which is a function of the di-
mensionless parameter co,~ The. resistance enhancement
does not change appreciably in magnitude with impurity
doping, which reduces the A from -200 to 20. In addi-
tion the magnetoresistance reaches an intermediate max-
imum at -20 K, which is inconsistent with a dependence
on ~. A scattering-time dependence should produce a
monotonic increase as the temperature decreases in this
range. Figure 17 shows accurate curves of the tempera-
ture dependence of resistance recorded at H=O and

H=226 kG in the temperature range 1.1 —100 K for a
NbSe~ crystal with A =284. In addition to the resistance
enhancement the curves show an increase in T2 of ap-
proximately 0.5 K in a field of 226 kG. Corrections have
been made for the magnetic-field dependence of the car-
bon glass resistor used to measure the temperature, and
the temperature controller has been carefully calibrated.
However, an accuracy of better than +0.5 K cannot be
claimed for any single point, and a magnetic-field-
induced increase in T2 should be considered only a tenta-
tive result. The expected magnitude of any increase in T2
is discussed in Sec. IV B 3.

The strong resistance enhancement by the magnetic
field is observed for all field directions lying in the a-c
plane. However, a considerable anisotropy is present as
demonstrated in Fig. 18(a) for H~~c and Hlc with H= 215
kG. The resistance enhancement varies by approximate-
ly 30% between the two magnetic-field orientations; it is
not unreasonable given the possible anisotropy of the FS.
Figure 18(b) shows the resistance enhancement observed
in an Fe„NbSe& crystal at a field of 226 kG parallel to the
c axis. Both the pure crystal of Fig. 18(a) (%=218) and
the Fe-doped crystal of 226 ko parallel to the c axis.
Both the pure crystal of Fig. 18(a) (%=218) and the Fe-
doped crystal of Fig. 18(b) (A =31) show almost identical
enhancements, which indicates little or no dependence on
residual impurities. The curves of Fig. 18 were not cali-
brated as carefully as the data of Fig. 17, and shifts near
T2 should be not be considered significant.

The large magnetoresistance described earlier is in-
duced only by transverse magnetic fields and decreases
smoothly as the field is rotated into a longitudinal orien-
tation, as shown in Fig. 19(b) for T=30 K. The
magnetic-field-induced resistance follows a cosP depen-
dence, where P is the angle between the magnetic field
and the transverse orientation (lb). The component of H
lying in the a-c plane is approximately parallel to the
nested sections of FS and the magnetoresistance de-
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FIG. 16. Fourier transforms of the simultaneously measured
magnetoresistance and Hall resistance recorded after depinning
and repinning the CDW at 1.1 K immediately following the
measurements presented in Figs. 14 and 15. (a) The Fourier
transform of the magnetoresistance shows only a single low fre-

quency of 0.28 MG plus a strong second harmonic of this fre-

quency. (b) The Fourier transform of the Hall resistance contin-
ues to show a large frequency split, but di8erent minimum and
maximum frequencies are observed after depinning and repin-
ning the CDW at 1.1 K.
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FIG. 17. The temperature dependence of resistance for a
high-purity NbSe3 crystal in the range 1.1-100 K. The curves
show data obtained in zero magnetic field and in a transverse
magnetic field of 226 kG. Below the CDW onset of -60 K the
magnetic field produces a large resistance enhancement and the
CDW onset temperature is increased by -0.5 K.
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creases to a very small value as this component goes to
zero at H~~b. This behavior is consistent with the BF
mechanism, which associates the enhanced magnetoresis-
tance with a magnetic-field-driven change in the FS nest-

ing. Only the transverse component of 8 should be
effective: This model is outlined in Sec. IV.

6. Hall eeet in the range I 1 6. 0—K

The dc Hall resistance in the static CDW state shows
an unusual sign change as a function of magnetic field for

H~~c and I~~b. At 1.1 K the Hall voltage changes from
negative to positive at -3 ko as shown in Fig. 20. For
increasing temperature this zero crossing moves continu-
ously to higher magnetic fields. The Hall voltage remains

negative over the entire accessible field range for temper-
atures near T2. Curves of Hall voltage versus magnetic
field at T=20, 30, and 40 K are shown in Fig. 21. At the
lowest temperatures the dc Hall voltage remains linear
after the sign change, and corresponds to a net positive
carrier density in the range (5—8) X 10' /cm for (p-n ), a

magnitude consistent with a strong reduction in carrier
density by formation of the two CDW's.

The magnitude of the Hall voltage at 1.1 K corre-
sponds to a large transverse electric field, as compared to
the longitudinal electric field. The calculated values of
this field are quite variable because of the small trans-
verse dimensions of the crystal (1—50 p,m) and a high sen-
sitivity to lead geometry. However, the ratios E„ /E„„
are consistently in the range 25 —100, indicating that the
Hall angle is large and can approach 90'. This is also
consistent with the presence of a large kH asymmetry in
some measurements of the magnetoresistance, even
though the ratio of length between leads to crystal diame-
ter is greater than 100.

At higher temperatures, in the range 20-50 K, the
Hall voltage becomes nonlinear in both the negative- and
positive-magnetic-field regions, and the magnitude rela-
tive to the magnetoresistance voltage is a more complex
function of both the magnetic field and the temperature.
In general, the Hall effect is sensitive to detailed changes
in the carrier mobility, and reflects any changes in elec-
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resistance enhancement in NbSe3 induced by a transverse magnetic field of 226 kG parallel to the c axis. The magnitude of the
enhancement in the Fe-doped crystal is comparable to that observed in pure crystal shown in (a).
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field of 227 kG as a function of angle from the transverse orientation parallel to c. For Hllb the resistance enhancement decreases to
zero.

tron to hole ratio, effective masses, or relaxation times. It
must be related to mechanisms which enhance the mag-
netoresistance, but can present a more complex analysis
problem. In the discussion further we consider the possi-
ble effects of the BF mechanism on the Hall voltage. It is
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FIG. 20. Hall resistance of a pure NbSe3 crystal measured at
4.2 K. Initial Hall resistance is negative, followed by a sign re-
versal at a magnetic field of 3.7 kG. The magnetic field is per-
pendicular to c with Hall voltage measured parallel to c;
% =7S.

certainly possible to generate a sign change in Hall volt-
age with the BF mechanism and we review a reasonable
set of model parameters that can generate the Hall be-
havior at 30 K. Other mechanisms such as a low-field to
high-field transition in one group of carriers can also pro-
duce a sign change in Hall voltage, although at present
the experimental data and analysis do not provide any
evidence for this mechanism.

The Hall effect has also been measured in the nonlinear
regime of CDW motion and again requires a rather com-
plex analysis of the changes produced by CDW motion.
The magnetoresistance is highly nonlinear in this region,
and although the characteristic behavior can be well de-
scribed by definite current-versus-voltage relations, the
microscopic mechanisms are complex. We summarize
the effects of CDW motion on magnetotransport in Sec.
III B.

B. Nonlinear magnetotransport
in the CD% motion regime

Both the magnetoresistance and Hall effect show non-
linear responses to motion of the CDW. As was the case
for the static CDW state, the two different temperature
ranges are dominated by different magnetic-field effects
and respond differently to the CDW motion. We discuss
the very-low-temperature regime first, where quantum os-
cillations are a major effect in the transport as measured
in the range 1.1 —4.2 K. The higher-temperature regime,
from 10 to 60 K, is characterized by large nonlinear dc
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terms due to the large fraction of total current carried by
the moving CDW. The threshold electric field ET and
the impurity pinning are critical factors in this regime.
We review results on nominally pure crystals with %'s in
the range 100—300 and on doped crystals with lower ra-
tios and stronger pinning.

