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A b s t r a c t  

The X-ray absorption fine structure (XAFS) of single crystals of NbS2, Cuo.18NbS2, NbSe2 
and Cuo.3aNbSe2 is investigated at the Nb, Se and Cu edges. Measurements are made 
for different angles between the crystallographic c-axis and the X-ray beam. Nearest- 
neighbor and next-nearest-neighbor distances, as well as their variances, are extracted 
from the extended XAFS (EXAFS), indicating that intercalation of copper does not affect 
the average distances within the Nb--chalcogen layers while, at the same time, a structural 
disorder is introduced. The X-ray absorption near edge structure (XANES) of CuxNbSe2 
is sensitive to the direction of empty electronic states and indicates that empty states 
with z-symmetry are separated from empty states with x- and y-symmetry by about 2.5 
eV. It also shows that intercalation is accompanied by charge transfer from the Cu to 
the NbSe2 host lattice. 

1. I n t r o d u c t i o n  

The t ransi t ion metal  d icha lcogenides  NbS2 and NbSe2 are layer c o m p o u n d s  
consis t ing of  sandwiches  with s t rong covalentJionic intralayer bonds  and 
weak  Van der  Waals  interlayer interactions.  Monovalent  t ransi t ion metals,  
such  as Cu or  Ag, can  be inserted be tween  the sandwiches.  One sandwich 
consis ts  o f  two hexagona l  close packed  layers of  S or Se atoms,  forming 
tr igonal  pr i sms filled with Nb a toms  (Fig. 1). The stacking sequences  of  S 
(upper  case letters) and  Nb (lower case letters) are AcA BcB (2H-NbS2 
s t ructure)  or  AbA BcB CaC (3R-MoS2 s t ructure)  [1, 2]. For  NbSe2 several  
more  s tacking  sequences  exist  [1, 3]. Upon  sufficient intercalation of  Cu the 
s tacking sequences  change  [2, 4 ]. The in tercala ted Cu a toms  o c c u p y  te t rahedral  
or  oc tahedra l  sites ei ther  in a r a n d o m  fashion or  by forming supers t ructures ,  
depending  on the t empera tu re  and on the concent ra t ion  of  Cu [5 -7 ] .  
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Fig. 1. Schematic drawing of the crystal s t ructure of Cu=NbS2 and Cu=NbSe2 showing neares t  
and next-nearest-neighbor  coordinations. Open circles represent  S or Se atoms, large (small) 
black circles represent  Nb (Cu) atoms [16]. 

A number of X-ray absorption near-edge structure (XANES) and extended 
X-ray absorption fine structure (EXAFS), together referred to as X-ray 
absorption fine structure (XAFS), experiments have been made with NbS2, 
NbSe2 and their intercalated variants [8-15]. Our experiments, reported in 
this paper, were made in transmission geometry at 80 and 300 K by measuring 
the absorption of polarized synchrotron radiation by single crystals of NbS2, 
Cuo.lBNbS2, NbSe2 and Cuo.3sNbSe2 and tilting the crystals so as to "focus"  
on different directions. Our main attention was on Cuo.3sNbSe2, where mea- 
surements were made at all three edges. 

After a section on experimentation and data analysis, we present quan- 
titative and some qualitative nearest-neighbor and next-nearest-neighbor 
structural results from the EXAFS part of the spectra and make comparisons 
with results obtained from single crystal X-ray diffraction experiments on 
Cu0.3sNbSe2 [16]. Finally, we present some results on intercalation-induced 
changes of the electronic structure determined from the XANES part of the 
spectra and discuss these findings with respect to the charge transfer in 
Cu=NbSe2. 

2. Experimentat ion and data analysis 

The samples of NbS2, Cuo.~6NbS2, NbSe2 and Cuo.38NbSe2 were prepared 
by chemical vapor transportation in evacuated and sealed quartz ampoules 
at elevated temperatures. We started from the pure elements (Nb 99.8%, S 
99.98%0, Se 99.98% , Cu 99.99%) with iodine used as carrier. The temperature 
gradient in the two zone furnaces was 970 °C ~ 940 °C for the sulfides and 
850 °C-* 750 °C for the selenides. Stoichiometric amounts were used for 
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Cu0.38NbSe2 while the sulfides were transported under sufficiently high sulfur 
pressure with a Nb/S ratio of 1/2.5 in order to avoid excess Nb between 
the NbS2 slabs. After two weeks the samples were quenched in an ice-water 
mixture. 

