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Synchrotron-radiation single-crystal x-ray diffraction is used to study the modulations corresponding
to both the q'-and q -type charge-density waves (CDW's) in NbSe3. The q'-type modulation is shown to
involve displacements of the atoms of column III. The q -type modulation is analogous, but resides on
column I. An important feature is that it is found that both CDW's involve displacements of a Se atom
of column II. This structure explains previous experiments, but appears to be at variance with the more

recently obtained scanning-tunneling-microscopy images. The implications for the dimensionality of the
q' transition are discussed.

The unusual electrical properties of niobium triselenide
(NbSe3) are related to the presence at low temperatures
of two independent charge-density-waves (CDW's). '

Notwithstanding the extensive number of studies that
have been reported, no quantitative information about
the structural distortions due to the CDW's is available.
In the present paper we report the determination of the
atomic displacements due to both charge density waves,
from synchrotron intensity data collected at 20 K.

The basic structure of NbSe3 has monoclinic, P2&lm,
symmetry. It consists of columns of face-sharing triangu-
lar prisms of selenium atoms parallel to the unique mono-
clinic b axis, with a niobium atom at the center of each
prism. Adjacent columns are shifted over b/2, thus lead-
ing to an eightfold coordination of Nb by Se (Fig. 1).
There are three crystallographically independent niobium
atoms, defining three types of columns, labeled I, II, and
III, respectively.

The first CDW develops below T„=145 K, and is
characterized by a modulation wave vector q'
=(0,0.241,0). The second CDW exists below T,2=59
K, and has a modulation wave vector q =(—,', 0.260, —,').
(The cotnponents refer to the basis-structure unit cell. ' )

It was proposed that the q'-type CDW occurs on a

quasi-one-dimensional d band on the niobium type-III
atoms, whereas the second CD% resides on the type-I
columns. Subsequent band-structure calculations sup-
port this hypothesis. NMR experiments, probing the
niobium atoms, showed that only two of the three
columns are involved in the transitions. The q'-type

FIG. 1. Projection along b of a part of the structure of one
unit cell thickness. Small and large circles denote Nb and Se
atoms, respectively. Open circles correspond to atoms at z = 4,

'

hatched circles represent atoms at z =—.Arabic numbers cor-
respond to the Se atoms in Table I. Primed numbers indicate
symmetry equivalent columns.
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modulation could be assigned to the Nb(III) atoms, the
columns involved in the q -type transition could not be
assigned unambiguously. ' Diffraction work also showed
that the q -type modulation principally involves a dis-
placement of Nb(III). '

Recent scanning-tunneling-microscope (STM) experi-
ments reopened the discussion about the nature of the
CDW's. " ' Dai et al. ' concluded from their measure-
ments that strong CDW's are present on all three
columns, the q'-type CDW residing on the type-III
column, and the q CDW corresponding to both columns
I and II. The STM results appear at variance with results
from other experiments, in particular those done with
NMR. '

In a comment' ' we pointed out the difficulties that
exist in relating STM results, which depend on surface
electronic states near the Fermi level, ' to the atomic and
electronic structure. The present study shows that the
primary structural distortion accompanying both CDW's
is a displacement of Nb(III) for the q'-type modulation
and a displacement of Nb(I) for the q -type modulation.
However, major displacements are also found on all Se
atoms coordinating Nb(III} (for the q' modulation) and
coordinating Nb(I) (for the q -type modulation), includ-

ing the Se atoms on column II. This type of distortion in-
volves most of the Se atoms on column II, but not Nb(II).

A single crystal of NbSe3 of dimensions 15
X 3000X25pm, along a, b, and c, respectively, was used
for measuring single-crystal x-ray-diffraction intensities
on the SUNY Beam line X3 at the National Synchrotron
Light Source at Brookhaven National Laboratory. After
data reduction a set of 972 unique rejections was ob-
tained (377 main refiections, 433 q'-type satellites, and
162 q -type satellites} with I)2o(I}. The superspace-
group symmetry' was determined from the extinction
conditions. To facilitate the analysis, a two-fold supercell
was adopted, with A=a+c, B=b, and C= —a+c.
With respect to this supercell and its reciprocal, the
second modulation wave vector becomes
q;=(0,0.260, 0), whereas q' remains unchanged. The
symmetry operators are

(2i s 1) (2y 1 1~0 ~ 0 ~ 0)

(m 1 1)=(m 1 1 ~0, —,', 0, —,', 0);

(i 1 1)=(i 1 1 ~0,0,0,0,0)

and the centering translation (E 1 1
~ —,',0, —,', 0, —,'). The

symbol to the right of the equal sign denotes the rotation-
al part juxtaposed to the five translational components.
The second and third symbols in each operator designate
whether R~ and 855 are 1 or —1. The symbol to the left
of the equal sign denotes the rotational part of the sym-
metry operator together with the intrinsic translational
part i.e., s meaning a screw component of —,

' along the
fourth or fifth superspace coordinate. A tentative symbol
for the superspace group is P:P2i/m(O, p, O)(1/2, p', 1/
2)s 1; 11.

