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The effects of hydrogen impurities on charge-density waves (CDW’s) in NbSe; have been in-
vestigated. Hydrogen can be introduced interstitially into NbSe; in concentrations of at least
several atomic percent with no effects on the crystal structure and only weak effects on the Peierls
transitions. The threshold electric field Er for charge-density-wave depinning and the inverse of
the residual resistivity ratio 7z ! increase monotonically with H concentration for small concentra-
tions. For concentrations above 1.5 at.%, Er and rg ! exhibit a plateau, which we interpret as
evidence for H clustering or ordering. Several different measurements indicate that CDW in-
teraction with H is roughly 100 times smaller than with Ta, the most weakly perturbing substitu-
tional impurity in NbSe;. Hydrogen doping should thus allow study of CDW’s in a new, very
weakly pinned regime. In nominally pure NbSes prepared by standard methods, H is present in
larger quantities than any other impurity, and may play an important role in memory effects and

long-time-scale fluctuation phenomena.

Charge-density waves (CDW’s) which form below
Peierls transitions in quasi-one-dimensional metals such
as NbSe; give rise to some of the most remarkable trans-
port effects ever discovered.! These effects include non-
linear dc conduction above a threshold electric field E of
millivolts per centimeter,?* frequency-dependent ac con-
duction at megahertz frequencies,>* coherent current os-
cillations in response to dc excitations,® mode-locking phe-
nomena in response to combined ac and dc excitations,’
and a host of memory effects. All of these effects are a
consequence of phase-dependent CDW interaction with
impurities.

In the phenomenological model of Fukuyama, Lee, and
Rice® (FLR), the eflects of impurities depend upon their
strength (given by the impurity potential ¥,); their con-
centration ¢;; and the CDW’s elastic stiffness, proportion-
al to the Fermi velocity vr. The ratio of the CDW-
impurity interaction energy to the elastic energy required
for CDW deformations over lengths comparable to the
average impurity separation,

e=Vopi/cihvr,

determines the nature of the impurity-pinned state.’
(Here p; is the amplitude of the CDW charge modula-
tion.) For 31 (“strong” pinning), the impurity poten-
tial dominates, and the CDW phase is pinned at each im-
purity. For e<1 (“weak” pinning), the elastic energy
dominates, and the CDW phase is pinned on lengths much
greater than the average impurity spacing by fluctuations
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in the impurity potential. Qualitatively different CDW
behavior is predicted in these two regimes. For example,
in strong pinning, Er < ¢;, while in weak pinning, E1 o« ¢

Several studies of the effects of substitutional impurities
such as Ta (which is isoelectronic with Nb) and Ti (a
charged impurity) on CDW’s in NbSe; have been report-
ed.® ™13 Ti acts as a strong pinning center, while results
for Ta have been inconclusive with both weak and strong
pinning behavior having been observed. This is not
surprising, since estimates of ¢ for typical Ta concentra-
tions are near 1; large Ta concentrations necessary to
make <1 result in threshold fields which, because of
Ohmic heating, are too large to measure.

Here, we report preliminary results for the effects of an
interstitial impurity, hydrogen, on CDW’s in NbSe;. Hy-
drogen impurities interact with the CDW roughly 100
times more weakly than Ta, and can be introduced into
NbSe; crystals in very large concentrations. Hydrogen
doping thus provides a very weakly pinned regime for the
study of CDW’s.

Single crystals of hydrogen-doped NbSe; were prepared
using the following method. Niobium hydride (NbH,)
was formed by cooling 99.9% pure Nb powder from
600°C to room temperature in an H, atmosphere. The
mole fraction x was determined by measuring pressure
changes due to absorption of H. This NbH, was then
used with stoichiometric amounts of Se in closed-ampoule
vapor transport growth to yield NbSes;. Most of the hy-
drogen is liberated from the NbH, at temperatures well
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below the growth temperature; vapor transport growth
thus proceeds in an atmosphere of H; and H;Se gases.
The advantages of this preparation method include uni-
form doping levels and precise control over the amount of
H introduced into the growth ampoule. Twenty-one
growths with hydrogen mole fractions between x =0 and
x==0.9 were performed. Data presented here are for
crystals from 14 batches prepared under identical condi-"
tions, although similar results were obtained for the other
seven batches. The presence of large quantities of H did
not visibly affect vapor-transport growth: Transport rates,
crystal nucleation points, and crystal morphologies were
similar to those observed in the absence of added H.