1. Magnetoquantum oscillations
in the presence of CDW motion

The quantum-oscillation voltage amplitude and dc
ba.ckground voltage in a magnetic-field sweep are ob-
served to increase with current according to Ohm's law
until the electric field reaches the threshold for CDW de-
pinnkng. For currents above threshold the oscillatory
amplitude saturates while the overall voltage continues
increasing, but exhibits a very nonlinear growth with
current. Figure 22(a) shows a series of dc magnetoresis-
tance curves recorded for a Ni„NbSe3 crystal in a
magnetic-field range 0-220 kG and a current range from
1 to 100 mA. The threshold voltage for CDW motion in
this crystal is -35 mV at 1.1 K, and for currents above
-30 mA the field sweep curves enter the nonlinear re-
gion as indicated by the sharp voltage steps as the curves
cross the threshold voltage for CDW motion. These
curves can be fitted by the following current-versus-
voltage relations:
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FIG. 21. Hall resistance of pure NbSe3 (4' =75) as a function
of magnetic field to 180 kG for three temperatures showing the
monotonic increase in the zero crossing from 25 kG at 20 K to
-200 kG at 40 K. Two curves corresponding to +H and +I
are shown for each temperature to demonstrate that the magne-
toresistance component is negligible. Temperatures are (a} 40
K; (b) 30 K; (c) 20 K.

FIG. 22. (a) V vs H curves measured from a Ni-doped NbSe3
crystal using a series of currents from 10 to 100 mA in incre-
ments of 10 mA. The magnetic field is parallel to c and is swept
from 0 to 230 kG. (b) Model calculation of the V vs H curves
using the functional relation given in Eq. (3.2). The fit is excel-
lent and requires a large mixing of the normal and CDW quasi-

particle components, as discussed in Sec. III B 1.
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2. CDW motion beets on magnetoresistanee
in the range 10-60EC

The CDW resistance anomaly that is enhanced by a
transverse magnetic field responds to CDW motion in a
similar fashion to that observed at H=O. The main
di6'erence is the large initial magnetoresistance prior to
the onset of CDW motion. At high electric fields, with
appreciable CDW motion the magnetic resistance ap-
proaches the resistance observed at H=O, as shown in
Fig. 23 for T=30 K. The magnetoresistance in the large
CDW motion state is very small, indicating that the mov-

ing CDW contributes little or no magnetoresistance.
The resistance in a magnetic field of 230 kG as a func-

tion of electric field shows this characteristic nonlinear
behavior; examples in the temperature range 1.2-4.3 K
are shown in Fig. 24. The data have been fitted using the
Bardeen tunneling model' represented by the solid lines
in Fig. 24, as calculated from the tunneling expression

R (E) ob ET (E /E)—1+ 1 — e
R (0)= o, (H) E (3.3)

where cr, (H) is the magnetoconductivity and ob is a
magnetic-field-independent conductivity due to the tun-
neling channel; E~ is the threshold electric field and Eo is
related to the breakdown gap Eg and given by

Eo —m.Eg /4he *vF (3.4)

Here R (H) and V are the measured resistance and volt-
age, Vz is the threshold voltage; E and Vo are constants.
The expressions used in Eqs. (3.1) and (3.2) follow the
form used in the Bardeen tunneling model given in Eq.
(3.3) later, except that they include an oscillating term in
R (H) and the constant K is introduced as a parameter.
This should be viewed as an empirical fit and not a
confirmation of the tunneling mechanism. The expres-
sion has sufficient parameters to give a very good fit to
the data, but no microscopic interpretation of the param-
eters has been developed.

With E = —11 and Vo=80 mV a very good fit to the
data is obtained [see Fig. 22(b)]. Expressions of this type
can be developed from either the quantum-mechanical
tunneling model' or the semiclassical model' used for
CDW motion at H=O. However, in a magnetic field, os-
cillating components enter into the nonlinear term
through the function R (H). The oscillating component
of this function would usually be associated with the nor-
mal electrons, but it also enters in the nonlinear term and
generates an oscillation amplitude that is independent of
current in the region of CDW motion. A detailed ex-
planation for this experimental result involves a mixing
of the normal quasiparticle and CDW components of the
current and voltage.
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FIG. 23. Resistance vs electric field for a pure NbSe3 crystal
at 30 K in a transverse magnetic field of 227 kG and in 0 kG.
The CDW depins at approximately 0.075 V/cm at both 0 and
227 kG. At high electric fields the magnetic-field-enhanced
resistance is essentially eliminated by the CDW motion (Ref. 4).
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FICx. 24. The ratio of the resistance at electric field E to the
resistance at E=O as a function electric field for a pure NbSe3
crystal in a transverse magnetic field of 230 kG. Curves are
shown for four temperatures of 1.2, 20, 30, and 43 K. The solid
lines are fits to the Bardeen tunneling mode1. Values of the pa-
rameters needed for the fits are listed in the figure. The values
of E& and Eo used at each temperature have been calculated
from the thermal-fluctuation model using values of E& and Eo
at T=O, determined from the data shown in Fig. 25 [see Eq.
(3.5) and (3.6)].
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Eo(0)=En(0)e

where

(3.6)

b, /ktt = 15.2 K .

As shown in Fig. 25 for a magnetic field of 206 kG, the
thermal-fluctuation temperature dependence is accurately
obeyed for the nominally pure specimens. The crystal
used for the data of Figs. 24 and 25 had %=145. The
thermal-fiuctuation behavior has been tested for other
nominally pure crystals with %'s in the range of
140—250, and is valid in most cases. The thermal-
Quctuation behavior of ET has been derived by Maki'

here h is Planck's constant, e* is a parameter related to
the effective charge and mass of the moving CDW, and
U~ is the Fermi velocity. The use of Eq. (3.3) to fit the dc
data at higher temperatures should again be viewed as
empirical and not a confirmation of the tunneling mecha-
nism. The expression in Eq. (3.3) allows a better
parametrized fit of the data than the corresponding ex-
pression from the classical model, but the range of the
data and interpretation of the parameters does not pro-
vide any clear confirmation of either model. The thresh-
old electric field Er(T) and the parameter Ec(T) have
been self-consistently fitted, at four temperatures, using a
thermal-fluctuation temperature dependence of the form

ET( T)=Er(0)e (3.5)

and

and is discussed in Sec. IVB. In the case of impurity
doping, strong deviations from the aforementioned be-
havior are observed. An example for Fe NbSe3 is given
in Sec. III 8 5.

In a number of crystals the CD% motion at the lowest
temperature of 1.1 K exhibits a sudden transition to a re-
gion of zero dynamic resistance. An example is shown in
Fig. 26 for a very-high-purity crystal with 8=284. The
region of zero dynamic resistance extends from 80 to 350
mA and is only limited by the current-carrying capacity
of the contacts. This extreme nonlinear behavior occurs
in relatively few crystals and it may be related to a
specific configuration of strong pinning centers that depin
suddenly at high electric fields. In the relatively high-
ratio crystals the zero dynamic resistance is observed
only at the lowest temperatures. The value of ET ob-
served at the lowest temperature in these samples is sub-
stantially higher than those obtained from extrapolation
of the higher-temperature data. At high temperatures
the nonlinear region also shows a finite dynamic resis-
tance and follows the characteristic behavior described
by the Bardeen tunneling expression, ' as shown in Fig.
27.

In less pure crystals and in doped crystals regions of
zero dynamic resistance can also be observed, but these
are usually seen over a limited current range. In heavily
doped crystals short regions of zero dynamic resistance
can also be obtained at high temperatures; these have
been termed switching crystals. Doping with Fe can in-
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FIG. 25. Semilog plots of ET and Eo vs temperature in the
range 1.1 —50 K in a transverse magnetic field of H=230 kG
parallel to c. The data points fit the expected thermal fluctua-
tion model of Maki (Ref. 18) which has been used to determine
self-consistently the values of ET( T) and Eo( T) used for the
tunneling-model fits shown in Fig. 24 in this sample; %=145
[from Coleman et al. , Synth. Met. 19, 795 (1987)].

