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Studies of the FerZrSe2 system have led to a semiconducting phase for y = 0.16 and to a metallic 
phase for y = 0.41. The structures of both phases have been established through single-crystal X-ray 
measurements. The compound Feo.16ZrSel.94 crystallizes with one formula unit in space group 
Da~-P 3ml of the trigonal system in a cell of dimensions a = 3.763 (1), c = 6.118 (1) A. The structure 
is of the CdI2-NiAs intermediate type with octahedral coordination of Se atoms about both the 
Fe and Zr atoms. The compound Feo.41ZrSe2, the metallic phase, crystallizes with six formula units 
in space group D66-P6322 of the hexagonal system in a cell of dimensions a = 6.011 (1), c = 12.787 (1) 
A. The structure is the same as that of MNb3S6 (M = Mn, Fe, Co, Ni). In this structure, the Fe 
atoms are in octahedral holes while the Zr atoms are trigonal prismatically coordinated by Se atoms. 

Introduction 

N u m e r o u s  recent studies of  the inter- 
cala t ion proper t ies  o f  the layered metal  
d ichalcogenides  have led to a variety of  new 
quas i -b ina ry  systems o f  the form MyT)~�89 
where T is a t rans i t ion  metal  o f  g roup  IVB, 
VB, or  VIB;  X i s  S, Se, or  Te;  and  M c a n  be 
ei ther  an alkal i  metal ,  a t rans i t ion  metal ,  o r  a 
pos t - t rans i t ion  metal .  In  general ,  it  is found 
tha t  the basic s tructure of  the TX2 host  
mater ia l  remains  unchanged  as the intercala te  
a toms  go into the van der  Waa l s '  gap between 
the layers. On the other  hand,  the electronic 
and magnet ic  proper t ies  o f  the in terca la t ion  
complex  may  be d ramat ica l ly  different f rom 
the host  material .  

F o r  example,  in g roup  IVB dichalcogenides  
one finds the CdI2 structure as the basic 
s t ructure  and oc tahedra l  coord ina t ion  for the 
t rans i t ion  metal .  U p o n  intercala t ion,  the 
c o o r d i n a t i o n  o f  the IVB t rans i t ion  metal  
remains  oc tahedra l  and the excess metal  
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a toms  occupy either oc tahedra l ,  te t rahedra l ,  or  
t r igonal  pr i smat ica l  holes between layers. 
Tr ichet  and  Rouxel  have s tudied the system 
MyZrS2 ( M =  Fe,  Co, Ni)  (1, 2) where M 
a toms  occupy te t rahedra l  holes o f  the CdI2- 
type structure.  However ,  in the ArZrS2 system 
(A = Li, Na,  K,  Rb) s tudied by Trichet ,  
Cousseau,  and Rouxel  (2-4) the inser t ion o f  
alkal i  metal  gives rise to several s tructures 
derived f rom the CdI2 type, in which the 
coord ina t ion  o f  the alkal i  metal  can be ei ther 
oc tahedra l ,  t r igonal  pr ismatic ,  or  both,  the 
z i rconium coord ina t ion  remaining  octahedral .  
Unt i l  the present  study, in all group IVB 
t rans i t ion  metal  dichalcogenides  and their  
intercalate  derivatives the IVB t rans i t ion  
metal  has exhibi ted oc tahedra l  coord ina t ion .  