The amount of hydrogen incorporated into the NbSe;
crystals was determined using inert-gas-fusion/thermal-
conductivity analysis. As shown in Fig. 1, the H concen-
tration in the crystals varies approximately linearly with
the H mole fraction x in the NbH, source material, with a
maximum concentration of ~6 at.% H (per Nb) for
x==0.9. Thus, roughly 7% of the H introduced into the
growth ampoule incorporates into the crystals. The gas
pressure measured in the ampoule after growth also varies
linearly with x, consistent with the inert-gas-fusion re-
sults. Hydrogen concentrations of a few atomic percent
are also indicated by NMR measurements. Precision
powder x-ray measurements show no change in peak posi-
tions or widths relative to nominally pure crystals. Thus,
very large amounts of hydrogen may be incorporated
interstitially into NbSe; crystals with no significant
structural distortions.

The anomalies observed in the low-field dc resistivity
below the Peierls transitions at Tp, == 145 K and Tp,=~59
K are nearly unaffected by the H doping. For H concen-
trations of ~2 at.%, the size of the anomalies is un-
changed and both transition temperatures are suppressed
by only about 0.3 K. In contrast, Tp, and Tp, arc
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FIG. 1. Atomic present H (per Nb) in vapor-transport grown
NbSe; vs H mole fraction x in the NbH, source material. The
solid line is a guide for the eye.
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FIG. 2. Threshold electric field Er for CDW depinning in
NbSe; at 77 K vs x. The data points and error bar lengths rep-
resent the mean and twice the standard deviation of the Er dis-
tribution for each growth. The solid line is a guide for the eye.
The large widths of the Er distributions necessitate characteri-
zation of a large number of crystals from each growth.

supprgssed by ~10 K by Ta concentrations of only 0.5
at. %.

The most frequently measured quantity for characteriz-
ing the CDW-impurity interaction is the dc threshold field
E7 for the onset of CDW conduction. Previous studies of
E7 in doped NbSe; have had two major deficiencies.
First, only a very small number of crystals (typically 3-6)
were measured from each growth batch. Second, these
crystals were not screened for cross-sectional area. Crys-
tals from a given growth batch exhibit threshold fields
which vary by more than an order of magnitude. We find
that most of this variation is due to differences in sample
cross section, and thus to varying contributions of surface
pinning'# to the measured threshold. In nominally pure
NbSe;, the threshold field increases rapidly with decreas-
ing cross-sectional area A for A4 below about 30 pm?2
Consequently, we believe that statistically significant con-
clusions regarding the precise functional dependence of
E7 on impurity concentration cannot be drawn from these
earlier studies, especially for Ta impurities. To obtain
more meaningful results, we have excluded crystals with
cross sections less than 30 ,um2 from the analysis, and we
have measured a very large number of crystals—a total of
560 from 21 growths.

Figure 2 summarizes results for the threshold field Er
at 77 K vs H mole fraction x. Measurements of E7 versus
temperature indicate that the same functional form is ob-
tained for all H dopings, so that the concentration depen-
dence may be adequately characterized by measurements
at a single temperature. For x less than 0.2 (H concentra-
tions less than 1.5 at.%), Er increases monotonically with
increasing x, similar to the behavior observed with other
impurities. However, above x~0.2, E is independent of
x. As shown in Fig. 3, the inverse of the residual resistivi-
ty ratio [rg'=R(4 K)/R(300 K)I, which is usually
thought to reflect the impurity concentration, exhibits
similar behavior. The maximum values of E7 and rg ! in
hydrogen-doped NbSe; are roughly 2.5 and 1.6 times
those of nominally pure material, respectively. This indi-
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FIG. 3. Inverse residual resistivity ratio vs x. The data points
and error bar lengths represent the mean and twice the standard
deviation of the rg ' distribution for each growth. The solid line
is a guide for the eye.

cates that the total pinning strength of the H impurities is
comparable to that of the background impurities (mostly
Ta), whose concentration we estimate to be ~1000 ppm.
Since source materials much purer than those used here
are available, hydrogen-dominated pinning should be
readily achieved.

The reason for the saturation of E7 and rg ! is not clear
at this time. One obvious possibility is that the H doping
level saturates above ¢;~1.5 at.%. However, this would
be inconsistent with the chemical analysis and gas pres-
sure measurement results described earlier. In addition,
these H concentrations are more than an order of magni-
tude below those reqaired to fill up any interstitial site. A
more likely possibility is that at concentrations above 1.5
at.% the H atoms do not act independently. The CDW is
pinned by disorder, so that if the H atoms order (e.g.,
form pairs or clusters) additional H will not increase the
pinning. Ordering efiects are observed in a variety of met-
als for H concentrations in this range. '’

One of the most interesting properties of H impurities
in NbSe; is that their effects on single-particle and collec-
tive properties are so small. Table I compares the per-

TABLE 1. Comparison between the effects of H and Ta im-
purities on the properties of NbSes. The H values are for a con-
centration of ~2 at. %.

