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Manipulating 4f quadrupolar pair-interactions in TbB,C, using a magnetic field

A. M. Mulders,"?3 U. Staub,' V. Scagnoli,! Y. Tanaka,* A. Kikkawa,* K. Katsumata,* and J. M. Tonnerre’
ISwiss Light Source, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
2Department of Imaging and Applied Physics, Curtin University of Technology, Perth, Western Australia 6845, Australia

3The Bragg Institute, Australian Nuclear Science and Technology Organization, Lucas Heights, New South Wales 2234, Australia
4RIKEN SPring-8 Center, Harima Institute, Sayo, Hyogo 679-5148, Japan
SCNRS Grenoble, 38042 Grenoble Cedex 9, France
(Received 22 December 2006; revised manuscript received 30 April 2007; published 30 May 2007)

Resonant soft-x-ray Bragg diffraction at the Tb M, s edges and nonresonant Bragg diffraction have been
used to investigate orbitals in TbB,C,. The Tb 4f quadrupole moments are ordered in zero field below Ty and
show a ferroquadrupolar alignment dictated by the antiferromagnetic order. With increasing applied field along
[110], the Tb 4f magnetic dipole moments rotate in a gradual manner toward the field. The quadrupole moment
is rigidly coupled to the magnetic moment and follows this field-induced rotation. The quadrupolar pair-
interaction is found to depend on the specific orientation of the orbitals as predicted theoretically and can be

manipulated with an applied magnetic field.
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I. INTRODUCTION

Correlation between conduction electrons and electronic
orbitals leads to interesting materials properties such as
metal-insulator transitions, colossal magnetoresistance, and
superconductivity. Aspheric electronic orbitals, characterized
by their quadrupole moment, may order and cause partial
charge localization of the conduction electrons! or mediate
coupling between Cooper pairs.> Orbital order in f-electron
materials is dominated by coupling with the lattice
(Jahn-Teller) or by indirect Coulomb interactions via the
conduction electrons. That the latter can be important for
intermetallic compounds was established theoretically,>* but
detailed experimental knowledge is limited due to the diffi-
culty observing the associated orbital excitations. A recent
neutron-diffraction study provided evidence of a modulated
quadrupolar motif in PrPbs, believed to be a direct conse-
quence of indirect Coulomb interactions exhibiting oscilla-
tory nature.’ The large orbital momentum of the f electronic
shell also gives rise to a significant influence of higher mul-
tipole moments and may lead to hidden order phase transi-
tions as demonstrated in the extensively studied URu,Si,.®
Therefore, it is important to understand the quadrupolar and
higher-order multipole pair-interactions in these materials.

Quadrupolar order has been successfully investigated us-
ing neutron scattering in applied fields where induced mag-
netic moments reveal the underlying quadrupolar arrange-
ment or motif. In addition, the relatively weak nonresonant
x-ray-diffraction intensity of the quadrupole moments can be
observed using synchrotron techniques allowing a direct de-
termination of orbital motifs.”8

Resonant x-ray scattering at the L,; edge provided the
first proof of the orbital motif in DyB,C,.%!° TbB,C, is pro-
posed to exhibit a transition from antiferromagnetic (AFM)
to antiferroquadrupolar (AFQ) order in an applied magnetic
field'! and is therefore an interesting candidate for investiga-
tion of its orbital interactions.

A magnetic field is time odd and cannot couple to quad-
rupole moment, which is time even, but nevertheless in
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TbB,C, the ordering temperature increases to 35 K, well
above Ty=21.7 K, in an applied magnetic field of 10 T.
Consequently, the interplay between dipole (time-odd) and
quadrupole (time-even) moments can be readily investigated.
Neutron-diffraction studies revealed similarities between the
magnetic structure in applied fields and the magnetic struc-
ture in the combined AFQ and AFM phase of DyB,C,.!?
To test the suggested field-induced quadrupolar ordering,
we have investigated TbB,C, in an applied magnetic field H
with x-ray scattering techniques. We show that orbital order
is present in the AFM phase of TbB,C, at zero field, how-
ever, with ferroquadrupolar alignment, which is dictated by
the AFM structure. The quadrupoles are rigidly linked to the
magnetic dipole moments and rotate with H along the [110]
direction. We show that, due to this rotation, the quadrupole
pair-interactions become stronger with applied field.