The single crystals thus produced were inserted into the X-ray beam of 
the R()MO II beamline of HASYLAB at DESY (Hamburg). A double crystal 
Si(311) monochromator was used, and contamination with higher harmonics 
was suppressed by detuning the monochromator.  Absorption spectra were 
taken in transmission at the K edges of Nb, Se and Cu at temperatures of 
80 and 300 K and for several tilt angles between the direction of the beam 
and the c-axes of the single crystals. In addition to the K edges of the 
materials mentioned above, the K edge spectra of pure Nb, Cu and Se were 
measured simultaneously in order to obtain relative energy references. 

In the usual way [17], EXAFS data analysis comprises post-edge back- 
ground removal with a cubic spline and normalization of the spectrum by 
division through the step height to produce the EXAFS interference function, 
x(k). The interference function is weighted with k x (Fig. 2), with x being 1 
(Se edge in CuxNbSe2), 2 (Cu edge in Cuo.16NbS2, and Nb edge in CuxNbSe2) 
or 3 (Nb edge in CuxNbS2), multiplied by a gaussian window extending from 
about 2 to 15-16/~-1 (Nb edge), 2-16 .~-1 (Se edge) or 2-8 /~-1  (Cu edge), 
and subjected to a Fourier transform from k-space to r-space (Figs. 3-5). 
The r-space data are then subjected to a Fourier back-transform after 
application of a gaussian window covering the first or second nearest-neighbor 
shell respectively. 

The single-sheU data thus produced are fitted to the single scattering 
EXAFS formula including cumulants up to second order (harmonic approx- 
imation), 

x(k) =A(k) sin[ qZ(k) ] (1) 

with the amplitude 

A(k)=[j~ 3(~-gj) 2] F(k, ~r)_f , =1 ~R ~ exp( - 2R/A(k)) exp( - 2o~k e) (2) 

and the phase 

where N is the coordination number, g the direction of the X-ray polarization 
(i.e. the direction of the E-field),/~j the unit vector to the j t h  baekscattering 
atom, F(k, rr) the back-scatter amplitude, f an amplitude correction factor, 
R the distance to the shell, A(k) the electron mean free path, o ~ the second 
cumulant, i.e. the variance of the distance from the absorbing atom to the 
shell under consideration, and 4)(k) the combined central atom and backscatter 
phase shift, k is the electron wave-vector which depends on AE, the shift 
between the assumed and the real zero of the free electron states. While 
the products ~-/~j are known for a given structure, F(k, ~), A(k) and 4)(k) 
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Fig. 2. EXAFS interference function x(k)  of CuxNbS 2 and CuxNbSe 2 weighted with k 3 and k 
respectively, a is the angle between the X-ray beam and the crystallographic c-axis. 

are taken from the FEFF calculations (version 3.23) of Rehr et  al.  [18, 19]. 
This leaves f ,  R, o ~ and AE as fit parameters. 

Equation (2) shows that absorption by a single crystal (with well-defined 
directions to back-scattering atoms Rj) of synchrotron radiation (with a well- 
defined ~ in the plain of the storage ring and at right angles to the direction 
of the X-ray beam) is sensitive to the position of the crystal in the beam. 
Thus, by tilting the crystal, information from different directions of the crystal 
can be emphasized as long as the symmetry is lower than cubic. Layered 
systems, such as the present ones or graphite intercalation compounds [20], 
are therefore particularly suitable for angle-sensitive investigations. When a 
polycrystalline material is used, the summation over N distinct directions is 
replaced by N integrations over the sphere, 
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f 3 c o s 2 0  d ~  
N 

3(~.J~j) 2 ~ N 49 = N  (4) 

j=i f d~ 
4o 

where d.Rj = cos O has been used. This yields the well-known form of the 
EXAFS equation for polycrystalline materials. 

Equations (1 -3 )  are strictly correct only for nearest-neighbor shells, 
since the single scattering approach does not usually hold for higher shells. 
In the transition metal dichalcogenides, however, the shortest double scattering 
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Fig. 4. Fourier forward transforms of Cu~NbSe (Nb edge) as a function of temperature when 
the crystallographic c-axis is parallel to the X-ray beam (a= 0). 

path is so  m u c h  longer  than the  s ingle  scat ter ing  path  to  the  next -neares t -  
ne ighbor  and back  that it is safe  to  n e g l e c t  mult iple  scattering.  

