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Abstract

A temperature dependent electron diffraction study has been carried out on UAsSe to search for evidence of As–As dimerization at

low temperature. A highly structured characteristic diffuse intensity distribution, closely related to that recently reported for ThAsSe, has

been observed at low temperature and interpreted in terms of a gradual charge density wave type phase transition upon lowering of

temperature involving disordered As–As dimerization within (001) planes. Plausible models of the proposed As–As dimerization have

been obtained using a group theoretical approach. Electronic band structure calculations of ThAsSe and UAsSe have been used to search

for potential Fermi surface nesting wave-vectors. The results are in good agreement with the experimentally observed diffuse intensity

distributions in both cases.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Ever since the initial growth of UAsSe and ThAsSe
single crystals [1] and the first measurements of their
electrical transport properties [2,3], the anomalous tem-
perature dependence of their basal plane electrical resistiv-
ity (see Fig. 1) has fascinated researchers and led to
controversial and ever-changing interpretations [2–18]. In
the case of UAsSe, Wojakowski et al. [2] found a
characteristic logarithmic decrease of the electrical resis-
tivity with increasing temperature up to �50K and again
immediately above the ferromagnetic onset temperature of
TC�109K all the way up to 700K. The latter behaviour
initially suggested a scattering mechanism of magnetic
origin related to the original Kondo effect [4]. Early
investigations thus concentrated on the determination of
e front matter r 2006 Elsevier Inc. All rights reserved.
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the low temperature ferromagnetic structure and its
relation to the electronic structure [5–8].
In 1988, however, Schoenes et al. [3] pointed out that

since the isostructural but apparently diamagnetic com-
pound ThAsSe also displays a rather similar logarithmic
decrease of the basal plane resistivity from �70K up to
�500K, a straightforward interpretation in terms of a
magnetic Kondo effect had to be ruled out. In 1995,
Henkie et al. [9] fitted resistivity data for UAsSe with the
Kondo formula and claimed that the anomalous part of the
resistivity could be described in terms of single impurity
behaviour in the Kondo limit of the Anderson model. It
was furthermore claimed that this non-magnetic Kondo
like scattering was ‘‘ymost probably induced by (As/Se
substitutional) anion disordery’’ [9]. Later Cox and
Zawadowski [10] and Henkie et al. [11] proposed a
positionally disordered two level system Kondo model,
the latter again suggesting that the assumed two-state local
positional disorder was induced by (As/Se) anion disorder.

www.elsevier.com/locate/jssc
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Fig. 1. The temperature-dependent basal plane electrical resistivity of

UAsSe and ThAsSe.
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The effect of As/Se disorder has subsequently been pursued
further [12–18]. It is found that the basal plane resistivity in
the paramagnetic state of UAsSe (4�110K) is virtually
sample independent. It is apparently only in the very lowest
temperature ferromagnetic state below �50K that As/Se
disorder affects the resistivity.

Various alternative scenarios to explain the observed
resistivity behaviour, like an order–disorder transforma-
tion, charge disproportionation, electron charge localiza-
tion as well as charge density wave (CDW) formation
associated with As–As dimerization, were discussed by
Schoenes et al. [3]. The latter was considered most likely on
crystal chemical grounds, particularly since dimerization of
the anions in the As position is a common feature of
compounds crystallizing in the underlying ZrSiS average
structure type (see e.g. [19]).

Recently, the first direct evidence for As–As dimerization
was reported in the case of ThAsSe [20]. The evidence took
the form of a highly structured, planar diffuse intensity
distribution apparent in low temperature electron diffrac-
tion patterns (EDPs). It was interpreted in terms of the
occurrence of a gradual CDW type phase transition
involving localization of electrons associated with As ions
via As–As dimerization (or covalent bonding) upon low-
ering of temperature. While dimerization of the anions in
the As positions is common for compounds crystallizing in
the underlying ZrSiS average structure type, the pattern of
such dimerization is usually rather simple as e.g. in the case
of (La3+)2(Se2)

2-(Se2-)2, where the (Se2)
2- dimers (in the

equivalent layers to that of the As ions in ThAsSe) pack in
a relatively simple, commensurate herringbone type
array—see e.g. Fig. 2 of [20].