V (rnV)

FIG. 26. Plot of I vs V at 1.1 K a pure NbSe3 crystal in a
transverse magnetic field of H=225 kG parallel to c; %'=284.
After an initial nonlinear onset at -35 mV the COW motion
exhibits zero dynamic resistance above -45 mV [from Coleman
et al. , Synth. Met. 19, 795 (1987)].
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duce such behavior in the range 20—30 K, as observed in
both ac and dc experiments. '

3. CD W motion effects on the Hall e+ect
in the range 10—60K

The Hall effect has also been studied as a function of
CDW motion and results for the magnetic-field range
0—200 kG are shown in Fig. 28(a) for Hlc. At 30 K the
threshold electric field is exceeded for a current between
1 and 5 mA. For increasing current the zero of the Hall
voltage moves rapidly to higher magnetic fields.

The change in magnitude can be partly assigned to a
change in the conductivity 0 „„along the axis of the crys-
tal. If the only effect of CDW motion is a change in cr„„,
then RHu„„=const, and Rz should decrease inversely
with the increase of O.„„asCDW motion occurs. This
should change only the magnitude of RH but not the
magnetic-field value at which RH=O. As shown in Fig.
28(b) the ratio of the Hall resistance to the resistance at
8=0, as a function of current, is independent of current
until the field exceeds -30 kG. At higher magnetic fields
the increased CDW motion changes the electron-hole
balance contributing to the Hall voltage and thereby
changes the zero crossing. This suggests that the same
mechanism producing the enhanced magnetoresistance
anomaly also contributes to the sign change in the Hall

effect. Both features tend to be erased by large CDW
motion at high electric fields. The BF mechanism dis-
cussed in Secs. IV A 3 and IV A 4, provides a possible ex-
planation for the sign change observed in the Hall effect.
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4. CD W motion sects of the Hall e+ect
in the range 1.1—4.2 SC

At liquid-helium temperature the sign change in the
Hall voltage moves to extremely low magnetic fields (See
Fig. 20). At 1.1 K we have measured the Hall voltage for
magnetic-field directions both parallel and perpendicular
to the c axis. The crystals are very thin perpendicular to
the c axis and form ribbons with the wide dimension
parallel to the c axis. The Hall gauge lengths parallel and
perpendicular to c are 0.2-0.05 mm and 0.01-0.005 mm,
respectively.
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FIG. 27. Resistance vs electric field at five different tempera-
tures in a transverse magnetic field of 70 kG parallel to c;
A =284. These data are from the same crystal as used for the
measurement at 1.1 K in Fig. 26. A region of zero dynamic
resistance is observed only at 1.1 K. At higher temperatures the
Bardeen tunneling model provides a good fit as indicated by the
solid lines. Values of the parameters are listed in the figure
[from Coleman et al. , Synth. Met. 19, 795 (1987)].

FIG. 28. The Hall resistance at T=30 K plotted as a func-
tion of transverse magnetic field for currents in the range 1-35
mA. (a) Magnetic-field range 0—200 kG. Increasing the current
moves the zero crossing from -75 kG at 1 mA to —155 kG at
35 mA. (b) The data from (a) in the range 0—50 kG have been
replotted by dividing the Hall resistance by the resistance at
8=0. This corrects approximately for changes in o„„caused by
CDW motion. The ratio is then independent of current up to
-30 kG, while at higher magnetic fields a more complex depen-
dence on current (CD% motion) is still observed.
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The effects of CDW motion on the Hall voltage in
these two directions can be quite different. For Hic and
Hall voltage measured parallel to c, the Hall resistance as
a function of magnetic field in the range 0—70 kG is
shown in Fig. 29(a) along with a simultaneous measure-
ment of the magnetoresistance. Both decrease rapidly in
the region of CDW motion and the ratio [R (E)/R(0)]
shows the same magnitude of decrease for each com-
ponent. The true value of the Hall resistance requires
correction for the effect of CDW motion on cr„„,and oth-
er nonlinear terms may also be present at high magnetic
fields. The Hall voltage is also sensitive to the number
and configuration of CDW domains contributing to a

particular measurement. The effect of CDW domain
structure is also evident in comparing measurements of
the Hall voltage in the two directions parallel and per-
pendicular to c. These two directions reflect the large an-
isotropy present in both the intrinsic atomic structure
and crystal thickness. Measurement of the Hall resis-
tance perpendicular to c, with Hilc, as a function of the
electric field parallel to the b axis, is shown in Fig. 29(b).
The data show simultaneous measurements at 1.1 K of
the magnetoresistance and Hall resistance as a function
of electric field in a magnetic field of 172 kG. In contrast
to the measurement parallel to c, the Hall resistance per-
pendicular to c is independent of CDW motion, while the
corresponding magnetoresistance shows the usual strong
reduction above the threshold for CDW motion. These
data were obtained in the same series of experiments
where the quantum oscillations in the Hall voltage were
measured for Hllc and VHlc, as presented in Secs.
III A 4. The quantum-oscillation frequencies in the mag-
netoresistance and Hall resistance showed different
responses to the CDW depinning and suggested that
different domains of the CDW structure were dominating
the two measurements. The direction lc is also a direc-
tion of very low conductivity, since it is perpendicular to
the layers of chains. At room temperature the conduc-
tivity anisotropy in the b-a plane was measured as -500
compared to —15 in the b-c plane. This large anisotropy
in the conductivity and crystal structure may play a criti-
cal role in the CDW domain structure. If so it is more
likely to show up in the measurements of the Hall voltage
perpendicular to the chain slabs. Further discussion is
given in Sec. IV.
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FIG. 29. Data show simultaneous measurements of the Hall
resistance and the magnetoresistance at 1.1 K as a function of
the longitudinal electric field for two different orientations of
the magnetic field. The relative change from the resistance at
low electric field (static CDW state) is plotted. (a) Magnetic
field of 70 kG oriented perpendicular to c. Both the Hall resis-
tance and magnetoresistance show a strong nonlinear depen-
dence on CDW motion. (b) Magnetic field of 220 kG oriented
parallel to c. The Hall resistance is independent of CDW
motion, while the magnetoresistance shows a strong nonlinear
behavior.

5. Magnetic field etc-ts on the threshold
electricfield for CD% motion

In the initial high-magnetic-field experiments ' on
NbSe3 we previously reported observing a substantial
reduction in the threshold electric field, ET, required for
CDW motion when a large transverse magnetic field was
applied. We now believe that substantial magnetic-field-
induced reductions in ET are observed in random sam-

ples and result from specific aspects of the pinning
configuration in a given specimen rather than from in-

trinsic modifications of the CDW condensate in a mag-
netic field. In general, the high-purity crystals show little
or no change in ET for the magnetic-field range 0—230
kG in the temperature range 10—60 K. In this tempera-
ture range thermal fluctuations dominate the behavior of
ET and any deviations occur only at very low tempera-
tures. A measurement of Ez- versus T for the highest
purity crystal with % =284 is shown in Fig. 30 for H=O
and H=70 kG. The values of ET follow the therma1-
fluctuation dependence at both H=O and H=70 kG,
with no change in the magnitude of ET at a given temper-
ature within the experimental accuracy of the measure-
ment. The one point at 1.2 K corresponds to the zero dy-
namic resistance transition and represents a departure
from the thermal-fluctuation behavior as well as the dy-
namic behavior observed at high temperatures.

The temperature dependence of Er for Hlic and Hlc
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has also been measured on the relatively high-purity crys-
tal with % =167, and data at 70 kG are shown in Fig. 31
along with data at H=O. All curves again show the func-
tional dependence characteristic of the thermal-
fluctuation model. There is a small shift in the absolute
values of ET between the H=O and H=70 kG curves,
but all curves show the same value of 6 for the fit to the
thermal-fluctuation model.

In less pure crystals both the temperature dependence
of ET and possible magnetic-field effects show a more
complex behavior. These vary from sample to sample
and would require an extensive series of experiments for
complete analysis. Representative examples of the vari-
able behavior introduced by changes in the impurity pin-
ning are briefly described later.

