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Lattice effects in multiferroic RMn,05 (R=Sm-Dy,Y)
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The evolution of antiferromagnetic and ferroelectric transitions for the series of multiferroic RMn,0s5 (R
=Sm, Eu, Gd, Tb, Dy, and Y) has been investigated by heat capacity measurements on single crystals. Both
transition temperatures increase monotonically with the decreasing size of R, which are correlated with the
systematic changes in the structural parameters determined from synchrotron x-ray powder diffraction. For
R=Eu, Tb, Dy, and Y, an additional transition associated with the Mn moments appears at a lower temperature,
with no apparent systematic behavior as a function of the size of R.
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Systems with mutual coupling of ferroelectricity and
magnetism, usually referred to as magnetoelectrics or multi-
ferroics, have been the subject of great interest in recent
years. In addition to the interest from basic scientific point of
view, these systems may find important applications in mul-
tifunctional devices. In particular, the discovery of highly
reproducible electric polarization reversal by a magnetic field
in TbMn,O5 (Ref. 1) and an extremely large magnetodielec-
tric effect in DyMn,Os (Ref. 2) provide exciting opportuni-
ties for magnetically controlled ferroelectric devices. The in-
tricate interplay between ferroelectricity and magnetism in
these compounds appears to arise from competing interac-
tions of the Mn moments, with incommensurate (IC) mag-
netic ordering and lattice modulations due to strong magne-
toelastic coupling.>*

Compounds with the general formula RMn,Os (R=rare
earth or Bi) crystallize in the orthorhombic structure (space
group Pbam), where Mn**Oy octahedra share edges to form
infinite chains along the ¢ axis, and these chains are linked
by pairs of Mn**Os pyramids in the ab planes. From the
complex crystal structure, five different nearest-neighbor in-
teractions of the Mn moments, as shown in the inset of Fig.
1, can be identified. Furthermore, the geometrical frustration
of these interactions®* results in the appearance of a number
of phase transitions in the low temperature region. At Ty,
which is below 45 K, the Mn*"/Mn>* moments order anti-
ferromagnetically with an IC magnetic propagation vector
k=(k,0,k,), where k,~0.5 and 0=<k.<0.5. BiMn,Os
seems to be an exception, where a magnetic transition to a
(0.5, 0, 0.5) structure has been reported.’ At several Kelvin
below Ty, the system shows a ferroelectric transition with
the polarization along the b axis, and k becomes commensu-
rate at or slightly below this transition. It has been widely
speculated®® that the ferroelectricity arises from small struc-
tural displacements that would lift the magnetic degeneracy,
a plausible scenario considering the frustrated magnetic in-
teractions. Recent synchrotron x-ray studies’ found some
evidence of lattice modulation in the ferroelectric phase of
DyMn,Os, though the atomic displacements seem to be ex-
tremely small.>* On cooling down still further, additional
magnetic transition at ~25 K is reported for some com-
pounds, where k again becomes IC. It is below this transition
where strong dependence of the dielectric constant on mag-
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netic field is observed in DyMn,0s.? Finally, the magnetic
ordering of the R** moments occurs below 10 K.
Throughout the sequence of successive phase transitions,
the propagation vector k, shows complex variation that is
closely associated with the changes in ferroelectric behav-
ior.»%? The value of k. also shows strong variation with R,
indicating the important role of the crystal lattice on the
magnetic structure. However, systematic understanding has
been hampered by strong absorption of neutron for R=Sm,
Eu, and Gd, as well as difficulty in growing single crystals
for some members of the lanthanides. Nonetheless, system-
atic studies of the transitions as a function of R should pro-
vide important insights into the nature of the interplay be-
tween crystal structure, magnetic order, and ferroelectricity
in this class of compounds. In this paper, we report the tem-
perature phase diagram for the magnetic and ferroelectric
transitions in R=Sm—-Dy and Y, as determined by heat capac-
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FIG. 1. Heat capacity divided by temperature for RMn,0Os (R
=Sm, Eu, Gd, Tb, Dy, and Y). The data have been offset by 1.2, 0.9,
0.6, 0.3, 0, and 0 J K2 mol™!, respectively, for clarity. The open,
closed, and half-closed triangles locate the transition temperatures
of Ty, T¢, and Ty, respectively. The inset shows structural compo-
nents of RMn,0O5 with the five types of nearest-neighbor magnetic
interactions. Filled and empty circles represent Mn** and Mn3*,
respectively.
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ity measurements on single crystals. The phase diagram cov-
ers the R ions for which high-quality single crystals can be
grown and includes the compounds where intriguing multi-
ferroic behavior has been reported recently.!? The phase dia-
gram shows monotonic increase in both the magnetic and
ferroelectric transition temperatures as the size of R de-
creases. Our structural study employing synchrotron x-ray
powder diffraction shows that these trends are closely asso-
ciated with the systematic changes in the crystal structure.

