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The compound Fe, Nb, _, Se,, which has been prepared in the form of single crystals and powders, only forms in a
narrow range of stoichiometry near x = 1/4. The crystal structure of NbSe; is radically modified by the addition of
iron and contains four chains of metal atoms per unit cell, rather than six, as in the pure material. The resistance of
Fey,5Nby ;5Se; rises by nine orders of magnitude as the temperature is lowered from 120 to 2.8 K, although at room
temperature the resistivity is comparable to pure NbSe;. At temperatures below 19 K, the resistance rise is
reasonably well described by the expression p = Cexp(T, /T)"*, characteristic of a Mott or Anderson type of metal-
insulator transition. X-ray studies show the formation of an incommensurate charge-density-wave superlattice below
~140 K. This can enhance the metal-insulator transition and indicates that the Fermi-surface instability is an
extremely dominant feature in compounds of the NbSe;, type. The absence of a superlattice at room temperature
indicates that the iron is randomly substituted in either two or four of the Nb-atom chains.

I. INTRODUCTION

The transition-metal trichalcogenide, NbSe,, is
an anisotropic linear-chain material which ex-
hibits a number of unusual transport properties.
Chief among these is the observation of nonlinear
conductivity1 associated with two independent
charge-density-wave (CDW) phase transitions?3
at 144 and 59 K. The nonlinear behavior is now
believed to be a result of a current-carrying or
“sliding-mode” CDW, which is pinned to the lat-
tice by impurities but can be depinned by the ap-
plication of a small electric field. 34 In addition
to studies of pure NbSe;, the interpretation of a
current-carrying CDW is also supported by an
investigation of the nonlinear conductivity as a
function of impurity doping. 5 The impurity stud-
ies show that a modest substitution of Ta or Ti
for the niobium results in stronger pinning of the
CDW to the lattice.

In this paper, we present the results of elec-
tron transport and structural studies of iron-
doped NbSe,, and the data show a dramatic depart-
ure from both the chemical and the physical prop-
erties of the pure material. Contrary to the case
of Ta or Ti doping, the compound Fe, Nb,_Se; can
only be prepared with x=%. Single crystals of
Fe, ,;Nb, ,s5e; show a striking nine-orders-of-
magnitude increase in the resistance as the
temperature is lowered. In the range 2.8 to 19 K,
the data can be fit with a function of the form
pocexp(T""’). X-ray scattering at low tempera-
tures shows a weak, incommensurate lattice
distortion with a reduced wave vector of about
3=(0,0.26,0) which forms at 140 K. This can
be contrasted with pure NbSe; which has two in-
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dependent CDWs with reduced wave vectors of
q:=(0,0.243,0) and §,=(0.5,0.263,0.5). Room-
temperature structural studies show the new
compound has the same morphology and diffrac-
tion symmetry as pure NbSe;. The iron is in-
corporated randomly in the lattice, and the metal
atoms apparently retain their trigonal coordina-
tion. In contrast to the six prismatic chains
found in NbSe;, the unit cell of Fe,, 55Nby 55€;
contains four chains. Magnetic susceptibility
shows no evidence of ferromagnetic ordering and
very little evidence of magnetic-moment forma-
tion.

The fact that the CDW and large resistance
rise appear at approximately the same tempera-
ture and the evidence showing the iron is uni-
formly incorporated into the lattice in random
metal sites, suggests that a Mott type of localiza-
tion, enhanced by the CDW, may be causing the
resistance rise. A similar mechanism has been
proposed for the low-temperature insulating be-
havior of the layered compounds IT-M, Ta,_ S and
IT - M_Ta,_,Se,, with M=Fe, Ni, or Co."

II. EXPERIMENTAL TECHNIQUES

Both single crystals and powder samples of
Fe,_9;Nby 155e; were prepared using the same
procedure described previously for pure NbSe;. 7
In each case, stoichiometric amounts of the
elements were sealed in evacuated quartz tubes.
For the powder samples, the tubes were uniformly
heated to 650 °C for one or two days. For single
crystals a temperature gradient of about 650—
700 °C was maintained for about two weeks. Fib-
rous, needlelike crystals which look identical
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to pure NbSe;, grow in the cooler portions of the
tube.