A l though  there are several polytypes  in 
group VB dichalcogenides,  the low-tempera-  
ture modif icat ion exists with a t r igonal  
pr ismat ic  coord ina t ion  o f  the t ransi t ion metal .  
Unl ike  the group  IVB dichalcogenides,  those 
o f  group VB are normal ly  metallic.  The change 
in the t rans i t ion  metal  coord ina t ion  in going 
f rom group  IVB (oc tahedron)  to group VB 
( t r igonal  pr ism) has been related to the change 
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in metal-chalcogen bonding character from 
ionic to more covalent (5). The change in 
bonding character is partly responsible for 
the change in electrical behavior. Compounds 
of  the form MyNbS2 and MyTaS2 (M = Mn, 
Fe, Co, Ni) have been investigated by van den 
Berg and Cossee (6). For  0 ~< y ~< �89 the extra 
metal atoms occupy octahedral holes of the 
2H-NbS2-type structure; for y = �89 a super- 
structure a ' =  V'3a appears with no other 
change in metal coordination. The systems 
remain metallic upon intercalation and all are 
antiferromagnetic except MnyNbS2 and M n f  
TaS2, which are ferromagnetic. Compounds 
MyNbSe2 (M = Ti, V, Cr, Mn, Fe, Co, Ni) 
(7, 8), on the other hand, were found to exist 
in the limits 0 ~< y ~< �89 with two distinct types 
ofsuperlattices at compositionsy = �88 (a' = 2a) 

and y = �89 (a' = aV/3). 
These experimental results led us to con- 

sider the system FerZrSe2, which had not been 
previously examined. Like ZrS2, ZrSe2 crystal- 
lizes in the CdI2-type structure (9) and is a 
semiconductor (10). Owing to the somewhat 
smaller band gap of ZrSe2 as compared with 
ZrS2 (11), the iron atom would be more likely 
to donate electrons to the conduction band of 
ZrSe2. Thus, for some critical iron concentra- 
tion one might expect the system to undergo 
a semiconductor-metal transition. 

Indeed such a transition was observed, 
accompanied by a discontinuous change in 
structure. A semiconducting phase, with 
Eg/> 0.2 eV determined from electrical resis- 
tivity measurements, was found to exist for 
0 < y  <0.23,1 and a metallic phase was 
observed for the composition Feo.4~ZrSe2 (13). 
Here, we report on the single-crystal structures 
of  the metallic compound and the semi- 
conducting compound (y = 0.16). 

Synthesis and Chemical Analysis: Experi- 
mental 

Appropriate quantities of the elements, 
Fe (99.5%, 325 mesh, Alfa Organics/In- 
organics), Zr (99.9 %, 80 mesh, Alfa Organics/ 
Inorganics), and Se (99.9999 %, pellet, Gallard 
Schlesinger Corp.) were weighed out and 

This homogeneity range is very similar to that 
found by Ahouandjinou and Trichet (12). 

placed in quartz ampoules 20 x 1.7 cm. These 
ampoules were evacuated to ~ 1 0  -3  Torr  
followed by the addition of  about 120 Torr  
partial pressure of  hydrogen chloride gas as 
a transport agent (14). The tubes were then 
sealed and placed in tubular furnaces. After 
5 or 6 days at 450~ the reactions were found 
to be complete yielding fine, free flowing, 
homogeneous powders. After 2 weeks in a 
temperature gradient of 965-870~ for the 
metallic phase and 935-840~ for the semi- 
conducting phase, the samples were slowly 
cooled (about 40~ and removed from 
the ovens. 

No transport occurred for the metallic 
composition; rather, large crystals (,-,1 cm 2 
in cross section) formed at the hot end of the 
ampoule. These crystals are thin hexagonal 
plates and are silver metallic in luster. They 
are brittle and resist attack by hot concentrated 
nitric acid. The semiconducting material also 
tended to form hexagonal plates nearer to the 
hot end of the ampoule. However, these 
crystals are metallic green in luster, resembling 
ZrSe2 crystals. They are much less stable to 
air than even ZrSe2; a blue tarnish will form 
on the surface after about 1 or 2 weeks of  
exposure to air. Furthermore, upon grinding, 
the crystals exhibit a "greasy" texture and 
react vigorously with dilute nitric acid. 