XANES data analys is  o f  the  Se e d g e  is  c o m p a r a t i v e l y  s imple .  The fit 
funct ion  cons i s t s  o f  the  s u m  o f  (i) a V i c t o r e e n  func t ion  for the absorpt ion  
contr ibut ions  f rom e l e c t r o n s  other  than K e lec trons;  (ii) o n e  ( two)  lorentz ian(s )  
for the  pre-edge  whi te  l ine(s);  (iii) o n e  a r c t a n g e n t ,  shif ted by 0 .5  a long  the  
ordinate,  and o n e  lorentz ian  for adjust ing the  c o n t i n u u m  states .  Both  the  
arc tangent  and the  lorentz ians  are n o r m a l i z e d  to  the  K edge  s tep  height.  
The funct ion  is t h e n  c o n v o l u t e d  wi th  a gauss ian  to  a c c o u n t  for  the  m o n o -  
c h r o m a t o r  reso lut ion  funct ion.  In order  to  obta in  c o n s i s t e n t  resul ts  the  fitting 
is carried out  with  the  widths  o f  the  arctangent ,  the  lorentz ians  and the  
gauss ians  set  to  cons tan t  va lues  for e a c h  material .  
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3. EXAFS r e su l t s  and d i s c u s s i o n  

Inspection of the Fourier transforms (Figs. 3 - 5 )  allows a first qualitative 
interpretation of our results. It shows, first of all, a strong temperature 
dependence of the EXAFS signal. Also, with the reduction, or disappearance, 
of the next-nearest-neighbor shells, a marked difference is observed between 
the non-intercalated and the intercalated materials. The second shell is also 
very sensitive to a rotation of the crystal with respect to the X-ray beam. 

The results of  the quantitative EXAFS analysis are listed in Table 1. 
They include interatomic distances, 

r = ( r i j  } ( 5 )  

and second cumulants, or variances, of interatomic distances, 

o ~ = ( r ~ . )  - ( r ~ S  ( 6 )  
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TABLE 1 

EXAFS results for the nearest-neighbor and next-nearest-neighbor distances, r, and their second 
cumulants, or variances, o 2. The error bars are about 0.01 /~ for r and 1 × 10 -3/~2 for O2 

NbS2 CUo.16NbS2 

80 K 300 K 80 K 300 K 

Nb-S distance r (/~) 2.48 2.48 2.48 2.48 
O2 (10-3/~2) 1.5 2.9 1.5 2.0 

Cu--S distance r (/~) 2.44 
O2 (10-3 ~2) 

Nb-Nb distance r (/~) 3.32 3.32 
perpendicular to c-axis o2 (10-3/~2) 4.0 6.7 

NbSe2 Cuo.asNbSe2 

80 K 300 K 80 K 300 K 

Nb-Se distance r (~) 2.59 2.59 2.59 2.60 
o2 (10-a ~2) 3.2 4.8 3.5 4.6 
r (/~) 2.59 2.59 

Se-Nb distance o2 (10-a /~3) 

Se-Se distance r (/~) 3.44 3.44 3.43 3.42 
perpendicular to c-axis 02 (10-3/~2) 4.7 9.5 9.2 15.3 

Nb--Nb distance r (/~) 3.44 
perpendicular to c-axis o 2 (10-3/~2) 3.1 

where  the angle brackets  indicate t hermal  and, if s t ructural  d isorder  exists, 
s tructural  averaging of the in tera tomic dis tances be tween the absorb ing  
a tom i and a toms  in the j t h  shell. The er ror  bars  are about  0.01 /~ for r 
and 1 × 10 -3 /~2 for  o ~. Missing entries in Table 1 indicate our  inability in 
some cases  to obtain quanti tat ive results  with an accuracy  of  that  size. This 
is mainly due to an insufficient separa t ion of  first and second  shells in the 
Fourier  forward t ransform,  a long with a small ampli tude of  the s econd  shell. 

The EXAFS results allow the following interpretat ion:  
(i) The N b - N b  and Se -Se  dis tances of  the non- in tercala ted  samples ,  

being identical to the lattice pa ramete r s  a ,  compare  very  favorably  with the 
li terature values [1, 21] and our  X-ray diffraction values [16], namely  to 
within 0.01 /~, the value assigned to the er ror  bar  of  r .  The ag reemen t  is 
unusual ly  g o o d  for an absolute  distance determinat ion of  a next-neares t -  
ne ighbor  shell f rom EXAFS. 