The stoichiometry of the single-crystal spec-
imens was analyzed with a scanning electron
microscope employing energy analysis of the
x~ray fluorescence. These results indicate that
the compound Fe,Nb,_Se; can be prepared only
over a narrow range of stoichiometry, near x
=1. For single crystals prepared from bulk
material with ¥ <0.10, no iron was detected by
x~-ray fluorescence. Instead of the large increase
in resistance at low temperature seen in
Feg, 55Nby 755€e3, these crystals show CDW anom-
alies characteristic of pure NbSe; but low re-
sistance ratios, (Rg;s x/Rszx)=10, in the same
range as lightly doped Ta,Nb,_Se;. For x<0.10,
the magnetic susceptibility shows a moment at
low temperatures which would correspond to
about 0.01% iron if the iron were assumed to have
an effective moment of between two and four.

At room temperature the susceptibility is
weakly diamagnetic, as is pure NbSej;.

For starting materials with more than 109 iron, the
resulting crystals all showed the rapid resistance
rise below 100K and energy analysis of the x-ray
fluorescence of these crystals showed them to all be
of the same composition. The compositionwas de-
termined by comparing the amplitude of the La
peaks for these crystals with crystals of pure
NbSe; and NbSe,. The ratio of the Se(La) peaks
was compared for all three compounds and it
was determined that the ratio of Nb to Se for the
Fe,Nb, _Se, crystals was 0.24+0.01. The iron con-
centration was determined by comparing the Fe
(Ka) and Se(Ka) peaks for the Fe Nb,_, Se, crystals
and Fe, (,NbSe, crystals. This was done to com-
pensate for matrix effects on the Fe(Ka) peak in-
tensity. The results showed an Fe to Nb ratio of
%, corresponding to a chemical composition Feg ,5
Nb,_.sSe;. From this, we can conclude that the
composition of the crystals formed from starting
powders with more than 10% iron was, in all
cases, of the form Fe, ,,Nb, ,sSe;.

X-ray powder patterns from reacted materials
with the bulk composition Fe Nb,_Se;, support
the conclusion that the resulting compound is es-
sentially independent of the starting composition.
Least-squares fits of lattice parameters to powder
patterns from materials with »=0.25, 0.33, 0.50,
and 0.67 produced virtually identical lattice para-
meters.

Resistance measurements were made using a
standard four-probe technique, using soldered or
silver-paint contacts. For the high resistance at
low temperatures, both the current and voltage
were measured with electrometers. Current den-
sities were maintained at less than 10% of the cur-
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rent necessary to induce sample heating. Suscep-
tibility measurements were made using a Faraday
balance susceptometer, described in Ref. 8. Sam-
ples for the susceptibility measurements were
about 10 mg of selected single crystals, whichwere
randomly oriented with respect to the magnetic
field. The field dependence of the susceptibility
shows no significant ferromagnetic contribution

to the susceptibility, suggesting that the ion is
divalent, ¢, low spin S=0.

The unit-cell parameters and crystallographic
symmetry were obtained from standard x-ray pre-
cession and powder diffraction techniques, as dis-
cussed in Sec. I. CDW formation at low temper-
ature was investigated by x-ray scattering using a
high-intensity rotating anode x-ray source. Cop-
per Ka x rays were focused with a singly bent
graphite monochrometer, and a flat graphite anal-
yzer was used on the diffracted beam. The reso-
lution in this experiment was tighter than that used
in a previous x-ray scattering study of NbSe,,?
due to vertical Soller slits on the incident and the
diffracted beam. This resulted in an in-plane
resolution function with a full width at half maxi-
mum (FWHM) of 0.015 A*,

III. RESULTS

A. Electron transport and magnetic measurements

Resistance as a function of temperature for
single crystals of Fe, ,;Nb, .,;Se; was measured
and is shown in Figs. 1 and 2. The resistivity is
8x 10 ohm cm at room temperature, correspond-
ing to about the same value as that measured for
pure NbSe,. At about 100 K the resistance begins
to rise as the temperature is decreased, and fol-
lows a very rapid functional form suggesting either
an exponential or a power law. Detailed fits over
the various temperature ranges will be discussed
in Sec, IV. The resistance is Ohmic at electric
fields up to 25 V/cm. The resistivity was also
measured for a pure NbSe, crystal with a RRR
=230, as shown in Fig. 3(a), and for one of the
single crystals with less than 1% iron, as shown
in Fig. 3(b). Both of these crystals show the
charge-density-wave anomalies at 59 and 145 K.
The only significant difference is the decrease in
the RRR of the iron-doped crystal. The pure
NbSe, was also measured with low ac current den-
sities (/=2.5 mA/mm?), using phase-sensitive
techniques in order to detect a superconducting
transition. Incontrastwithprevious measurements
in pure NbSe,,>'° no resistive drop suggestive of
superconductivity was observed down to 1.1 K.