As found in earlier studies the basic structure is essen-
tially independent of the temperature. At T=20 K we
find the lattice parameters a =9.974(1) A, b =3.476(2)A,
c =15.592(2) A, and p=109.4(1)'. The basic structure
parameters obtained from the refinement are given in
Table I. They differ only marginally from the coordi-
nates reported for 100 K. Because all atoms are in a
mirror plane, symmetry restrictions apply to the basic
structure coordinates as well as to the modulation func-
tions. For the symmetry operators given above, we find
for the modulation function of each atom:

u(x4, x, ) = [B„'sin(2irx4)+ A„cos(2irx, )]A

+ [ A 'cos(2nx4)+B sin(2'� & )]B

+ [B,'sin(2irx4)+ A, cos(2mxs )]C.

As only first-order satellites were observed for each
modulation type, higher harmonics were not included.
The fourth and fifth superspace coordinates are defined as
x4=q' r and x&=q; r, with r the basic structure posi-
tion. Refinements of the basic structure parameters and
36 amplitudes for each modulation type were performed
against 972 reQection intensities, using the program
JANA. The final agreement factor is RF =g ~~F,b, ~

TABLE I. Structural parameters for NbSe, . Basic structure coordinates are relative to the supercell [ A, B,CI. Modulation pa-

rameters are defined according to Eq. (1), but are given in angstrom along the supercell axes. Standard deviations in the last digit are

in parentheses.

Atom

Nb{1)
Nb(2)
Nb(3)
Se(1)
Se(2)
Se(3)
Se(4)
Se(5)
Se(6)
Se(7)
Se(8)
Se(9)

0.3858{1)
0.2615(1)
0.3780(1)
0.2539(2)
0.4601(2)
0.5212(2)
0.1260(2)
0.2273(2}
0.3881(2)
0.2534(2)
0.4246(2)
0.4099(2)

0.25
0.75
0.25
0.75
0.75
0.75
0.25
0.25
0.25
0.75
0.75
0.75

—0.2674(1}
—0.0552(1)

0.0837(1)
—0.1868{1)
—0.3733(1)
—0.2826(1)
—0.0393(1)

0.0491(1)
—0.1397(1)

0.171691)
—0.0195(1)

0.1658(1)

0.002{1}
0.002(1)
0.012(2)
0.002(2)
0.001(2)
0.004(2)

—0.001(2)
0.011(2)
0.006(2)

—0.007(2)
0.021(2}

—0.002(2}

0.003(1)
0.008(1)
0.053(1)
0.001(2)

—0.001(2)
—0.002(2)
—0.001(2)

0.017(2)
—0.000(2)

0.021(2)
—0.007(2)

0.014(2)

—0.004(1)
—0.007(1)
—0.007(1)
—0.004(2)
—0.004(2)
—0.004(2)
—0.002(2)
—0.006(2)
—0.007{2)

0.031(2)
—0.027(2)

0.021(2)

0.006(2)
0.006(2)
0.001(2)
0.013(3)

—0.006(3)
—0.010(3)

0.004(3)
0.004(3)
0.005(3)
0.001(3)
0.001(3)

—0.001{3)

g2

0.025{2}
0.005(2)
0.004(2)
0.003(2)
0.005(3)
0.012(3)
0.001(3)
0.000(2)
0.012(3)
0.001(3)
0.003(3)
0.001(3)

—0.001(2)
—0.006(2)
—0.001(2)
—0.008(3)

0.013(3)
0.012(3)
0.001(3)
0.005(3)
0.001{3)

—0.005(3)
0.001(3)

—0.002(3)
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—~F„&,(~/Q~F, b, ~

=0.077. Partial R factors, defined for
a subset of the reflections, are R+=0.073 for main
reflections only, 8~=0.11 for the q'-type satellites, and
R~=0. 18 for the q -type satellites. The higher values for
the satellite R factors reflect that, on the average, these
reflections have a lower I/cr(I) ratio than the main
reflections. The q -type reflections are weaker than the
q'-type satellites. The final modulation amplitudes are
given in Table I.