(ii) N b - S  and Nb--Se dis tances are not  affected by intercalation.  The 
S e - S e  in-plane distance in CuxNbSe2 seems to shrink, which is p robab ly  due 
to our  inability to separate  clearly the Se -Se  f rom the S e - C u  shells. Next- 
neares t -ne ighbor  dis tances parallel to the c-axis could not  be measured .  

(iii) The observed  Cu-S  distance in Cuo.16NbS2 remains  u n c h a n g e d  within 
our  accuracy  when the crystal  is tilted, indicating equal d is tances  for  all 
C u - S  bonds.  
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(iv) The values of o 2 of the non-intercalated systems at 80 K and 300 
K are due to thermal motion; a structural disorder can be discarded, o 2 
increases with temperature,  as expected,  the increase being smaller for 
nearest-neighbor distances and larger for next-nearest-neighbor distances, 
because the correlation of the motion of two atoms decreases with increasing 
distance. 

(v) The nearest-neighbor 02 value is not  affected by intercalation ( ÷  0.3, 
- 0 . 2  × 10 _3/~2 for 80 and 300 K respectively); however, the next-nearest- 
neighbor Se-Se o 2 value increases considerably upon intercalation of Cu 
into NbSe2, the increase being 4.5 and 5 . 8 × 1 0  -3/~2 for 80 K and 300 K 
respectively. Figure 3 shows how the next-nearest-neighbor peaks in the 
Fourier transforms are affected. 

Our previous X-ray diffraction measurements  [ 16] of the same Cuo.3sNbSe2 
sample indicate that intercalation of copper  into the NbSe2 crystal distorts 
the regularity of the trigonal prisms. This means, e.g. that the Nb-Se distance 
splits up into four different distances with a bond length variance, O2, of 
0.1 × 1 0 -  3/~2. Correspondingly, the Se-Se distance splits up into three separate 
distances with O2 = 5.8 × 10-3 ,~2. These values yield an excellent confirmation 
of our EXAFS measurements  or vice versa. It may therefore be concluded 
that intercalation is accompanied by a s t r u c t u r a l  disordering of the host 
lattice. 

(vi) The corresponding increase of the next-nearest-neighbor Nb-Nb o2 
upon intercalation of Cu into NbS2 and NbSe2 could not be extracted 
quantitatively. However, as Fig. 4 shows for Cu~NbS2, the peak for the second 
Nb shell decreases even more dramatically than in Fig. 3. In CuxNbSe2 (not 
shown) the second peak is already very small for x = O  and disappears 
completely when copper  is intercalated. It indicates that the structural disorder 
is more pronounced between the Nb atoms than between the Se atoms in 
Cu0.38NbSe2. 

(vii) The amplitudes of the first and second EXAFS shells depend markedly 
on the tilt angle, as shown in Fig. 5. With eqn. (2) and simple geometrical 
considerations the amplitude, A, of the first shell in Cu~ NbSe2 can be calculated 
to be proportional to 

A cx sin2fi - (3 sin2/3 - 2) sin2a (7) 

where fl is the angle between the c-axis and the direction of the Nb-Se 
bonds and a ( =  ~r/2- O) is the angle between the c-axis and the direction 
of the X-ray beam (tilt angle). This is in qualitative agreement with the 
experiment.  A similar calculation for the second shell is more difficult since 
three different Se-Se distances with different values for O2 enter the equation. 

4. X A N E S  r e s u l t s  a n d  d i s c u s s i o n  

We concentrate here on the Se edges measured in Cu~NbSe2. They 
exhibit a marked polarization dependence,  as shown in Fig. 6. Figure 7 
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Fig. 6. X-ray absorption near-edge structures (XANES) of the Se edge of CuxNbSe2 as a 
function of the tilt angle at constant temperature. 

shows  examples  of  the fits, as descr ibed  above.  Quanti tat ive resul ts  are l isted 
in Table  2. They  include the posi t ions  relative to  the  Se r e fe rence  white  line 
m a x i m u m  as well  as the  normal ized  heights  of  the  p re -edge  white  line(s).  