In the case of ThAsSe, however, the observed diffuse
distribution implied disordered As–As dimerization (of
some but not all As ions) along /110S directions within
(001) planes with an effectively incommensurate real space
periodicity [20]. This casts some doubt on the originally
proposed low temperature (Th4+)2(As2)

4�(Se2�)2 picture
[3] in which one might expect a relatively simple,
commensurate herringbone type packing of (As2)

4� dimers.
The underlying reason for the effectively incommensurate,
although close to seven times, real space periodicity along
the /110S directions is not at all apparent [20]. Nor are the
implications as regards the local oxidation states of the Th,
As and Se ions in ThAsSe or the mechanism for basal plane
conductivity. Nonetheless, if such As–As dimerization is
observed for ThAsSe, then it ought also to be observed for
UAsSe.
The first purpose of the current paper therefore is to

present the results of a low temperature electron diffraction
study of UAsSe again looking for direct evidence of As–As
dimerization. The second purpose of the paper is to present
the results of electronic band structure calculations of
ThAsSe and UAsSe in an effort to understand the origin of
the real space periodicities of As–As dimerization along the
/110S directions implied by the observed diffuse distribu-
tions. Extended Hückel tight binding calculations of the
Fermi surfaces (FSs) of ThAsSe and UAsSe are used to
predict possible nesting wave-vectors for comparison with
the experimentally observed structured diffuse intensity
distributions in both cases.
2. Experimental

2.1. Synthesis

The as-grown single crystal specimens of nominal
stoichiometry UAsSe and ThAsSe investigated in this
study were grown by Dr. F. Hulliger at ETH, Zürich. The
synthesis procedure is described in [1]. The crystals took
the form of thin plates perpendicular to the c axis of the
ZrSiS average structure type shown in Fig. 2. Specimens
suitable for observation in the Transmission Electron
Microscope (TEM) were obtained by crushing. The speci-
mens were examined in a Philips EM 430 TEM operating
at 300 kV. A liquid N2 cooling holder was used for the low
temperature work on the UAsSe specimen.
2.2. Electron diffraction

Fig. 3a shows a typical [001] zone axis electron
diffraction pattern (EDP) of UAsSe taken at 90K. For
comparison purposes, Fig. 3b shows the equivalent [001]
zone axis EDP of ThAsSe taken at 100K (see [20]). At
room temperature, in the case of UAsSe, no equivalent
diffuse distribution to that shown in Fig. 3a could be
detected at all. In the case of ThAsSe, however, a
remarkably similar but weaker diffuse distribution was
still apparent even at room temperature (see Fig. 3c). Note
that the amplitude of the diffuse streaking in the case of



ARTICLE IN PRESS

Fig. 2. The P4/nmm (Origin Choice 2), ZrSiS type average structure of

ThAsSe projected close to [100]. The As atoms are represented by the large

(blue) balls, the Th ions by the small (black) balls and the Se ions by the

medium sized (red) balls. The covalent bonding between the As atoms is

represented by the grey rods.
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Fig. 3. (a) A typical /001S zone axis EDP of UAsSe taken at �80–90K,

(b) ThAsSe taken at 100K and (c) ThAsSe at room temperature. In

addition to the strong Bragg reflections of the underlying P4/nmm average

structure, note the presence of a highly structured characteristic diffuse

intensity distribution in the form of two orthogonal ‘lines’ of diffuse

streaking running along the G� wh11̄0i� þ eh110i� (w�0.125 in the case of

UAsSe and �0.14 in the case of ThAsSe and e continuous) positions of

reciprocal space around the nominally n glide forbidden hk0, h+k odd

reflections. The method used to measure the fixed parameter w
characteristic of the diffuse streaking directly from the EDPs is shown

in Figs. 3a and b.
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UAsSe is significantly weaker than in the case of ThAsSe
making it rather more difficult to successfully record.

