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Abstract

A low-temperature electron diffraction study has been carried out on ThAsSe to search for evidence of structural disorder

associated with the low-temperature non-magnetic Kondo effect. A highly structured and extremely complex characteristic diffuse

intensity distribution 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.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The specific electrical resistivity of UAsSe displays
negative dr=dT temperature coefficients of resistivity
between 2 and 50K and again above 109K over a range
of several hundred degrees Kelvin [1]. Ever since the
initial discovery of these unusual low-temperature
transport properties in UAsSe, there has been much
interest in the Kondo scattering mechanism/s respon-
sible [1–10]. The fact that UAsSe becomes ferromagnetic
below TcB110K [2] initially suggested a scattering
mechanism of magnetic origin related to the original
Kondo effect [11]. Early investigations thus concen-
trated on the determination of the low-temperature
magnetic structure and its relation to the electronic
structure [2–6].

The subsequent discovery that diamagnetic ThAsSe
(of the same ZrSiS average structure type as UAsSe—
see Fig. 1) displayed qualitatively very similar behavior
to UAsSe (above 109K) with negative dr=dT from
about 70 up to about 500K [1], however, ruled out a
scattering mechanism of magnetic origin. More recent
examination of the magnetoresistivity of UAsSe at
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liquid He temperature [8–10] likewise suggests that the
dominant scattering mechanism in both materials is of a
structural rather than magnetic origin.

Several types of non-magnetic Kondo scattering
mechanisms have been proposed for these materials
including the condensation of a charge density wave
(CDW) [1,12], a quadrupolar Kondo model for the U4+

ion in cubic symmetry [10,13] and a positionally
disordered two-level system (TLS) Kondo model
[10,14]. The precise structural origin of the assumed
two-state local positional disorder of the latter TLS
model [14] is nowhere spelt out although the anom-
alously large anisotropic displacement parameters of all
constituent atoms is certainly consistent with positional
disorder of some sort [10]. Some authors have linked it
to the recently discovered partial As/Se anion disorder
in UAsSe [8] despite the fact that no such equivalent
As/Se disorder has been reported for ThAsSe.

Hall-effect measurements show that the low-tempera-
ture increase in basal plane resistivity of ThAsSe is due
to a reduction of the carrier concentration by roughly
one order of magnitude from B0.6 e� per formula unit
(f.u.) at room temperature to 0.08 e�/f.u. at and below
100K [1]. Given that basal plane conductivity is
primarily due to hole delocalization within the (001)
planes of As ions, the most likely candidate responsible
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Fig. 2. (a) The (001) plane of As ions in ThAsSe. This also represents

the (001) plane of Se ions in the underlying average structure of LaSe2
[25]. The underlying tetragonal parent unit cell in each case is

represented by the solid lines. (b) The characteristic herring-bone

pattern of (Se2)
2� dimerization within the parent (001) planes of LaSe2

(adapted from Fig. 2 of [25]).

Fig. 1. Shows 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 gray rods.
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would appear to be the gradual formation of a CDW
involving As–As dimerization as temperature is lowered.
Dimerization of the anions in the As position is a
common feature of compounds crystallizing in the
family of ZrSiS-related structures [15] (see e.g., Fig. 2).
Local As–As dimerization of this sort would clearly
reduce the hole carrier concentration and hence the
overall conductivity. Schoenes et al. [1] thus originally
proposed a gradual phase transition from an essentially
metallic ThAsSe (of ZrSiS structure type) without any
As–As bonding at high temperature to a tending
towards insulating (the basal plane resistivity of ThAsSe
reaches values as high as 450 mO cm [1] at low
temperature) Th2

4+(As2)
4�Se2

2� with (As–As)4� cova-
lently bonded dimers (the covalent As–As single bond
diameter is B2.44 Å) at low temperature.