II. EXPERIMENT

A single crystal of TbB,C, was grown by Czochralski
method using an arc furnace with four electrodes. Samples
were cut and polished perpendicular to the [001] direction.
The (OO%) reflection was recorded at the Tb M, 5 edges of
TbB,C, at the RESOXS end station of the SIM beamline at
the Swiss Light Source of the Paul Scherrer Institut. A per-
manent magnet provided a field of 1 T parallel to the [110]
direction in the scattering plane. In addition, nonresonant
x-ray Bragg diffraction of the (01 %) and (11 %) reflections was
performed at the BLI9LXU beamline at SPring-8 with
30 keV x rays using a Ge solid-state detector to eliminate
higher-order harmonics. A cryomagnet provided H along the
[110] direction. Structure factors were derived from the inte-
grated intensity, corrected for polarization, Lorenz factor, ab-
sorption, and sample geometry.

II1. RESULTS

The energy dependence of the (OO%) reflection recorded at
the Tb M, s edges in zero field is shown in Fig. 1(a). The
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FIG. 1. Energy profile of the (OO%) reflection at the Tb M, 5
edges in TbB,C, in (a) zero field and (b) applied field of 1 T along
[110], recorded with o or 7 incident radiation at 11 K.

incident polarization is chosen either perpendicular to (o) or
in the scattering plane (), while the sum of both transmitted
polarizations (o', 7’) is recorded. While polarization analy-
sis has been developed recently for the 3d L, 3 edges,'>!*
analyzer efficiency at the Tb M, s edges is too low for the
current experiment. A significant part of the scattered inten-
sity is due to the total reflectivity of the polished sample. The
(OO%) intensity disappears around 23 K consistent with the
magnetic ordering temperature, and its energy profile is in-
dependent of sample rotation about the Bragg wave vector.
In contrast, the diffracted intensity with H=1 T, along the
[110] direction, shown in Fig. 1(b), is much stronger and
strongest for incoming o radiation. The energy profile is in-
dependent of temperature and the (00%) reflection vanishes
above 22 K.

Nonresonant Bragg intensities have been recorded for
various (Olé) and (11%) reflections as function of tempera-
ture and applied field. In zero applied magnetic field, the
(Oli)—type reflections are observed below 21 K while the
(115)-type reflections are absent. The temperature depen-
dence of the (01%) and (1 1%) reflections has been recorded at
applied field of 5 T, while the magnetic-field dependence
was recorded at 15 and 27 K. The intensity of the (1 1?) is
zero at zero field and that of (01%) is very weak compared to
its intensity in applied magnetic fields.

Figures 2(a) and 2(b) show the structure factors that relate
directly to the order parameter, obtained from the integrated,
nonresonant Bragg intensities of the (01%) and (11%) reflec-
tion as a function of applied field. In the AFM phase, at
15 K, the structure factors show a linear increase for applied
fields below 1.5 T. In the paramagnetic phase, at 27 K, the
ordered phase is entered above 3 T. The (01%) reflection ap-
pears at 3.2 T, while the (11%) reflection appears at 3.5 T.
However, the evolution of the structure factor with increas-
ing field is smooth for both reflections without a hint of a
phase transition at 3.5 T for (01%). A similar behavior is ob-
served as function of temperature in an applied field of 5 T
(not shown). The intensities of (01%) and (11?) show a
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FIG. 2. Structure factor of the (01%) and (11%) reflection as
function of applied magnetic field recorded with 30 keV at
(a) T=27 K and (b) T=15 K. (c) and (d) show the deduced angles
of Tb 4f orbital rotation as defined in Fig. 3.

smooth decrease with increasing temperature and disappear
above 30 and 29.5 K, respectively.