The crystal doped with dilute concentrations of Fe
were previously shown to have a wide distribution of FS
deformations introduced by a more complex domain
structure in the static CDW configuration (see Sec.
III A 3). The behavior of ET versus T for the Fe„NbSe3
crystals reflects the presence of a more complex pinned
CDW structure that has completely modified the temper-
ature dependence ET, as shown in Fig. 32. In the range
40—25 K the values of ET increase slowly and then show
a sudden jump at 25 K. The thresho1d field ET arises to a
maximum at -20 K and then decreases in the range
20-10 K. This behavior indicates a depinning process
completely different from the thermal-fluctuation depen-
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FIG. 31. Semilog plot of the threshold electric field, ET, as a
function of temperature for H=O and H=70 kG, both parallel

and perpendicular to c. Possible magnetic-field effects on ET
are zero within experimental error. The high-purity crystal
with %' = 167.
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dence observed for the nominally pure crystals. The

same behavior is observed in a magnetic field of 70 kG ei-

ther perpendicular or parallel to c, with no observable

effect on the magnitude of ET as also shown in Fig. 32.
In the nominally pure crystals with %'s in the range

100-200, the ET versus T curves generally follow a
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FIG. 30. Semilog plot of the threshold electric field, ET, as a
function of temperature for H=O and H=70 kG oriented paral-
lel to c. Data are from a high-purity crystal (%=284) and no
dependence of ET on magnetic field is observed.

FIG. 32. Semilog plot of the threshold electric field, ET, as a
function of temperature for a crystal grown from FepplNbSe3
powder measured at H=O (a), and H=70 kG perpendicular to c
(b), and parallel to c (c). In all three cases ET shows a large
discontinuous jump below -25 K and a reversal of the temper-
ature dependence below -20 K. This temperature dependence
is completely different from that observed for the pure crystals.
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thermal-Auctuation behavior, and the resistance as a
function of electric field shows a smooth nonlinear de-
crease reasonably described by the Bardeen tunneling-
model expression. ' For most crystals this characteristic
behavior is observed over the entire temperature range
60—1.1 K. One exception already mentioned is the tran-
sition to the zero dynamic resistance state at 4.2 K and
below. A second example of special behavior is shown in
Fig. 33, where the low temperature magnetoresistance
shows a large region of linear decrease with electric field
followed by a sudden major depinning of the CDW. The
threshold electric field at the end of the linear region is
quite variable and can reach very high values, such as the
0.3 V/cm observed in the lower curve of Fig. 33(b). This
behavior is not systematically related to % and indicates
the presence of some special CDW configuration. The
linear region also appears to be observed only in the pres-
ence of a transverse magnetic field as indicated in the

upper curve of Fig. 33(a) for H=O.
The preceding examples serve to indicate the variety of

effects that can be observed in the dynamic CDW behav-
ior when the impurity pinning increases from that ob-
served in the highest purity crystals. Magnetic-field
effects on the dynamic behavior of CDW motion needs to
be analyzed with great care because of these variable
effects; more experiments are required to sort them out.

IV. DISCUSSION

The experimental results summarized in Sec. III cover
a wide range of responses to electric and magnetic fields
that are observed in pure and doped NbSe3 crystals.
Some of these effects are related in a straightforward
manner to modifications of electron transport in the pres-
ence of magnetic fields, while others require new mecha-
nisms which have not been encountered in normal met-
als. These latter effects are directly connected to the
CDW structure and the response of the FS to magnetic
fields in the presence of CDW's. Two major effects in-
volving different types of FS modifications have been pro-
posed to account for the experimental results. One mech-
anism applies to the direct modification of the FS by the
impurity pinning of the CDW, and is observed experi-
mentally in the behavior of the quantum oscillations.
The other mechanism is related to the magnetic-field-
induced modifications of the energy spectrum at the Fer-
mi level, and the associated change in the FS topology.
As previously pointed out, these two effects become dom-
inant in two different ranges of temperature, since one is
a function of co,r, while the other depends on (A'co, /b. ).
The former is only observable in the lower-temperature
range, where ~ is large, and is reviewed first.

A. MB model for magnetoquantum oscillations

0.8

0.60
CC

LU

Ct 04

0.2

Nb Se,
Magneto res(stance

T =11K
H II c

~—

0.0
00 0.1 0.2

E (V/cmj

I

0.3 0.4

FIG. 33. Resistance of selected pure NbSe3 crystals as a func-
tion of electric field in transverse magnetic fields of 0, 70, and
220 kG, showing region of linear decrease at 1.1 K induced by
the magnetic field. Major CDW motion occurs at large electric
fields. (a) H=O and H=70 kG parallel to c; (b) H=220 kG
parallel to c.

We have previously used a model describing MB in a
one-dimensional open-orbit network in order to simulate
the frequency shifts, frequency splitting, and amplitude
modulation observed in the magnetoquantum oscillations
of NbSe3. This model was developed by Sowa and Fal-
icov' to describe dephasing effects in MB; being a single
one-dimensional open-orbit network, it exhibits MB and
observable effects only in one direction.

A critical new feature in the model was the introduc-
tion of a stochastic distribution of small lens-orbit areas,
resulting from FS deformation caused by the CDW. This
effect can be viewed as a local shift in the Fermi level
with resulting changes in both the local FS area and in
the MB gaps. The variation in area was represented by a
distribution in a MB phase 8, that could vary between
limits 0& and 02, characteristic of the minimum and the
maximum values of the k-space cross-sectional areas of
the lens orbit.

For the present analysis we have extended the model to
allow for magnetoresistance effects in two directions; the
new version is still a one-dimensional network but it is
enlarged by an additional, closed piece of FS and corre-
sponds more closely to the actual case of NbSe3. The
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modified conductivity tensor is inverted to generate the
dc magnetoresistance; the ac magnetoresistance is ob-
tained by difFerentiation, which yields either (dp/dH) or
(d p/dH ) for direct comparison to the ac experimental
data. The majority of the experiments measure the mag-
netoresistance along b, the direction perpendicular to the
open orbits (that lie in the a-c plane of NbSe3).

The model conductivity tensor, as given later, has two
parts: one describing the open-orbit network and the MB
interference, osF, and an additional part describing the
model closed-orbit contributions, o, . The total conduc-
tivity tensor perpendicular to the magnetic field is given
by

(a} n

0 =OSF+&c s

where

1+Nc'TZN

1 ZN—/to, r ( to, r—Ztt )—0'p

1+(to r)2 (co 1 Z~)

(4.1)

(4.2)
(c}

CTp
CT

I+(to, r) B c

Bco T

C (4.3)

The quantity ZN is given by Sowa and Falicov, ' and
results from an evaluation of the effective path integral
for the open-orbit network by means of an interpolation
scheme for the intermediate-magnetic-field regime. The
calculation computes the transmission and reflection
coefficients at the junctions between the lens orbits and
the arms of the open-orbit network, as shown in Fig.
34(a). The calculation follows the wave packet through
the network as it undergoes repeated transmission and/or
reflection at the MB junctions. Nonuniformity of the MB
probabilities, caused by the interaction of the FS and the
pinned CDW are included. Details can be found in Ref.
10.

The magnetic-field dependence of o sF exhibits interfer-
ence phenomena arising from the nodes shown in Fig.
34(b). As the magnetic field is swept, various nodes in the
network become nearly opaque because of destructive. in-
terference in the small lens orbits. Under these condi-
tions the network becomes in fact a disconnected set of
closed orbits and the magnetoresistance in all directions
is dominated by the state of compensation (number of
electrons versus number of holes) of the material. In the
opposite limit, when the nodes are transmitting because
of the constructive interference in the lens orbit, the open
orbit dominates the transport properties and the magne-
toresistance becomes extremely anisotropic.