Single crystals of RMn,05 (R=Sm, Eu, Gd, Tb, Dy, and
Y) were grown in a Pt crucible using B,05, PbO, PbO,, and
PbF, as the flux.!% It should be noted that single crystals of
R=La, Pr, or Nd have not been produced by the same
method, although polycrystalline samples of these com-
pounds have been synthesized under high oxygen pressures'!
and small crystals of R=Nd have been produced by the
chemical transport method.'”> To our knowledge, detailed
physical properties of these compounds have not been re-
ported. Likewise, the growth of high-quality single crystals
by the flux method becomes difficult for R smaller than
Er.'%!3 The powder x-ray diffraction patterns showed that the
products are single phase. Heat capacity measurements were
performed on a single crystal by the relaxation method, using
a Quantum Design PPMS in both heating and cooling
modes. The measurements were performed on several crys-
tals for each compound to ensure reproducibility. Synchro-
tron x-ray powder diffraction measurements were performed
at 300 K on the BLO2B2 beamline at SPring-§, using a
wavelength of 0.415 A. Structural parameters were refined
by the Rietveld method, using the program RIETAN-2000.'4
No significant deviation from full occupancy was observed,
and all the variable atomic positions and isotropic thermal
parameters were varied in the final refinement. Good agree-
ment parameters were obtained in each case, with Ry,
<5.5%, R1<1.8%, Rp<0.95%, and S<2.1. In this paper,
we focus on structural parameters that are directly relevant to
the discussion on exchange interactions; tabulated results of
all the refined parameters, as well as the temperature evolu-
tion of the structural properties, will be published else-
where.

The heat capacity divided by temperature, C,/T, for
RMn,05 with R=Sm, Eu, Gd, Tb, Dy, and Y, is shown in
Fig. 1. The data taken from measurements on both the heat-
ing and cooling directions are plotted, with the latter show-
ing smaller C, where thermal hysteresis is observed. For
each compound, there are three or four anomalies in the C,
curve that can be attributed to magnetic or ferroelectric tran-
sition. The results for R=Tb and Dy are very similar to the
recently published results.> The well-defined lambda anom-
aly observed in each compound at the highest temperatures
marks the onset of antiferromagnetic (AF) transition at Ty.
This transition is clearly second order, and the absence of
significant rounding in the C, anomaly testifies to the high
quality of the crystals. For R=Sm, the larger anomaly imme-
diately below Ty obscures the peak at Ty, but the peak is
clearly identified when plotted as C,, vs T. At 5-10 K below
Tx, each compound undergoes another transition that is iden-
tified as ferroelectric transition (with the Curie temperature
Tc). The shape of the anomaly varies among the compounds,
with larger anomalies observed in R=Sm and Gd. The pres-
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FIG. 2. Magnetic and ferroelectric phase diagram of RMn,0Os
(R=Sm-Ho,Y) as a function of the ionic radius of R (rg), where
the peak position in heat capacity was taken as the transition tem-
perature. The data for R=Ho are taken from Ref. 2. Ordering tem-
peratures of the R>* moments are not shown.

ence of thermal hysteresis, which is identified for each R
when plotted in large scales, indicates that this transition is
first order. For R=Tb and Y, recent neutron scattering
studies'®!7 have shown that T is several Kelvin higher
than the temperature where the magnetic propagation vector
k continuously locks in at (0.5, 0, 0.25). In agreement with
the previous study,? there is no visible anomaly in C, at the
lock-in transition; this is perhaps due to an insignificant
change in entropy associated with the continuous change
of k.

