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Origin of the anomalous low-temperature phase transition in BaVS;
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The origin of the anomalous electronic phase transition (7x ~ 30 K) caused by a single-electron-occupied
I, orbital in quasi-one-dimensional BaVS;3 is studied by means of resonant soft x-ray diffraction taken at the

V L, 5 absorption edges. The energy and azimuthal angle dependence of the observed (0 k /) reflection can
be explained by the presence of at least two electronically different V contributions. Moreover, analysis of the
scattered x-ray polarization indicates that the observed reflection is purely magnetic in origin, which discourages
models with orbital and charge modifications occurring at Tx. The dependence of the reflection on left or right

circular polarized incoming x rays indicates that the incommensurability of the reflection is connected to a helical
component of the magnetic structure. These results, together with those from neutron scattering, are discussed
in terms of the different models proposed for the electronic and magnetic ground state.
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I. INTRODUCTION

Transition metal oxides exhibiting strong electron correla-
tions present phenomena like, metal-insulator (MI) transition,
charge, spin and orbital ordering, and superconductivity.! In
contrast to oxides, sulfides are much less explored. They
present reduced ionicity of the cation-anion bond compared
to oxides, thereby increasing the effect of hybridization. The
compound BaVSj crystallizes in a hexagonal (H) structure
(P63/mmc) with two formula units per unit cell and the
formation of VSg-octahedra chains running along the ¢ axis. In
this phase, the distorted (D3,) sulfur octahedral environment
of vanadium leads to a crystal field splitting of the V (3d)
orbitals into a higher energy A, level and two quasidegenerate
E, states, with only one electron to share between these
orbitals. The V-V distance in the chain (2.84 A) is much
shorter than the V-V interchain distance (6.72 A), which gives
quasi-one-dimensional structural properties to this compound.
However, the anisotropy of the conductivity measured along
and perpendicular to the chain direction happens to be quite
low.> This compound undergoes a structural transition at
240 K to an orthorhombic (O) structure (Cmc2;),’ lifting the
degeneracy of the E, states. An MI transition is observed
at Typ = 70 K,* below which a charge density wave with
superstructure corresponding to a doubling along the chain di-
rection develops.>® This results in a monoclinic (M) structure
(Im) deformation, with four inequivalent V atoms per unit.
Electronic structure calculations indicate a departure from the
balanced occupation of A, and E, states in the monoclinic
phase, toward an increase in the E, filling.” Moreover, at Ty
the magnetic susceptibility show a maximum,” although no
long-range magnetic order has been detected. An additional
transition is observed at Ty = 30 K, whose origin is still
a matter of controversy. At this temperature an anomaly is
observed in the magnetic susceptibility.”> Neutron powder
diffraction studies provide evidence of superlattice (SL) re-
flections below Tx.® Based on the assumption of no interchain
coupling, the modulation vector of (0.226 0.226 0)y of a
possible magnetic order was suggested. NMR studies suggest
that orbital order occurs at this temperature.” Other studies
have proposed the coexistence of orbital and magnetic order.'”
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Moreover, a review of the structural properties has also shown
that below 40 K the structure is still monoclinic, but it changes
slightly from its structure below the MI transition.!! Based
on the bond valence sum method, the same structural study
suggests that the four V sites present at this temperature would
have different charges, indicative of charge order at the V ions.
However, resonant x-ray diffraction (XRD) at the V K edge'?
could be explained without charge ordering. The same XRD
study proposes the existence of two charge-density-wave
modulations that would cancel each other, leading to exclusive
orbital ordering. Despite the many scenarios proposed, neither
the exact nature of the transition at 7y nor the exact electronic
ground state is understood.

Resonant soft XRD is able to directly measure and disen-
tangle charge, orbital, and magnetic ordering contributions
in such a 3d' system by directly accessing the 3d states
responsible for physical properties.'>!'# To clarify the origin
of the Tx transition observed in BaVS; we have studied the
associated SL reflection and determined its q position. We
have also determined the temperature, energy, and polarization
dependence of the SL reflections observed at V L, 3 edges.
This indicates that the two SL reflections observed are both of
magnetic origin. A simplified magnetic structure is proposed
based on these results.