From Table I it follows that the principal components
of the modulation waves are a displacement of Nb(III) for
the q'-type distortion and a displacement of Nb(I) for the

q -type modulation, in accordance with the model of Wil-
son. It is noted that the modulation is very small: the
largest amplitude is 0.05 A and is found on one atom
[Nb(III)] only. Displacements of secondary importance
are found on all Se atoms coordinating the modulated Nb
atoms. This includes the Se atoms on column II, i.e.,
Se(5) for the q' modulation and Se(6) for the q2 modula-
tion. It is of importance that the amplitudes for the q'
modulation on chain I and for the q modulation on
chain III are much smaller than 0.01 A. This means that
both modulations do not extend beyond their neighboring
columns, which in each case is the type-II column.

If only rnonoclinic centrosymmetric symmetry is con-
sidered, there are two possibilities for the q modulation,
one leading to a superspace group with (2, 1 1) elements
and one leading to a superspace group with (2, s 1) ele-

ments. These two possibilities could be distinguished on
the basis of the extinction conditions and the superspace
group belonging to the structure. Apparently the latter
type of symmetry elements are found in the structure.
For the second modulation type there is but a single su-

perspace group, which contains both elements (2& s 1)
and (2, s s). Then there are two possibilities for the posi-
tion of the type-I columns in the unit cell. The strongly
bonded pair of columns (I, I' ) can be related across a
(2, s 1) or across a (2& s s) element. The structure
refinement shows the latter to be correct. It thus follows
from our structure refinement that the phasing of the q'
CDW on the pairs (III, III ) is identical to the phasing of
the q CDW on the pairs (I, I'), again showing the similar
nature of both CDW's.

The atomic displacements can be understood entirely
in terms of two independent CDW's, residing on the
Nb(III) and Nb(I) chains, respectively, combined with the
effect of internal strain. In order to minimize the varia-
tion in bond length, the selenium atoms follow the dis-
placements of the niobium atoms to which they are bond-
ed. The same applies to the strongly bonded Se2
ions [Se(7) with Se(9) and Se(2) with Se(3)], for which
it is found that both atoms are displaced in phase. To
obtain the coordinates and displacements of chain III',
adjacent to III (Fig. 1), the symmetry operator
(2~ 1 1 ~1, —,', 0, —,', 0) has to be applied to the parameters
in Table I. With hz equal to —,', this means that the
modulation of Nb(III') is out of phase by —,'from Nb(III).

For the given q' vector this must be the phase difference
giving the least possible strain (as compared to —,

' ).
It is a general understanding that a CDW, as occurs in

the valence band, is correlated with the accompanying
structural distortion. Recently, Moudden et al. ' have
found that structural displacements belonging to the
CDW fluctuations above T„are mainly in the (a, b)
plane, indicating a two-dimensional system in this direc-
tion. With the results obtained here, a better understand-
ing of the dimensionality of NbSe& can be obtained.
Analysis of bond distances shows NbSe& to be a two-
dimensional system in the (b, c) plane. However, the in-
teraction between neighboring columns III along c in-
volves eight bonds, going from one Nb(III) to the next.
Analysis of the modulation amplitudes for q' shows that
this type of modulation has negligible amplitudes on the
atoms of column I, i.e., halfway such a path. The ampli-
tudes should be even smaller close to the transition tem-
perature. This means that the interaction between the
modulations on neighboring columns III is very small
along c, thus explaining the small correlation length
parallel to c* above T, &. The interaction along a involves
a path of only two Nb—Se bonds and a single nonbonded
interaction. The latter is between Se atoms which have a
relatively large modulation amplitude, and thus can be
expected to interact relatively strongly. This provides an
explanation for the two-dimensional character of the
CDW in terms of elastic interactions between the atoms.
It also shows that it is not necessary to assume that the
electron band has a 2D rather than a 1D character. It is
likely that other properties (e.g. , most of the phonons,
cleavage) are two dimensional in the (a, b) plane rather
than in the (b, c) plane.

In summary, we have presented complete structural in-
formation concerning the atomic displacements belong-
ing to both types of modulations in NbSe&. It was shown
that q' primarily involves a displacement of Nb(III), but
that relatively large amplitudes are found on all neighbor-
ing Se atoms, including the one on column II. The same
picture is obtained for q, albeit with smaller amplitudes,
and now for a displacement primarily on Nb(I). The re-
sults fully support the interpretation of the formation of a
CDW on the Nb chains, where the displacements of the
other atoms follow from elastic intra- and inter-chain in-
teractions.
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