On further cooling, another transition is observed at TI'\]
=19-26 K for R=Eu, Tb, Dy, and Y, but not for R=Sm and
Gd. Moreover, thermal hysteresis can be identified for R
=Eu, Tb, and Y. For R=Tb and Y, this transition has been
identified as a reentrant magnetic transition where k once
again becomes IC on cooling.»'!” For isotopically substi-
tuted R=Eu, k remains unchanged at (0.5, 0, 0.33) across 7Ty,
and the transition involves an increase in the ordered mo-
ments of the Mn**/Mn>* sublattice.'® For R=Dy, more com-
plex behavior has been reported.*”” The double peak ob-
served for R=Eu was reproducible on several crystals, and
similar feature was observed in a previous study employing
dielectric constant measurements.!” Extrinsic effects from
sample inhomogeneity cannot be ruled out, however. The
absence of the anomaly for R=Sm and Gd may be associated
with the large anomaly observed at T, possibly implying
that they have different sequence of k variations from other
members of RMn,0s. On the other hand, the reentrant mag-
netic transition is also absent in R=FEr,2° but in this case the
changes in k, at other transitions seem to be similar to the
cases of R=Y and Tb.*!%!7 Neutron scattering measurements
on isotopically substituted R=Sm and Gd are of great inter-
est, as they should provide significant insights on the system-
atics of the k_ variation with R. For magnetic R (Sm, Gd, Tb,
and Dy), another anomaly is observed below 10 K due to the
ordering of the R** moments.

In Fig. 2, we show the phase diagram for RMn,0Os5 as a
function of the ionic radius®! of R (rg) and temperature. For
R=Ho, the C, data from Ref. 2 are used to locate the tran-
sition temperatures. The figure clearly demonstrates that both
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Tn and T monotonically increase with decreasing rg, with a
gradual decrease of the temperature interval between the two
transitions. These concurrent systematic variations in 7y and
T¢ further support the magnetoelastically induced ferroelec-
tricity in RMn,0Os, and underscore the important lattice ef-
fects on the Mn spin interactions. With decreasing rg, both
Ty and T appear to approach a constant value, and this trend
continues after R=Ho, where Ty=44 K and 7-=39.1 K for
R=Er (Ref. 20) and Ty=44 K and T¢=36.4 K for R=Tm
(Ref. 8) have been reported. The reason for the decrease in
Tc for R=Tm is not clear, but it may be related to the diffi-
culty in growing high-quality crystals for R smaller than
Er.!013 Also, the present results are different from previous
studies by Kohn and co-workers,?? where some of the tran-
sitions appeared at lower temperatures and different varia-
tions as a function of rz were shown in their phase diagram.
The discrepancy is most likely due to the lower quality of the
crystals employed in the earlier studies, as already pointed
out in recent studies."»'® In contrast to the systematic behav-
ior in Ty and T¢, T shows no obvious correlation with r.
Consequently, the role of f-d exchange interactions’ cannot
be ruled out for this transition, although we do not find clear
relationship between Ty, and the R** moments.

As schematically shown in the inset of Fig. 1, the crystal
structure of RMn,Os consists of Mn**O4 octahedra and
Mn?*O5 pyramids, and various connectivity of these polyhe-
dra lead to five different nearest-neighbor interactions. The
Mn**Og octahedra share common edges 02-O2 at the R
layer (resulting in the exchange interaction labeled J1 in Fig.
1) and 03-03 at the Mn?* layer (J2) to form a chain along
the ¢ axis. Two Mn**Os pyramids are connected to each
other at the edge of their bases O1-O1 (J5), and these pyra-
mids are connected to the octahedra through the apex oxygen
03 (J4) or base oxygen 04 (J3). For J1-J5, superexchange
interactions involving Mn-O-Mn connectivity are operative.
In addition, the Mn-Mn separation across the shared edges is
short enough for both the octahedra (J1 and J2) and pyramids
(J5) that there is dominant contribution from the direct ex-
change for these interactions.>*

Figure 3 displays the variation of the lattice parameters a,
b, and ¢ and various Mn-O bond distances as a function of
rg- The present results show good overall agreement with the
previous studies,'!?> and the lattice parameters and the R-O
distances (not shown) clearly scale with rg. The change in
lattice parameters is rather anisotropic, showing the largest
variation along the a axis (2.2% between R=Y and Sm) and
the smallest variation along the ¢ axis (0.4% between R=Y
and Sm). On the other hand, most of the Mn-O distances
show only weak dependence on rg, with the variation of the
order of 0.02 A. One exception is the Mn**-O3 distance,
where the results reveal a clear decrease of 0.05 A between
R=Sm and Y. It is worth pointing out that the identification
of this deformable Mn3**-O3 bond is consistent with the pro-
posed origin of the ferroelectricity,>* which involves dis-
placement of Mn** along the axis of the pyramids.