The characteristic signature of a condensed CDW is
normally thought to be the existence of additional
satellite reflections below some usually well-defined
phase transition temperature [12,16]. In the case of
UAsSe and ThAsSe, however, the absence of any sharp
resistivity anomaly as a function of temperature suggests
that no such well-defined CDW phase transition exists
[1]. Broad resistivity anomalies of the type observed are
thought to be more typical of order–disorder phase
transitions. Nevertheless, both the CDW mechanism
and the TLS model imply the existence of positional
disorder which should give rise to weak additional
scattering in addition to the strong Bragg reflections of
the underlying ZrSiS average structure type.

Given the well-known sensitivity of electron diffrac-
tion to weak features of reciprocal space [17] (and
despite the failure of previous primarily HREM
investigations to detect anything out of the ordinary
[8,10]), a low-temperature transmission electron micro-
scope (TEM) investigation of ThAsSe was therefore
carried out to search for some evidence of structural
distortion, associated either with a CDW or with anion
disorder. The purpose of the current paper is to present
the results of this low-temperature electron diffraction
investigation of ThAsSe.
2. Experimental

2.1. Synthesis

The as-grown single-crystal specimens of ThAsSe
investigated in this study (a ¼ 4:081ð3Þ; c ¼ 8:562ð5Þ Å)
were grown by Dr. F. Hulliger at ETH, Zürich. The
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Fig. 3. (a) A typical [001] zone axis EDP of ThAsSe taken at 100K. In

addition to the strong Bragg reflections of the underlying P4=nmm

average structure, note the presence of a spectacular and highly

structured characteristic diffuse intensity distribution in the form of

two orthogonal ‘lines’ of diffuse streaking running along the

G7B0:14/1%10S�7e/110S� positions of reciprocal space around

the nominally n glide forbidden h k 0; h þ k odd reflections. (b) A close

to [001] zone axis EDP of ThAsSe again taken at 100K obtained

by tilting a few degrees away from the exact [001] zone axis orientation

to reduce double diffraction effects apparent in (a).
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synthesis procedure is described in Ref. [18]. The crystals
took the form of thin plates perpendicular to the c-axis
of the ZrSiS average structure type. Specimens suitable
for observation in the TEM were obtained by cleavage.
The resultant specimens took the form of thin plates
perpendicular to c which severely limited the accessible
range of available zone axis orientations. The specimens
were examined in a Philips EM430 TEM operating at
200 kV. A liquid He cold stage was used for the low-
temperature work.

2.2. TEM

Fig. 3a shows a typical [001] zone axis electron
diffraction pattern (EDP) of ThAsSe taken at 100K. A
virtually identical pattern was also obtained at 30K.
The strong, sharp Bragg reflections of the underlying,
nominally P4=nmm average structure (see Fig. 1) are
clearly present although there is some evidence for very
weak symmetry breaking in the extremely weak presence
(close in to the centre of Fig. 3a) of n glide forbidden
h k 0; h þ k odd reflections such as [100]� and [010]�. In
addition to these strong parent Bragg reflections, note
the presence of a spectacular and highly structured
characteristic diffuse intensity distribution in the form of
two orthogonal G7B0:14/1%10S�7e/110S� (e con-
tinuous) ‘lines’ of diffuse streaking running along the
/110S� directions of reciprocal space around the
nominally n glide forbidden h k 0; h þ k odd reflec-
tions. (In what follows, we label as G the family of
Bravais lattice allowed Bragg reflections of the
parent structure, including the nominally n glide
forbidden h k 0; h þ k odd reflections.) The fact that
the G7B0:14/1%10S�7e/110S� diffuse streaking in
Fig. 3a occurs only around the G ¼ ½hk0��; h þ k odd,
but not even, reflections is an ‘extinction condition’
characteristic of the disordered phase and places
constraints on the possible displacive shifts responsible
(see, for example, Ref. [19] and below).

