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Colossal Magnetodielectric Effects in DyMn,0O5
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We have investigated the detailed magnetic field dependence of the electric polarization and
dielectric constant in (Tb, Dy, Ho)Mn,Os where magnetic and ferroelectric transitions are intimately
coupled. Our fundamental discovery is the unprecedented large change of the dielectric constant with
magnetic field, particularly in DyMn,Os, associated with an unusual commensurate-incommensurate
magnetic transition. This extraordinary effect appears to originate from the high sensitivity of the

incommensurate state to external perturbation.
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Tuning the dielectric properties of materials with a
magnetic field (H), electric voltage, or preparation con-
ditions has been both scientifically important and tech-
nologically demanding [1-3]. For example, the novelty is
evident if one can readily adjust the resonant frequency of
a capacitive resonator with field-tunable dielectrics.

In order to magnetically control the dielectric or ca-
pacitance properties [4—6], two main strategies have been
employed: controlling the interface physics in multilayer
systems and amplifying the magnetodielectric (MD) ef-
fect near (ferro)magnetic transitions in (ferro)magnetic
dielectrics. (In fact, the development of devices based on
magnetoresistance effects follows very similar ideas:
compare these dielectric strategies with the discoveries
of giant magnetoresistance which is achieved by modify-
ing the interfacial spin scattering in H and colossal mag-
netoresistance, which originates from a strong coupling
between electronic transport properties and ferromag-
netic (FM) order [7-9].) For example, the capacitance
of a Pd/AlO, /Al film structure varies with H due to a
spin-dependent electrochemical potential at the Pd sur-
face [10]. MD effects in BiMnO; and SeCuOj; represent
the second strategy well. BiMnO; is ferroelectric (FE)
below ~800 K and becomes FM at 105 K [11]. In the
case of insulating, but non-FE SeCuO;, a FM transi-
tion occurs near 25 K [12]. In both systems, there are
weak but well-defined anomalies in the dielectric con-
stant near the FM transition 7. Unfortunately, the MD
effect in all these systems turns out to be minute: the
dielectric constant changes by less than 1% for H of
several tesla. However, a new class of multiferroic mate-
rial, TbMnOs, has recently been found to produce a large
MD effect of ~10%, associated with a 90° rotation of P
by application of H [13].

Herein, we report significant MD effects near a unique
commensurate-incommensurate magnetic transition in
orthorhombic (Tb, Dy, Ho)Mn, 05 where magnetic transi-
tions are intricately coupled with dielectric transitions. In
particular, we discovered that the MD effect for
DyMn,0Os is more than 100% in a broad T range below
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20 K. This “colossal magnetodielectric”” (CMD) effect
clearly demonstrates an intriguing interplay between spin
and lattice degrees of freedom as well as the extraordi-
nary nature of a unique commensurate-incommensurate
magnetic transition in RMn,Os [14].

Single crystals of RMn,05 (R = Tb, Dy, and Ho) were
grown using B,03-PbO-PbF, flux in a Pt crucible. The
mixture was held at 1280 °C for 15 h and then slowly
cooled down to 950 °C at a rate of 1 °C per hour [15]. For
the dielectric constant and polarization measurement, we
used thin rectangular specimens of single domain crys-
tals (a cross sectional area of 1-2 mm? and a thickness of
0.15-0.2 mm), carefully chosen by utilizing a polarized
optical microscope. Dielectric constants were measured
by an LCR meter at various frequencies of 1-100 kHz
with an excitation of 1 V. The dielectric loss (of the order
of 1073) and frequency dependence of the dielectric
constant were negligible in the above frequency range
below 60 K. Specific heat (C,) was measured using the
standard relaxation method with a Quantum Design
Physical Property Measurement System. Magnetization
(M) was measured using a SQUID magnetometer.

The specific heat data in Fig. 1(a) show a number of
successive phase transitions in RMn,Os. The phase
transitions indicated by arrows have been identified
from our experimental data of C,,, M, and dielectric
properties as well as from the previously published results
[14,16]. All three systems undergo a similar set of con-
secutive phase transitions with slightly different transi-
tion 7. Long-range antiferromagnetic (AFM) order of the
Mn3* /Mn** spins is known to occur at Ty, and subse-
quently the FE transition happens at a T slightly below
Ty. It has been proposed that the long-range magnetic
ordering of Mn** /Mn** induces the FE transition via an
additional Jahn-Teller distortion of Mn?" ions [16].
RMn,05 is characterized by the existence of another
magnetic transition at 7, around 19-27 K, at which com-
mensurate AFM ordering becomes ‘‘incommensurate”
[14]. It is also known that the AFM-type ordering of
the rare earth ions occurs at Ty (R) below ~10 K.
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FIG. 1. (a) Specific heat, Cp(T), of TbMn, 05, DyMn,0Os, and
HoMn,0Os. Arrows indicate a number of low 7 phase transi-
tions. DyMn,Os5 (TbMn,Os) data were shifted by +0.2 (—0.2)
J/mol K2 for clarity. (b) Magnetization versus magnetic field at

