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Antiferroelectric lattice distortion induced by ferroquadrupolar order in DyVO,
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The effects of quadrupolar order on structural, magnetic, and dielectric properties have been investigated for
DyVOy. Our detailed structure analysis demonstrated that the cooperative Jahn-Teller effect associated with 4f
ferroquadrupolar order causes the displacement of oxygen ions surrounding a Dy ion, which makes the relative
position of a V ion off-center in a VO, tetrahedron. The lattice distortion well explains antiferroelectriclike
anomalies at around the quadrupolar ordering temperature. We also report the Jahn-Teller domain control
giving rise to a remarkable magnetocapacitance effect by applying a small magnetic field (~0.1 T).
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There has been an upsurge of interest in magneto(di)elec-
tric phenomena in localized electron systems involving mul-
tiferroics in which magnetic and ferroelectric orders coexist
and couple with each other.! The nomenclature “multiferro-
ics” was originally coined for materials in which two or all
three ferroic orders (ferroelectric, ferromagnetic, and fer-
roelastic) coexist in the same phase.?? Besides these three
orders, the ordering of quadrupole moments in d and f elec-
tron systems has also received much attention for many
years.*> When the quadrupolar interaction couples with the
crystal lattice, the cooperative Jahn-Teller (JT) effect arises.
Typical examples showing the JT effect induced by the qua-
drupolar interaction are rare-earth zircons such as TbVO,
and DyVO, [Fig. 1(a)]. These rare-earth zircons undergo the
JT transition from the I4/amd tetragonal to an orthorhombic
structure at T, which is associated with the ordering of 4f
quadrupole moments of the rare-earth ions. There have been
extensive studies on the spontaneous structural phase transi-
tion of the JT nature (quadrupolar ordering) in these rare-
earth zircons for more than four decades.5!3

In DyVO,, the ground state of the Dy>* (4/°, °H,s,) ion is
a near accidental quartet consisting of two Kramers doublets
(J=%, J,==J) and |J=%, J,==J)) above Tp=14 K
while these doublets are split by the JT distortion below
Tp.*7 The pairs of states |+J,) and |+J,) have 4f electron
clouds in the shape of flat pancakes and correspond to elec-
tric quadrupoles. Thus, the quadrupolar order parameter is
proportional to the expectation value of the quadrupole op-
erator Q,=a,0,), where «; is the Stevens parameter and
02=J)2C—J§. A ferroquadrupolar order, as illustrated in Fig.
1(b), appears below T, and causes the lattice distortion along
the [100] direction (B, strain, y-symmetry distortion).'®!?
The lower-lying doublet is magnetically highly anisotropic
and Ising type in character, which makes the JT transition
controllable by magnetic fields. It is also known that the
electric susceptibility y shows remarkable anomalies accom-
panied by the ferroquadrupolar order.!"'2 The in-plane elec-
tric susceptibilities x, and x; show little temperature depen-
dence above T, but change substantially below T}, and the
difference between y, and y;, was believed to be proportional
to the order parameter. On the other hand, y along the ¢ axis
(x.) exhibits Curie-type behavior above Tj, and a prominent
cusp at Tp, which is reminiscent of an (anti)ferroelectric
transition. To explain the temperature dependence of y,,
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Unoki and Sakudo proposed the antiferroelectricity driven by
the soft B, strain mode related to the ferroquadrupolar
order.'?

Unlike the case of TbVO,, the mean-field approximation
cannot describe the quadrupolar effects in DyVO, in which
strong short-range interactions arise through the coupling of
the Dy electronic levels to optical-phonon modes.”® There-
fore, a correlated effective field (CEF) theory considering the
short-range interactions has been applied to explain the ef-
fects of the quadrupolar order on magnetic and dielectric
properties in DyVO,.!%!! The order parameter of quadrupo-
lar interaction is indispensable for the analysis. However,
most of the previous studies derived the order parameter
from the assumption that the in-plane anisotropy of x, x,
—Xp» Or that of the birefringence was proportional to the or-
der parameter. To date, there have been few systematic ex-
perimental studies which directly observed the order
parameter.'®> To verify the validity of the previous discus-
sions, we investigated the crystal structure of DyVO, in de-
tail by means of in-field synchrotron x-ray diffraction mea-
surements and obtained the order parameter of quadrupolar
interaction in various temperature (7) and magnetic field (B)
conditions. The obtained order parameter was used to ana-
lyze the magnetization and the electric susceptibility in the
framework of the CEF theory. Furthermore, we report on the
complete crystal structure of the low-7 orthorhombic phase
and present direct evidence of antiferroelectric lattice distor-
tion induced by the ferroquadrupolar order in DyVO,.