At the intersection points of these orthogonal diffuse
lines apparent incommensurate satellite reflections
characterized by the primary modulation wave vectors
q1B0:28a� and q2B0:28b�; respectively, occur. (A two–
dimensional (2-D) ‘long-range ordered’ superstructure
appears to be attempting to condense out. The
phenomenon of satellite reflections condensing out onto
and/or coexisting with extended continuous diffuse
distributions while unusual is by no means unknown
as, for example, in the cases of the 1T1 polymorph of
TaS2 (see, for example, Fig. 9 of Ref. [16]) or the ceramic
mullite [20]. In the case of TaS2, the condensation
process is completed as temperature is lowered, i.e., the
diffuse distribution disappears altogether on cooling
sufficiently leaving only sharp satellite reflections [21]. In
the current case, however, the incommensurate ‘satellite
reflections’ and the continuous diffuse lines continue to
coexist right down to the lowest temperature obtainable,
30K). There is once more an ‘extinction condition’ in
the sense that the G7q1 and G7q2 satellite reflections
again occur around the G ¼ ½hk0��; h þ k odd, but not
even, reflections. Note also the remarkable shape
(somewhat like a small amplitude ‘vibrating skipping
rope’) of the diffuse ‘lines’ in the larger regions between
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Fig. 4. A [101] zone axis EDP of ThAsSe again taken at 100K and

obtained by tilting B25	 away from the [001] zone axis orientation of

Fig. 2a around the [020]� systematic row. A G7q01ðq01B0:28½%101��)
‘reflection’ is arrowed in the bottom right-hand corner.
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the ‘satellite reflections’ as well as the enhanced intensity
of the diffuse scattering inside the {400} Kikuchi bands.

The transverse polarized nature (see e.g., Ref. [22]) of
the intensity distribution associated with both the
diffuse ‘lines’ as well as the ‘satellite reflections’, e.g.,
the G7B0:14/1%10S�7e/110S� diffuse ‘lines’ are
most intense when looking out along the /1%10S�

direction of reciprocal space and weakest along the
orthogonal /110S� direction (particularly towards the
edge of Fig. 2a) whilst the G7B0:28/100S� satellite
reflections are most intense for G running along /010S�

and have zero intensity for G running along /100S� is
also apparent.

The polarization effect associated with the diffuse
‘lines’ is somewhat blurred in Fig. 2a as a result of
double diffraction particularly close in to the center of
the pattern. It is easier to recognize upon tilting a few
degrees away from the exact [001] zone axis orientation
(to reduce multiple scattering effects) as shown in
Fig. 2b. (Such a strong polarization effect requires that
the dominant contribution to the observed scattering
arises from atom displacements away from the under-
lying average structure positions of Fig. 1). Also most
apparent in Fig. 3b is the presence of a strongish ‘size
effect’ [23] in the asymmetric intensity distribution of the
G7B0:14/1%10S�7e/110S� lines with the lines on the
high angle side of the particular Bragg reflection G

always being stronger in intensity than the parallel lines
on the low angle side. Such an ‘atomic size effect’ is a
characteristic of systems displaying relatively large
displacive relaxations [19,23]. A further weaker type of
curved diffuse distribution is also apparent in Fig. 3b in
the region between the zero-order Laue zone (ZOLZ)
and the first OLZ of reflections.

The fact that the G7B0:14/1%10S�7e/110S� ‘lines’
of diffuse intensity in Fig. 3a extend so far in Fig. 3b
suggests that they may in fact not be lines but rather
part of an essentially continuous plane of diffuse
intensity perpendicular to each of the two /110S real
space directions. This is confirmed by the [101] zone axis
EDP shown in Fig. 4. This EDP was obtained by tilting
B25	 away from the [001] zone axis orientation of
Fig. 3a around the [020]� systematic row. Note that the
strong transverse polarized diffuse streaking apparent in
Fig. 3 (even down to the ‘vibrating string’ shape) is still
present but this time runs along the ½%111�� (perpendi-
cular to the [110] real space direction) and ½11%1��
(perpendicular to ½1%10�) reciprocal space directions and
remains present no far how we tilt around the [020]�

systematic row. Clearly, the diffuse takes the form of
continuous sheets of diffuse intensity perpendicular to
the [110] and ½1%10� directions, respectively.

