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Neutron-Diffraction Study of Quadrupolar Order in TmTe: First Evidence
for a Field-Induced Magnetic Superstructure
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The intriguing phase transition discovered recently in TmTe atTQ  1.8 K is characterized as anti-
ferroquadrupolar by neutron diffraction. In an applied magnetic field, the underlying ordered stru
of the Tm quadrupole moments is disclosed by the appearance of an antiferromagnetic componen
magnetic dipole moments. This induced structure is described by the wave vectork  s1y2, 1y2, 1y2d
for both field directionsH k s111d and H k s001d, but the staggered componentmAF , oriented
along a twofold cubic axis normal to the field, is much stronger (about1.5mB) in the former case.
[S0031-9007(98)06060-8]

PACS numbers: 75.25.+z, 61.12.Ld, 63.20.Kr, 75.30.Kz
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There is currently an upsurge of interest for magne
phenomena in localized electron systems involving an
terplay between spin and orbital degrees of freedom,
well as a coupling to the lattice. Such situations are e
emplified by the orbital order in manganese perovskit
and other related transition-metal compounds [1], by t
Jahn-Teller effect in rare-earth insulators such as zirco
or spinels [2], as well as by quadrupolar interactions in
small class of intermetallicf-electron compounds (TmZn,
TmGa3, CeB6, etc.) [3]. One important common featur
of these systems is the possible occurrence of a phase t
sition below which the electric quadrupole moments ass
ciated with the3d or 4f electron wave functions become
long-range ordered. In the case of rare-earth compoun
to which we will restrict our discussion in the following
it is important to distinguish between insulating mater
als, in which the interactions between quadrupoles ta
place primarily via a virtual exchange of phonons, an
intermetallic systems, where an indirect RKKY-like, in
teraction, mediated by conduction electrons, prevails [
Because quadrupolar moments are described by seco
rank tensor operators, the physics of their ordered sta
is obviously much more intricate than for magnetic dipo
moments. The different types of order found in real mat
rials can be broadly categorized as ferroquadrupolar (FQ
the value of the order parameter is uniform from site to si
and antiferroquadrupolar (AFQ) whenever the structu
presents a staggered character [5]. The first class cont
essentially all insulating materials reported to date, and
majority of the intermetallic systems. On the other han
our experimental knowledge of AFQ order is based on
very limited number of examples. Among them, CeB6 is
of special significance because it is the only case where
AFQ character could be proved unambiguously by neutr
diffraction experiments [6]. However, this compound
not particularly simple, because its low-temperature pro
erties are strongly affected by the Kondo effect of ceriu
and, from the point of view of neutron experiments, b
cause the magnetic moment of Ce is small and the
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sorption cross section of boron rather large, even in is
topic samples. Therefore, the recent discovery of a n
phase transition, suggestive of AFQ order, in TmTe [
has attracted considerable attention. Until then, this m
terial (NaCl structure, space groupFm3m, a  6.357 Å)
was considered a rather ordinary magnetic semiconduc
with a divalent TM11 state (4f13, 2F7y2 configuration)
and a low Néel temperature of about0.4 K [8]. It thus
came as a surprise that specific heat, elastic constant,
thermal expansion measurements on high-quality sin
crystals [7,9,10] consistently show an anomaly at abo
TQ  1.8 K, clearly distinct from the specific heat pea
at TN  0.4 K. The magnetic phase diagram is reminis
cent of CeB6, with a pronounced increase ofTQ in an ap-
plied field for all directions ofH, followed by a decrease
in higher fields forH k s001d only. From the peculiar
shape of this phase diagram and theT variations of the
elastic constants, it was suggested in Ref. [7] that the n
phase belowTQ corresponds to an ordered state of th
Tm quadrupole moments. To confirm this assumption
strong piece of evidence would come from the direct o
servation of a staggered structure by neutron diffractio
However, since neutrons have no significant coupling
quadrupole moments, such a measurement requires the
plication of a magnetic field so that, as was found in CeB6,
the underlying AFQ order may be reflected into the stru
ture of magnetic dipole moments.

In this Letter, we report the first experimental evidenc
that such a field-induced antiferromagnetic structure
deed exists in TmTe, strongly supporting the assumption
an AFQ order in this material. Furthermore, we show th
relevant information regarding the nature of the quadrup
lar order parameter can be obtained from a thorough sy
metry analysis of the magnetic diffraction results.