The metallic-type sample had a composition 
Feo.465 + o.olsZr-Se2.oo_+ o.o5 (Schwarzkopf 
Analytical Laboratories; see Table I). It 
should be noted that we were successful in 
obtaining this particular phase in only one 
sample batch. We believe that the difficulty in 

T A B L E  I 

METALLIC FeyZrSe2 ANALYSES ~ 

Se Zr Fe 
(%) (%) (%) 

57.39 32.15 9.39 
56.49 33.44 9.25 
57.00 
56.96 32.80 9.32 Average 

~ Formula: Se/Zr = 2.00 + 0.05; Fe/Zr = 0.464 + 
0.015. 
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preparing this phase is a result of  a very 
narrow homogeneity range of  composition 
and a complicated mechanism of formation. 

Single-phase semiconducting material was 
obtained when the initial Fe/Zr ratio was less 
than 0.23 + 0.05. Analysis of  the sample from 
which a single crystal was drawn for structure 
investigation was carried out by means of 
X-ray fluorescence. Crystals were exposed to 
nitric acid, and after evaporation of the 
solution, the remaining powder was pressed 
into a pellet. Pellets of  standard composition 
were obtained in the same way by treating 
mixtures of  zirconia, iron, and selenium with 
nitric acid. The Kc~x peaks of  the three elements 
were counted during 10- or 20-sec intervals at 
their intensity maxima, with X-ray voltage of 
40 kV and current of  20 mA. Comparison of 
measured intensities of  unknown and stan- 
dards led to the formula Feo.23+o.osZrSel.9,+ 
o.o6 for the sample. 

Collection of X-ray Data 

(l) Semiconducting Feo. 16ZrSel.94 
Preliminary precession photographs showed 

3m Laue symmetry and no systematic 
absences. Unit-cell constants from these 
photographs were near those of  ZrSez. 

A single crystal was mounted for data 
collection on a Picker FACS-I computer 
controlled four-circle X-ray diffractometer 
equipped with a scintillation counter and a 
pulse height analyzer. The crystal was a thin, 
regularly shaped hexagonal platelet. The 
indices of  its eight faces were of  the forms 
{001} and {100}. As measured by a traveling 
microscope eyepiece, the crystal was 0.13 mm 
thick with a mean diameter across the hexa- 
gonal base of  0.24 mm and a calculated 
volume of 0.40 • 10 -3 mm 3. 

The unit-cell constants, determined from a 
least-squares refinement (15) of the setting 
angles of  13 reflections, are a = 3.763 (1) ,~ 
and c = 6.118 (1) A at 21~ These values are 
slightly smaller than those found in non- 
stoichiometric ZrSe2 prepared at 800~ 
3 . 7 7 2 > a > 3 . 7 6 8  and 6 . 1 2 8 < c < 6 . 1 5 0  ,~ 
when Se/Zr decreases from 1.965 to 1.850 
(16, 17). The density of  the sample was 
measured pycnometrically in toluene and 

found to be 5.61 (4) g/cm3; this value is 
consistent with that of  5.7 (2) g/cm 3 calculated 
for one formula unit per cell. 

As molybdenum radiation was not available 
at the time this compound was studied, 
intensity data were collected using Cu radi- 
ation, (CuKoq = 1.540562 A) prefiltered 
through 1 mil of  Ni foil. Reflections were 
scanned in the 0-20  mode from 1.5 ~ below 
the Kcq peak to 1.5 ~ above the Kc~2 peak. The 
20-scan speed was 2~ and the background 
was counted for 10 sec at the two extremes of  
the scan. The take-off angle was 2.7 ~ . The 
counter positioned 30 cm from the crystal was 
preceded by an aperture of  6.0 • 5.5 mm. 
The pulse height analyzer was set to admit 
90~o of the CuK~ peak and copper foil 
attenuators were automatically inserted if the 
intensity exceeded about 7000 cps during the 
scan. Six standard reflections collected every 
100 reflections showed no significant change. 
A total of  421 reflections in the range 
5 ~ < 20 < 121 ~ was scanned. These data were 
processed (15) using a p of  0.04 in the estima- 
tion of  standard deviations. The data were 
then corrected for absorption using a /z of  
688 cm -1 calculated for Feo.3ZrSe2; the 
transmission factors ranged from 0.026 to 
0.352 (18). Next, reflections that would be 
equivalent for various point groups were 
averaged (19). The best agreement was 
obtained for 3rnl and so space group 
D3d-P3ml was used in the structure refine- 
ment. 