The polarized nature of the diffuse streaking apparent
in Figs. 3 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 perpendicu-
lar to ½1%10� arises from atomic displacements along ½1%10�:
Note again the presence of apparent ‘satellite reflections’
where the diffuse streaks intersect in Fig. 4 giving rise
this time to G7q01ðq01B0:28½%101��Þ (one such ‘reflection’
is arrowed in the bottom right-hand corner of Fig. 4)
and G7q2ðq2B0:28b�Þ satellite reflections. Clearly, the
‘satellite reflections’ of Fig. 3a are in fact part of a
continuous rod of diffuse intensity running along the c�

direction of reciprocal space. Finally, note once more
the transverse polarized nature of the intensity distribu-
tion associated with these ‘satellite reflections’, e.g., the
G7B0:28½%101�� satellite reflections are most intense
for G running along [020]� and have zero intensity
for G running perpendicular to [020]� whilst the
G7B0:28½010�� satellite reflections are most intense
for G running along ½%101�� and have zero intensity for G
running along [020]� in Fig. 4.
3. Interpretation

{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 (see
e.g., Ref. [22]). The observed polarization behavior of
the diffuse sheets (see Figs. 3 and 4) requires that the
displacement direction of the atoms within these /110S
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correlated rods must also be along /110S. Likewise the
closely related ½0:28; 0; l�� and ½0; 0:28; l�� rods of diffuse
intensity in reciprocal space [24] imply the existence of
two-dimensionally ordered or correlated (001) planes of
atoms in real space exhibiting correlated atomic
displacements (along [010] and [100], respectively) with-
in the plane but with no correlation from one such (001)
plane to the next.

Given the Hall-effect evidence discussed earlier, the
most likely candidate responsible for the observed
diffuse scattering would appear to be the dimerization
(or covalent bonding) of As–As nearest neighbors along
local /110S directions within (001) planes (see e.g.,
Fig. 2). The already quite short average As–As nearest
neighbor separation distance (of 1

2
/110SB2:888 (A)

within the (001) planes of the underlying ZrSiS-type
average structure (see Fig. 1) is compatible with such a
proposal as is the experimentally observed /110S
direction of the displacement eigenvectors associated
with the {110}� sheets of diffuse intensity and the
extinction condition represented by the fact that both
the ‘satellite reflections’ and the diffuse streaking in
Fig. 3a only occur around the n glide forbidden h k 0;
h þ k odd parent reflections (see below for more detail).

The continuous nature along c� of the diffuse
streaking and ‘satellite reflections’ of Fig. 3a requires
that there be no correlation from one (001) As plane to
the next along the c direction of either the one-
dimensional (1-d) /110S As–As dimerization strings
implied by the {110}� diffuse sheets or the 2-d (001) As–
As dimerization patterns implied by the rods of diffuse
intensity. This is not unreasonable given the relatively
large c-axis dimension of B8.6 Å. Despite this inherent
disorder, a progressive increase in the extent of As–As
dimerization within each of the individual (001) As
planes upon lowering of temperature would explain the
Hall-effect evidence for a reduction by almost an order
of magnitude in carrier concentration on lowering of
temperature to 100K. A model along these lines was
proposed by Schoenes et al. [1] many years ago on
purely crystal chemical grounds but without any direct
diffraction evidence. The gradual diminution of the
diffuse intensity upon increasing temperature is compa-
tible with such a proposal.