The measurements were carried out on the two-a
lifting-counter diffractometers6T2 and 5C1 at the re-
actor Orphée in Saclay using neutron wavelengths
0.090 and0.084 nm, respectively, with a primary beam
collimation of 500. Second-order contamination wa
© 1998 The American Physical Society 4779
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suppressed to less than 0.01% by means of an erb
filter. Single-crystalline TmTe was prepared by inductio
melting of high-purity constituents inside a vacuum
sealed tungsten crucible [9]. Two different specimens,
dimensions4 3 5 3 3 mm3 and 4 3 3 3 9 mm3, were
used, respectively, for the measurements withH k s001d
andH k s111d. In the latter case, however, a small mis
alignment was found to exist, essentially caused by a
tation of the crystal by about10± around thes1 21 0d axis.
Experiments were carried out in the temperature ran
betweenTmin  1.7 K and Tmax  10 K. Vertical mag-
netic fieldsH of up to 12 T s6T2d and7.5 T s5C1d were
generated using commercial cryomagnet systems. T
magnetic structure refinements were performed using
programs MAGLSQ and MLSTWN from the Cambridge
Crystallography Subroutine Library [11].

For normalization purposes, the integrated intensiti
(obtained byv scans) of a large number of nuclear re
flections, with scattering angles up to sinuyl  7 nm21,
were measured for both samples in the paramagne
phasesT  Tmax, H  0d. Since all atomic positions are
fixed in the NaCl-type structure, the measured inten
ties were used to refine the overall scale factor and o
correction factorVfac accounting for the intensity loss a
large diffraction angles occurring inv scans in compari-
son withsv, 2ud scans. Both parameters were kept fixe
in all subsequent refinements of magnetic reflections m
sured under the same conditions. Extinction correctio
were not found to improve the quality of the fits and wer
therefore neglected in the following data treatment.

Cooling the sample in zero field toT  Tmin, i.e., below
the transition temperatureTQ reported in Ref. [7], did
not generate any additional superstructure reflections,
agreement with the previous results of Lassaillyet al. [8]
who found magnetic order only belowTN  0.4 K.
On the other hand, the application of a magnetic fie
at T  Tmin resulted not only in the normal increas
of intensity at the nuclear peak positions reflecting th
uniform induced (ferro)magnetic component, but als
in the appearance of a new set of superstructure refl
tions. For both field directions, the induced structu
corresponded to the wave vectork  s1y2, 1y2, 1y2d.
Experimentally, reflections associated with all four com
ponents k1  s1y2, 1y2, 1y2d, k2  s1y2, 1y2, 21y2d,
k3  s1y2, 21y2, 1y2d, and k4  s21y2, 1y2, 1y2d of
the star ofhkj were clearly observed. As an example
the field dependence of thes3y2, 21y2, 21y2d reflection,
associated with the vectork1, is displayed in Fig. 1. Scans
performed systematically along high-symmetry direction
revealed no further peaks at other reciprocal-lattice poin

With increasing temperature, all superstructu
peaks disappeared forT . TQ . The intensities of the
strongest reflections,s3y2, 1y2, 1y2d for H k s001d and
s3y2, 21y2, 21y2d for H k s111d, were monitored as
a function of temperature and applied magnetic fiel
leading to asT , Hd phase diagram in good agreemen
with the specific-heat results of Ref. [7], as shown in th
4780
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FIG. 1. Induced AF Bragg peaks3y2, 21y2, 21y2d for dif-
ferent magnetic fields0.5 # H111 # 7.5 T applied along (111)
at T  1.7 K; inset: magnetic phase diagram of TmTe
open and closed symbols: neutron results forH k s111d
and H k s001d, respectively; solid lines: corresponding pha
boundaries derived from specific-heat measurements (re
duced from Ref. [9]).

inset of Fig. 1 [12]. In particular,TQ initially increases
with H for both field directions, then, aboveH , 5 T,
it becomes nearly constant forH k s111d, whereas it
decreases drastically forH k s001d.

The magnetic origin of the superstructure reflectio
observed belowTQ can be deduced from the considerab
decrease of their intensities at large momentum transf
approximately following the variation of the magnet
form factor of Tm21 [13]. Indeed, this behavior is
just the opposite of what is expected in the case
a structural distortion. Furthermore, especially in th
case ofH k s111d, the peak intensities are quite stron
and the atomic displacements required to account
such values would be unphysical. Therefore, the res
indicate that the uniform applied field actually induce
an antiferromagnetic component of the Tm momen
characterized by the wave vectork  s1y2, 1y2, 1y2d.