II. EXPERIMENT

Single crystals of BaVS; were grown by the tellurium flux
method, described elsewhere. !> Crystals obtained from the flux
by sublimation have a needle-like shape with typical dimen-
sions of 3 x 1 x 1 mm?. The crystal was precharacterized with
CuKo radiation at room temperature and with 2-keV x rays
at 10 K. The sample was aligned with the [1 1 0]y direction
normal to the surface, as this is the proposed direction of the
SL structure.® The sample was cooled to temperatures between
10 and 50 K using a helium-flow cryostat.

Resonant soft XRD experiments were performed at the
RESOXS end station at the SIM beamline of the Swiss
Light Source at the Paul Scherrer Institut. Measurements were
carried out in a horizontal scattering geometry at the V L, 3
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edges. The linear polarization of the incident radiation was
either horizontal (;r; parallel to the scattering plane) or vertical
(o; perpendicular to the scattering plane). Polarization analysis
of the scattered radiation was performed using a graded W/C
multilayer setup.'®!7 Rotations around the Bragg wave vector
(azimuthal angle 1) were achieved via a rotatable sample
transfer fork with an accuracy of better than 5°. The origin
of the azimuthal angle (¢ = 0°) corresponds to the [0 0 1]y
direction lying within the horizontal scattering plane. The ex-
periment was performed with either a focused (50 x 100 pm)
or an unfocused (2 x 2 mm) beam. In the latter case,
the illuminated sample area was reduced using a mask of
aluminized tape with a 1-mm-diameter aperture.

III. RESULTS AND DISCUSSION

Two SL reflections were observed at the V Lj-edge
resonance, at g = (.43 A~ below Ty and around [1 1 0],
which are shown in Fig. 1 (labeled A and B). These reflections
can be indexed in the high-temperature hexagonal cell as
A, (0.232 0.232 —0.016)y, and B, (0.232 0.232 4-0.016)4.
The incommensurability along c¢, thought to be small, is
not negligible, since the two reflections are very clearly
distinguished and symmetrically separated from the [1 1 0]y
direction. The horizontal, vertical, and out-of-page directions
in Fig. 1 correspond to the [—1 1 0]y, [00 1]y, and [1 1 0]y
orientations, respectively. The broad outspread of the peak
in the direction of € is due to the mosaicity of the crystal.
This was confirmed by also measuring lattice reflections at
a higher energy (2 keV). The rocking curves of the lattice
and SL reflections are shown in Fig. 2, and each presents a
multipeak structure. The greater width of the SL peaks can be
attributed to the shorter correlation length of the superstructure
and absorption effects at the resonance, which decrease the
penetration depth of the x rays from 1.5 um at 2 keV to
0.2 um at resonance.

The (1 1 0)y and its equivalent reflections in the hexagonal
structure correspond to two inequivalent directions in the low-
temperature monoclinic cell: [0 2 0], and [3 1 0],,. Moreover,
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FIG. 1. (Color online) The x-ray intensity maps around the
[1 1 0]y direction measured at resonance, at 16 K and i = 90°.
The [0 0 1]y direction is indicated.
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FIG. 2. (Color online) Rocking curves of the SL reflection A,
taken at the V L; edge, and rocking curves of the low-temperature
monoclinic reflections (0 2 0);; and (3 1 0),,, taken with 2-keV
X rays, at the same lateral position on the sample and incident/exit
angles with a focused x-ray beam. Inset: The split to the (1 1 0)y
reflection at a low temperature (10 K).

the hexagonal (1 1 0)4 reflection is split at low temperatures,
as demonstrated in the inset in Fig. 2, where both (0 2 0),, and
(3 1 0)ps reflections are observed. There are, correspondingly,
two main possibilities to index the SL reflection in monoclinic
symmetry. Limiting the incommensurability to the minimal
number of crystal axes results in the monoclinic cell in A being
(0 0.467 —0.031),, and that in B being (0 0.467 40.031),,.
Note that the c axis of the monoclinic cell is about twice that of
the hexagonal cell. The temperature dependence of reflection
A is presented in Fig. 3; the peak vanishes at ~32 K, consistent
with the T transition. Both reflections, A and B, present the
same temperature behavior (only one is shown).