Such covalently bonded chalcogenide–chalcogenide
dimerization is a common feature of the crystal
chemistry of chalcogenides (see e.g., [25,26]). It usually,
however, leads to a long-range ordered superstructure
phase as, for example, in the closely related case of
LaSe2 [25] (see, for example, Fig. 2b) where (Se2)

2�

dimers are packed in a characteristic herring-bone
pattern within (001) planes (thereby doubling one or
other of the originally tetragonal basal plane axes)
which are also ordered from one such [001] plane to the
next. In the present case, however, there is no evidence
for a three-dimensionally long-range ordered super-
structure phase even at the lowest possible temperatures.
There is, however, evidence for a 2-d superstructure
phase attempting to condense out, albeit incompletely
(see Fig. 3a).
4. Patterns of As–As dimerization

Given the extent and complexity of the observed
disorder (see Figs. 3 and 4), it is not possible to ‘solve’
for the low-temperature structure. It is, however,
possible to generate plausible models for the As–As
patterns of dimerization that we believe are primarily
responsible for both the diffuse sheets and the diffuse
rods using a (flexible) group theoretical or superspace
approach (see, for example, Refs. [27–31] and Figs. 5
and 6) as follows.

4.1. The 1-d /110S As–As dimerization pattern

Consider firstly the 1-d (in real space) /110S As–As
dimerization pattern associated with the observed
G7B0:14/110S�7e/1%10S�7Z½001�� (e and Z essen-
tially continuous) sheets of diffuse intensity. {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.
Given the observed polarization behavior of these
diffuse sheets, they arise from longitudinal /110S shifts
of As ions along the /110S correlation direction
associated with the ‘primary modulation wave vector’
qB0:14/110S� [28,30].

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. 1). The fact that the G7q7e/1%10S� diffuse
streaking in Fig. 3a occurs only around the G ¼
½hk0��; h þ k odd, but not even, reflections is formally
equivalent to the condition Fðh k 0 m � ha� þ kb� þ
lc� þ mqÞ ¼ 0 unless m is even. In superspace terms, it
implies the existence of the superspace symmetry
operation fx1 þ 1

2
; x2 þ 1

2
;�x3; x4 þ 1

2
g and requires the

As1 and As2 shifts along /110S to be out of phase. The
most general possible displacive atomic modulation
functions (AMFs; [28, 30]) for these As ions compatible
with the experimental observations is then given by:

UAs1;2ð %x4 ¼ q � ½rAs1;2 þ t�Þ ¼ 7eAsðaþ bÞcos 2pð %x4 � fÞ
þ? higher order harmonic termsy; ð1Þ

where the ‘+’ sign refers to the As1 atoms, the ‘�’ sign
to the As2 atoms, qB0:14/110S� and f represents the
so-called global phase [28,31].

Experimentally, only the first-order G7q diffuse
sheets are observed (see Fig. 3a). This could be
interpreted as implying either a sinusoidal AMF or,
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Fig. 5. (a) Shows the square wave As1,2 displacive AMFs along the ð %x4 � fÞ direction of superspace (the solid line represents the assumed displacive

AMF of As1 while the 180	 out of phase displacive AMF of As2 is represented by the open bar square wave). Note that %x4 ¼ q�½rAs1;2 þ t�; where

qB0:14/110S�; rAs1 ¼ 0; rAs2 ¼ 1
2
/110S; 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
7
/110S� exactly is shown in (b). The equivalent, phason shifted /110S As–As dimerization patterns assuming

f ¼ þ 1
14

and � 1
14
; respectively, are shown in Figs. 5c and d. As–As dimers are circled in (b)–(d).
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alternatively, a more square-wave-like AMF but with
some considerable degree of phason (global phase)
wobble. For the purposes of deriving a plausible As–As
dimerization pattern, we have made the latter assump-
tion and assumed an inherently square-wave shape for
the above displacive AMF (see Fig. 5a), i.e., for
�1

4
oð %x4 � fÞo1

4
along the ð %x4 � fÞ direction of hyper-

space we ascribe a value of +1 to cos 2pð %x4 � fÞ in
Eq. (1) above and for þ1

4
oð %x4 � fÞo3

4
we ascribe a

value of �1.
The resultant predicted As–As dimerization pattern

assuming f ¼ 0 and q ¼ 1
7
/110S� exactly is shown in

Fig. 5b. The equivalent, phason shifted /110S As–As
dimerization patterns assuming f ¼ þ 1

14 and � 1
14; re-

spectively, are shown in Figs. 5c and d. Note that the
sign of the shifts of only two out of the 14 As ions in the
resultant seven times supercell, i.e., As1 and 10, have
flipped in going from Figs. 5b to c while the signs of As6
and 60 have flipped in going from Figs. 5b to d. It is not
difficult to imagine such sort of flipping going on along
any particular /110S chain and thus smearing the
observed AMF shape from square wave like to more
sinusoidal. We thus believe that Fig. 5b (or c or d) give
entirely plausible 1-d As–As patterns of dimerization
primarily responsible for the existence of the observed
sheets of diffuse intensity.