(2) Metallic Feo.41ZrSe2 
Preliminary precession photographs indi- 

cated Laue symmetry 6/mmrn and systematic 
absences 00l with l odd, consistent with space 
group D66-P6322. 

A single crystal was mounted on the 
diffractometer for intensity data collection. 
This crystal was a pentagonal-based rect- 
angular prism with seven very regular faces 
of  indices i20, ~-10, i i0 ,  1~0, I00, 001, 00i. 
The crystal was 0.124 mm in height with mean 
basal diameter of  0.16 mm and a calculated 
volume of 0.18 x 10 -2 mm 3. 

The unit-cell constants derived from a 
least-squares refinement of  the setting angles 
of  16 reflections are a=6 .011  (13 A and 
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c = 12.787 (1) A (MoK~ radiation, 2 = 
0.70930 A, t=21~ Combined with the 
density measured in toluene of 6.77 (3) g/cm 3 
and the mass corresponding to Feo.465os)- 
ZrSe2.oo (5) (M = 275 (5)), the lattice constants 
lead to Z = 5.93 (13), that is to six formula 
units in a cell. 

The intensities were collected by the 0-20 
scan technique, using MoK~ radiation mono- 
chromatized by the (002) face of an oriented 
graphite crystal. A take-off angle of 2.0 ~ was 
found suitable and the counter aperture was 
set to 4.0 • 5.5 mm. The 20-scan speed was 
2~ The background was counted at 
0.9 ~ below the K ~  peak and at 0.9 ~ above the 
K0~ 2 peak for 10 or 20 sec, depending on 
whether 20 was less or greater than 90 ~ 
respectively. Reflections with positive indices 
and h >t k were collected in the range 6~  
20 < 125 ~ and reflections with all three 
negative indices and Ih[ >/[kl were collected 
in the range 6 ~ < 20 < 75 ~ The intensities of 
six standard reflections collected every 100 
reflections showed no significant variations. 

Among the 1883 independent reflections 
thus collected 573 had Fo2> 3ff(Fo 2) and 
were used in subsequent calculations. Of these, 
382 had h, k, I >/0. 

The data were corrected for absorption, 
using a p of 332 cm -~ for the composition 
Feo.sZrSe2. The transmission factor ranged 
from 0.032 to 0.163. 

Structure Refinement 

Refinement of each structure was effected 
by full-matrix least-squares techniques. 
Throughout  the refinement, the function 
minimized was ~ w(lFol-  IFc[) 2 where ]Fo[ 
and [Fcl are the observed and calculated 
structure amplitudes and the weight w is 
4Fo2]a2(Fo2). The agreement indices R and Rw 
are defined as R = ~ ( I ]Fo] -  ]Fcl])/~ Fo and 
Rw -- (~  (IFol- LFol)2/~ wFo2) 1/2. The atomic 
scattering factors and anomalous terms for 
Zr, Se, and Fe are from the tabulation in (20). 

(1) Semiconducting Feo.16ZrSel.94 
The Patterson map showed three strong 

peaks which could be interpreted by placing 
he Zr atom on the origin site and Se atoms in 

sites 2d + (], ~, z ~ ~). Initial refinement of 
this z coordinate and the scale factor led to 
an R index of 0.105. A subsequent difference 
Fourier map showed as its only significant 
feature a peak at (0, 0, �89 which we attribute 
to Fe. An ensuing refinement, which included 
an isotropic description of thermal motion 
and secondary extinction, led to an R of 0.064. 
Attempts to improve the R index by placing 
the Fe in tetrahedral sites, as occurs in 
FerZrS 2 (1, 2), were not successful. 

