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Relaxor ferroelectric behavior in Ca-doped TbMnO;
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We have studied the effect of Ca-doping in single-crystal Tb;_,Ca,MnO5(x=0.1) on the crystal and mag-
netic structure, magnetocapacitance, and electric polarization. For low doping (x=0.05), the presence of Mn**
ions gives rise to a state with behavior resembling that of a relaxor ferroelectric. The coherence length of the
Mn magnetic spin spiral is reduced, while the Mn-modulation wave vector is unchanged. For doping larger
than 5%, the ferroelectric state is suppressed, which we ascribe to breakdown of the spiral magnetic structure.
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I. INTRODUCTION

The rare-earth manganites RMnO;, with R=Gd, Tb, and
Dy, exhibit a new type of ferroelectricity induced by a mag-
netic spiral structure.' They first develop incommensurate
sinusoidal antiferromagnetic order below about 40 K. The
incommensurability continuously changes upon cooling and
becomes almost constant below the “lock-in” temperature
T1oec=28 Kand =19 K for R=Tb and Dy, respectively. For
R=Gd, a sudden drop of the incommensurability vector is
observed below T}, =23 K.>%7 The transition to this long-
wavelength incommensurate antiferromagnetic phase for
R=Tb and Dy is accompanied by ferroelectric ordering with
a spontaneous electric polarization Pllc. The polarization
flops to Plla when a magnetic field above a critical value is
applied along the a or b direction, while it is suppressed for
large fields applied along c. In contrast, for R=Gd, a polar-
ization (Plla) is only observed for magnetic fields greater
than 1 T applied along the b axis.? Recently, the polarization
has been reversed in TbMnOj; by rotating the direction of the
magnetic field in the ab plane; the 4f moment was found to
play an important role in the polarization flop.® The origin of
the ferroelectric state in TbMnOj is based on the existence of
a spiral magnetic structure below 7},4, which breaks both
time reversal and inversion symmetry. It has been described
theoretically by microscopic’ and Landau phenomenological
models.’ Both approaches show that the direction of the po-
larization is perpendicular to the spin rotation axis and the
wave vector of the magnetic spiral. An associated lattice dis-
tortion with a doubled wave vector develops together with
the Mn spiral. A recent structural investigation of DyMnO;
has shown that a further lattice distortion develops below the
Dy-spin ordering temperature; it originates from coupling
between the rare-earth and Mn magnetic moments, which
shows that the rare-earth sublattice should also be taken into
account to understand the multiferroic properties.'”

The effects of doping the rare-earth site with a divalent
cation such as Ca, Sr, and Ba on the spin, charge, and orbital
degrees of freedom in RMnO; have been extensively inves-
tigated. However, most studies have focused on large doping;
in particular, the consequences of introducing charge carriers
for the ferroelectric properties of R,_,A,MnOQOj; for x less than
10% (R=Gd, Tb, Dy) have not yet been explored. Therefore,

1098-0121/2008/78(2)/024109(5)

024109-1

PACS number(s): 77.80.—e, 75.47.Lx, 77.84.—s

we have synthesized single crystals of Tb;_,Ca,MnO; with
nominal x=0, 0.02, 0.05, and 0.1, and investigated their
magnetic, structural, and electric properties. We find that
both the ferroelectric ordering temperature and the magni-
tude of the spontaneous polarization are suppressed with in-
creasing carrier concentration. Our data indicate that Ca dop-
ing destroys the ferroelectric state as well as the spiral
magnetic structure via an intermediate state that resembles a
relaxor ferroelectric. We present a magnetic-electric phase
diagram for Ca-doped TbMnOj; in terms of the perovskite
tolerance factor.