The next question is what sort of As–As dimerization
pattern could be responsible for the observed diffuse
rods at the intersection of the orthogonal diffuse sheets?

4.2. 2-d (001) As–As dimerization patterns

If we ignore the existence of the diffuse sheets and
concentrate instead purely on the q001 ¼ 0:28a� þ lc� and
q002 ¼ 0:28b� þ lc� diffuse rods it is again possible to
generate a picture of the sort of As–As pattern of
dimerizations responsible using a group-theoretical or
superspace-type approach [27] (see Fig. 6b). In order to
generate such a distribution, however, it is again first
necessary to use group theoretical considerations to
appropriately constrain the possible As–As dimerization
patterns as follows.

A general condensed phonon mode with modulation
wave vector q001B0:28a� þ lc� has a little co-group [29]
consisting of only two elements, the identity E and the
mirror perpendicular to b; my: Under the parent
symmetry operations fmxj0g or fmyj0g; the two
independent As ions per parent unit cell, As1 and As2,
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Fig. 6. (a) Shows the assumed 2-d square wave As1,2 displacive AMFs

as functions of ð %x4 � f1Þ and ð %x5 � f2Þ (see Eq. (2) in the text). The

local + or � values of the square wave variables in (a) are represented

by the pair of + and � values in the different regions of superspace.

Note that %x4 ¼ q1�½rAs1;2 þ t� and %x5 ¼ q2�½rAs1;2 þ t�; where q1B0:28a�

and q2B0:28b�; rAs1 ¼ 0; rAs2 ¼ 1
2
ðaþ bÞ; t ¼ maþ nb; m; n integers

and f1 and f2 are global phases. The resultant predicted 7a�7b As–As

dimerization pattern assuming f1 and f2 are both=0, q1 ¼ 2
7 a

� and

q2 ¼ 2
7
b� exactly is shown in (b). The As1 ions are represented by the

filled circles and the As2 ions by the open circles.
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each map into themselves modulo a Bravais lattice
vector. A character of �1 under fmyj0g for such a
condensed phonon mode thus implies that As1 and As2
can each only move in the b direction, i.e., eAs1;2ðq001Þ
must be along b: The very clear transverse polarized
nature of the observed intensity distribution of the
‘satellite reflections’ in Fig. 3a (as well as Fig. 4) is
entirely consistent with such a transverse polarized
displacement eigenvector regardless of the value of l:

The atomic displacements responsible (assumed from
here on in to be primarily As displacements eAs1;2ðq001;2Þ)
associated with the modulation wave vectors
q001B0:28a� þ lc� and q002B0:28b� þ lc� must then run
along b and a, respectively, i.e., eAs1;2ðq1Þ must be
parallel to b and eAs1;2ðq1Þ must be parallel to a: The
equivalent statement in the language of superspace is to
say that there exist superspace symmetry operations
f�x1;þx2; x3;�x4 þ 2f1;þx5 þ 1
2
g and fþx1;�x2; x3;

þx4 þ 1
2
;�x5 þ 2f2g; respectively. Such superspace

symmetry operations imply characteristic extinction
conditions given by Fð0kl0nÞ ¼ 0 unless n ¼ 2J and
Fðh0lm0Þ ¼ 0 unless m ¼ 2J (m; n; J all integers).
Unfortunately, because of the layered nature of the
cleaved material investigated, we were not able to obtain
[100] or [010] zone axis EDPs to confirm these predicted
extinction conditions. The absence of G70:28a� þ lc�

diffuse streaking in previously published [010]-type
EDPs of crushed samples of ThAsSe [10] is however
consistent with such a superspace symmetry operation.