We grew transparent yellowish single crystals of DyVO,
by the floating-zone method, following Ref. 18. X-ray dif-
fraction (XRD) measurements of the obtained single crystals
were performed at the beamlines BL-3A and 8B of the Pho-
ton Factory, KEK. For the crystal structure analysis, oscilla-
tion images using an 18 keV x-ray were captured by an im-
aging plate (IP) Weissenberg camera. The crystal was cooled
by a closed-cycle He refrigerator in which a permanent mag-
net was placed near the crystal to remove orthorhombic twin
domains below T, by applying a small B (~0.09 T). For the
image data processing of digital IP data and structure refine-
ment, the programs RAPID (Rigaku) and SHELX (Ref. 19)
were used. Additionally, to investigate the effect of B on the
order parameter and the domain rearrangement, in-field XRD
measurements using a 14 keV x-ray were performed in an 8
T superconducting magnet. For these measurements, the
crystal was oriented with the [100],,,,, and the [001],,,,, axes
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FIG. 1. (Color online) Crystal structure of DyVOy,. (a) Unit cell.
(b) The projection along the ¢ axis of the quadrupolar-ordered crys-
tal structure below Tp. (c) The JT distortion in a unit cell. Dashed
lines represent crystal structure in the high-7 phase. Ellipses sur-
rounding Dy ions in (b) and (c) indicate the schematic views of
pancakelike charge distributions of 4f electrons. Thick arrows in (a)
and (c) denote the direction of the local electric polarization in the
respective VO, tetrahedra.

in the scattering plane, and B was applied parallel to
[010],.;,4» Where the suffix fetra denotes the tetragonal nota-
tion. Oscillation photographs around (800),,,,,, and thereby
(800) and (080) in the orthorhombic phase, were integrated
into 26 profiles to obtain the lattice parameters a and b. The
order parameter defined as the B, orthorhombic distortion,
£Y=72(a—=a,p114) | Arp1rq» Was determined from the measured
values of the lattice constant a. The magnetization, the elec-
tric susceptibility at 1 kHz, and the electric displacement at
375 kV/m were measured in superconducting magnets by
using a commercial magnetometer, an LCR meter, and an
electrometer, respectively. For all the in-field measurements,
B was applied along the [010],,,,, direction.

Figure 2 shows T variations in (a) the order parameter &7,
(b) the magnetization M, and (c) the electric susceptibility
along the c¢ axis y, at several magnetic fields. First, we focus
on the experimental data in the absence of B. A finite &”
appears below Tp=14 K, which is attributed to the JT tran-
sition, i.e., the ferroquadrupolar ordering. Accompanied by
this transition, M and x. also show anomalies. The onset of
the transition was observed as a weak enhancement of M and
a sharp cusp in x, at Tj. Another characteristic in x, is (an-
ti)ferroelectriclike behaviors including a Curie-type T depen-
dence above T and a sudden drop below T, which is con-
sistent with the results reported previously.'"'> The
application of B makes &” finite even above T}, and stabilizes
the low-T phase. With increasing B, € increases above T},
while it remains constant at temperatures well below 7).
This is because the Zeeman splitting induced by the applica-
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FIG. 2. (Color online) Temperature variations in (a) order pa-
rameter, (b) magnetization, and (c) electric susceptibility along the ¢
axis at several magnetic fields for single crystals of DyVO,. Mag-
netic fields were applied along [100];,;,,- Solid curves show the best
least-squares fit of CEF theory to the experimental data points.

tion of B promotes the alignment of J and the associated
quadrupolar ordering. Above Tj,, M (x,.) drastically increases
(decreases) in accordance with the enhancement of the order
parameter by applied B.