The closed orbits corresponding to o, in Eq. (4.3) have
been assumed to have the same relaxation time ~ as the
arms of the open-orbit network [Fig. 34 and formula
(4.2)]. The contribution to the Hall conductivity, howev-
er, is taken to be the opposite sign: the closed orbits are
holelike closed orbits. The new result is an uncornpensat-
ed metal in which the magnetoresistance should very
slowly saturate for very high magnetic fields, as observed
in NbSe3. The constants C and A in (4.3) are taken to be
4.0 and 0.2, respectively, which result in an anisotropy
(for very low temperatures) of (5.0/1.2)=4.17 for the

FIG. 34. (a) Linear open-orbit topology used to calculate the
magnetic breakdown (MB) model. Breakdown can occur be-
tween the small lens-shaped FS sections and the open sections.
(b) If the lens sections are very small, scattering can be neglect-
ed in calculating the MB interference. The model reduces to a
breakdown vertex with transmission and refiection probabilities
at each vertex along the linear chain. (c) Diagram of node con-
necting cells on the network. The parameter 8 measures the
phase corresponding to the lens area and T is the transmission
coefficient with S =—1 —T (from Ref. 9).

zero-field conductivity, a value not unreasonable for
NbSe3, where crb/cr, =15 at room temperature. The
constant B is taken to be 0.95 in order to balance (and al-
most but not completely compensate} the contribution
from (4.2} and to fit the dc data.

The conductivity tensor tr; is inverted to obtain the
resistivity tensor p;~. The diagonal component p22 paral-
lel to the b axis is then computed numerically in order to
generate curves for comparison to the experimental data.
As shown in Fig. 35 the dc rnagnetoresistance generated
in this way matches the experimental data quite well for a
Ni„NbSe3 crystal in the range 0-220 ko. The model
does not at present take into account the spin splitting,
which becomes prominent at high magnetic fields. The
derivatives dp22/dH and d p22/dH have been computed
by direct differentiation of the p22 points generated by the
model magnetoresistance tensor. The adjustable parame-
ters are the frequency of oscillation, the frequency-
distribution spread hF, and the critical magnetic-
breakdown field parameter cop7.

1. Model jfts to the ac magnetoresistance

Calculated first and second derivative curves, which fit
the ac magnetoresistance data of Fig. 8(a) for a Ni„NbSe3
crystal in the range 0—70 kG, are shown in Fig. 36. The
beat structure is reproduced very well by the model and
the frequency, and frequency distribution are essentially
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FIG. 36. First and second derivative curves obtained by
differentiation of the dc MB curve generated to fit the Ni-doped
NbSe3 crystal used for the data of Fig. 8(a). The required fre-
quency spread is very close to the experimental frequency
spread determined in the Fourier transform of the data, as
shown in Fig. 9(a). The model curves are plotted as a function
of 10', /~0, where co, is the cyclotron frequency and mo is the
critical MB frequency. The scale corresponds to the magnetic-
field values used in the experimental data curves and plotted in
kG.

FIG. 35. Comparison of direct dc resistance data for a Ni-

doped NbSe3 crystal measured at 1.1 K in the magnetic-field

range 0-230 kG and the resistance vs magnetic-field curve gen-

erated by the MB model using a frequency spread of
0.305-0.319 MG.

unique for this metastable CDW configuration. The ex-
perimental data can be recorded in either the first- or
second harmonic mode. However, the data are usually
taken in the second harmonic mode when the signal is
large and the noise is low. Therefore, the calculated
curves of d pzz/dH, such as that shown in Fig. 36(b), fit
the amplitude envelope of the second harmonic experi-
mental data more closely. In fact, comparison of Fig.
36(b) with the data of Fig. 8(a) shows that the amplitude
envelope is essentially reproduced by d p22/dH versus
H in the model calculation. However, as seen in Fig.
36(b), spikes and irregularities develop in the theoretical
curves due to the great sensitivity of the calculational
procedure to two successive differentiations. Suppression
of this structure in d pzz/dH requires excessive comput-
er time. We have therefore used preferentially the calcu-
lated curves of dpzz/dH versus H for comparison to ex-
perimental data. These first derivatives give the beat
structure, frequency and frequency spread with the same
accuracy, and are therefore sufficient for determining the
main parameters of interest in the analysis. The first
derivative curves are of course phase shifted by 90' from
the second derivative curves, and this has been taken into
account in the comparisons to experimental curves that
are presented in the figures of Secs. III and IV.

The frequency distributions used to fit the data require
that the lens areas show very different spatial variations
for difFerent metastable CDW states, particularly in the
more heavily doped crystals. This feature is demonstrat-
ed for the sequence of ac magnetoresistance curves ob-
tained for a Fe„NbSe3 crystal that were presented in Fig.
10 of Sec. III A 3. After the first cooldown the ac magne-
toresistance showed a single large beat. The experimental
curve is reproduced along with the calculated curve of
dp22/dH in Fig. 37. The frequency distribution ranges
from 0.283-0.321 MG and is shown in Fig. 38(a). In this
distribution the amplitude rises rapidly above the
minimum frequency, remains constant over most of the
range, and decreases monotonically to the maximum.
This particular distribution contains, in the numerical
procedure, 40 equally spaced frequencies.

After the second cooldown the metastable CDW state
is more complex, and gives rise to a greater range of fre-
quencies and a nonuniform distribution. The experimen-
tal curve shows two beats with a modulated envelope of
rather irregular shape. Figure 39 reproduces the experi-
mental curve of Fig. 10(b) along with the model fit that
reproduces the complex amplitude modulation quite well.
The highly nonuniform distribution of frequencies re-
quired to fit the data is shown in Fig. 38(b). The
minimum frequency is 0.275 MG, the maximum frequen-
cy is 0.345 MG, and three unequal frequency groups are
required. This demonstrates the rather wide range of
different deformed CDW metastable states than can be
generated in the presence of fairly strong impurity pin-
ning. These complex metastable states can be removed
by depinning and repinning the CDW at 1.1 K, as was
shown in Fig. 10(c). The model then fits the data with a
single-group narrow frequency distribution extending
from 0.280 to 0.284 MG, as shown in Fig. 38(c).

For Co„NbSe3 pinning and repinning the CDW at 1.2
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2. MB process and MB gap

The MB mechanism and orbit topology proposed in
the analysis given here involves breakdown between the
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K creates a more complex array of metastable CDW
domains. Figure 40 shows four different distributions
that result from successive depinning of the CDW at 1.2
K. The quantum-oscillation data shown in Figs. 12(a)
and 12(b) required the calculated frequency distributions
shown in Figs. 40(b) and 40(d), respectively. In all four
metastable states the low end of the frequency distribu-
tion extends down to 0.26 MG, a value lower than previ-
ously required either in the pure crystals or in the Fe-
and Ni-doped crystals. This may indicate an overall shift
of the FS by the Co impurity. The complex beat struc-
ture observed in Co„NbSe3 and the persistence of a fairly
complex frequency distribution after several depinning
sequences suggests that the CDW interaction with the Co
impurity is quite strong.

(4.4)

0.01Nb Se

H II (c +5')
T* 1.2 K

.jt *27

normal FS pockets and the open orbits that exist on the
open sheets of the FS responsible for the nesting and the
formation of the CDW. The gap involved in the MB is
therefore h(CDW) and exists at the "zone" boundaries of
the superlattice of the low-temperature CD% phase. The
small lens orbits could exist on a closed pocket arising ei-
ther from imperfectly nested FS sheets or from the one
unnested band. In either case the structure is refolded
into the super zone of the CDW and the resulting topolo-

gy could easily be that of multiply connected "undulating
cylinders" or "corrugated planes" intermingled with
small pockets of holes and electrons embedded in them.
Analysis of the angular dependence of the quantum-
oscillation frequency suggests that the lens orbit arises
from an elliptical FS pocket of principal axes with ratios
1:2.5:8.6 along the b, the perpendicular to c, and the
parallel to c crystal axes, respectively. The ratio of the
volume of this pocket, V z, to the volume of the BZ, Vnz,
is 1.2X10 . The effective mass of the carriers in this
pocket can be calculated' from the temperature depen-
dence of the oscillation amplitude and yields
m ' =0.24m, .

The magnetic breakdown probability is
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FIG. 37. (a) ac magnetoresistance data recorded from an Fe-
doped NbSe3 crystal at 1.2 K in the as-cooled state and showing
a strong beat structure. (b) MB model St generating the same
beat structure shows a frequency spread from 0.283 to 0.321
MG.