In addition to the strong Bragg reflections of the
underlying, P4/nmm average structure (see Fig. 3),
note the presence in both UAsSe and ThAsSe of a clearly
closely related, diffuse intensity distribution in the form of
orthogonal G� w½110�� � e½11̄0�� and G� w½11̄0�� � e½110��

(w fixed, e continuous in both cases) ‘lines’ of diffuse
streaking running along the ½11̄0�* and [110]* directions of
reciprocal space, respectively, around the nominally n glide
forbidden h k 0, h+k odd reflections. (The family of
Bravais lattice allowed Bragg reflections of the parent
structure are labelled as G here, including the nominally n

glide forbidden h k 0, h+k odd, reflections.) In the case of
UAsSe, w as measured from Fig. 3a ¼ 0.125(10) while, in
the case of ThAsSe, w ¼ 0.140(10) as measured from
Fig. 3b and does not vary noticeably with temperature
(cf. e.g. Fig. 3b with 3c). The method used to measure the
fixed parameter w characteristic of the diffuse streaking
directly from the EDP’s is shown in Fig. 3a and b. Note
that the well-defined magnitude of w makes it effectively a
one-dimensional primary modulation wave-vector q whose
inverse defines a corresponding real space modulation
periodicity along the /110S directions of real space, given
by 1/w i.e. �8 /110S for UAsSe and �7 /110S for
ThAsSe.

As was also the case for ThAsSe [20], note the
characteristic extinction condition that the G� wh110i �
�eh11̄0i� diffuse streaking in Fig. 3a occurs only around
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the G ¼ [hk0]*, h+k odd, but not even, reflections. The
existence of just such a characteristic extinction condition
strongly suggests that As–As dimerization along /110S is
primarily responsible (see [20,21] and below). Again, as
also occurs in the case of ThAsSe, the diffuse ‘lines’ are
clearly strongly transverse polarized [21] e.g. the G�

0:125½110� � �e½11̄0�� diffuse ‘lines’ in Fig. 3a are most
intense when looking out along the [110]* direction of
reciprocal space and absent along the orthogonal ½11̄0��

direction, etc. The corresponding As atomic displacements
must then also run, or be polarized, along [110]. Likewise,
a strongish ‘size effect’ is again apparent in that the
intensity distribution of the G� 0:125h110i� � eh11̄0i� lines
is strongly asymmetric [20], with the lines on the high angle
side of the particular G ¼ [hk0]*, h+k odd, Bragg
reflection G always being stronger in intensity than the
parallel lines on the low angle side—see Fig. 3a. Such an
effect is observed regardless of exact tilt orientation. The
similarity of the observed diffraction behaviour is indica-
tive of the fact that the displacive shifts of the As ions
responsible must clearly be very closely related for both
ThAsSe and UAsSe [20,21].

That the G� wh11̄0i� � eh110i� ‘lines’ of diffuse intensity
characteristic of UAsSe shown in Fig. 3a are not in fact
lines but rather part of an essentially continuous plane of
diffuse intensity perpendicular to each of the two /110S
real space directions, as is again also the case for ThAsSe, is
confirmed by the ½112̄� zone axis EDP of UAsSe shown in
Fig. 4. This EDP was obtained by tilting �18.61 away from
the [001] zone axis orientation of Fig. 3a around the ½11̄0��

systematic row. Note that the transverse polarized diffuse
110
-

111

Fig. 4. A ½112̄� zone axis EDP of UAsSe again taken at �80–90K and

obtained by tilting �18.6 away from the [001] zone axis orientation of Fig.

3a around the ½11̄0�� systematic row.
streaking apparent in Fig. 3a is still present but this time
runs along the ½11̄0�� and [111]* reciprocal space directions
around the h k l, h+k odd, parent Bragg reflections. It
remains present on tilting further around the ½11̄0��

systematic row. The diffuse thus takes the form of
continuous sheets of diffuse intensity perpendicular to the
[110] and ½11̄0� directions respectively, again just as for
ThAsSe (see [20]).
Again, as for ThAsSe, the polarized nature of the diffuse

streaking apparent in Fig. 3a and 4 requires that the
dominant contribution to the diffuse sheet perpendicular to
[110] arises from atomic displacements along [110] in real
space while the dominant contribution to the diffuse sheet
perpendicular to ½11̄0� arises from atomic displacements
along ½11̄0�.
3. Pattern of As–As dimerization responsible