Magnetic susceptibility as a function of tempera-
ture for Fe,_ ,;Nb, ,;Se; is shown in Fig. 4. Unlike
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FIG. 1. Resistance versus temperature for
Fey,95Nby, 155e3 plotted on log scales showing the resis-
tance increasing by nine orders of magnitude between
100 and 2.8 K. The solid line has a slope of 6.

NbSe,, the susceptibility is paramagnetic, witha
room-temperature value of about 1.7 X 10 emu/
gm. The susceptibility shows a minimum at about
180K, with aslow increase withtemperatureup to
500K. Below 180K, the susceptibility increases as
the temperature is increased and canbe fitto a
Curie-Weiss expressiony — x,=C/(T — 6), where

C = |y N;/3kg, N, =impurity concentration and

Poee=8 sl S(S+1)]*/2, This fit corresponds to either
avery small u .. of about0.1 pyperironatom,
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FIG. 2. Resistivity of Fey ;Nby 755e3 as a function of
temperature above the resistive rise. The resistivity
remains constant at high temperatures with a value of
about 8x10~4 Q cm.

or only a small number of iron atoms have a mo-
ment. If we assume spin values of between 3 and
%, then the Curie-Weiss behavior can be fit if N;
is about 19 of the iron atoms.. This might be due
to some iron atoms which are not incorporated
into the Fe, ,; Nb, ,;Se, crystal in the regular lat-
tice sites but in random impurity sites. The fact
that there is little or no moment suggests that the
iron may be in the Fe** state, t$, low spin $=0.

B. Structure

Crystallographic symmetry and approximate
unit-cell dimensions of Fe, ,;Nb, ,;Se; were deter-
mined by single-crystal x-ray procession camera
photographs. As in NbSe,, the unique axis, b, is
parallel to the long ribbon dimension. Investiga-
tion of the reciprocal-lattice plane perpendicular
to b indicated monoclinic symmetry with Laue
group C,,(2/m). The cell is primitive, with sys-
tematic absences only for reflections of the type
0k0, with k# 2n due to the presence of a 2; screw
axis. The space-group symmetry is therefore
either centrosymmetric C%,(P2,/m) or noncentro-
symmetric C3(P2,). Accurate unit-cell parameters
were obtained from a powder sample by least-
squares fitting 28 Bragg reflections observed in
flat-plate powder diffraction diagrams made with
Cr Ko radiation. The unit-cell dimensions are
given in Table I, along with the lattice parameters
of pure NbSe, from Ref. 11. The indexed powder
diffraction pattern is presented in Table II.

Although a full structural study is necessary to
determine the atomic distribution in Fe,, ,,Nb, ,sSes,
we can propose a reasonable model for the
structure based on the observed unit-cell dimen-
sions and space group, and analogies with NbSe,
and related compounds. The selenides and sul-
fides of Ta, Nb, and Zr of stoichiometry MX,
form compounds in which the basic structural
units are MX, triangular prisms.'? The prisms
share triangular end faces and form a character-
istic chain structure parallel to one crystallo-
graphic axis. The number of chains per unit cell
is even, and varies between two in ZrSe, and 24
in TaS,. The molecular volume is dependent on
the size of the coordinate prisms and their pack-
ing density, and varies between about 96 A3 in
ZrSe, and 76 A® in NbSe,. Many of the compounds
have been shown to be monoclinic, with space-
group symmetry CZ,(P2,/m).