The energy dependence of SL reflection A measured with &
and o incident light is presented in Fig. 4 for two values of the
azimuthal angle. Spectra measured with different incoming
x-ray polarization show very different energy dependencies.
In addition, the relative intensity of the features observed in
the energy dependence are significantly different between the
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FIG. 3. Temperature dependence of SL reflection A of BaVS;
taken with 7 incident radiation at 516.4 eV. The vertical dashed line
identifies Ty as being approximately 32 K.
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FIG. 4. (Color online) Energy dependence of the SL reflection A
measured at 16 K with 7 and ¢ incident polarization of x rays at two
azimuthal angles: (a) ¢ = 0° and (b) ¥ = 180°.

two different azimuthal angles. A single electronic component
would lead only to a variation of the overall intensity when
changing the azimuthal angle or the incident x-ray polariza-
tion. This is not what we observe. The variation indicates
that more than one electronic component contributes to the
signal. The energy dependence observed for peak B shows the
same shape as observed for peak A, at an azimuth shifted
by 7, which means that IX(E) = I];/’ *7(E). This relation
indicates that the two incommensurate reflections, A and B,
represent the same physics and represent simply two different
domains.

The energy dependence of the SL reflection also depends
on the helicity of the incoming circularly polarized light,
as shown in Fig. 5. The differences in the shape of the
spectra for right and left circularly polarized light are evi-
dence of a helical component of the magnetic structure or,
possibly, additional multipolar contributions as observed for
CuO.'?

Polarization analysis of the scattered beam gives further
information on the origin of the measured signal. For a
detailed description of the polarization dependence of resonant
diffraction, we refer to Hill and McMorrow.'® For charge
scattering, one expects intensity only in the unrotated channels:
-7’ and o-o’. For magnetic scattering, on the other hand,
the o-0’ channel is absent and the channels of the rotated
light, o-t’ and -0, have an opposite complex phase, which
depends on the scattering angle, and have opposite sign. The
situation for orbital scattering is more complex and all four
polarization channels may be allowed and may depend on the
azimuth.

PHYSICAL REVIEW B 84, 014409 (2011)

3 T T
Wy = 60° polarization
RCP

= ——LCP
5 2}
£
&
=
k=

0 L L L

510 515 520 525 530

Energy (eV)

FIG. 5. (Color online) Energy dependence of the SL reflection
A with right (RCP) and left (LCP) circular polarized light, collected
at 20 K.

Polarization analysis has been performed for i = 0°,
determining all four inequivalent polarization contributions.
The corresponding rocking curves are shown in Fig. 6. No
signal is present in the o-0’ channel. Intensity is observed in
the other three channels: I, # I, # Iy» % 0. This directly
excludes charge ordering for the Ty transition and strongly
supports the magnetic origin of the signal, which discourages
models with orbital ordering occurring at Tx.'>%°

For an electric dipole transition, the resonant magnetic
scattering amplitude is given by'%?!

3
fIRES = — i€ x O 2l = Fial, (1)

€'e

where € and €’ are the polarization of the incident and scattered
radiation, z; is the quantization of the magnetic moment
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FIG. 6. (Color online) Polarization dependence of SL reflection
A taken at 516.4 eV in the four polarization channels.
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FIG. 7. Coordinate system used for calculation of the
polarization-dependent resonant cross section.

at atom j, and F; and F;_; are atomic properties of the
initial and excited states of the V ions. These are related
to the 3d magnetic moment and the overlap integral. The
coordinate system defined with respect to the diffraction plane
is represented in Fig. 7. w and o represent the electric field
direction of the x-ray polarization parallel and perpendicular
to the scattering plane, respectively. ¢ = k — k' is the wave-
vector transfer, and k and K’ are the wave vectors of the incident
and diffracted radiation, respectively. The sum over magnetic
ions j gives the magnetic structure factor