II. EXPERIMENT

Single-crystalline samples of Tb;_.Ca,MnO; with nomi-
nal values of x=0, 0.02, 0.05, and 0.1 were grown by the
floating zone method using a four-mirror furnace (Crystal
Systems Inc., FZT-10000-H-VI-VP). To make the feed rod
for crystal growth, stoichiometric amounts of Tb,0O,, CaCOs,
and a 1% excess of MnO, were mixed, ground, calcined at
1000 °C, and sintered at 1200 °C in air for 36 h with inter-
mediate grindings. The mixture was then compressed hydro-
statically at 600 bar in a rubber tube into a rod of diameter 7
mm and length 50 mm. This rod was heated in air at
1400 °C for 12 h. The crystal-growth rate was between 1.5
and 5 mm/h and was carried out in air. The seed and feed
rods were counter-rotated at a speed of 15-20 rpm. The crys-
tallinity of the sample was checked by Laue diffraction and
cut crystal pieces were oriented using an Enraf-Nonius
CAD4 single-crystal diffractometer. Temperature dependent
x-ray powder diffraction was performed on crushed single-
crystal pieces using a Huber diffractometer equipped with a
G670 Guinier camera and a closed-cycle refrigerator. The
magnetic properties were measured using a Quantum Design
MPMS-7 SQUID magnetometer. The dielectric constant was
measured using an Agilent 4284A LCR meter in combination
with a Quantum Design physical properties measurement
system. For polarization measurements, the samples were
cooled in a poling electric field of ~150 V/mm. After
poling, the polarization was determined by integrating the
pyroelectric current. Changing the sign of the poling field
resulted in a change of sign of the pyroelectric current, prov-
ing the ferroelectric nature of our samples. Single-crystal
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FIG. 1. (Color online) Temperature dependence of the dielectric
constant of Tb;_,Ca,MnOs along the (a) a axis and (b) ¢ axis;
spontaneous polarization along the (c) a axis and (d) ¢ axis; mag-
netic susceptibility measured on heating after cooling in zero field
or in 0.5 T field applied along the (e) a axis and (f) ¢ axis. In all
panels (a) to (f) open and closed triangles indicate the antiferromag-
netic ordering (Ty) and ferroelectric transition (7j,.) temperatures,
respectively.

neutron-diffraction experiments were carried out at the Ber-
lin Neutron Scattering Center (BENSC) using the double-
axis E4 instrument. Single crystals of approximate size 5
X5 mm were oriented with the bc plane in the scattering
plane. Cooling was achieved using a standard orange cry-
ostat.

III. RESULTS

Figure 1 shows the temperature dependence of the dielec-
tric constant (&), spontaneous polarization (P), and magnetic
susceptibility (x) of Tb,_,Ca,MnO; parallel to the a and ¢
axes. Anomalies in &(T) are present at T, ~26 K and
~21 K for the x=0 and 0.02 samples, respectively. For x
=0.05, the dielectric anomaly becomes broad and is observed
at T~15 K for Ellc. No dielectric anomaly appears for
x=0.1 in either direction. A spontaneous polarization is ob-
served for x=0 and x=0.02 for Pllc and Plla, as shown in
Figs. 1(c) and 1(d). The small polarization Plla is most likely
a result of slight crystal misalignment. The polarization of
the x=0 and x=0.02 samples suddenly appears at T, typical
of a ferroelectric transition. However, for x=0.05, the onset
of the polarization appears to occur much more gradually,
pointing to a phase transition of diffuse character. The mag-
netic susceptibility exhibits anomalies only for Hllc [Fig.
1(f)], which correlate with the anomalies in &(7) and P(T).
However, the position of the broad peak in &(7) for x=0.05
is dependent on the measurement frequency. As shown in
Fig. 2, the peak shifts to higher temperature as the frequency
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FIG. 2. (Color online) Temperature dependence of the dielectric
constant of Tby ¢sCa 15sMnOj5 for different frequencies.

increases. The presence of a diffuse phase transition and a
broad frequency-dependent peak in the real part of the tem-
perature dependent dielectric susceptibility are both typical
features of relaxor ferroelectrics.!! The magnetization mea-
surement for x=0.1 shows spin-glass-like behavior, which
can be ascribed to the existence of ferromagnetic clusters. It
is well known that the mixed-valent state containing Mn>*
and Mn** yields ferromagnetic interactions via the double-
exchange (DE) mechanism. If the Mn** concentration is low,
long-range ferromagnetic order is not achieved. Similar be-
havior was previously reported for TbygsCag ;sMnO5.'?