IV. DISCUSSION

First we discuss the nonresonant Thomson Bragg diffrac-
tion results [Figs. 2(a) and 2(b)] and demonstrate that the
quadrupole moment follows the magnetic-moment rotation
in applied fields. It is remarkable that the temperature and
magnetic-field dependences of the structure factor of both
the (01%) and (11175) reflections are smooth while their tran-
sition temperatures are different. A structural transition with
alternating displacements of the B and C atoms gives inten-
sity in both types of reflections’ and cannot account for the
present observation of intensity at (01%) and the absence of
intensity at (1 1175) Magnetic, or time-odd, x-ray diffraction is
generally weak and does not explain the magnitude of the
observed intensity. We conclude that the scattering arises
from time-even x-ray diffraction, i.e., from the aspheric
charge distribution of the 4f shell, as such scattering can be
significantly more intense.®

To determine the Thomson structure factor, it is assumed
that the Tb ion on each site has the same charge distribution
except for its specific orientation. Using the formalism for
nonresonant time-even scattering of Lovesey et al.,'> we de-
duce that two independent Tb ions contribute and obtain the
following for the structure factors:

Fiil o =2[sin(2¢) —sin(23) KQ11L), (1)

Fm% * [cos(2¢) — COS(2¢3)]<Q01%>’ (2)

when the Miller index [/ equals an odd integer. The principal
axis of the 4f orbital at atom # is canted in the ab plane with
respect to the [100] direction with angle ¢,. (O is the
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=
Te=21K Ty=21.7K

(@)

expectation value of the Tb 4f time-even multipolar moment
for a given field, temperature, and Bragg wave vector k
:(kavkb’kc):

k; —
(Quid) = SG2W3 +3V3G) W3 - 182 WS, (3)

Kk —
<Q01%> o« <Q11%> + k—ﬁv’21<i4>‘1’4, (4)

where ‘lfg is a structure factor of the chemical unit cell that is
a linear sum of the atomic tensors (qu) that describe the
asphericity of the Tb 4f electronic shell, where (T%) equals
the quadrupole moment, (7‘2‘) the hexadecapole moment, and
(TS) the hexacontatetrapole moment. (), (j4), and (jg) are
Bessel function transforms of the radial distribution of the 4f
electronic charge. In Egs. (3) and (4), (k./k)>~1, and we
neglect higher-order terms (k,/k)* and (k,/k)® as k,/k<1.
We discuss the configuration of the quadrupoles, but the
order of the higher multipoles may alter also. When the 4f
quadrupoles are aligned along [110] (¢1=¢3=%7T) as drawn
in Fig. 3(b), FOI% and F”% are both zero. When the 4f

quadrupoles tilt toward the applied field with angle
6 (¢1=%W+ o ¢3=%7T— ), Fig. 3(c), Fmé is finite and Fné
remains zero. Neutron diffraction shows that in the AFM
phase, the dipole moments tilt away from (110) with angle A,
Fig. 3(d) (¢1=%77—A; ¢3=%W—A).16 In this case, both Fo1%
and F 11% are zero in zero field, while under an applied field,

Fig. 3(e), both become finite (¢=37—A+8 ¢y=2m—A
-9).

Consequently, at 27 K, between H=3.2 and H=3.5 T, the
magnetic and quadrupolar structure of TbB,C, is character-
ized by phase Ila. The quadrupoles are aligned parallel to
[110] as illustrated in Fig. 3(b) and are tilted in applied field
as illustrated in Fig. 3(c). Above 3.5 T, the compound is
characterized by phase IIb. The quadrupoles are tilted away
from the [110] direction and neighboring atoms in the ab
plane are tilted in opposite directions, as illustrated for
H=0 in Fig. 3(d) and for H#0 in Fig. 3(¢). We show the
phase diagram schematically in Fig. 3(a) and define a reori-
entation temperature Ty by the boundary between phases Ila
and IIb. Resonant scattering at the Tb L; edge has shown a
difference of ~0.7 K in ordering temperature between (102)
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FIG. 3. (a) Phase diagram of
TbB,C, with magnetic field ap-
plied along [110]. (b) and (c) illus-

trate the orientation of magnetic
moments (arrows) and quadrupole
moments (ovals) in TbB,C, in

phase Ila in zero field and under
applied fields, respectively. (d)
and (e) illustrate phase IIb under
the same conditions.

and (10%) reflections.!” The structure factor of the (102) re-
flection has a similar form as the (ll%) reflection and con-
firms the occurrence of phase Ila succeeded by IIb upon
cooling in zero field.