Based on this series of compounds and our ob-
served unit-cell parameters, we propose that the
majority of the iron in Fe, ,;Nb, ..Se, is substitu-
ted directly for niobium in the six coordinated
MSegq triangular prisms, and that there are four
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FIG. 3. (a) Resistance versus temperature of Fe,NbSe; where x<0.01, showing the charge-density-wave anomalies
characteristic of NbSe;. The residual resistance ratio of this sample is about 10. (b) Resistance versus temperature
of NbSey with a residual resistance ratio of 230. The insert shows the low-temperature measurement, using a low

current density showing no detectable superconducting transition.

prism chains per unit cell. Iron occurs in six fold fact that the b axis of Fe, ,;Nb, ,;Se, is virtually iden-
coordination in its two binary selenides, FeSe and tical to that of NbSe, indicates that the iron assumes
FeSe,; however, the FeSe; coordination is octa- triangular prismatic coordination and alters the
hedral. If the iron atoms in Fe, ,;Nb, .;Se; forced height of the MSegprisms very little. Eachunit cell
the rotation of alternate triangular faces of the of NbSe, contains six chains arranged in a two-by-
triangular prisms to form octahedra, thenthe three array with the long axis paralleltoc. Asshown
monoclinic b axis would be double that of NbSe;. The in Table I, the length of the Fe, ,;Nb, .;Se, ¢ axis
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FIG. 4. Magnetic susceptibility versus temperature
from 1,5 to 470 K. A small Curie-Weiss dependence is
observed at temperatures below 100 K. The suscepti-
bility is paramagnetic at all temperatures and increases
as a function of temperature for temperatures greater
than 200 K.

is very close to % of the NbSe, ¢ axis. We suggest
that the Fe, ,;Nb, ,;Se; unit cell consists of four
chains arranged in a two-by-two array. The re-
sulting molecular volume of 75.0 A is comparable
to the lowest molecular volumes displayed by com-
pounds in the NbSe, class. The only major dimen-
sional difference then, between NbSe; and

Fe,, 5sNbg, s5€;, is a shrinkage of the a-axis length
of about 8% on iron incorporation.

Further, the observed space-group symmetry
and unit-cell dimensions allow us to propose that
iron is substituted for niobium at the centers of
the triangular prisms in Fe, ,;Nb,,;Se; in a dis-
ordered manner. For both of the proposed space
groups (CZ, and CZ), the screw axis requires that
the prismatic chains occur in groups of two which
are exactly equivalent. This means that any atom
at a position (x,»,2) in the unit cell has an equi-
valent atom at (¥,y+ %,2z). Thus, the possibility
of having one chain with 100%-iron occupation is
not allowed by symmetry. One could, in principle,
have other ordered configurations where the iron
is divided equally between two or four chains. Any
ordering of this type, however, will result in a

TABLE I, Lattice parameters for Fey ,;Nbg, r5Se3 (this
work) and NbSeg (Ref. 9).

Fey, 25Nby, ;55€3 NbSeg
a 9.213(1) A 10.009 A
b 3.4773(9) A 3.4805 A
c 10.299(1) & 15.629 &
B 114.52(1) A 109.47°

TABLE II, Comparison of observed and calculated
interplanar spacings of Fey, o5Nby rsSe; from powder dif-
fraction data.

h k 1 deate s
0 0 1 9.3695 9.3957
1 0 0 8.3816 8.4027
-1 0 1 8.1502 8.1696
1 0 1 5.2561 5.2602
-1 0 2 5.0861 5.0901
-2 0 1 4.6035 4.6060
2 0 0 41908 41927
-2 0 2 4,0751 40763
-1 0 3 3.4291 3.4290
-3 0 1 3.0459 3.0453
-3 0 2 3.0117 3.0097
-2 1 1 27747 27749
-3 0 3 2.7167 2.7170
-2 1 2 2.6452 2.6440
2 0 2 2.6280 2.6288
1 0 3 2.5953 2.5949
-1 0 4 2.5465 2.5458
-2 1 3 2.3654 2.3657
0 0 4 2.3424 2.3423
—4 0 2 2.3017 2.3014
3 1 0 2.1780 2.1780
-3 1 3 2.1408 2.1407
4 0 0 2.0954 2.0950
1 1 3 2.0799 2.0805
-1 1 4 2.0545 2.0548
-3 0 5 1.9829 1.9832
-5 0 1 1.7834 1.7835
0 0 7 1.3385 1.3385

superlattice along b; that is, a two- or fourfold
increase in the b-axis lattice parameter. We
checked carefully for the presence of weak super-
structure parallel to » and in the a-c plane. Long-
exposure precession photographs and diffracto-
meter scans at room temperatures in the (2k0)
zone showed no superlattice reflections. We
therefore conclude that the iron is distributed
randomly. On the basis of symmetry, the iron
could be distributed randomly over all four chains
or it could be divided only among two of the chains.
Our measurements cannot distinguish between
these two possibilities.