Following the same procedures as reported previously
for ThAsSe [20], a plausible model for the pattern of
atomic displacements responsible for the observed diffuse
distribution in UAsSe (see Fig. 5) can be derived as follows:
{110}* sheets of diffuse intensity in reciprocal space imply
the existence of /110S rods of atoms in real space
exhibiting displacements correlated along /110S but with
essentially no correlation from one such rod to the next in
the plane perpendicular to the rod direction. Thus the 1-d
/110S As–As dimerization pattern in UAsSe associated
with the observed G ��0:125h110i� � eh11̄0i� � Z½001�� (e
and Z essentially continuous) sheets of diffuse intensity
arise from longitudinal /110S shifts of As ions along the
/110S correlation direction associated with the ‘primary
modulation wave–vector’, in this case q �0.125 /110S*.
Formally there exist two distinct As sites per parent

P4/nmm unit cell: As1 at 000 and As2 at 1
2
, 1
2
, 0 (see Fig. 2).

The fact that the G� q� eh11̄0i� � Z½001�� diffuse streak-
ing in Figs. 3a and 4 occurs only around the G ¼ [hkl]*,
h+k odd, but not even, reflections can only arise from the
interference between the displacement eigenvectors of these
two C-centred related As ions (in this case a requirement
that they move in the opposite direction). This can be seen
from the relevant structure factor expression (see [21] for
details)

F ðGþ qÞ ¼ NSmf m exp�2piG � rm � ð2p½Gþ q� � emðqÞÞ

� �
i

2
þ

i

16
j2p½Gþ q� � emðqÞj

2 þ � � �

� �
. ð1Þ

In this functional form, and under the assumption that the
shifts of the As ions make the largest contribution to
F(G+q), it is easy to see why the h+k odd, C-centred,
pseudo-extinction condition occurs. All that is required is
that eAs2 (at rAs2 ¼ [1

2
,1
2
,0]) must ¼ �eAs1 (at rAs1 ¼ [0,0,0])

for q�0.125/110S* as substitution into the above expres-
sion shows. The most general possible displacive atomic
modulation functions (AMFs, [22]) for these As ions
compatible with the experimental observations is then
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Fig. 5. (a) The square wave As1,2 displacive AMFs along the ðx̄4 � fÞ direction of super-space (the solid line represents the assumed displacive AMF of

As1 while the 1801 out of phase displacive AMF of As2 is represented by the open bar square wave). Note that x̄4 ¼ q:½rAs1;2 þ t� where q�0.125 /110S*,

rAs1 ¼ 0, rAs2 ¼
1
2
h110i, t ¼ m/110S, m an integer and f is the global phase. The resultant predicted 1-d As–As dimerization pattern assuming f ¼ 0 and

q ¼ 1
8
h110i� exactly is shown in b.
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given by

uAs1;2ðx̄4 ¼ q:½rAs1;2 þ t�Þ ¼ �eAsðaþ bÞ cos 2pðx̄4 � fÞ

þ . . . higher order harmonic terms, ð2Þ

where the + sign refers to the As1 atoms, the � sign to the
As2 atoms, q�0.125 /110S* and f represents the so-called
global phase [22]. For the purposes of deriving a plausible
As–As dimerization pattern, we have assumed an inher-
ently square wave shape for the above displacive AMF (see
Fig. 5a) i.e. for �1

4
oðx̄4 � fÞo1

4
along the ðx̄4 � fÞ

direction of hyper-space we ascribe a value of +1 to
cos 2pðx̄4 � fÞ in Eq. (1) above and for þ1

4
oðx̄4 � fÞo3

4
we

ascribe a value of �1. The resultant predicted As–As
dimerization pattern assuming f ¼ 0 and q ¼ 1

8
h110i�

exactly is shown in Fig. 5b.
As for ThAsSe [20], it seems that the structural origin of

the low temperature Kondo effect in UAsSe can again be
ascribed to the gradual condensation of a CDW associated
with As–As dimerization. The question of why the
periodicity associated with this As–As dimerization along
the /110S directions has the periodicity it does, however,
remains. To attempt to find an answer to this question we
now turn to Extended Hückel tight binding calculations of
the electronic band structures of both ThAsSe and UAsSe.
4. Band structure calculations