Multipole moment rotation in an applied field is linear for
small & and A [see Eq. (1)], hence the linear increase of the
structure factor as observed at 15 K [see Fig. 2(b)]. The mag-
netic moment of the 4f shell tilts toward the direction of the
magnetic field and the time-even multipole moments follow
accordingly, giving the observed contrast. This shows that (i)
the coupling between magnetic and quadrupole moments is
rigid and (ii) the orbitals are already ordered in zero field,
although with a ferroquadrupolar alignment. This is consis-
tent with the result in Fig. 1(a) as the ferroquadrupolar align-
ment in zero field does not contribute to scattering at (OO%),
whereas in an applied field, due to the orbital rotation, time-
even scattering dominates [Fig. 1(b)]. It is also in agreement
with resonant x-ray diffraction at the Tb L3 edge, which re-
ports that quadrupoles are ordered below T in zero field.!”
We note that the weak intensity of (01 %) in zero field as well
as the resonant intensity observed around 1230 eV for =
incident radiation in zero field [Fig. 1(a)] indicate a small
deviation from ferroquadrupolar arrangement along c. This
will be discussed later.

The normalized structure factor of (01%) and (1 1%) reflec-
tions at 5 T with 9=</=<17 is presented in Fig. 4. They are
equal within the experimental uncertainty which shows that
W is small [Egs. (3) and (4)]. The solid line corresponds to
Egs. (1) and (3) with W¥3/W¥3=0.5 and ¥$/W3=0.5 and
shows that the intensity can be attributed to time-even x-ray
diffraction. The dotted and dashed lines correspond to the
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FIG. 4. Structure factor of (Olé) and (1 l%) reflections at
B=5 T and T=2 K. The solid line is a fit to Eq. (1), the dotted and
dashed lines represent alternate B and Tb movement along c, re-
spectively, as proposed for DyB,C, by Refs. 9 and 10.
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normalized structure factor of alternate B (Ref. 9) and Tb
(Ref. 10) movements along the ¢ axis, respectively. The lim-
ited range of k makes the determination of \I’Z uncertain, and
we cannot exclude an additional structural component due to
B (or C) movement at 5 and 2 K. However, it is difficult to
envisage how a structural transition can give two transition
temperatures with smooth order parameter as recorded in
Fig. 2(a). Thus, orbital order appears present independent of
a significant structural transition in TbB,C,, verifying that
the orbital interaction is mediated via the conduction elec-
trons. A similar conclusion was reached for DyB,C, from
inelastic neutron scattering.'®

With (Q01%>=<Q11%> for a given field and temperature,

the angle A is deduced from the ratio between Fj;2 and
F 1112_5. In addition, the quantity sin(28){Q follows from

Egs. (1) and (2), and & has been estimated assuming (Q,,) is
constant as a function of field and temperature. Both results
are presented in Figs. 2(c) and 2(d). If {(Q,;,) increases with
H, the actual values for 6 are lower than presented in Fig.
2(d). Nevertheless, the increase in & is gradual as a function
of the applied field and reflects the orbital moment rotation.

The angle A is a result of the competition between the
indirect Coulomb interaction and the magnetic exchange in-
teraction between neighboring ions in the ab plane. The first
interaction favors perpendicular alignment of the quadru-
poles while the latter favors a parallel alignment. An increase
in A is observed with H. This shows that the relative strength
of the indirect Coulomb interaction increases as the quadru-
poles rotate perpendicular to each other in an applied field.
We note that the determination of A is robust against changes
in Q) with applied field.