FIG. 38. Frequency distributions generated by the MB mod-
el that are required to fit the data recorded from an Fe-doped
crystal and presented in Fig. 10. The maximum and minimum
frequencies are in good agreement with the direct Fourier trans-
forms of the data shown in Fig. 11. (a) First cooldown before
depinning the CDW. (b) Second cooldown before depinning the
CDW. (c) After depinning and repinning the CDW at 1.2 K.
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To estimate the value of hcD~ we take
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With Ho=5X10 0, c,F=0.37 Ry, and m'=0. 24m„we
obtain AcDw= 24.5 meV. This value is not unreasonable,
and should be compared to values of 35+5 meV and
20-25 meV obtained from tunneling experiments.

Variations in the size of the lens orbit are associated
with domains of the CDW, where deformation of the
CDW by impurity pinning has reduced the CDW gap
and the CDW amplitude, thereby changing the Fermi
level within the domain and increasing the size of the FS

pocket. Such domains should have a characteristic
length equal to or greater than the mean free path of the
electron in order to allow for coherence in the magne-
toresistance contribution from each domain. The exact
domain configuration must necessarily be a complicated
function of the impurity distribution, crystal perfection,
surface structure, etc., as well as of the random pinning
configuration obtained after each cooldown or applica-
tion of a large electric field. The simultaneous measure-
ment of the ac Hall oscillations and the magnetoresis-
tance oscillations showed that the contribution to the two
measurements come from different domains, and that
various domain distributions yield therefore difFerent re-
sults for the two measurements. The presence of a
greater frequency spread that persists in the Hall data
might be interpreted to mean the presence of strongly de-
formed domains at the crystal surface that contribute
more to the Hall effect than to the magnetoresistance; the
latter averages over the entire crystal volume. Further
experiments are underway to test for the presence of
domains using multiple sets of magnetoresistance leads
along the length of the crystal. Initial results show the
existence of different FS distributions along different
lengths of the crystal. These results will be reported in a
separate publication.
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FIG. 39. (a) ac magnetoresistance measured at 1.2 K-for an
Fe-doped NbSe, crystal. [Replot of the data of Fig. 10(c) and
fitted by the frequency distribution shown in Fig. 38(b).]. (b)
The MB model fit with a complex three frequency group, shown
in Fig. 38(b), does a good job of reproducing the observed mag-
netoresistance curve.

FIG. 40. Frequency distributions required to fit the MB
model to a series of ac magnetoresistance curves recorded from
a Co-doped NbSe3 crystal. The frequencies are shifted substan-
tially by a sequence of depinnings and repinnings of the CDW,
but a single low frequency cannot be reached. In addition the
lowest frequency of 0.26 MG is lower than observed in either
the nominally pure, or Ni- and Fe-doped crystals. (a) Initial as-
cooled state; (b) first depinning and repinning of the CD%'; (c)
second depinning and repinning of the CDW; (d) depinning and
repinning of the CDW using a reversed current direction.
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B. Magnetic-field-induced modifications
of the CDW structure in NbSe3

At higher temperatures the electron-phonon scattering
rises rapidly and the large amplitude magnetoquantum
oscillations proportional to co, ~ are no longer dominant
above —10 K. At temperatures in the range 10—59 K
both the static and dynamic CDW contributions to the
magnetotransport are influenced by the magnetic field,
but in this case they derive from direct modifications of
the FS by the magnetic field rather than from indirect FS
modifications associated with the pinning of the CDW.
The pinning by impurities remains important for the
determination of the threshold electric field ET, but the
magnetic field appears to have relatively small effects on
the depinning process at high temperatures. The
magnetic-field experiments at higher temperatures indi-
cate that the critical parameter is the ratio of the cyclo-
tron energy, %co„ to the charge-density-wave gap, b,cow.
The analysis used to explain a number of the magneto-
transport effects is summarized in the following sections.

1. Enhanced magnetoresistance in the 10-59E range

The large magnetoresistance observed for magnetic
fields transverse to the b axis in the temperature range
10-59 K requires an unusual mechanism not found in
normal metals. The enhanced magnetoresistance devel-
ops below the CDW onset of T2 =59 K and is connected
to the modifications of the FS produced by the CDW.
Since no magnetoresistance enhancement is observed at
temperatures above 59 K, where only the higher temper-
ature CDW is present, there is a strong indication that
the imperfect nesting of the FS sheets connected with the
low-temperature CDW plays a critical role in the re-
quired mechanism.

In quasi-one-dimensional materials exhibiting a spin-
density-wave (SDW} phase it has been known for some
time that a magnetic field applied perpendicular to the
axis of high conductivity (parallel to the open FS sheets}
can enhance or induce a SDW. Gor'kov and Lebed
gave the first theoretical interpretation of this effect and
Heriter et al. have generalized the theory to include the
magnetic-field dependence of the q vector of the SDW.
In materials such as (tetramethyltetraselenaful-
valene) (TMTSF)C104 this leads to a cascade of SDW
phase transitions which produce the unusual oscillations
of the magnetoresistance observed in this material at very
low temperatures.

In general a SDW system would be expected to couple
more strongly to a magnetic field than a CDW system.
However, Friedel has argued that magnetic-field effects
on the open sheets of a nested FS should be observable
for both SDW's and CDW's. In the original report on
the observation of a large enhancement of the dc magne-
toresistance in NbSe3 by Coleman et al. it was suggested
that a SDW component of the density wave in NbSe3
might account for the effect, although no direct evidence
was available. The authors concluded that either the
number or mobility of the normal electrons is decreased
by the magnetic field.

Based on the observed reduction of conductivity in a

field of 227 kG it was estimated that an additional 92%
of the FS area was removed by the CDW transition at 59
K versus 60% at 0=0. These numbers are based on a
simple model assumption and do not allow for changes in
effective mass, ~obility, scattering, topology, or other
factors which contribute to the complex transport prop-
erties in NbSe3. One would expect the total number of
normal carriers to decrease if the FS area or topology
were substantially changed by a field-induced increase in
nesting, while the number of carriers in the CDW con-
densate would increase. However, any quantitative esti-
mate can only be made from indirect measurements, such
as narrow-band noise as a function of magnetic field, and
at present estimates from these experiments are uncer-
tain 25, 26

Balseiro and Falicov have considered the problem of
the magnetic-field effects in a quasi-one-dimensional sem-
imetal in the presence of a stable CDW or SDW. The
density-wave (DW} state is characterized by imperfectly
nested FS sheets which produce small electron and hole
pockets of normal electrons in addition to the DW con-
densate. The DW causes gaps in an otherwise continuous
spectrum, while the magnetic field quantizes the electron-
ic motion in the two directions perpendicular to the mag-
netic field. This quantization tends to form either
discrete levels and narrow bands if the cyclotron orbits
are closed, or complicated continua if they are open. As
the magnetic field is increased from zero, the competition
between these various effects can cause very complex be-
havior which substantially modifies the energy spectrum
near the Fermi level.

The usual Onsager quantization rules, applicable at rel-
atively low magnetic fields, neglect several secondary
effects such as band broadening, tunneling between
bands, and the complicated structure of the continuum.
These effects can be quite important in the presence of a
DW when the cyclotron energy %co, of the closed electron
or hole orbits of the same order as 6, the gap parameter
characterizing the DW.

For intermediate and high magnetic fields, there is a
substantial broadening of all Landau levels. This very
large broadening of the Landau levels, in particular the
n =0 levels, and the existence of gaps in the semiclassical
continuum can be understood only in terms of a
magnetic-field-induced mixing of the electronic bands.
This mixing is important if the magnetic cyclotron ener-

gy Ace, is of the same order of magnitude of the gap pa-
rameter dk.

For high magnetic fields the energy spectrum can show
a large gap at the Fermi level, resulting in an insulating
system. This central gap 2h is of the order of 26. As
the magnetic field is reduced, the size of the insulating
gap decreases and vanishes for a given value of the field
which depends on h. For magnetic fields smaller than
this value, there is a band of allowed continuum states at
the center of the spectrum; the system is semimetallic.

The appearance of the Fermi-level gap would produce
a semimetallic to semiconducting transition if the FS con-
sisted only of the electron and hole pockets generated by
the imperfectly nested FS sheets. If other FS sections are
present the conductivity would decrease toward a
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minimum value as the subset of electrons and holes
shrink in response to a "more perfect nesting" induced by
the magnetic field.