In order to gain insight into the FS nesting presumed
responsible for the diffraction phenomena observed above,
in particular for the observed magnitude of w, electronic
band structure calculations within the extended Hückel
tight binding (EHTB) approximation [23–25] have been
performed. In this approach, tight-binding Hamiltonians
are defined as one-electron operators for the valence
electrons only, thus neglecting core effects and electro-
n–electron repulsion. The valence orbitals are approxi-
mated by Slater-type orbitals taken from first-principle
calculations for the pure elements. The diagonal elements
of the Hamiltonian are defined as the valence state
ionization potentials (VSIP): Hmm ¼ �(VSIP), whilst the
off-diagonal elements are defined semi-empirically by the
Wolfsberg-Helmholz formula: Hmu ¼ KSmu (Hmm+Huu)/2,
where Smu is the overlap matrix between the two states wm
and wu and K is a constant. The method thus uses input
parameters from first-principles calculations defining the
atomic orbitals and allows the Hamiltonian of the system
to be solved non-self-consistently.
The method has been used very successfully to describe

the electronic properties of a wide range of periodic and
non-periodic systems [26,27], as well as CDW phenomena
in transition-metal chalcogenide systems (see e.g. [28]). In
the present work the CAESAR package [25] was applied to
calculate dispersion curves (DCs), (partial) density of states
(P)(DOSs) and FSs for both ThAsSe and UAsSe. The goal
was to look for possible CDW nesting conditions, which
could then be compared with the experimentally obtained
q-vectors i.e. with the magnitude of w. The effects of As–As
dimerization on the DOS spectra as well as of inter-
changing As and Se positions in the unit cell were also
examined. No details of any band structure calculations on
these compounds have previously been reported, although
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a band structure calculation within the local-spin-density
approximation (LSDA) has been performed on UAsSe and
used to calculate its magneto-optical Kerr spectra [29].

Initially, the electronic properties of the undistorted
ThAsSe and UAsSe average structures were calculated,
using the reported P4/nmm average structures and
lattice parameters (a ¼ 4.084, c ¼ 8.578 Å for ThAsSe
and a ¼ 3.987, c ¼ 8.381 Å for UAsSe). The extended
Hückel potential parameters used in the calculations are
given in Table 1. Electronic properties were calculated by
sampling 1331 points from the irreducible region of k-
space. The calculated DCs of undistorted (a) ThAsSe and
(b) UAsSe are shown in Figs. 6a and b. (In the case of
ThAsSe, the relative contributions of the Th 5f and As 4p

orbitals to the three bands nearest to the Fermi level, Ef,
are shown in Fig. 6c). The corresponding (P)DOS spectra
are shown in Figs. 7a and b while the calculated FSs are
shown along a close to [001] projection in Figs. 8a and b.

Note that the DOS at the Fermi level (Ef) is significantly
larger in the case of UAsSe than in the case of ThAsSe and
that the dominant contribution to the DOS comes from U
f-orbitals (cf. Fig. 7b with a). (The previous band structure
calculation of UAsSe also reported significant f-band
character in the vicinity of the FS [29]). In the case of
ThAsSe, note that while the contribution to the DOS at the
Fermi level (Ef) from Th 5f-orbitals is significantly reduced,
it still remains the major contributor i.e. Th 5f-orbitals are
at least partially populated at Ef.

Interestingly, however, Fig. 6c shows that there is
nonetheless significant admixture of As 4p orbitals with
Th 5f orbitals in specific wave-vector regions in the two
bands which cross the Fermi level and that the amount of
this admixture seems to be directly related to the dispersion
of these bands and hence to the shape of the FS itself.
Where the admixture of As 4p orbitals is absent, e.g.
Table 1

Extended Hückel parameters from the CEASAR package used in the

electronic band structure calculations [25]

Exponents

Orbital Hii (eV) 1a 2a

Th 7s �5.39 1.834

7p �5.39 1.834

6d �10.11 2.461 (0.7612) 1.165(0.4071)

5f �9.64 4.477(0.7682) 1.837(0.4267)

U 7s �5.5 1.914

7p �5.5 1.914

6d �9.19 2.581(0.7608) 1.207(0.4126)

5f �10.62 4.943(0.7844) 2.106(0.3908)

As 4s �16.219999 2.23

4p �12.16 1.89

Se 4s �20.5 2.44

4p �13.2 2.07

‘a’ Exponents and coefficients (in parentheses) in a double-expansion of

the metal d orbitals.