Since the conclusion of random iron sites de-
pends upon the presence of a 2, screw axis, we
carefully checked for the absence of scattering
near 0kO-type reflections with k+2n. Diffracto-
meter scans along 0k0 reveal weak intensity at
(010) and (030), which was about 10 of the allowed
(020) intensity, but we also observed similar scat-
tering at (010) and (030) in NbSe, where the 2,
screw axis is well established by a structural
study.!’ On the basis of a dramatic variation in
the intensity which occurred wlien the sample was
rotated about the (010) or (030) diffraction vectors,
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we conclude that the (0%0) intensity for 2+ 2n is

a result of multiple scattering in both compounds,
and that the 2, screw axis in Fe, ,;Nb, ,;Se; is
well established.

C. CDW formation

We now turn to a discussion of the low-tempera-
ture, x-ray scattering results. A previous x-ray
scattering study® showed that the two resistive
anomalies in NbSe; are associated with two inde-
pendent CDWs which produce phase transitions at
T,=144 K and T, =59 K. The higher-temperature
CDW results in a distortion parallel to the b axis
with a reduced wave vector q, =(0,0.243,0), while
the lower-temperature CDW has off-axis compon-
ents and a reduced wave vector of §,=(0.5,0.263,
0.5). The compound Fe, ,:Nb, ,;Se; has a weak,
incommensurate CDW which forms at about 140 K
with a distortion parallel to the b axis and a wave
vector which is close to the value found in NbSe,.
The reduced wave vector is slightly temperature
dependent, with a value of §=(0,0.27+ .003,0) near
140 K and § =(0,0.258 + .003,0) near 6 K. Figure
5 shows scans along (1%0) at a temperature of 6 K
through the (1,1.74,0) superlattice peak and the
(120) peak of the host lattice. The (1,1.74,0) su-
perlattice peak is three times broader than reso-
lution, with a FWHM of 0.040 A*, as compared
with 0.013 A™ for the (120) peak. Scans along (1%0)
and (%,1.74,0) give inverse coherence lengths of
k*~50A and k'~ 14 A or an anisotropy of about
3.6. In the previous study of NbSe,,? the resolu-
tion FWHM was about 0.040 A%, so only a lower

196 1.98 2.0 2.02 2.04
600 T T T T T T T

I Feo.2sNPo 75585
(IKO)

T=6K

400~

1/1000

200

INTENSITY (COUNTS/3MIN)

|
175 L77 179
K

FIG. 5. Scans along (120) through the (120) main Bragg
peak and the (1,1.74,0) superlattice peak. The superlat-
tice peak is about three times broader than resolu!’:ion,
indicating an inverse coherence length of k= =50 A,

1
171 173

bound of the low-temperature CDW coherence
length was known. The anisotropy observed in
diffuse scattering above the two-phase transition
was about the same as reported in this work. The
amplitude of the CDW in Fe, ,,Nb, ..Se, is lower
than in NbSe;, as evidenced by the intensities of
the superlattice peaks relative to the main Bragg
peaks, which are about a factor of ten less than in
NbSe;. Figure 6 shows the integrated intensity of
the (1,1.74,0) superlattice peak as a function of
temperature. The solid line is a guide to the eye.
The data in Fig. 6 have been normalized to the in-
tensity of the (1,1.74,0) peak at 6 K and scaled to
the intensity of the (120) Bragg peak at each tem-
perature. The phase transition is broad and the
order-parameter data show considerable rounding
due to critical scattering near the phase transition.
An extrapolation of the temperature dependence of
the intensity at low temperature gives an onset
value for the CDW of about 140 K, a value very
close to that of the higher-temperature CDW, in
NbSe;. No additional scattering was observed near
reduced wave vectors of q=(0.5,0.26,0.5), corre-
sponding to the low-temperature CDW in Nb-Se,.
An important question to resolve is the possibili-
ty that the observed superlattice is not intrinsic
to Feo,zsNbo,75se3. The fact that Feo,z5Nbo.75S83 has
a CDW with nearly the same wave vector and tran-
sition temperature as NbSe; is remarkable, con-
sidering that the crystal structure is drastically
altered. One therefore must consider the possibil-
ity that the observed superlattice intensities result
from a phase mixture of NbSe; or a lightly doped
alloy of NbSe;. The 8% difference between the g-
axis lattice parameter of the iron-doped and the