If the observed nonresonant (01%) intensity in zero field is
of orbital origin, it corresponds to 6=1.0(3)°. In zero field, §
is a measure of the AFQ interaction along c. In applied mag-
netic field along [110], we cannot distinguish between orbital
rotation due to the magnetic moments and an increase in
AFQ along ¢ as both manifest themselves in an increase in 6.

We now discuss the resonant Bragg diffraction results.
The (OO%) diffracted intensity is relatively weak in zero ap-
plied field and appears magnetic in origin as witnessed by
the relatively larger intensity for ar-polarized x rays [Fig.
1(a)]. For scattering due to magnetic moments, oo’ is zero
while 777" is not. The energy profiles shown are expected to
be insensitive to the magnetic structure, not to be confused
with the total intensity that does depend on the magnetic
structure. The drastic change with H indicates the presence
of either an additional component of resonant scattering or a
change in relative contribution of two different components
of resonant scattering. The energy profile recorded in an ap-
plied magnetic field is similar to that recorded for the (OO%)
reflection in DyB,C, in the AFQ phase.'® There, the energy
spectra with its interference like shape has been theoretically
described due to an intra-atomic quadrupole interaction,
which splits the core state. With such an ansatz, information
on higher multipole moments were extracted. Here, we do
not describe the data in such detail. However, the similarities
in the spectra imply that for TbB,C,, under the influence of
an applied magnetic field of 1 T, the (OO%) reflection is domi-
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nated by a quadrupole contribution. This is consistent with
the drastic change in the E2 resonance observed at the L;
edge in applied field.?°

The small nonzero delta in zero fields is consistent with
the resonant intensity observed around 1230 eV for  inci-
dent radiation and zero applied field. This particular energy
range of the spectrum appears to be a characteristic for or-
bital order. Interference between diffractions of magnetic and
orbital origin prevents a simple interpolation between inten-
sities, but nevertheless the magnitude of the intensity around
1230 eV appears in agreement with a 1° misalignment be-
tween neighboring Tb orbitals along c.

We now calculate the resonant scattering amplitudes for
the orbital motif of TbB,C, as drawn in Fig. 3(e). The fol-
lowing symmetry relations between the atomic spherical ten-
sor of the Tb 4f shell <T§>d at site d are identified. The 4f
shell at site 2(4) is a mirror image of the 4f shell at site 1(3)
with reflection plane (0.5a 0.5 0). In addition, its moment
is inverted. Note that applying a magnetic field in another
direction will remove this symmetry constrain and results in
different tensor contributions to the scattering. Correspond-
ingly, a different azimuthal and energy dependence of the
reflection is expected. Following the formalism of Lovesey
et al.'’> we obtain for the structure factor of the (00%) \Iff;
=Edeikd<TqK>d:

Wy =[1- (= DFe " 2KTy)
+ (= D™ [1 = (= XK Tg)", (5)

WE, = (= D1 - (- DX KTy
+ e M1 = (= DTy, (6)

where (Tg) refers to atom 1. K equals 1 and 2 for magnetic
and quadrupolar orders respectively. The 2/m site symmetry
gives K+¢ that is even, -K=¢g=<K, and wK=0.

The scattering amplitude for E1 process with the (OO%)
reflection in the scattering plane equals

F= EQ XfQE dgq(W/Z)eiq'/’\Ifg, (7)
K q

where —g<Q<g, dgq(w/ 2) is an element of rotation matrix
or Wigner D function that rotates the sample to the reference
frame of the experiment and ¢ the azimutal angle. =0°
corresponds to the b axis in the scattering plane. The Bragg
angle §#=45° and cos 20=0°,

F,,,=sin(2¢)A3, (8)
F,,o=—icos 6(sin - cos $)A| — sin 6 cos 2¢A%, (9)

F _F7Tlo's (10)

ormT T

F,, »=1isin26(cos +sin $)A] — 0.5 sin 2¢A3, (11)
where Af is real and equals
A{ = [Re(T}) - Im(T{)](l +c0s 20)
+ [Re(T%) + Im(T{)]sin 26,
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A3 =2Tm(T3)(1 = cos 46) + 2 Re(T3)sin 46.