As previously stated, the large conductivity change ob-
served between 0—227 kG would require an area shrink-
age of these pockets of at least 80%, based on a conduc-
tivity change caused exclusively by a change in the FS
area. The quantum oscillations observed at lower tem-
peratures show no such large area change as a function of
magnetic field, leading to the conclusion that the oscilla-
tions must arise from an additional section of FS, one
which is not strongly modified by the magnetic-field-
induced "more perfect nesting. "

The general picture then is one of a complex FS involv-
ing a number of small pockets with a substantial range of
effective masses. Some of these are modified extensively
by a magnetic-field-driven improvement in the FS nest-
ing, while at least one pocket is not. This behavior leads
to a magnetoresistance that rises fairly rapidly in the field
range 0-150 kG and then tends toward saturation above
200 kG.

The Balseiro-Falicov model provides a plausible frame-
work for the behavior of NbSe3 in the intermediate tem-
perature range of 10-59 K. The electron and hole pock-
ets in question are not seen in the quantum-oscillation re-
gime at low temperature, suggesting that they have either
very heavy masses or are quite large with corresponding
low co,~ values relative to those of the observed pocket.
The one small pocket dominating the quantum-
oscillation regime would therefore be assumed to have a
much lighter mass (measured as 0.24m, ) (Ref. 16) and
much higher co,r values —in the range 1 —10-for the
present experimental magnetic-field range. The small
pocket must be connected by MB to the nested open FS
sheets, but need not be part of the same band.

If the pockets of holes and electrons arising from the
imperfectly nested sheets of FS can dominate the higher-
temperature dc magnetoresistance, then they would cer-
tainly be expected to inhuence the Hall effect. We discuss

briefly a simplified model in Sec. IV 8 2.

2. Magnetic field indu-ced s-ign change
in the Hall eQect

In general the magnetic-field dependence of the Hall
effect in systems with open orbits and/or MB can result
from a complex set of contributions and is not susceptible
to easy analysis. However, a simplified model of the
Balseiro-Falicov mechanism can qualitatively produce
the observed sign change of the Hall effect if it is assumed
to result from the electron and hole pockets associated
with nesting. A summary of the pertinent results is given
later.

The effects of the Balseiro-Falicov mechanism on the
Hall effect can be examined in a simple model of spheri-
cal hole and electron pockets with conductivities of the
form o =Ne rim. If rt, and w, are taken to be equal, and
equal to ~, the Hall resistance in the low-field limit is
given by

Here we take y=l for the sake of simplicity, but the
changes in N, and X& may not be symmetric. In order to
generate a Hall-coefficient sign change in this model, the
initial hole and electron pockets need to have different
numbers of carriers and different masses. We take
m& =am, and Nt, =pN, . With these definitions the ex-

pression for p, 2 in terms of X(H) becomes

H P X(H)—+a [X(H) 1]—
N, Ielc I p —X(H)+a[1—X(H)] I'

With the same definitions the magnetic resistance be-
comes

Pl~ a
N, e'r P+a aX(H)— (4.9)

Equation (4.9) has been used to fit the experimentally
observed resistance versus magnetic field in order to ob-
tain X(H). The function X(H) is then used in Eq. (4.8)
to determine the Hall resistance p, z versus magnetic field.
The data at 30 K can be reasonably we11 fitted using
a=1.075 and p=1.105. These values are quite reason-
able for imperfect nesting where the hole and electron
pockets would be comparable but with slightly different
sizes and masses, depending on the nesting geometry of
the FS.

The calculated values of X(H), the normalized Hall
resistivity and the Hall coefficient for the field range
0-160 kG are shown in Fig. 41 and the correct sign
change at —80 kG is generated. The function X(H) in-

creases from 0- -0.6 corresponding to a major reduction
of the FS pockets involved. This is comparable to the de-
crease in FS area required to explain the conductivity de-
crease observed at 227 kG if it is assigned exclusively to a
FS area change induced by the improved nesting.

The actual Hall contributions may be considerably
more complex than the one described by this simple mod-
el. Additional FS sheets may exist, and other contribu-
tions to the Hall mobility may be present. However, the
model serves to show that the Balseiro-Falicov mecha-
nism can easily play a role in the observed sign change as
a function of magnetic field. The current dependence in
the high-magnetic-field region, ~here CD% motion
moves the zero of p, 2 to high fields, is certainly consistent
with the Balseiro-Falicov mechanism.

3. Magnetic field induc-ed in-crease

in the CDW transition temperature

The Balseiro-Falicov theory predicts that a high mag-
netic field, in the process of producing a metal-insulator
transition in the relevant sheet of Fermi surface of the
DW solid, may induce an increase in the DW transition
temperature T, . The value of this increase is a strong

As the magnetic field is increased, the improved nest-
ing removes normal carriers in both the hole and electron
pockets. We can define this reduction factor by a func-
tion X(H) such that

N, ~N, [ 1 —X(H)),
(4.7)

Nh ~Nt, yN—,X(H) .
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dence of Ez- by considering the thermal fluctuation of the
phase of the CDW order parameter. He has incorporat-
ed the thermal average of the phase into the Fukuyama-
Lee-Rice Hamiltonian which describes the equilibrium
phase configuration. This is adsorbed into a
temperature-dependent threshold electric field

Er( T)=Er(0)e (4.10)

where (P ) is the thermal average of the phase P(x). Us-
ing the fact that only short-range fluctuations are impor-
tant, the thermal average is calculated in terms of an an-
isotropy coefficient ri=v, u2/vF (u~=Fermi velocity), a
stiffness constant K = 6iNortv—F (No=density of states at
the Fermi level) and a coherence length g. The resulting
expression for Er(T) is

FIG. 41. The curves labeled RH and p» represent the calcu-
lated values of the normalized Hall coefficient and Hall resistivi-

ty using the dimensionless parameters appearing in Eq. (4.9).
X(H) is the magnetic-field reduction factor corresponding to
the Balseiro-Falieov model and defined in Eq. (4.7). X(H) is ob-
tained by fitting Eq. (4.9) to the magnetoresistance data. An ar-

bitrary unit scale (on the right-hand side) has been used for RH
and p» since the model is primarily used to demonstrate the ob-
served sign change.

Er( T)/Er(0) =e (4.11)

where To=(2n)~riKg. Maki' estimates To-20 100 K.—
Our experimentally measured values for the purest crys-
tals are at the lower end of this range. The experimental
fits of the type shown in Figs. 23—25 give values of
b, /kti = To ——15—20 K.

V. CONCLUSIONS

function of various parameters, in particular the
electron-electron interaction coupling constant and the
value and orientation of the applied magnetic field. As
seen in Figs. 5 and 6 of Ref. 6, the increase in T, is large
only when the coupling constant is in the vicinity of a
critical value; in other ranges that increase is either very
small or unnoticeable.

The data described Sec. IIIA5 and shown in Fig. 17
are a tentative but clear indication that a field of 226 kG
induces an increase in T2 of approximately 0.5 K, i.e.,
0.85%. This tentatively observed increase gives addition-
al support to the Balseiro-Falicov model: it indicates that
the electron-electron interaction constant, responsible for
the lower-temperature CDW formation, is greater (prob-
ably less than a factor of 2) than but of the same order of
magnitude of the critical value, below which the CDW
state would not exist at zero value of the transverse mag-
netic field.

4. Temperature dependence
of the threshold electric field, Er

The observed temperature dependence of Ez in pure
NbSe3 crystals at H=O or in magnetic fields up to 225 kG
follows the thermal-fluctuation dependence given in Eq.
(3.3). The experimental value of the exponent 6/ka was
not observed to be a function of either the magnitude or
direction of the magnetic field in a given crystal and
values of 6/k~ in the range 5/kz =15—20 K were ob-
served for difFerent nominally pure crystals with A's in
the range 100-250. In addition, as pointed out in Sec.
III B5, doping of NbSe3 with Fe produced a major depar-
ture from the thermal-fluctuation dependence predicted
by Eq. (3.3).