The formula deduced from the refined 
values of the Se and Fe occupancy factors was 
Feo.16ZrSel.94, in satisfactory agreement with 
that of Feo.23+o.osZrSel.94+o.o6 from X-ray 
fluorescence analysis. Based on the com- 
position derived from the structure analysis a 
new absorption correction ( p = 6 1 7  cm -1) 
was applied to the data. Subsequent refinement 
led to final values of  R and R,~ of  0.059 and 
0.063 for the 60 observations and 8 variables. 
The error in the observation of unit weight was 
3.03 electrons. Analysis of ~ w(lFol- [Fol) 2 
as a function of IFo 1, setting angles, and Miller 
indices revealed no unusual trends. On a final 
difference Fourier map the maximum electron 
density was 1.7 e/A 3. 

Values of observed and calculated structure 
amplitudes are given in Table Ila. Refined 
atomic parameters are reported in Table III. 
Interatomic distances compared with the 
equivalent one of ZrSe2 (16) are tabulated in 
Table IV. 

(2) Metallic Feo.41ZrSe2 
From the Patterson map, Se atoms had to 

be in 12 i positions, either (�89 0, x8) or (a ~, 0, 1), 
and Zr atoms in either 2b _ (0, 0, �88 2c _ (~, 
~, �88 2d _ (�89 ~, �88 or 2a (0, 0, 0; 0, 0, �89 and 
4 f _  (�89 ~, z ~ 0 and �89 positions. 

Initial refinements were carried out using 
only those reflections having positive indices. 
Among the combinations of Zr and Se posi- 
tions possible from the Patterson map, a 
significantly lower agreement index was 
obtained for Zr in 4 f  and 2a and Se in 12i 
with x ~ 3, Y ~ 0, z ~ ~, An ensuing difference 
Fourier map showed as its only significant 
features peaks in the 2b, 2c, and 2d positions. 
The next cycle of least-squares refinement 
included an isotropic model for thermal 
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TABLE III 

FINAL PARAMETERS FOR SEMICONDUCTING Feo.;aZrSel.94 a 

Atom Wyckoff notation Site symmetry Occupancy x y z B (,~2) 

Zr  la  ~rn 1 0 0 0 0.46 (13) 
Fe lb ~m 0.16 (3) 0 0 �89 3.7 (11) 
Se 2d 3m 0.97 (3) �89 ] 0.7420 (3) b 0.83 (11) 

~ Secondary extinction coefficient = 0.27 (4) 10 -s e -z. 
b This parameter is 0.74, rather than the usual 0.26 in ZrSe2, because of our choice of the opposite direction 

for the c-axis in the present determination. Figure 1 has been drawn for a z of 0.26. 

motion and for secondary extinction along 
with a variable occupancy factor for the Fe 
atom placed in the 2c position. This cycle 
resulted in values of R and R~ of 0.051 and 
0,067 and to a Fe/Zr ratio of 0.306 (5). Because 
the chemical analysis of the bulk sample led 
to Fe/Zr of 0.465 (15) and because the 

TABLE IV 

INTERATOMIC DISTANCES 1N SEM1CONDUCTING Feo.~6- 
ZrSet.94 

Distances 
Atoms (A) Comments 

Zr-Se 2.685 (1) 
(2.70 (2)) a 

Zr -Fe  3.059 (1) Along c-axis 

Zr -Zr  3.763 (1) In z = 0 plane 
(3.770 (2)) 

Fe-Se 2.629 (1) 
Fe-Fe 3.763 (1) In z = 0 plane 

Se-Se 3.763 (3) Edge shared by octa- 
In plane (3.770 (2)) hedra around Zr and 
z = 0.74 Fe 

Se-Se Octahedron around Zr 
Through 
z = 0 plane 

Se-Se 
Through 
z = �89 plane 

3.831 (3) 
(3.86 (5)) 