3 K along the three principal crystallographic directions for
TbMn, 05, DyMn,0s, and HoMn,Os.

M(H) curves at 3 K for (Tb, Dy, Ho)Mn,Os in Fig. 1(b)
demonstrate the presence of significant magnetic anisot-
ropy [17-19]. The data in this figure, combined with the
results in the literature, indicate that the magnetic easy
direction systematically varies with the size of the rare
earth ion in RMn,0Os. The magnetic easy direction of
TbMn,Os is along the a axis, that of (Dy, Ho)Mn,Os is
along the b axis, and that of Er(Tm)Mn,Os is along the
c axis [20]. Note that because of this general trend the Dy
system is most magnetically isotropic in the a-b plane and
that M of DyMn,0Os linearly increases in low fields,
shows a kink at 1.5-2 T, and then slowly saturates for
the a or the b direction for H above 3 T, indicating the
presence of an H-induced phase transition at 1.5-2 T.

An extraordinary change in the dielectric constant, &,
with H of DyMn,Os is displayed in Figs. 2(a) and 2(b).
The zero-H & exhibits features that closely match those
found in CP/T vs T in Fig. 1(b); i.e., it starts to increase at
Ty =~ 43 K, exhibits a sharp peak at T = 39 K, and
shows steplike anomalies at T, =~ 27 K and at Ty(Dy) =
8 K. These clear dielectric anomalies, occurring at each
magnetic transition, undoubtedly indicate a significant
spin/lattice coupling, compared to the much more subtle
dielectric anomaly at the FM transition temperature in
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FIG. 2. (a) T dependence of the dielectric constant at 1 kHz

along the b axis in various magnetic fields applied along the
a axis, measured after cooling the sample in the presence of the
same H [field cooling (FC)]. (b) Dielectric constant along the
b axis in H applied along the b axis.

BiMnOs, a prototypical ferroelectric and ferromagnetic
system [11]. In addition, there exists another broad bump
in € at ~19 K. The most striking feature is the large H
dependence of € below T}, when H is applied along the
a axis. The steplike anomaly at Ty(Dy) = 8 K is smeared
out with increasing H. On the other hand, the broad bump
at ~19 K becomes sharper and moves to higher 7" while
the magnitude of & drastically increases below T, with
increasing H. The dielectric constant exhibits a maxi-
mum change of ~109% at 3 K by the application of 7 T.
To our knowledge, this is a record-high change of € with
H [13,21]. When H was applied along the b axis, as shown
in Fig. 2(b), the effect of H on ¢ is significant, but not as
large as that for the a axis even though the magnetic easy
direction is along the b axis. Note that H along the b axis
suppresses the anomaly at 7 near ~27 K and also smears
out the anomalies at ~19 and ~8 K.

As depicted in Figs. 3(a)-3(c), &(T) of all three
(Tb, Dy, Ho)Mn,0O5 systems in H = 0 exhibits both a
sharp peak at around 40 K (the onset of ferroelectricity)
and a steplike anomaly at 7). The H dependence &(T) of
all three crystals also shows several common features:
(i) FE T¢ shifts to slightly lower T with increasing H,
(i1) the steplike anomaly 7T at 19-27 K considerably
increases with increasing H, and (iii) a large MD effect
is observed near or below 7). However, the magnitude
and the sign of the MD effect near or below 7}, depend on
the system as well as 7. The largest change in &€ with H is
22(40)% near T), for Tb(Ho)Mn,Os in 9 T and 109% at
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FIG. 3. T dependence of the dielectric constant of

(a) TbMn,0s, (b) DyMn,0s, and (¢) HoMn,Os in various H.
The dielectric constant was measured along the b axis and H
was applied along the a axis for all three crystals.
(d) Spontaneous polarizations of three crystals measured along
the b axis in zero H.

3 K for DyMn,0Os in 7 T. It should be noted that the
measured MD effects on these crystals were highly re-
producible and also consistent with those on stoichiomet-
ric polycrystalline samples if one takes into account the
angular averaging in polycrystalline specimens.

The spontaneous polarization (P) of all three crystals
in zero H, displayed in Fig. 3(d), starts to increase at T¢
and shows a peculiar anomaly near T). The absolute
value of P suddenly increases for HoMn,Os or decreases
for (Tb, Dy)Mn,Os below T}. This complicated P(T)
behavior can be understood using the concept of ferrie-
lectricity, in which the net P is composed of more than
one component [22—-24]. Ferrielectricity, which has occa-
sionally appeared in systems with inherent structural
complexity allowing crystallographically inequivalent
sublattices, can also be indicated by the low measured
value of P in comparison to conventional ferroelectrics
and the sign change of P with varying T in DyMn,O5 due
to the different temperature dependence of each polar-
ization component [23,24]. We propose that the net P for
these systems is composed of primarily two components:
one component appearing below T and another compo-
nent below T,. These components coexist below T, and
they are collinear since no P component along the @ and ¢
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axes was detected. Judging from the differences in the
shape of P(T), we also propose that these two components
are parallel to each other for HoMn,O5 but antiparallel
for Tb(Dy)Mn,0s. This model is consistent with the
postulated presence of a two-well potential corresponding
to two lattice-distortion configurations with almost equal
energies in EuMn,Os [16].