To investigate the effect of Ca doping on the magnetic
structure, we used neutron diffraction to study the tempera-
ture dependence of the Mn-spin modulation of
Tb,_,Ca,MnO; with x=0.02 and x=0.05. So-called A-type
magnetic superlattice reflections, characteristic of the Mn-
spin modulation, were observed at (0, 2—¢, 1) and (0, 2+g,
1) in both samples, but were much stronger for x=0.02 at all
temperatures [see Fig. 3(a)]. Here, ¢ is the Mn spin-spiral
propagation vector parallel to the b axis. We normalized the
integrated intensities of these superlattice reflections to the
intensity of the main (002) reflection, which contains no
magnetic component. The Mn spin modulation in both
samples has the same periodicity as in undoped TbMnOs,
where ¢~ 0.28. In Fig. 3(a) the temperature dependence of
the intensity of the (0, 2+¢g, 1) reflection is shown; the in-
tensities were obtained from omega scans. It increases in
intensity below T-~21 K and T-~15 K for x=0.02 and
x=0.05, respectively. No superlattice reflections were ob-
served above the magnetic ordering temperature of 42 K.
This behavior is slightly different to that in undoped
TbMnO;,” where the increase in intensity of the A-type re-
flections in the vicinity of T is much less pronounced. Fig-
ure 3(b) shows the temperature dependence of the peak
width of the (0, 2+g¢, 1) reflection. It is clear that the A-type
peaks for x=0.05 are broader than those for x=0.02 below
Tc, indicating that increased Ca-doping decreases the coher-
ence length of the Mn spin-spiral structure, leading to
shorter-range order.

Figure 4 shows the temperature dependence of the lattice
parameters of Tb;_,Ca,MnO; with x=0, 0.02, 0.05, and 0.1
obtained from x-ray powder diffraction on crushed single
crystals. The diffraction patterns were consistent with space
group Pbnm at all temperatures; although the lattice is
known to become incommensurate below Ty,>*!3 no addi-
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FIG. 3. (Color online) (a) Temperature dependence of normal-
ized integrated intensity of the (0, 2+¢, 1) peak. The inset shows k
scans around (0, 2—g, 1) at 2 K. (b) Width of (0, 2+g¢, 1) peak. The
open triangles indicate the ferroelectric transition (7j,.) tempera-
tures. The solid lines are guides to the eye.

tional satellite peaks were observed and thus the lattice pa-
rameters are those of the average structure. The a axis shows
almost no dependence on doping below 50 K, whereas the ¢
axis increases slightly with increasing Ca content. In con-
trast, the b lattice parameter rapidly decreases. TbMnOs has
a strongly distorted orthorhombic structure due to the size
mismatch between Tb?* and Mn?**, manifested by the large
differences between the a and b lattice parameters. This type
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of distortion is also correlated with the magnitude of the
Jahn-Teller distortion of Mn®* in the MnOg octahedra.'>!3
With increasing Ca content, both the orthorhombic and octa-
hedral distortion decrease, giving rise to a rapid decrease in
the b-lattice parameter.'> We also observe a distinct discon-
tinuity in the lattice parameters of our x=0 sample at
T~26 K, which becomes continuous after doping. The tem-
perature at which the discontinuity occurs coincides with the
ferroelectric transition temperature. The largest discontinuity
is along the ¢ axis, which is the direction of the spontaneous
polarization. These discontinuities are qualitatively compa-
rable with the anomalies in the thermal expansion at 7T,
reported by Meier et al.'* This implies that there is strong
coupling between the ferroelectricity and the lattice struc-
ture.

IV. DISCUSSION

For RMnO; perovskites, an increasing ionic radius of the
rare-earth results in an increase of the Mn-O-Mn bond
angle.! A similar effect is observed for Ca-doping on the A
site when R is smaller than Ca; doping increases the Mn-
O-Mn bond angles in the ab plane.'>!> However, there is a
marked difference: for Ca-doping, the valence change in-
duced on the B site dominates the change of ionic radius of
the A site.!® For example, the difference in ionic radius be-
tween Mn**(0.53 A) and Mn*(0.645 A) is a greater factor
in determining the structure than the difference between
Ca**(1.18 A) and Tb**(1.095 A). Both effects are taken
into account in the perovskite tolerance factor (¢), which is
linearly related to the average Mn-O-Mn bond angle (see the
inset of Fig. 5).!7-!° The average Mn-O-Mn bond angles in
Fig. 5 are taken from Refs. 13 and 17-19. In calculating ¢,
we have used ionic radii from Ref. 20 and a coordination
number of nine for the A site, because these values have been
most accurately determined for small rare-earth ions. The
amount of Mn** present on the B site was assumed to be the
same as the Ca content.!? As shown in Fig. 5, the effect of Ca
doping in Tb,_,Ca,MnOj5 can be divided into two regimes.
First, for x=0.05, the effect of the tolerance factor or Mn-

FIG. 4. (Color online) (a) Temperature depen-
dence of the lattice parameters and volume of

crushed single crystals of Tb;_,Ca,MnOs. The in-
set shows the detailed thermal evolution of the ¢
axis of TbMnO;.
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FIG. 5. (Color online) Phase diagram of RMnO; and
Tb,_,Ca,MnO; with ordering temperatures as a function of toler-
ance factor. The inset shows a plot of the average Mn-O-Mn bond
angle as a function of tolerance factor. Red triangles correspond to
samples doped with x=0, 0.02, 0.05, and 0.1 of Ca.