3.673 (3) 
(3.66 (3)) 

Octahedron around Fe 

a Distances given in parentheses are the correspond- 
ing ones in the ZrSe2 phase with the highest Se/Zr ratio 
at 800~ (17). 

difference Fourier map (v.s.) showed peaks 
in the 2b and 2d as well as the 2c position an 
additional refinement was carried out in which 
Fe of variable occupancy was added to the 
2b and 2d positions. Resulting values of R 
and Rw were 0.040 and 0.047 and the Fe/Zr 
ratio was 0.41 (3). However, the 2d site was 
only 10 (3)% occupied and the thermal 
parameter of the Fe atom in this site was 
comparatively high at 4.3 (27) A 2. Refinement 
with this position unoccupied led to sub- 
stantially unchanged agreement indices and 
Fe/Zr ratio owing to a high correlation 
between the occupancy factors of Fe in the 
2b and 2d positions. Using this model, 
structure factor calculations for both possible 
enantiomers were made for the entire data set. 
The differences between Friedel pairs were less 
than experimental error owing to the nearly 
centric nature of the structure. In the final 
calculations the entire data set was used. 
Refinement of the "one-site" model with Fe 
in 2c led to values of R and Rw of 0.039 and 
0.058 and an Fe/Zr ratio of 0.305 (4). Refine- 
ment of the "two-site" model with Fe in 2b 
and 2c led to values of 0.037 and 0.045 and an 
Fe/Zr ratio of 0.405 (12). Although the thermal 
parameter for Fe in site 2b was high at 2.5 A 2, 
the two-site model has been retained, both 
because of the better agreement indices and 
because of the resulting Fe/Zr ratio that is 
closer to the chemical analysis. But it must be 
emphasized that the evidence for partial 
occupancy of 40% in the 2b position is not 
strong. Whether or not this position is truly 
occupied has no effect on the discussion below. 
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Atom Wyckoff notation Symmetry Occupancy x y z B (A 2) 

Zr(l) 4 f  3 1 J3 2 0.0010 (1) 0.22 (7) 
Zr(2) 2a 32 1 0 0 0 0.26 (12) 
Fe(1) 2c 32 0.79 (l) �89 ~- �88 0.32 (5) 
Fe(2) 2b 32 0.40 (2) 0 0 �88 2.5 (6) 
Se 12i 1 1 0.6732 (6) 0,0060 (2) 0.1302 (1) 0.496 (18} 

"Secondary extinction coefficient = 0.103 (4) 10 -4 e -2. 

Analysis of  ~ w(IFol - IFct) 2 as a function 
of IFol, setting angles, and Miller indices 
revealed.no unusual trends. The error in an 
observation of unit weight is 1.4 electrons for 
this refinement of 13 variables based on 574 
observations. Of the 1207 reflections omitted 
from the refinement because Fo2< 3a(Fo 2) 

TABLE V1 

INTERATOMIC DISTANCES IN METALLIC Eeo.41ZrSe2 

Distances 
Atoms (/~) Comments 

Zr(1)-Se 2.601 (2) 
2.627 (2) 

Zr(1 )-Fe( 1 ) 3.184 ( 1 ) Along c-axis 
Zr(1)-Zr(1) 3.471 (I) I 
Zr(1)-Zr(2) 3.470 (1) l In z ~ 0 plane 

Zr(2)-Se 2.589 (3) 
Zr(2)-Fe(2) 3.197(1) Along threefold axis 
Fe(1)-Fe(2) 3.470 (1) in z ~ 0 plane 
Fe(1)-Se 2.552 (2) 
Fe(2)-Se 2.505 (3) 
Se-Se 3.434 (7)] Edges shared by octa- 

In z ~ ~ 3.442 (4) ~ hedron and trigonal 
plane 3.536 (3)) prisms 

Se-Se 3.678 (3) 
Through 3.683 (4) i Octahedra around Fe 
z = �88 plane 3.619 (3) 

Se-Se 3.331 (1) Trigonal prisms around 
Through Zr 
z = 0 plane 

only 5 had [Fo 2 -  Fc21 > 3a(FoZ). On a final 
difference Fourier map the maximum electron 
density is 7 e/A 3, less than 1% of the height of  
a Zr atom on a Fourier map. 