If we ignore the c� components of the above primary
modulation wave vectors and focus on the q1B0:28a�

and q2B0:28b� modulation waves alone, i.e., we index
Fig. 3a using the five basis vectors M� ¼ fa�; b�; c�; q1 ¼
ea�; q2¼ eb� with e ¼ 0:28B2

7
}, then the only observed

characteristic extinction condition is given by
Fðh k 0 m nÞ ¼ 0 unless h þ k þ m þ n ¼ 2J; h; k;m; n; J

all integers (see Fig. 3a) corresponding to the superspace
glide operation fx1 þ 1

2
; x2 þ 1

2
;�x3; x4 þ 1

2
; x5 þ 1

2
g:

Along with the above superspace operations, the
remaining generator of this five-dimensional (5-d)
superspace group can be taken to be fþx2 þ 1

2
; x1 �

1
2
; x3;þx5 þ f1 � f2 þ 1

2
;þx4 � f1 þ f2 � 1

2
g: With the

help of these superspace symmetry generating opera-
tions, it is now possible to derive the symmetry-
constrained form of the 2-d displacive AMF describing
the deviation of the As ions of the modulated structure
from their underlying positions in the (001) planes of the
ZrSiS-type average structure.

Systematic application of the above superspace
generating operations leads to the following expression
for the displacive AMF of the As sites:

UAs1;2ð %x4 ¼ q1 � ½rAs1;2 þ t�; %x5 ¼ q2 � ½rAs1;2 þ t�
¼ 7beAs cos 2pð %x4 � f1Þ7aeAs cos 2pð %x5 � f2Þ
þ?higher order harmonic termsy ð2Þ

where the ‘+’ sign refers to the As1 atoms and the ‘�’
sign to the As2 atoms. Experimentally, only the first-
order G7q1 and G7q2 satellite reflections are observed
(see Fig. 3a). This, however, we believe is again due to
phason disorder rather than a necessarily sinusoidal
AMF. In fact, for the purposes of deriving a plausible
As–As dimerization pattern (see Fig. 6b), we have again
assumed an inherently square-wave shape for the
displacive AMF (see Fig. 6a), i.e., for�1

4
oð %x4 � f1Þo1

4

along the ð %x4 � f1Þ direction of hyper-space we ascribe a
value of +1 to cos 2pð %x4 � f1Þ in Eq. (2) above and for
þ1

4
oð %x4 � f1Þo3

4
we ascribe a value of �1. Likewise, in

the ð %x5 � f2Þ direction of hyper-space we ascribe a value
of +1 to cos 2pð %x5 � f2Þ in Eq. (2) above when
�1

4
oð %x5 � f2Þo1

4
and a value of �1 otherwise. The

values of these variables are represented by the pair of
+ and � values in the different regions of hyper-space
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(see Fig. 6a). With such an assumption every As atom
will then move the same amount along one of four
possible /110S directions (see Fig. 6b). We choose
eAsO2� aB0:22 (A so that the As–As separation dis-
tance in a dimer is close to the ideal As–As single
covalent bond distance of 2.44 Å.

The shift of any particular As atom can then be
derived from Fig. 6a by calculating the local values of
ð %x4 � f1Þ and ð %x5 � f2Þ: Fig. 6b, for example, shows the
predicted resultant 7a�7b real space As distribution that
results if we take e as 2

7
¼ 0:286 exactly and f1 ¼ f2 ¼ 0

(equivalent to taking a particular section through hyper-
space. The apparent residual supercell symmetry of
Fig. 6b is of no particular significance. It is simply a
consequence of the above choice for f1 and f2). Note
that 50 out of 98 As atoms are then involved in an As–
As dimer. Note also that reversing the sign of the As2
shifts (represented by the unfilled circles) relative to
those of the As 1 shifts (represented by the filled circles)
in Fig. 6b destroys most of these dimers, i.e., the
observed characteristic extinction condition is indeed
consistent with the preferential formation of As–As
dimers. Finally, note that individual /110S strings in
Fig. 6b bear close similarities to those shown in Fig. 5.