The change in &, Ag/g, as a function of applied H of
DyMn,0s5 at 3 and 20 K is displayed in Fig. 4(a). As
described previously, the maximum change of &(7T) in
fixed fields reaches 109% at 3 K for magnetic FC and
the isothermal effect for zero-magnetic field cooling
(ZFC) is slightly less, but still quite large at ~90%. The
maximum of Ag/g is reduced to ~40% at 20 K.

Figure 4(b) displays the change of the electric P by
applied H at 3 K. The electric P shows an abrupt change at
~1.8 T and a hysteresis, closely related to the H depen-
dence of M(H) and Ae/g; at 3 K shown in Figs. 1(b) and
4(a), respectively.

120 v T T T v T v T
100} DyMnO;, . 7 ]
X | —e—3KFC
=80F 3K, ZFC
3 --0--20 K, FC {
é 60 ....... 20 K’ ZFC ‘
t:’ L
Z 40
A N “p
20 -
0 b e anee craneneseeet E
0 ) ) v ) ) i
- pymno,  (b)]
E) 220 E //+b, H//a (ZFC) i
@ \ 3K
g
A -40 | <
< i
0 2 4 6 8

H (T)

FIG. 4. (a) Change of dielectric constant vs applied H of
DyMn,O5 crystal at 3 and 20 K. The solid and dashed lines
indicate Ae/gy at 3 and 20 K, respectively, in increasing
and decreasing H after ZFC, and the solid and open symbols
indicate the FC data taken from &(7T) in Fig. 2(a). (b) Change of
the electric polarization by applied H at 3 K. Before the
polarization measurement, the sample was cooled from 120
to 3 K in a static electric field, E,=5 kV/cm, and the
magnetoelectric current was measured while increasing the
magnetic field at a rate of 100 Oe/ sec.
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Several systematic trends in the physical properties
appear to underlie the origin of the CMD effect in
RMn,0s. The steplike increase of &, the anomalous
T dependence of P, and the large H effect on € as well
as P all appear below T4, rather than Ty. Two P compo-
nents also develop below T} in our ferrielectric model.
T} turns out to be associated with a commensurate-
incommensurate transition. The commensurate AFM
transition [modulation wave vector of (1/2,0, 1/4)] oc-
curs at FE T = 40 K but becomes incommensurate
with a modulation wave vector of (1/2 — 6, 0, 1/4 + y)
(6 = 0.02 and y = 0.04 in YMn,Os) for T below 19—
27 K at which another dielectric anomaly is present
[14,25]. This is very surprising in that the typical
incommensurate-commensurate transition results in the
commensurate state being the low-T ground state. This is
a consequence of the “locking in”” of magnetic and lattice
modulations that is energetically favored at low T [26,27].
Thus, the unusual incommensurate magnetic phase co-
incides with the appearance of multiple P components,
large lattice polarizability, and an enormously large MD
effect.

It is noteworthy that a significant magnetoelectric
(ME) effect in the ‘“‘commensurate” phase of TbMnO;
occurs above 5 T when P rotation occurs [13]. On the
other hand, the ME effect in much lower fields (1-2 T)
in the incommensurate phase for DyMn,Os certainly sug-
gests the importance of incommensurability. Evidently,
the presence of magnetic ions on the R site of RMn,Os
is also essential for the occurrence of large ME effects
in low H if we compare our results to the observed
ME effect in much higher fields (above 10 T) in
EUMH205 [28]

The enhanced MD effect in DyMn,Os relative to the
Tb and Ho systems is consistent with these observations.
First, DyMn,O5 exhibits the most complicated 7 depen-
dence of £(T), showing two additional features at ~19
and ~8 K as evident in &(T) at zero H in Fig. 3(b).
Furthermore, DyMn,0Os5 is the most magnetically iso-
tropic [see Fig. 1(b)]. These characteristics as well as the
enhanced MD effect consistently indicate that the
DyMn,0Os system is most magnetically/structurally
“soft” [26].

In summary, we have discovered a CMD effect in
multiferroics RMn,Os where the magnetic transitions
are closely coupled with dielectric transitions. It appears
that the CMD effects are intimately associated with the
unique commensurate-incommensurate magnetic transi-
tion in the system. This correlation between the high
sensitivity of the dielectric constant to H and the incom-
mensurability of magnetic/lattice modulations provide a
new, important means to tune dielectric properties with
external parameters.

This work was supported by NSF-DMR-0103858.
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