Re(Tf) and Im(Tf) are the real and imaginary parts of (Tf).
A%=0 for 6=0, and orbital scattering is absent in zero field.
For an azimuthal angle =45°, Egs. (8)—(11) simplify to

F()’/()':A%a
F7T/(T=FO'/7T=07

F,.=i\241 0542,

As Ai is much smaller as A2, the main difference between the
o and 7 incidence spectra is that the o incidence intensity is
expected to be approximately four times larger. This is in
good agreement with the observation, considering that the
azimuthal angle is not better defined than 5° in our experi-
ment. Though the magnetic contribution is small, a closer
look at the spectra shows that it is responsible for the slightly
different shape of the 7 incidence spectra around 1238 eV,
where a broadening of the central peak feature is observed
when compared to the o incident spectra. The resonant dif-
fraction data therefore support the view of a strong induced
orbital signal under applied fields consistent with the non-
resonant diffraction data. It would be desirable to have more
data under different magnetic fields and for different azi-
muthal angles, though this is beyond our experimental
means.

In DyB,C,, the AFQ interaction is strongest along the ¢
axis and a quasi-one-dimensional AFQ interaction has been
reported.?! From resonant scattering, it has been suggested
that the buckling of the B and C sheets accompanying the
orbital order and assisting the AFQ along ¢ actually opposes
the AFQ interaction in the plane, giving rise to the quasi-one-
dimensional behavior.!” Our findings suggest that the AFQ
interaction in the plane dominates in TbB,C, because the
angle of Tb orbital misalignment in the plane equals 4° com-
pared to 1° for out of plane (15 K, zero field).

In phase Ila, the orbitals are aligned as dictated by the
magnetic order, i.e., all 4f orbitals are aligned parallel, also
in the ab plane. This indicates that magnetocrystalline aniso-
tropy is unlikely as the origin of the canting of the orbitals in
phase IIb.

The increase in ordering temperature with applied field!!
is in line with an antiferroquadrupolar interaction which be-
comes stronger when the angle between the orbitals moves

PHYSICAL REVIEW B 75, 184438 (2007)

from parallel to perpendicular alignment. The magnetic mo-
ments interact via the polarized spins of the conduction elec-
trons, while the multipolar moments interact via the charge
density of the conduction electrons. In other words, charge
screening by the conduction electrons changes when the 4f
orbitals rotate, and, consequently, the magnitude of the quad-
rupole pair-interactions changes. This is consistent with the
theoretical framework of Teitelbaum and Levy® where elec-
tric multipole coupling via the conduction electrons depends
on the relative angular positions of the ion cores.

The occurrence of combined AFQ and AFM orderings
below Ty is consistent with the quasidoublet ground state.??
Removal of the degeneracy of a doublet ground state may
account for one phase transition. Relaxation between the two
singlets takes place above Ty, and the magnetic and quadru-
polar moments fluctuate. The increased energy separation be-
tween the two singlets below 7Ty is due to the magnetic ex-
change interaction, but both the magnetic and quadrupolar
moments of the ground state singlet are observed, and this is
illustrated by this study.

V. CONCLUSION

In conclusion, no magnetic-field-induced ordering of qua-
drupoles exists in TbB,C,. The orbitals are already ordered
in the AFM phase in zero field with a ferroquadrupolar motif.
On increasing the applied field along [110], the Tb 4f mag-
netic moments rotate toward the field direction in a gradual
manner. The quadrupole moment is rigidly coupled to the
magnetic moment and follows this rotation. Neighboring
Tb 4f orbitals move from parallel to perpendicular alignment
and the quadrupolar pair-interaction increases, witnessed by
an increase of angle A between neighboring quadrupoles.
This study shows that the quadrupolar pair-interaction de-
pends on the specific orientation of the orbitals as predicted
for indirect Coulomb interaction via the conduction electrons
and can be manipulated with an applied field.
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