Clearly, the experimental observation of continuous
diffuse rods along the c� direction of reciprocal space
means that there can be no correlation from one such
(001) plane to the next. One way of describing this
disorder would be to let the global phases vary
randomly from one (001) As layer to the next, i.e., to
randomly shift the origin of superspace from that shown
in Fig. 6a to some other starting position. Correspond-
ing 7a�7b real space As distributions can then be easily
generated. All, however, show similar characteristics to
Fig. 6b.

At this stage, it is important to re-emphasize that Fig.
6b provides a plausible model (but only a model) of the
As–As shifts responsible for the observed diffuse
scattering and raises additional questions as to local
As–As bonding which cannot be answered definitively
from the currently available experimental and theore-
tical data. It is acknowledged, for example, that not only
are 2.44 Å As–As dimers apparent in Fig. 6b but also
shortened (B2.67 Å) As–As separation distances be-
tween As atoms not associated with dimer formation.

The question of how the 1- and 2-d patterns of As–As
dimerization represented by Figs. 5 and 6 can simulta-
neously coexist as required by the experimental ob-
servation of coexisting diffuse sheets and diffuse rods
remains. Likewise, do the questions of how the Th and
Se ions react to the local formation of As–As dimers and
why the observed diffuse streaking in Fig. 2a has the
detailed shape it does. To attempt to answer such
questions, however, would almost certainly require
large-scale Monte-Carlo-type simulations well beyond
the scope of the current contribution. While questions
thus still remain open, it seems clear that the structural
origin of the low-temperature Kondo effect in ThAsSe
can be ascribed to the gradual condensation of a CDW
associated with As–As dimerization.
References

[1] J. Schoenes, W. Basca, F. Hulliger, Solid State Commun. 68

(1988) 287.

[2] J. Leciejewicz, A. Zygmunt, Phys. Status Solidi (a) 13 (1972) 657.

[3] A. Wojakowski, Z. Henkie, Z. Kletowski, Phys. Status Solidi (a)

14 (1972) 517.

[4] A. Wojakowski, Z. Henkie, Acta Phys. Pol. A 52 (1977) 40.

[5] J. Brunner, M. Erbudak, F. Hulliger, Solid State Commun. 38

(1981) 841.

[6] W. Reim, J. Schoenes, F. Hulliger, Physica B 130 (1985) 64.

[7] Z. Henkie, R. Fabrowski, A. Wojakowski, J. Alloys Compd. 219

(1995) 248.

[8] Z. Henkie, T. Cichorek, A. Pietraszko, R. Fabrowski, A.

Wojakowski, B.S. Kuzhel, L. Kepinski, L. Krajczyk, A. Gukasov,

P. Wisniewski, J. Phys. Chem. Solids 59 (1998) 385.

[9] Z. Henkie, T. Cichorek, R. Fabrowski, A. Wojakowski, B.S.

Kuzhel, Cz. Marucha, M.S. Szczepaniak, J. Tadla, Physica B

281–282 (2000) 226.

[10] Z. Henkie, A. Pietraszko, A. Wojakowski, L. Kepinski,

T. Cichorek, J. Alloys Compd. 317–318 (2001) 52.

[11] J. Kondo, Prog. Theor. Phys. Osaka 32 (1964) 37.

[12] J.A. Wilson, F.J. Di Salvo, S. Mahajan, Adv. Phys. 24 (1975) 117.

[13] M.B. Maple, R.P. Dickey, J. Herrmann, M.C. de Andrade,

E.J. Freeman, D.A. Gajewski, R. Chau, J. Phys.: Condens.

Matter 8 (1996) 9773.

[14] D.L. Cox, A. Zawadowski, Adv. Phys. 47 (1998) 599.
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