O-Mn bond angle dominates. Doping causes a weakening of
the relative strength of the next-nearest neighbor superex-
change interactions.'? This results in a partial breakdown of
the spiral structure for x=0.05 and probably to increasing
preference for the A-type antiferromagnetic structure at low
temperature; this has previously been found in GdMnOs;,
which has the same tolerance factor. Second, for
0.05<x=0.1, the effect of double-exchange interactions be-
comes dominant, and the magnetic structure transforms to a
spin-glass-like state. This behavior can be explained by the
emergence of ferromagnetic clusters.!?

The onset of polarization in our x=0.05 sample occurs in
a rather diffuse fashion [Fig. 1(d)], suggesting that the ferro-
electricity may be of the relaxor type. In order to clarify this
issue, we measured the temperature dependence of the di-
electric constant at different frequencies (see Fig. 2). The
broad peak shifts with increasing frequency to higher tem-
perature. This behavior resembles that of a relaxor ferroelec-
tric, in which the maximum of the broad peak defines a
glasslike transition temperature 7, associated with a diffuse
phase transition where the dipolar fluctuations within small
polar domains slow down. In relaxor ferroelectrics, these do-
mains are paraelectric at high temperatures. Upon cooling
they transform to polar nanoregions (PNR), each with a
randomly oriented dipole moment. At sufficiently low tem-
peratures all dipolar motion freezes, and the dispersion
vanishes.!! The existence of PNR in relaxor ferroelectrics is
a universal feature, although the precise mechanism of their
formation is still debated.?! In conventional relaxor ferro-
electrics, PNR are often generated from the disturbance of
long-range order (LRO) by compositional disorder, impuri-
ties, lattice vacancies, or other imperfections. The correlation
that PNR have with the magnetic structure is unclear because
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known relaxors are generally nonmagnetic. In contrast, the
relaxor behavior of our x=0.05 sample occurs below the
magnetic ordering temperature. As we show in Fig. 3, the
Mn magnetic peak is broader for x=0.05 than for x=0.02.
This implies that the relaxor behavior originates from a
decreased coherence length of the Mn-spin-spiral structure.
No similar mechanism has previously been reported, and
therefore we propose that Tb;_,Ca,MnO; might form a new
class of relaxor ferroelectrics in which the relaxor behavior is
induced by the magnetic structure. We note that further ex-
perimental evidence, such as can be obtained by neutron dif-
fuse scattering, is needed to prove the existence of PNR in
our materials.

Recently, theoretical calculations have shown that the di-
rection of the polarization in RMnO; depends on the helicity
of the spiral mode, which is either clockwise or
counterclockwise.>® Thus, for our x=0.05 sample, where
SRO spiral structures are randomly oriented, both spiral
modes are likely to exist. In this scenario, the polarization of
spiral domains with opposite handedness will cancel and the
net polarization will decrease rapidly with doping. Alterna-
tively, the spiral ordering might simply be disrupted by dop-
ing, eventually giving way to double exchange and leading
to a decrease in the coherence length of the spiral, or to
shorter-range order.

V. CONCLUSION

A small degree of Ca-doping suppresses the ferroelectric
state in Tb;_,Ca,MnOj5. This transition is governed by the
appearance of Mn**, which causes both the Mn-O-Mn bond
angle and the influence of double-exchange interactions to
increase. The suppression of ferroelectricity with doping oc-
curs via an intermediate state at x=0.05 with behavior re-
sembling that of a relaxor. The intermediate state is associ-
ated with a decreased coherence length of the Mn spin-spiral
structure, without any change in the modulation wave vector.
The ferroelectric transition is signaled by lattice discontinui-
ties, where the largest lattice anomaly corresponds to the
direction of the polarization.
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