The  XANES resul ts  allow the following interpreta t ion:  
(i) NbSe2 has  two pre-edge  white lines, separa ted  by  abou t  2.5 eV, in 

a c c o r d a n c e  with the  band s t ruc ture  calculat ions of  Mattheiss  [22] and Bullet t  
[23]. A similar  double -peaked  s t ructure  has  been  obse rved  in the  sulfur  K- 
edge  s p e c t r u m  of  NbSe, which is closely r e l a t e d  to  NbSe2 in its e lec t ronic  
s t ruc ture  [ 11 ]. When  Cu is in tercala ted into NbSe2 the lower  ene rgy  white  
line disappears .  This is indicative of  a charge  t ransfe r  f rom the Cu a toms  
to  the NbSe2 hos t  lat t ice reduc ing  the n u m b e r  of  empty  e lec t ronic  s ta tes  of  
Se with z - symmet ry .  

(ii) W h e n  the  crystal  is t i l ted the  relat ive height,  and thus  the  n u m b e r  
of  e mp ty  states,  of  the lower  energy  white line increases ,  while the  relat ive 
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TABLE 2 

XANES results for the relative positions and relative heights (proportional to empty electronic 
states) of the first and second absorption lines in the Se edge of Cu~NbSe2 

Tilt angle 1st line 2nd line 

Relative Relative Relative Relative 
position (eV) height position (eV) height 

NbSe2 
0 o 

15 ° 
30 ° 
45 ° 
60 ° 

Cu0.aaNbSe2 
0 o 

30 ° 

-2 .5  0.37 0.0 2.82 
-2 .4  0.37 0.1 2.77 
-2 .0  0.52 0.3 2.42 
-2 .0  0.53 0.4 2.16 
- 1.4 0.66 0.8 1.52 

0.1 2.59 
0.7 2.26 

he ight  of  the  h igher  e n e r g y  whi te  line dec reases .  Recal l ing tha t  abso rp t ion  
is a t  a m a x i m u m  for  s t a t e s  wi th  a s y m m e t r y  paral le l  to the  d i rec t ion of  the  
X-ray po la r iza t ion  direct ion,  ~, we  conc lude  tha t  the  lower  (higher)  ene rgy  
whi te  line r e p r e s e n t s  e m p t y  s t a t e s  wi th  z- (x- and  y-)  symmet ry .  

(iii) U p o n  ti l t ing the  crystal ,  the  pos i t ion(s )  o f  the  whi te  l ine(s) shift(s)  
to h igher  ene rg ies  w h e n  c o m p a r e d  with the  Se r e fe rence  whi te  line abso rp t ion  
m a x i m u m .  This  is due to the  fac t  tha t  ene rgy  bands  are  angle  sensit ive.  

(iv) Ano the r  indicat ion fo r  the  a b o v e - m e n t i o n e d  cha rge  t r ans fe r  f rom 
the  in te rca la ted  Cu a t o m s  to the  NbSe2 hos t  lat t ice is g iven by  the  change  
u p o n  in te rca la t ion  of  the  edge  ene rgy  pos i t ions  o f  the a t o m s  involved.  The 
Nb edge  ene rgy  d e c r e a s e s  by  a b o u t  1 eV, while the  Cu-edge  ene rgy  (not  
shown)  inc reases  by  1 - 2  eV, w h e n  m e a s u r e d  aga ins t  the  edge  of  metal l ic  
Cu. Similar  such  shif ts  are  found  for  the  Cu edge  and  the  Nb edge  in the 
NbSz s y s t e m  u p o n  in te rca la t ion  of  Cu [13]. No no t i ceab le  shift  is found  at  
the  Se edge.  

5 .  C o n c l u s i o n  

(i) EXAFS can  yield d i s t ances  within 0.01 /~, in a c c o r d a n c e  with XRD, 
w h e n  h igh  quali ty s a m p l e s  and  da ta  are  u sed  and  ana lyzed  with the  p resen t ly  
avai lable  theore t ica l  p h a s e s  and  amp l i t udes  [ 18, 19]. 

(ii) The t e m p e r a t u r e  d e p e n d e n c e  of  o ~ a l lows a dis t inct ion of  t e m p e r a t u r e  
effects  f rom d i so rder  effects.  

(iii) The  edge  con ta ins  va luab le  in fo rmat ion  a b o u t  the  e lec t ron  s t ruc ture  
and  the  in terca la t ion  induced  changes .  The  analys is  o f  the  polar iza t ion  
d e p e n d e n c e  yields  addi t ional  in fo rmat ion  a b o u t  the  s y m m e t r y  of  the  orbi ta ls  
involved.  
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