To describe the observed T and B variations in €, M, and
X, we employed the CEF theory of the Ising model.'®!! In
the CEF theory, the T dependence of the normalized order
parameter o and the correlation parameter « is obtained from
the self-consistent solutions of the equations,

o=tanh[BJ (1 — a)c], (1)

a={(g/[1-BI'(1-)(¢,~a)l),, 2)

where J' is the total JT coupling and (:--), denotes
N'Z,(--+). Following the analysis described in Ref. 11, we
also used the parametrized form of ¢, given in Ref. 10. In
the presence of B along b (or a) which causes the Zeeman
splitting, the normalized order parameter o and the normal-
ized magnetization m can be written as

o=1-2/exp[28J' (1 — a)o]|cosh(BH,,) + 1}, (3)
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TABLE 1. Structural parameters of DyVO, at 20 and 13 K.
Atomic positions for the [4,/amd symmetry are, for Dy,
4b(5.5.5) Vi 4a(2,4, 3), and O, 16h(x,4,z) and for Imma
symmetry Dy, 4e(0,4,z) Vv, 46(5,2,5) 0Ol, 81(x,4,z) and 02,
81(0,y,z). The positions of O1" and O1” are shown in Fig. 1(c).

T 20 K 13K
Space group 14,/amd Imma

a (A) 7.1343(16) 7.1479(13)
b (A) 7.1247(16)
c (A) 6.2950(15) 6.2956(11)
R1 (%) 2.60 221
Dy z 0.87479(4)
0l x 0.3160(4) —0.1846(3)
Ol z —0.5450(2) 0.5466(3)
02y 0.4346(6)
02z 0.1987(3)
Dy-01' (A) 2.310(3) 2.294(4)
Dy-01" (A) 2.458(2) 2.427(3)
01'-Dy-01" (deg) 70.31(6) 68.80(9)

1
m=2(1+ o)tanh(BH,,). (4)

Here H M:%g,u,B(B+Bdm) in which B, is the correction field
for the demagnetization effect. These equations can be
solved self-consistently, and the equilibrium values of o, a,
and m can be obtained as functions of 7 and B. Additionally,
X. can be written as

Xe= XO[l - (‘I; - ,U,u)gfz]/(l - ugr ) (5)

“=B(1 =)/l +al B -], (6)

where xq, J., and u, are treated as fitting parameters. To
compare our experimental results with those of the CEF
theory, we first obtained o as functions of 7 and B by fitting
the experimental results of € at various 7 and B. Next, using
the obtained o, we fit the experimentally obtained M and y,
from Egs. (4) and (5), respectively. Solid lines in Fig. 2 show
the best least-squares fit of the CEF theory and reproduce the
experimental results well. The results confirm that dielectric
and magnetic properties can be completely described by the
order parameter in this system.

The fundamental crystal structure of DyVO, is composed
of alternating VO, tetrahedra and DyOQy triangulated dodeca-
hedra connected over common edges, as illustrated in Fig.
1(a). Table I gives lists of the final refined parameters ob-
tained from the crystal structure analysis for the data at 20
and 13 K. The obtained space groups, /4,/amd above T, and
Imma below Tp, are consistent with the previously reported
symmetry. In the I4,/amd tetragonal phase, a Dy ion has
four nearest-neighbor O ions and the four Dy-O bond lengths
are equivalent. In addition, all four V-O bond lengths in a
VO, tetrahedron are also equivalent and the V ion is seated
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FIG. 3. (Color online) Magnetic field dependence of (a) relative
intensity of the (800) peak, (b) magnetization, (c) magnetocapaci-
tance, and (d) electric displacement measured in an applied electric
field at 5 K for single crystals of DyVO,. Magnetic fields were
applied along [100],,,,,. Inset of (a): the (800)/(080) Bragg reflec-
tion profiles at selected B in the increasing B run. Inset of (c): T
profiles of x, and x,, at 0.2 T.

at the center of gravity in the tetrahedron. These configura-
tions change in the /mma orthorhombic phase in which there
are two nonequivalent oxygen sites.