MEFS = “expliq - ;) fXFS. )
J

Without polarization analysis, the diffracted intensity /XRES
for the different incident polarization is given by

IRES = Mo | + [ Mo, 3)
RS = My |* + | Mo |, @)

EXRES = LMy | + | Moo | + |Morz | + | Mz |?)
+ xIm[Mye MY+ Mpo MY ], (%)

where x = +1 indicates the right circular polarized and x =
—1 represents the left circular polarized incident beam.

The azimuthal angle dependence of the intensity ratio
=12 where th d — signs refer to the sign of d
> Where the + an signs refer to the sign of x , measure
for reflection A atthe L, edge (521.4 eV), is presented in Fig. 8.
The differences in intensity measured with circular light of
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FIG. 8. (Color online) Azimuthal angle (y) dependence of the
intensity ratio ;1;;: of reflection A measured at the main feature of
L, (521.4 eV). Symbols are experimental points, and the solid line is

a fit.
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different helicities are greater at this feature of the L, edge, as
shown in Fig. 5. This ratio, also called the figure of merit, is
more precise than the azimuthal angle dependence measured
with only one polarization, since it corrects for systematic
experimental errors due to the elongated shape of the peaks.

In terms of the linear polarized radiation, the figure of merit
of circular light is given by

=1 20m(Myro MY, + Moo M2,

= . 6
I++I_ |M0’0|2+|M7T’0|2+ |Mo’r:|2+ |Mrr’rr|2 ( )

In Fig. 8 one can see that for ¥ =~ 0 the intensity
ratio is 0. Assuming a single magnetic moment rotating
for consecutive atoms, %(w =0) =0 is only possible
for a magnetic spiral in the u,u3 plane, which for ¢ =0
corresponds to the bc plane of the monoclinic structure. In
this case the moment direction at ¥ = 0 can be expressed as

Y = uy cos(t - rj) + ussin(t - rj). To calculate the azimuthal

Z:
J
angle () dependence, one needs z;(v), given by

cos(¥) sin(y) O
zj() = | —sin(y) cos(¥) 0]2z% (7)
0 0 1

The cross terms of polarization in Eq. (1) give o/ x 0 =
0, o'’ xm =Kk, / xo=-K, and n/ x t =Kk’ x k. The
incident and diffracted wave vectors can be expressed as k =
uy cos(9) +usz sin(@) and K’ =7y cos() — w3 sin(9). Using
these terms and the expression of z;(¥) [Eq. (7)] in Eq. (2),
we obtain
P w
I+ 1-
sin(6) sin(26) sin(y)

*3 sin2() + 2 cos2(0) cos2(y) + sin?(20) sin2(y)

®)

The data measured at the L, edge have been fitted with
this model, which closely reproduces the azimuthal evolution
of %(W), as shown in Fig. 8. This means that we have a
magnetic spiral component with moments lying in the bc plane
contributing to the structure factor. This does not necessarily
mean that there is no component of the magnetic moment
along the a axis. However, such components will not have a
helical component.

We can now compare the exact index of the reflections ob-
served here to those observed by neutron powder diffraction.’
In that study, three magnetic reflections were observed. The
first reflection, at g = 0.425 A1 corresponds to the two
reflections observed here. Writing the index with respect to the
commensurate reflection (0 % 0), we have (0 % — 8k £ 8)m»
with §; = 0.033 and §;, = 0.031. The second reflection, at

g =0.74 A~!, can be indexed as (1 1 + & & &)y Finally,

the third reflection, atg = 1.17 A~1 can be indexed as © % —
8r 2 — &;)m- All these reflection are represented in Fig. 9.
The reflections (1 1+ 8 2+£8)y and (0 1 —& 2+ 8)u
are additionally represented (open symbols); although it is
out of the range of both experiments, they follow the same
“pattern” as the other reflections. The SL reflections could be

written in a general form as (2h @ — 8 2l £6)y and

(h+1 % 45 214 6)y. If this indexation is correct,
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FIG. 9. (Color online) Reciprocal lattice representation of the
reflection observed in the present work [filled (red) square] and
reflections following the same pattern that fit the neutron powder
diffraction study by Nakamura et al.® (filled squares) and extrapolated
positions (open squares).

with double peaks at +§; for all the reflections, this would also
mean that the A and B reflections are not simply magnetic
twins.