(c)

Fig. 6. The calculated dispersion curves (DCs) of the undistorted average

or parent (ap� ap� cp) structures of (a) ThAsSe and (b) UAsSe. The

Fermi level, Ef, is marked by the dashed horizontal line in both cases. In

(c) the relative contributions of the Th 5f and As 4p orbitals to the three

bands (No. 15 ____ , No. 16 - - - and No. 17 y.) closest to the Fermi level

(marked by the horizontal -.-.-. line) are shown for non-modulated

ThAsSe. The top part of the figure is essentially a blow-up of Fig. 6a in the

vicinity of the Fermi level, Ef. In the bottom part of the figure, the Th 5f

contribution at each wave-vector is shown above the solid zero line in the

range from 0 to 100 while the corresponding As 4p contribution at the

same wave-vector is shown below the solid zero line (in the range 0 to

�100). Note that the energy of bands 15 and 16 drop significantly

whenever there is significant admixture of the Th 5f and As 4p orbitals.
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Fig. 7. Partial density of states (PDOS) curves (solid line ¼ total DOS,

y. line ¼ the Th contribution, - - - ¼ the As contribution and -. - .-. ¼

the Se contribution) corresponding to the undistorted average

(ap� ap� cp) structures of (a) ThAsSe and (b) UAsSe. Ef is marked by

the dashed vertical line in both cases. Note that the DOS at Ef is nearly

entirely determined by Th and U f-electrons, respectively.

(a)

(b)

X

Y M

X

MY

Γ

Γ

Fig. 8. FSs of the basic (ap� ap� cp) structures of (a) ThAsSe and (b)

UAsSe projected close to the [001]* direction. The first Brillouin zone is

shown outlined in both cases while the G (0), X ð1
2
a�Þ, Y ð1

2
b�Þ and Mð1

2
a �

þ1
2
b�Þ points of reciprocal space are also marked.
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around the M or R points (see Fig. 6c), the corresponding
bands are very flat (see Fig. 6a). On moving away from the
M point towards the X, Y points or from the R towards the
Z point, however, significant admixture with As 4p orbitals
occurs and the bands drop suddenly in energy leading to
their crossing the Fermi level and hence determining the FS
shape in Fig. 8a.

To check whether this sudden drop in energy is a direct
result of an admixture between the Th 5f and the As 4p

states, crystal orbital overlap population (COOP) diagrams
were calculated for non-modulated ThAsSe and compared
with the corresponding PDOS diagrams of non-modulated
ThAsSe. The COOP diagram, which divides the PDOS into
bonding and antibonding segments, shows that only the
Th–As overlap has a bonding character at Ef. All other
overlaps either have an antibonding character (As–As) or
can be neglected at Ef, including direct Th–Th overlap.
This suggests that the f electrons in the Th layers do not
move directly from Th to Th but rather via the As layers
and back again. The overlapped Th–As bonding orbitals
thus seem to be important for basal plane conductivity.
The calculated FSs of (a) ThAsSe and (b) UAsSe are

shown along a close to [001] projection in Fig. 8. Note that
both FSs, in particular that of ThAsSe, are markedly quasi
two-dimensional in character and that appropriate nesting
vectors are thus indeed likely to take the desired wh110i� �
eh11̄0i� � Z½001�� (w fixed, e, Z continuous) form. Projec-
tions of both FSs onto the basal plane perpendicular to c*
are shown in Fig. 9. Potential modulation vectors, which
span parallel sections of the FSs and obviously support
nesting, are indicated by the arrows in Fig. 9.
The magnitudes of these nesting wave-vectors along the
/110S* directions (0.14 /110S* and 0.12 /110S*,
respectively) are in rather good accord with the experi-
mental values for w determined from the experimentally
observed diffuse distributions given above. Thus the
periodicities of the As–As dimerization apparent in the
observed diffuse distributions (see Fig. 3) appear to be
directly related to the FSs of both ThAsSe and UAsSe.
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Fig. 10. PDOS curves (solid line ¼ total DOS, .... line ¼ the Th

contribution, - - - ¼ the As contribution and -.-.-. ¼ the Se contribution)

calculated using a modulated (7ap� 7ap� cp) superstructure model of

ThAsSe derived from Withers et al. [20].