Maki' has derived the observed temperature depen-

The experiments and analysis reported in this paper
demonstrate that the electronic properties of NbSe3 arise
from a complex relationship between the condensed
CDW electrons and the normal electrons comprising the
low-temperature FS in NbSe3. This relationship plays a
crucial role in both the static pinned CDW state and in
the dynamic CDW motion state. In addition, both the
normal FS and the CDW condensate show intrinsic
modifications induced by a strong transverse magnetic
field. The specific details supporting these conclusions
are summarized further.

We have shown that the magnetoquantum oscillations
observed in the range 1.1-4.2 K are extremely sensitive
to the detailed configuration of the pinned CDW. Fre-
quency shifts, beat structures and major changes in am-
plitude are observed as various metastable states of the
CDW are produced in both the nominally pure and
doped NbSe3 crystals. The observed modifications can be
uniquely generated by a model incorporating MB in-
terference between small closed orbits and a one-
dimensional open-orbit network generated by the nested
FS sheets forming the CDW phase. The breakdown
occurs across the CDW gap 5, which is locally modified
by the pinning configuration of the CDW. This results in
a local transfer of electrons between the normal FS and
the CDW condensate and produces a distribution of FS
cross-sectional areas within the crystal. The MB interfer-
ence remains coherent, but is a sensitive function of the
precise FS area distribution being measured with a given
pair of leads. This FS distribution mill of course reflect
any spatially inhomogeneous pinning of the CDW.
Different MB interference patterns would be generated
by different sections of the crystal having different pin-
ning configurations or pinning strengths. The changes in-
duced by depinning and repinning the CDW would also
be expected to exhibit spatial inhomogeneity. We have
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carried out such experiments and a range of spatially in-
homogeneous effects have been observed including
differences in the surface and volume pinning of the
CDW. The data and analysis on these experiments are
planned to be reported in a separate paper.

We have modified a previous one-dimensional open-
orbit network model developed by Sowa and Falicov' in
order to allow calculation of the rnagnetoresistance in
two directions. The adjustable parameters are the fre-
quency of oscillation, the frequency-distribution spread
AF, and the critical MB field parameter No~. A fit to the
experimental data generates a distribution of frequencies
(FS cross-sectional areas) unique to a particular pinned
CDW configuration. This distribution can be changed by
depinning and repinning the CDW, heating and recooling
the crystal through T, or reversing the sign of (HXI).
Simultaneous measurement of different pairs of magne-
toresistance or Hall leads gives a picture of the spatial
variation in FS areas for a given pinned CDW
configuration.

The quantum oscillations in doped Ni„NbSe3,
Co„NbSe3, and Fe„NbSe3 crystals have also been studied
and show a more complex pattern of oscillations than ob-
served in the nominally pure crystals. However, the MB
interference model generates good fits to the data and
unique, although more complex FS cross-sectional areas
are required.

The transverse magnetic field also modifies the dc
background magnetoresistance caused by magnetic-field-
induced mixing of the electronic bands. This can occur
through a number of effects that modify the energy spec-
trum at the Fermi level and are important when the cy-
clotron energy %co, is of the same order of magnitude as
the CDW gap parameter h. We have observed this effect
most directly at higher temperatures, where the effects
proportional to co,~ no longer dominate. Experiments in

magnetic fields up to 220 k6 have shown very large
enhancement of the magnetoresistance in the tempera-
ture range 10-59 K. This strong resistance enhancement
by the magnetic field is observed for all field directions ly-
ing in the a-c plane and shows an anisotropy in this plane
of a factor of -2, but the effect decreases to zero for H
parallel to the 1 axis. These observations can be ex-
plained in terms of a mechanism proposed by Balseiro
and Falicov in which the field-induced modifications of
the electronic energy spectrum drive the FS into a more
perfect nesting condition' and reduce the area of the
remaining FS. We have summarized the theory and have
shown that the experimental results are all consistent
with its main points. We have also shown that the ob-
served sign change in the Hall effect as function of mag-
netic field can be reasonably modeled within the frame-
work of such a theory. A small but tentative increase in

T2 with magnetic fields has been measured, also in agree-
ment with the Balseiro-Falicov model.

In addition to the unusual electronic effects induced by
the presence of the static CDW as summarized earlier,
we have also presented observations on dynamic CDW
transport effects that can be readily observed in the pres-
ence of a large transverse magnetic field. At liquid-
helium temperatures the I versus V behavior in a high

magnetic field can show the onset of a region of zero dy-
namic resistance above the threshold voltage for CDW
motion. This occurs at a higher threshold voltage that
would be estimated from the thermal fluctuation behavior
observed at higher temperatures, where we have
shown that ET follows the functional form of
ET( T) =E&(0)exp( —ks T/b ), a form also derived by
Maki' from a thermal-fluctuation theory of the CDW.
This may be evidence of the role of thermally activated
normal electrons in the relaxation of the CDW in the
nonlinear mode, but further experiments are needed in
this area.

We have studied the effects of magnetic fields on the
threshold electric field required for CDW motion in the
temperature range 1.1 —59 K and little evidence of an in-
trinsic magnetic-field induced change is observed. For
the high-purity specimens ET follows the thermal-
fluctuation form and the characteristic exponent
( —ks T/6) shows little or no dependence on the magni-
tude or orientation of the magnetic field. For doped
NbSe3 crystals or for very low temperature, departures
from the thermal-fluctuation behavior can be observed.
One case of the zero-dynamic-resistance region was men-
tioned earlier, and in the case of Fe„NbSe3 there is a
complete departure from thermal fluctuation behavior
below -25 K. Our general conclusion is that any ob-
served magnetic-field effects on ET are related to specific
impurity pinning configurations and are not systematical-
ly reproducible. The nonlinear resistance observed in the
pure crystals at high magnetic fields follows the Bar-
deen' tunneling model in the temperature range 10-50
K and a self-consistent fit can be obtained with a single
thermal-fluctuation parameter k~/6 at all temperatures
for a given crystal. Although very good fits to the high-
magnetic-field measurements are obtained with the tun-
neling model, the range of electric fields are not sufficient
to distinguish clearly from possible semiclassical models.

The quantum oscillations also show a behavior in the
CDW motion regime that can be described within the
framework of the tunneling model. In this case the oscil-
lation amplitude saturates above threshold, while the
background dc magnetoresistance exhibits the usual non-
linear decrease with current. A very good fit to the data
can be obtained with the tunneling model, but the con-
stant coupling the oscillating term with the nonlinear
term is large indicating major magnetic-field-induced
effects. These require a strong mixing of the normal
quasiparticle and CDW components of the current and
voltage. This may connect directly to the MB mecha-
nism of the oscillations, which involve both the normal
FS and the nested sheets. However, the nonlinear con-
ductivity tensor needed for such an analysis has not been
determined.

The Hall resistance has also been measured in both the
static and dynamic CDW regime over the same tempera-
ture ranges as used for the magnetoresistance. The quan-
tum oscillations connected with MB appear in the Hall
resistance and reflect the same general relation to the FS
cross-sectional area distributions as observed for the mag-
netoresistance. However, the Hall oscillations arise from
different CDW domains of the crystal and this is reflected
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in simultaneous measurements of both components which
show different frequency distributions.

In the CDW motion regime the Hall resistance is a
complex function of both the electric and magnetic fields.
The same mechanisms that control the magnetoresistance
can be used to explain many of the features observed in
the Hall effect. However, the Hall resistance is a more
sensitive function of the electron-to-hole ratio, the carrier
mobilities, and the crystal anisotropy. Detailed analysis
of these factors will require more data.

The application of hi.gh magnetic fields to NbSe3 has
produced a rich variety of experimental results related to
the electronic structure of the CDW phase. New and
unusual mechanisms have been developed to explain
some of the results, while others can be analyzed with the
CDW transport theories developed for zero magnetic
fields. In both cases the magnetic field provides a useful
additional variable to the problem, particularly at low
temperature.
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