Based on this indexation, we have created an approximate
magnetic model that reflects the main interactions present
in the system. A sketch of this simplified magnetic model
is shown in Fig. 10. For this proposed model we make
8y =6 =0 in the generalized reflection indexes, which

corresponds to (h @ 20)py. The moments were drawn in
the bc plane. The value k = 2"2—“ corresponds to a double-unit
cell for the magnetic structure in real space, which implies
an antiferromagnetic interaction in the b direction. Having
reflections at 2/ indicates a periodicity of half of the unit
cell along ¢ of the magnetic structure. Since there are four
vanadium atoms along the ¢ axis, this indicates that V2 and
V4 atoms must have a ferromagnetic interaction along c. The
same is true for V1 and V3, but they must have different
magnetic moments than V2 and V4.

However, from our analysis, it is not possible to predict
the interaction between V2 and V4, or between V1 and V3,
inside the ab plane. This means that it is not possible to predict
the coupling of the vanadium chain from the corners with
respect to the center one shown in Fig. 10. The exact direction

e
E"""‘-:.;’ V4

FIG. 10. (Color online) Sketch of a simplified magnetic model of
the V moments in BaVS;.
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of the magnetic moments and its electronic states, which
seem very complicated, will have to await larger, high-quality
monodomain crystals being obtained, thus allowing further
polarized neutron and/or hard x-ray studies.

The orbitally ordered model proposed by Fagot et al.'?
(see Fig. 1 there), suggests that V1 and V3, along the ¢ axis,
have different orbital types, Ay, (df) and E,, respectively.
However, different electronic states within the pairs of V1,V3
or V2,V4 would lead to unequal magnetic moments, in both
size and direction, and, correspondingly, nonzero intensities
for reflections with / = 1, which have so far not been observed
in the neutron experiment.

Itis also interesting to compare our results to the theoretical
prediction from DFT calculations.”>?* A magnetic model has
been proposed having antiferromagnetic order (interaction)
along the a and b axes, inconsistent with the observed
reflection. The proposed pure ferroelectric interaction along
the ¢ axis would also allow reflections with / =2n + 1. A
very recent resonant x-ray study’* claims that the magnetic
moments lie along the a axis but provides no further informa-
tion on the coupling along c. This interpretation is based on
the azimuthal angle dependence of the magnetic reflection
using linear polarized light and the assumption of having
a single type of magnetic site. Our data, with significant
spectral changes for different azimuths, give a clear indication
of different electronic and magnetic states, invalidating this
assumption. It also shows that the azimuthal angle-dependent
intensity ratio taken with different polarizations does depend
on the energy. This might be one of the reasons for the relatively
poor agreement between the calculated and the observed
spectral shapes of the reflection presented in that study. Finally,
we note that in these types of studies we are looking at a
single reflection (here with 2 = 0 in the monoclinic cell). Such
single reflections could be insensitive to some of the magnetic
components of the magnetic structure due to its particular
Miller indexes.

IV. CONCLUSION

Resonant soft XRD was used to study the low-temperature
phase of BaVS; (T < Tx ~ 30 K). The polarization depen-
dence of the signal points to a magnetic origin of the signal,
showing that Tx = Ty. The different energy dependencies
of the incommensurate reflections with different incident
polarizations suggest different electronic contributions to
the signal. This confirms that the individual V ions are in
different electronic states. The azimuthal angle dependence
measured with circular polarization evidences a magnetic
spiral component with vanadium magnetic moments lying in
the bc plane. A simplified magnetic structure model, based on
the presented x-ray and previous neutron results,® is proposed.
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