Since we are interested in a possible order of quadrup
moments in TmTe, which would result in singling out on
particular direction in each Tm site, it is important not ju
to know the magnetic wave vector, but also to work ou
complete solution of the structure, including the directio
and magnitude of the Fourier components of the mome
This requires the collection of an extensive set of da
at the lowest temperature for reflections associated w
each wave vectork1 to k4. ForH k s111d, measurements
were performed in applied fieldsH  2, 4, 6, and 7.5 T
on 6T2 and H  5 T on 5C1. Even at relatively low
fields sH  2 Td, the intensities of thek1 reflections are
considerably larger than those associated with the ot
three members of the star ofhkj. As H increases, the
former peaks are strongly enhanced, whereas the la
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become even weaker, so that the intensity ratio reach
about 1 order of magnitude forH  5 T. This behavior
suggests a single-k antiferromagnetic structure, in which
eachk vector is associated with onek domain, and should
thus be treated individually.

Out of 140 superstructure reflections collected atT 
Tmin in a field of H  5 T, 59 belonged to the strongk1
domain. Let us concentrate on these data by first cons
ering the simplest cases (the subscript ofk will be omitted
in the rest of this section). The solutionmk k k can be
readily discarded because reflections havingQ k k have
been found to exist. Formk ' k, one needs to consider
the existence of so-called “S domains,” corresponding to
magnetic componentsmAF oriented along different, sym-
metrically equivalent directions, e.g.,s1 21 0d, s1 0 21d,
and s0 1 21d. In the plane perpendicular tok, two sets
of high-symmetry directions exist, namely,s1 21 0d and
s1 1 22d. In the inset of Fig. 2, we have plotted the an
gular factor Inorm, defined as the squared ratio of th
(measured) magnetic structure factor divided by the co
responding (calculated) Tm21 form factor [13], as a func-
tion of the anglea between the scattering vectorQ and
the s1 21 0d direction. A maximum is clearly seen at
a  90±, suggesting that one mainS domain, with a
Fourier componentmks directed alongs1 21 0d, exists and
prevails over the other two symmetry-equivalent domain
corresponding tos1 0 21d and s0 21 1d. In the figure,
the solid line representing the calculated dependence
the angular factor for this domain alone is seen to repr
duce quite well the general shape of the experimental d
points. The agreement can still be improved (especia
regarding the finite intensities measured neara  0± and
180±), by allowing for a minor population of the other
two S domains. The results of numerical refinements

FIG. 2. Field dependence of the componentmAF ; inset:
angular dependence of the normalized intensities of the A
reflections (see text);≤, experimental data; solid line: calculated
angular dependence for a single domain withmks k s1 21 0d.
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the measured squared structure factors support the ab
analysis, as the best reliability factorsR  0.12d was ob-
tained by assuming the threeS domains to have identi-
cal moments, normal to thek vector and oriented along
the k1 21 0l directions, but allowing their relative pop-
ulations to vary. The magnitude of the Fourier comp
nent obtained from the refinement ismAF  1.5mB at
T  1.7 K. The population ratioss65:12:23d confirm that
oneS domain strongly dominates. The orientation matr
actually indicates that thek1 21 0l axis for this domain
was oriented almost perfectly perpendicular to the fie
direction, whereas, for the other domains, its angle w
respect toH was only about80±. A similar treatment
can be applied to the otherk domains, but the analysis is
less reliable because the experimental intensities are m
weaker. The data could be satisfactorily refined with th
assumption that the Fourier componentsmk are again ori-
ented along the twofold axes which are perpendicular
bothH andk (leaving only oneS domain possible in this
case), but alternative solutions cannot be ruled out.

Knowing the changes ink-domain populations, we can
now derive the variation of the staggered compone
mAF in an applied fieldH k s111d from the measured
integrated intensities of the AF peak displayed in Fig.
The resulting curve, normalized to the above value
1.5mB at H  5 T, is plotted in Fig. 2. It exhibits a clear
saturation at about4 T, followed by a plateau, or a slow
decrease, in higher fields.