Fig. 9. FS projections along the c* direction of the undistorted average

(ap� ap� cp) structures of (a) ThAsSe and (b) UAsSe. Modulation q-

vectors, determined experimentally from the electron diffraction experi-

ments are indicated. The square first Brillouin zone is outlined and the G
(0), X ð1

2
a�Þ, Y ð1

2
b�Þ and Mð1

2
a � þ1

2
b�Þ points of reciprocal space marked.
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As a result of the extensive prominence given in the
literature to the effect of possible As/Se disorder upon the
electrical transport properties of UAsSe [12–18], calcula-
tions with interchanged As/Se positions were also per-
formed. Three distinct variants with interchanged As and
Se positions were considered. All, however, gave similar
results and very similar calculated Fermi surfaces (FSs),
supporting the conclusion that the electrons in the vicinity
of Ef are indeed predominantly coming from Th (or U) f-
orbitals.

In addition to the above calculations performed on the
undistorted (ap� ap� cp, subscript p for parent) average or
parent structures, an attempt was also made to investigate
the effect of As–As dimerization on the electronic band
structure in the vicinity of the FS using a (7ap� 7ap� cp)
superstructure model for ThAsSe described in [20]. Keep in
mind, however, that this is only a model meant to give
an idea of the As shifts occurring in the As layers and not
an accurate reflection of what is actually occurring. Due to
the massively enlarged basal plane unit cell, the FSs are
multiply folded in k-space making it difficult to directly
compare DCs etc. with those of the undistorted structure.
The effect of As–As dimerization was thus followed only in
the corresponding (P)DOS spectra. Surprisingly little
change, however, could be observed in the (P)DOS spectra
(cf. Fig. 10 with Fig. 7a). The main contribution to the
PDOS in the vicinity of Ef remained that from the Th
f-orbitals and no obvious signs of a band gap were
apparent.

5. Conclusions

The temperature-dependent electron diffraction results
confirm that the highly structured diffuse intensity
distributions characteristic of the low temperature recipro-
cal spaces of both ThAsSe and UAsSe are the result of the
gradual condensation of a CDW associated with As–As
dimerization along /110S real space directions. The
electronic band structure calculations show that the (in
general) incommensurate periodicity of this As–As dimer-
ization along the two /110S real space directions is
determined by the FS of the undistorted parent structures,
despite the fact that the electrons in the vicinity of Ef

predominantly come from Th (or U) f-orbitals. These
calculations also show that partial As/Se occupational
disorder has no major influence either on the shape of the
resulting FSs or on the distances between the parallel
sections responsible for nesting.
The q-vectors, obtained by measuring the distances

between the flattened parts of the corresponding FSs are in
remarkably good accord with the values determined from
the TEM experiments. The presence of a large (multiple)
peak in the (P)DOS curves in the vicinity of Ef which
undoubtedly belongs to Th/U and not As (see Fig. 7) is an
intriguing result given that the major contribution to the
intensity of the observed diffuse distribution is clearly
due to As–As dimerization. The overall instability may be
triggered in the low-dimensional electron gas and then be
followed by the As–As dimerization, or vice-versa i.e. the



ARTICLE IN PRESS
R.L. Withers et al. / Journal of Solid State Chemistry 179 (2006) 2190–21982198
As–As dimerization may stabilize the the modulated
ground state by lowering the electronic energy of the
occupied states in the vicinity of the FS. Further progress
as to the mechanism for overall energy lowering, however,
probably requires more detailed and higher level band
structure calculations beyond the scope of the current
contribution.
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