T T T T
1.0 -
Fe Nb Se
025 075 3
’>_- hd (1,1.74,0) PEAK
7] - -
-4
w
-
Z
a
W o5 -
]
g
=
o
(o]
2 - -
0 ! .
(o] 100 200

T(K)

FIG. 6. Normalized intensity of the (1,1.74,0) super-
lattice peak as a function of temperature. The phase
transition is broad, with significant rounding due to
critical scattering near the onset.
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pure material makes it straighforward to test this
hypothesis. If the superlattice resulted from a
second phase the satellites would not be separated
by exactly +q from the Bragg peaks of the Feg, 5
Nby.755€3 lattice and the discrepancy would be read-
ily apparent at higher-order reflections. Scans
through the (8, +0.26, 0) and the (8, £0.74, 0) super-
lattice positions verified that the superlattice is a
modulation of the Fey,y;Nby,s55€; lattice and does
not result from a phase mixture. Furthermore, no
d spacings corresponding to NbSe; could be identi-
fied in either the x-ray powder patterns, a pseudo-
random powder pattern from a single crystal using
a Gandolfi camera, or from the spectrometer scans.

1IV. DISCUSSION

The rapid and continuous rise in resistance ob-
served below 100 K in Feg,y;Nbg,;sSe; has been fit
to various functional relations for resistivity ver-
sus temperature, but no unique expression valid
over the entire temperature range has been found.
Below 19 K a dependence of the form poce(T"’T)m,
with m =+, is obeyed fairly well, as shown by the
straight-line portion of the lower curve in Fig. 7.
This type of dependence can result from a hopping
conductivity associated with a Mott-type'® transi-
tion, where m = 71-, or from an Anderson localiza-

T-Y(k N
0.0 0.1 0.2 0.3 0.4
1

|o° s ] i ] 1 1
0.0 03 04 05 06 07 08
T
T (k™)

FIG. 7. Log of resistance for Feg.5Nby.s55e; ve T -4
(upper scale) and T /4 (lower scale). The solid line
shows a fit to the function ;... 70/ ri/ 4.

tion,' where m can have a value between + and 1.
Above 19 K, the curve clearly deviates from the

m =+ power law, and other exponents or functional
relations are required. The upper curve of Fig. 7
shows a plot of logp/pyr; vs 77!, In this case, the
range between T'=19 K and T=100 K can be ap-
proximated by a straight-line segment with slope
A=0.04 eV, indicating the possibility of a gap with
thermally activated conductivity of the form
poce®/?KT_ For both plots in Fig. 7, a clear tran-
sition in the functional dependence is indicated in
the neighborhood of 19 K.

The rise in resistivity is correlated with the
onset of the weak superlattice observed in the x-
ray studies at ~120-140 K. The formation of a gap
associated with a charge-density wave could re-
quire an activated conductivity below the onset.
However, the small amplitude of the observed
CDW suggests that only a small fraction of the con-
duction electrons are involved in the CDW. In ad-
dition, below 19 K the gap would have to be quite
temperature dependent, unless an additional local-
ization of electronic states were present at low
temperatures due to the random distribution of
substitutional Fe.

In some respects, the behavior is similar to that
observed by Sambongi ef al.! for pure TaS;, where
a Peierls transition was proposed as the explana-
tion for the rapid resistance rise below 200 K. In
that case, an abrupt resistance rise was observed
near 200 K, followed by a region between 200 and
120 K where poce®/?!7, with A=0.15 eV. Below
100 K, a saturation of resistance was observed
which the authors suggested might have been an
experimental limitation rather than intrinsic to
the sample. A superlattice formation was ob-
served by x-ray diffraction to develop below the
onset temperature of 200 K. The ¢ vector was de-
termined to be ~0.25 c*.