In Fig. 4, we show the variation of various bond angles
Mn-O-Mn and bond distances Mn-Mn as a function of r.
These parameters determine the strength of superexchange
and direct-exchange interactions, respectively. Moreover, for
J3 and J4, the associated bond angles are close to the ferro-

PHYSICAL REVIEW B 72, 224425 (2005)

. 15F j B j j j _
2 74k T 11.94
s 13ree ® =+ - = 8 —1.92
= N S I ) ] . R
CT — T T~ T ™ T3 .04 ]
< gg'_ ° 1L 1 .I\I/In. 014_1'88
= 85Fee ® * * T I T
84, . [ 1.94
58T T —— ® * =5 * =192~
<57 e o ¢ o o 1" q19 %
T 5.6F I Mn**-01]] g8
5.5 ! ! i M T b §
1 96— T T T T [ T T T i _2 06'8
70T T LK ] 74 .-g
194 = = ® ® o® T U Jo04 5
o, r = T T M
—~1.92+ T88 —42.02
g ol Mn**-02] Mn**-03 ]
§ LSt | P etk il SN S w4
‘2 T T T T T T T T T T T T T T
% s n m .1 By
Sigelmm o = ®l, . L
[ s 1 =
Dy saf I " == ®* I
1.82F Mn*"-03 T Mn3+-04_-1 38
: I SR B S N RN TN b
1.02 1.04 1.06 1.08 1.02 1.04 1.06 1.08
rr (&)

FIG. 3. Variation of the orthorhombic lattice parameters and
Mn-O bond distances as a function of rg.

magnetic (FM)/AF crossover.>* Previous studies have estab-
lished that the Mn**-Mn** interaction at the Mn** layer is
frustrated, since J3 and J4 always tend to align the Mn**
parallel to each other, competing with the AF J2.>* There is
a significant increase of the Mn**-Mn** distance at the Mn**
layer with decreasing rp, indicating that AF J2 is weakened
with decreasing rg. This should strengthen the tendency for a
parallel alignment at the Mn>* layer with decreasing rz. On
the other hand, the Mn**-Mn** distance at the R layer shows
the opposite trend, indicating that the AF J1 interaction is
strengthened with decreasing rp. For J1 and J2, weaker con-
tributions from the superexchange interactions are FM,>* but
the small variations in the Mn**-O-Mn** bond angles should
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FIG. 4. Variation of the Mn-O-Mn bond angles and Mn-Mn
bond distances as a function of rp.
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have marginal roles in determining the strength of overall
interactions. Thus, the opposite trends in the strength of the
AF interaction for the Mn** and R layers combine to produce
manifold of stable superstructures along the c¢ axis, as evi-
denced by the various k, values reported for different R.*>

The observed magnetic structure for the Mn**/Mn**
layer,3*4 which is essentially the same for various R, indicates
that frustration is also operative in the ab plane. Especially,
each Mn** moment has one nearest Mn** moment in the b
direction that has a wrong sign, suggesting that |J4|> ]3]
and J4 is always AF.>* Figure 4 shows that the bond angles
associated with the J3 and J4 interactions decrease with de-
creasing rg, possibly weakening the AF interaction for J4.
However, this effect should be overshadowed by the very
significant decrease in the Mn3*-03 distance, which would
strengthen the AF interaction. The effects of bond-angle
variation for J3 are not clear, but the stable magnetic struc-
ture for the Mn**/Mn>* layer suggests that the character of
J3 does not change significantly with rg. For J5, the
Mn**-Mn3* distance smoothly decreases with decreasing r,
strengthening the AF interaction.

The complex and frustrated nature of the interactions
makes it difficult to disentangle the role of each interaction
in changing Ty with r. However, the above discussion sug-
gests that for J1, J5, and possibly J4, the AF interaction is
strengthened with decreasing 7. The AF J2 becomes weaker
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with decreasing rp, but this interaction is competing with
J3/J4 so that this tendency actually relieves the frustration
and reinforces the magnetic ordering. Thus, the systematic
changes in the structural parameters are in many respects
consistent with the increase in 7y with decreasing rg. Fur-
thermore, the concomitant increase in 7 supports the notion
that the ferroelectricity arises from magnetoelastically in-
duced lattice modulation, which would relieve the spin
frustration.>*

In contrast to the systematic behavior observed for Ty and
Tc, each member of RMn,0O5 shows different multiferroic
behavior in the low temperature region. Extremely large
magnetodielectric effects are observed in R=Dy, whereas
R=Tb and Ho show much smaller variation of the dielectric
constant with magnetic field.”> A complete reversal of polar-
ization with the magnetic field is observed for R=Tb,! but
others do not seem to show such a prominent effect.>” These
variations are apparently due to the additional roles played
by the R** moments, the understanding of which will be the
subject of future studies.
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