Observed and calculated structure ampli- 
tudes are listed in Table lib. Atomic para- 
meters are given in Table V and selected 
distances are given in Table VI. 

Discussion 

The structure of Feo.16ZrSel.94 can be 
derived from that of  ZrSe2 by inserting the Fe 
atoms in octahedral interstices between the 
layers; the structure may be regarded as the 
usual CdI2-NiAs type (Fig. 1). In the resulting 
structure the Fe atoms occupy octahedral 
holes instead of tetrahedral holes as was found 
by Trichet and Rouxel (1, 2) in the system 
MxZrS2 (M = Fe, Co, Ni). 

i � 9 1 6 9  

w Cdl2 
- t y p e  

: � 9  

w w w 
1T-FeyZrSe 2 

�9 Zr 

statistical Fe 

Q)se 

! "  N i A s  ~ 

- t y p e  

FIG. 1. Views in the (110) plane of semiconducting 
FeyZrSe2 and of CdI~ and NiAs type structures. 



370 GLEIZES, REVELLI, AND 1BERS 

) 

i ...... > 

O 

FIG. 2. Stereo view of  the structure of  metallic Fe0.41ZrSe2. Se are large open circles; Zr are small open circles; 
Fe  are dark circles. 

The Se octahedra are not exactly regular. 
lnteratomic distances (Table IV) for edges 
through the z = 0 plane, that is, around a 
Zr atom, are larger than edges perpendicular 
to the threefold axis: 3.831 (3) and 3.763 (1) A, 
respectively. The opposite occurs around an 
Fe atom since edges through the z = �89 plane 
are 3.673 (3) A. The Se-Se and Se-Zr distances 
do not differ significantly from those in 
ZrSe2 (Table IV). 

The structure of Fe0.,lZrSe2 shown in 
Fig. 2 is the same as the one previously 
described by Anzenhofer, van den Berg, 
Cossee, and Helle for the compounds M NbaS6 
(M = Mn, Fe, Co, Ni) (21). As shown in Fig. 3, 
it is a superstructure of the 2H-Nb~+xS2 type 

�9 

' ~  Z = 0,1/2,~1/4 

�9  
Z =*  1/8 

k 

t.. 

FiG. 3. Projection on (001) plane showingstructural 
Telation between 2H-Nb1+xS2 type structure (thin lines) 
and the structure of 2H-Feo.41ZrSe2. Metallic atoms 
are dark circles and nonmetallic atoms are open circles. 

(22): The hexagonal array of Feo.,lZrSe2 is 
built on the [110] face diagonal of  2H-  
Nbl+xS2 lattice type. The structure thus 
obtained consists of alternate layers of Se 
octahedra and Se trigonal prisms stacked 
along the z-axis. The sequence of single Se 
sheets is ---A B B A - - - ,  with x and y co- 
ordinates being about (2, 0; 0, 2; �89 ~t) for A 
and (�89 0; 0, �89 $, 2) for B. 

As a consequence, the Se atoms about the 
Zr impart a trigonal prismatic environment to 
the Zr atom. Hence, this structure cannot be 
related to that of ZrSe2, in which Zr atoms are 
located in half the available octahedral holes 
(CdI2 type). Insofar as we know this is the first 
time a chalcogenic trigonal prismatic coordi- 
nation has been clearly established for a group 
IVB metal in an inorganic solid state 
compound. 2 

The octahedral holes are either vacant or 
are occupied by Fe atoms, giving rise to a 
partial ordering. From the occupancy factors 
of  Fe, it follows that ~} of  the Fe atoms are 
randomly distributed in 2e sites, while the 
remaining �89 are randomly distributed in 2b 
sites. The pattern of metal atoms (both Zr and 
statistical Fe) in the (110) plane is the same as 