In the present experiments, the Fe appears to be
incorporated in the crystal with an average of one
substitutional Fe atom per unit cell. No long-
range order due to Fe is detected by x rays, sug-
gesting that the substitution at one of the four noi-
bium sites per unit cell is random relative to dif-
ferent cells. This well determined concentration
of random iron is produced at relative short sin-
tering and crystal-growth times. The final cry-
stals, as measured by transport, x-ray fluores-
cence and x-ray diffraction, show relatively little
variation and are insensitive to initial Fe concen-
trations in the starting powder. Whether the kin-
etics are such that longer annealing times could
produce additional order or other phases has been
explored, but there seems to be one unique phase
of Fey,.s5Nby,758€; for the present preparation condi-
tions.
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An extraordinary resistance rise® ' due to sub-
stitutional iron in a charge-density-wave material
has also been observed in IT-TaS,. In this case,
the resistivity followed the empirical relation p
=po(To/T)** %, where q is a constant and x, is a
critical concentration. It was postulza,ted6 that the
charge-density wave present in the material pro-
duces an enhancement of the impurity localization
by a local temperature-dependent CDW cloud.
However, in the case of IT-Fe,Ta,.,S,, the func-
tional dependence of the form p o« T™™ gives a value
of m=2.5. This can be clearly distinguished on
logpvs T plots from functions of the form p~
eT0/D™  with m the range of values predicted for
the usual type of metal-insulator transitions due to
localization (m =+4—1). In the present data, a
power law of the form p < T"™ gives a value of m
=6, as indicated by the straight line in Fig. 1.
This larger value of m makes it more difficult
to clearly distinguish between the power-law and
exponential behavior.

IT-TaSe, and IT-TaS, are similar in many ways
to NbSe;. They both have large resistance anomal-
ies associated with the CDW formation and a rela-
tively poor conductivity. If the charge-density
wave is enhancing the localization, then both of
these materials would be good systems in which to
observe such effects. 1'%

There did not seem to be any correlation between
the spin states of the metal dopants for the IT
phases and the resistive changes. Therefore, the
absence of a moment in Fe, ;Nby 7;8e; may play no
role in the resistance transition. The fact that the
susceptibility is paramagnetic for this system
seems to indicate an increased Pauli paramagne-
tism, and therefore an increased conduction-elec-
trondensity. This would tend to support the idea
that the conduction electrons are being localized
rather than the density being reduced

V. CONCLUSIONS

The incorporation of substitutional iron into
NbSe; produces a unique new crystal structure with
close to one iron atom for each three niobium
atoms. The new structure has four chains of metal
atoms per unit cell rather than six, as in pure
NbSe;. This structure is formed as single-crystal
ribbons whenever the iron concentration of the
starting material is above 10% of the niobium con-

centration. The unit cell'is still monoclinic, with
approximately the same b as in NbSe; but with sub-
stantially reduced ¢ and ¢. The iron does not
show any evidence of ordering and is randomly
distributed in either two or four of the niobium
chains.

X-ray studies show that a charge-density wave
forms along the b axis below 140 K, with a reduced
wave vector 4= (0, 0.27,0) near 140 K and §=(0,
0.26,0) near 6 K. This is incommensurate with a
g vector slightly greater than the commensurate
value of §=0.25 b*, in contrast to pure NbSe,
where 4;=(0, 0.24, 0) is slightly less than the com-
mensurate value.

Below the onset of the charge-density wave, we
observe a dramatic rise in resistance correspond-
ing to nine orders of magnitude between 100 and

2.8 K. At temperatures below 19 K, this can be fit
to the functional form characteristic of a Mott or
Anderson type of metal-insulator transition char-
acterized by electron localization. In the higher-
temperature range, deviations occur and a more
complicated temperature dependence is observed.
The charge-density wave may produce a substan-
tial enhancement of the metal-insulator transition
and a local temperature-dependent charge-density-
wave cloud can influence the precise temperature
dependence.

The presence of the charge-density wave in the
iron-doped material indicates that the Fermi-
surface instability plays a dominant role in the el-
ectronic structure of the NbSe; compounds. It is
quite surprising that the random potentials intro-
duced by the iron do not quench the formation of
the CDW but only weaken its amplitude. The cry-
stal structure also undergoes a substantial modifi-
cation, although the effective metal-atom chains
along the b axis maintain a close similarity to
those in pure NbSe;.
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