The value of the field-induced uniform magnetic com
ponent can be derived from the magnetic intensities sup
imposed on the nuclear peaks, using the Tm21 form factor
calculated according to Ref. [13]. The refinement give
a moment of2.6mB for H  5 T. This value, as well
as the field dependence obtained from the neutron da
agrees well with bulk magnetization measurements [
From the above results, the magnetic structure atTmin in
an applied field of5 T can be described as a stacking o
ferromagnetic planes perpendicular to thes111d direction
(same as the field direction in the case of thek1 domain),
with moments ofø3mB tilted alternatively by about630±

out of normal to the plane toward thes1 21 0d axis.
For the other field direction studied,H k s001d, the

reflections associated with all wave vectors, fromk1 to k4,
which are now symmetry equivalent, were found to ha
comparable intensities. On the other hand, this situati
makes it impossible to distinguish between single-k and
the multi-k structures. Quantitative refinements wer
hindered by the weakness of the magnetic signal a
the insufficient number of measured reflections. A roug
estimate based on the data atT  Tmin and H  4 T
gives an antiferromagnetic moment ofmAF ø 0.4mB and
a uniform component of about2.2mB.

At first sight, inducing an AF moment component o
the TM sublattice by the application of a uniform externa
field may look surprising. This, however, merely reflec
the fact that the response of the Tm magnetic mome
to the applied field is constrained by the quadrupole ord
4781
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built up belowTQ. The present results thus confirm the
suggestion of Refs. [7,9], that the phase transition atTQ

occurring in zero field is of AFQ type, with a character
istic wave vectork  s1y2, 1y2, 1y2d. In this respect, a
strong analogy exists between the present compound a
CeB6. In a recent series of papers, Shiina and co-worke
[14,15] have classified possible ordered phases in Ce6
(cubic crystal field with a well-isolatedG8 quartet ground
state) in terms of their symmetry properties, and esta
lished relations between the quadrupole order paramet
and the field-induced dipole moments. In TmTe, the loc
symmetry of the Tm site is also cubic, and recent neutro
scattering results [16] have been ascribed to a crystal-fie
level scheme in which the ground state is againG8, but
the overall splitting does not exceed15 K, as compared
to 540 K in CeB6. If we confine ourselves to the lowest
states within the quartet, the analysis of Ref. [14] is rea
ily applicable to TmTe. In particular, for the field directed
along the (111) axis, three different types of AFQ order ca
be distinguished according to the direction of the induce
staggered component of the magnetic dipole moments.
our case, the measurements performed atH111  5 T in-
dicated that the induced componentmAF is parallel to
s1 21 0d (angular-momentum operatorJx 2 Jy). This is
compatible with quadrupolar order parameters of typesO2

2
and Oyz 2 Ozx . In principle, similar arguments can be
given for other field orientations but, as already mentione
the direction of the induced AF component could not be d
termined in our measurements withH k s001d. However,
if one follows the arguments of Ref. [15] and assume
that the field can be rotated from (111) to (001) inside th
f1 21 0g plane without the system undergoing a phase tra
sition, the (odd) parity of the quadrupole order paramet
with respect to a mirror reflection across the plane mu
be preserved. Among the solutions listed in Ref. [14
this condition leaves only two possibilities, namely,O2

2
andOyz 2 Ozx (linear combination of the degenerate so
lutions Oyz andOzx). The important point is that, in the
former case, the field-induced AF component of the ma
netic moment is predicted to vanish, whereas it shou
exist in the latter case. Thus experimentally, the muc
weaker AF moment measured forH k s001d, as compared
to H k s111d, seems to favor theO2

2 solution. A more re-
alistic model, taking into account the symmetry lowerin
in the ordered phase of TmTe, should clarify this point.
is important to realize that, even though we have been u
ing the analogy between CeB6 and TmTe as a guideline
in the preceding discussion, the microscopic mechanism
responsible for the quadrupole order in these compoun
could be quite different. In TmTe, the role of conduc
tion electrons at low temperature is most likely negligibl
and the coupling is thus expected to take place primar
through the channel of phonons. In CeB6, on the other
hand, despite significant theoretical progress in the und
standing of the phase diagram [14,17,18], the microscop
origin of the so-called “phase II” is not yet fully clari-
fied. In TmTe, more precise experiments are needed
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search for weak structural distortions and the possibility o
anomalies in the lattice dynamics at low temperatur
should be checked in relation with the appearance of th
AFQ phase. The role of quadrupolar interactions in the A
order setting in belowTN , 0.4 K is another important
question, especially since both phases appear to be ch
acterized by the same wave vectork  s1y2, 1y2, 1y2d.
Neutron experiments below1 K are needed to clarify this
point.
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