Ratio

Ta H H/Ta
ATP(K)/ci (%) 202 0.15 0.75x10 "2
Er(V/em)/c: (%) 4.6° 0.08 ~1.3x1072

5.0°

7.04
re \fei(%) 0.2° 0.007 ~1.6x1072

0.7¢

°Reference 10.
dReference 11.

#Reference 8.
"Reference 7.
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impurity effects of H and Ta doping on the Peierls transi-
tion temperature Tp, the threshold field E7, and the rg.
For all three properties, the effects of H impurities are
roughly 100 times smaller than those of Ta impurities.

The weakly perturbing nature of H impurities results
because they are interstitial rather than substitutional,
and thus have a much smaller effect on the Nb d, . orbitals
responsible for the CDW-forming bands. Preliminary
NMR measurements are consistent with H occupying in-
terstitial positions roughly 1.5 A from a Nb atom. The
trigonal Se prisms on the two CDW-bearing chains are
isosceles, with the short Se—Se bond length approaching
that in solid Se. We speculate that the H bonds with one
of the Se’s in the prism’s base, relaxing the short Se—Se
bond without significantly altering the charge sharing
with the Nb. _

What is the significance of the small hydrogen-CDW
interaction? The most weakly perturbing substitutional
impurity in NbSe; is Ta. Results for Ta doping have been
ambiguous, suggesting pinning behavior intermediate be-
tween weak and strong. Hydrogen, on the other hand, has
a much smaller interaction with the CDW and can be in-
troduced into NbSe; crystals in very large quantities. Hy-
drogen doping thus permits the study of CDW’s which are
truly weakly pinned.

Hydrogen-doped NbSe; crystals exhibit a number of
other interesting effects. In general, the onset of CDW
conduction in H-doped crystals is sharper and shows less
hysteresis than in nominally pure material, suggesting
that the pinning is more uniform in the former. However,
in some crystals exhibiting multiple depinnings, which are
usually associated with the presence of extended defects or
macroscopic crystal imperfections, the differential resis-
tance dV/dI shows an asymmetry over a broad tempera-
ture range below Tp, As shown in Fig. 4, the threshold
field measured when the current is swept from negative to

H-doped NbSe, T=52.9 K
6at. ¥ H

L5=2 .4 mm

dv/dI

SEEENT BUAV IS IS TV ST NSV ST A S |

N
75 -50 -25 0 25 50 75
Voltage (mv) *

FIG. 4. Differential resistance vs voltage for a NbSes crystal
doped with ~6 at.% H. The solid line corresponds to a current
sweep from negative to positive voltage, the dashed line to a

. sweep in the opposite direction. A second depinning occurs

roughly halfway down the peak in dV/dI; the separation be-
tween the two depinnings was clearer at other temperatures.
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positive values is different from that observed for sweeps
in the opposite direction. No asymmetry or hysteresis is
observed when the current is always kept above or below
zero. No asymmetry has been observed in crystals having
dv/dPs which decrease smoothly above threshold. Simi-
lar asymmetries have been observed in Ko3;MoO3,'® and
one interpretation is that they arise from interaction of
mobile point defects with extended defects. H atoms in
NbSe; may thus be somewhat mobile, leading to a time-
dependent distribution of pinning centers. However, the
H atoms are not as mobile as in metals such as Nb: pre-
liminary NMR measurements show no evidence for

motional narrowing of the H line at temperatures of up to

250°C.

Aside from its action as a weak pinning center, there is
another good reason for being interested in the effects of
hydrogen in NbSe;. The fused quartz ampoules used in
vapor transport growth of CDW materials contain hydro-
gen in the form of hydroxyl groups. When heated to high
temperatures, this hydrogen (together with much smaller
amounts of water vapor and oxygen) is evolved as gas
from the quartz surface.!” We have measured the gas
pressure inside the ampoules after growth of nominally
pure NbSe;. For 125-ml ampoules initially evacuated to
10 ~¢ Torr, we measure pressures after growth of between
3 and 15 Torr. These pressures correspond to hydrogen
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doping levels of between 0.06 and 0.3 at.%. Thus, for
NbSe; crystals prepared by standard methods, hydrogen
is present in larger quantities than any other impurity.
CDW pinning by this hydrogen likely accounts for no
more than 20% of the measured threshold in even the
purest NbSe; currently available. However, if H is indeed
somewhat mobile at typical measurement temperatures
and moves under the influence of stresses produced by
CDW deformations, it may play an important role in
memory and long-time-scale fluctuation phenomena.
Further work is required to determine the mechanism
by which H incorporates into NbSe; and to determine the
sites which it occupies, its mobility, and the mechanism of
its interaction with the CDW. The present work estab-
lishes hydrogen doping as an important new tool for study

_of the CDW-impurity interaction.
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