We plot in Fig. 1(c) the detailed deformations of alternat-
ing VO, tetrahedra and DyOg dodecahedra in the Imma
orthorhombic phase. Both Dy-O1’ and Dy-O1” bonds lying
in the bc plane shorten, and the O1’-Dy-O1” bond angle
becomes smaller below Tp. It is natural to consider that the
observed deformation of the DyOg dodecahedra arises from
the ferro-ordering of a pancake-shaped quadrupole which is
illustrated as an orange ellipse (circle) in the left (right) panel
of Fig. 1(c). Since the DyOg dodecahedra are connected with
the VO, tetrahedra over common edges, the deformation of
the DyOg dodecahedra also causes that of the VO, tetrahe-
dra, as illustrated in Fig. 1(c). As a consequence, the gravity
of the four oxygen ions in a VO, tetrahedron shifts slightly
along the ¢ axis, and then the relative position of the V ion is
off-centered in the tetrahedron, which creates a local polar-
ization along the ¢ axis. The directions of the local polariza-
tion in the respective VO, tetrahedra align alternately be-
tween adjacent tetrahedra, as denoted by thick arrows in
Figs. 1(a) and 1(c). Thus, the low-T structure obtained here
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demonstrates that the ferroquadrupolar order on Dy sites
drives the antiferroelectric lattice distortion related to the de-
formation of VO, tetrahedra and well explains the antiferro-
electriclike behavior in y,.

Finally, we present the structural domain control giving
rise to a remarkable magnetocapacitance effect by applying a
relatively small B (~0.1 T) below Tj. Orthorhombic twin
domains develop below T, and can be detected by a splitting
between the (800) and the (080) Bragg peaks, as shown in
the inset of Fig. 3(a). At 0 T, both peaks are present. When B
is applied, the intensity of the (800) and the (080) peaks
suddenly increases and decreases at around 0.1 T, respec-
tively. Above ~0.15 T, the (080) peak completely vanishes
while the intensity of the (080) peak is saturated, which
means the crystal becomes a single domain. Once the crystal
is detwinned, it remains a single domain even after the re-
moval of B [blue open circles in Fig. 3(a)]. This result con-
firms that B applied along one of the distortion directions
produced a single domain crystal, and the crystallographic
distortion can be switched to the other possible direction.
The structural switching, that is, the rearrangement of quad-
rupole, is triggered by a B-induced 90° rotation of J, which
can be observed as a sudden jump of M [Fig. 3(b)].

We observed a remarkable magnetocapacitance effect ac-
companied by the switching. As shown in Fig. 3(c), the ap-
plication of B induces a fairly large suppression of the
sample capacitance C at around 0.1 T. Before this measure-
ment, we first made the sample a single domain by applying
B and then removed B. Subsequently, we measured C along
the a axis as a function of B applied along the b axis. The

PHYSICAL REVIEW B 82, 012103 (2010)

change in C is ascribed to two contributions: the change in
capacitor dimensions, i.e., the difference between a and b,
and the change in the sample permittivity, i.e., the difference
between x, and y;. The former and the latter contributions
account for about 10% and 90% of the observed change in
C."! For reference, we show in the inset of Fig. 3(c) T pro-
files of x, and ), which are obtained by considering the 7
dependence of a and b. The B-induced change in C naturally
causes that of electric displacement D. Figure 3(d) shows the
B dependence of D measured at an applied electric field E of
375 kV/m. In accordance with the structural switching at
~0.1 T, a sudden change in D is observed. This remarkable
change in D observed at the domain switching in DyVO,
resembles the magnetoelectric effect in multiferroics, though
the application of E is needed for the present observation.

In summary, we examined the effects of the ordering of
quadrupole moments (Jahn-Teller transition) on structural,
magnetic, and dielectric properties in a 4f electron system,
DyVO,. Our experimental results are well explained by the
analysis based on the correlated effective theory. Further-
more, we demonstrate an antiferroelectric lattice distortion
induced by the ferroquadrupolar order and magnetically con-
trollable dielectric properties through the magnetic control of
the Jahn-Teller order parameter and domain structure.
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