2 As reported by Flahaut (23), the WC type of 
structure, which implies trigonal prismatic coordina- 
tion of metal atoms, has been suggested for the sub- 
chalcogenides ZrSl_x, ZrSex-x, and HfSt-x, but its 
existence has not been absolutely demonstrated. 
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�9 �9 �9 �9 �9 

�9 Q �9 

�9 �9 �9 

( O O 
�9 A - -  ,J.- �9 
W 

FIG. 4. View in the (110) plane of metallic Feo.41- 
ZrSe2 showing the partial ordering of Fe atoms (black 
and white circles). Zr atoms are black circles. 

, -'-~ 
~,. : !  x 

i s ,q ~ .  

i t  

Ji �9 

~ Z = - 1 / 8  

- -  Z ~  M 8  

. - - Z = 3 / 8  

- - -  Z ~ S / 8  

FIG. 5. Metallic Feo.,xZrSe2 projection on the (001) 
plane. The distortion of octahedra and trigonal 
prisms around the metal atoms have been exaggerated 
for the sake of clarity. 

that of  the Cr atoms in Cr5S6, described by 
Jellinek (24) as having a supercell (a' = a~/3; 
c ' = 2 c )  derived from the NiAs-Cdl2 inter- 
mediate type (Fig. 4). 

The Se trigonal prisms and octahedra are 
not exactly regular. Successive faces of  a 
trigonal prism should be eclipsed, while those 
of  an octahedron should be twisted by 60 ~ 
The twist angles (1.82, 0.91, 61.82, 58.18, 
61.97, and 60.15 ~ ) deviate slightly from the 
ideal values. These deviations are illustrated 

in Fig. 5. It also can be seen that the trigonal 
prisms around Zr atoms on the threefold axis 
have triangular faces of different dimensions: 
3.442 (6) A and 3.536 (3) A. On the other hand, 
both the top and bottom faces of the octahedra 
have the same edge dimension, but this 
dimension is 3.536 (3) A along the (~-, 3) axis, 
3.442 (4) A along the (~-, �89 axis and alternately 
3.434 (7) and 3.442 (6) A along the sixfold axis. 
Finally, the distance between two successive 
Se sheets is alternately 3.063 A (octahedron 
height) and 3.331 A (trigonal prism height). 

The Se-Se distances range from 3.331 (1) 
to 3.683 (4) A while in ZrSe2 they range from 
3.679 to 3.839 A. The van der Waals' radius of  
Se is 1.96 A (25). The Zr-Se distances range 
from 2.589 (3) to 2.627 (2) A, and on the 
average are about 0.10 A shorter than in 
ZrSe2 (2.691 A (16)). The Fe-Se distances o f  
2.552 (2) and 2.505 (3) A are shorter than in 
the semiconducting Feo.16ZrSez phase (2.629 
(1) A). Note that the Zr-Zr,  Fe-Fe, and Fe-Zr  
distances (Table VI) are significantly greater 
than is calculated from elemental radii 
(1.60 A for Zr and 1.26 A for Fe (26)). Thus, 
the observed metallic behavior cannot be 
explained by a simple metal-metal bonding 
arrangement. 

The changes in electrical properties and Zr 
coordination in these two phases suggest that 
Zr has undergone a change in electronic 
configuration from d ~ characteristic of  group 
IVB dichalcogenides, to a "group VB-like'" 
d 1 configuration. This is consistent with 
Gamble's (5) point of view that structure is 
closely related to electronic configuration in 
these types of compounds. In fact, band 
calculations have shown that the trigonaI 
prismatic coordination is more stable for 
metal atoms with a d 1 configuration (e.g., 
2H-TaSe2, 2H-NbSe2, and their derivatives;: 
5, 27). 
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