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While the ferroelectricity in type-II multiferroic rare-earth manganites is believed to be generated by
the inverse Dzyaloshinskii-Moriya (DM) interaction (spin—orbit coupling) associated with the Mn
spiral spin order, recent results revealed the strong spin—lattice coupling arising from the Dy—Mn
spin interaction in DyMnOQOj3, which may also be an ingredient contributing to the ferroelectricity. In

this work, we summarize our recent experiments on this issue by performing a series of rare-earth site
nonmagnetic Y and magnetic Ho substitutions at Dy site for DyMnQg. It is demonstrated that the
Dy—Mn spin interaction contributes to the ferroelectric polarization through the symmetric exchange
striction mechanism (spin—lattice coupling). A coexistence of the spin—orbit coupling and spin-lattice
coupling in one compound is confirmed. At the same time, the independent Dy antiferromagnetic

spin order at low temperature can be effectively suppressed by the substitutions, beneficial to the

polarization enhancement.
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1 Introduction

Multiferroics are a class of materials where electrical and

magnetic properties coexist and are mutually coupled to-
gether, and they have been attracting a great deal of
attention for decades, due to two major reasons: one
is the fascinating physics underlying these coupled phe-
nomena between the magnetic and ferroelectric orders,
and the other is those promising potential applications in
spintronics and data storages [1-7]. However, due to the
exclusion issue between the ferroelectric order and mag-
netic one, such coexistence is usually rare and the mag-
netoelectric (ME) coupling, if any, is extremely weak,
hindering the steps towards practical applications [8-10].
Tremendous efforts have been available in searching for
alternatives so that the ME coupling is intrinsic and sig-
nificant with high operation temperature, while substan-
tial challenges remain even nowadays.

A crucial progress along this line is the discovery of
the so-called type-II multiferroics (also coined as im-
proper ferroelectrics) besides well known BiFeOs. Among
these multiferroics, orthorhombic ABOgs-type multifer-
roic manganites RMnOg3 (R is trivalent rare-earth ion)
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have attracted extensive interest, mainly due to the in-
trinsic ME coupling identified in these systems, in terms
of the strongly coupled spin and ferroelectric orders as
well as rich phase diagrams [10-25]. While it is believed
that those well investigated multiferroics other than the
type-II ones have their ferroelectricity and magnetism
generated separately from different origins, here the fer-
roelectric (FE) polarization (P) in these type-II multifer-
roics is argued to originate from some second-order inter-
actions between the spins and other orders of parameters
(e.g., orbit, phonon), so that some specific spin orders
may lead to breaking of the spatial inversion symmetry
responsible for nonzero polarization. Therefore, the ME
coupling in these multiferroics is intrinsic and also very
significant, as repeatedly confirmed experimentally [10-
21, 26].

So far, our understanding of the underlying micro-
scopic mechanisms for the ferroelectricity generation in
these type-II multiferroics remains preliminary, in partic-
ular no quantitative microscopic theory is yet available
and phenomenological approach is in the early stage as
well. As a highlight, two types of mechanisms are pro-
posed which obtain support experimentally [3, 4, 16, 27].
One is the spin—orbit (SO) coupling associated with some
specific spin orders such as spiral spin order, which leads
to the antisymmetric exchange striction, taking RMnOs3
where R =Tb, Dy, and Euj_,Y,, as an example [10-
16]. In details, due to the inverse Dzyaloshinskii-Moriya
(DM) interaction associated with the Mn—O-Mn bond
chains, the Mn spiral spin order allows a polarization

o ZAeij X (Sl X SJ) ~ <Sz X Sj>, where €;j de-
notes the unit vector connecting the two neighboring Mn
spins (S; and S;) and the coefficient A is relevant to the
spin—orbit coupling and complex superexchange interac-
tions, and (- --) denotes the configuration averaging [16,
28-31]. We coin this term as the cross-product term. A
schematic illustration of this SO coupling mechanism is
given in Fig. 1(a), where only one piece of Mn—-O-Mn
chain is drawn. A nonzero P is clearly identified.

The other mechanism is relevant with the spin—phonon
(SP) coupling, typically identified in HoMnOs, where

[
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Fig. 1 (a) A schematic drawing of the Mn—O-Mn chain in manganites RMnO3s. The upper panel shows the original AFM
Mn-O-Mn chain without the DM interaction at temperature 7' < Ty, the bottom panel displays the spin-noncollinear
Mn—-O-Mn chain due to the DM interaction, which induces the displacement of O ions perpendicular to the chain and thus
FE polarization P at T' < Trg. (b) A schematic drawing of the 77]] spin chain constituted by two magnetic species in
alternative alignment. The coherence ionic shifts due to the symmetric exchange striction and induced P are illustrated.
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the Mn spins favor the E-type antiferromagnetic (E-
AFM) order [16, 32, 33]. The zigzag up-up-down-down
(1711) spin alignment along the lattice diagonal direc-
tion on the Mn—O-Mn plane allows a nonzero P via
the double-exchange induced symmetric exchangestric-
tion [34, 35] This component of P can be roughly ex-
Py, ~ [S;i - Sj]n, where S; and S; are the
two neighboring spins and n is the polarization unit vec-
tor. This term is coined as the dot-product term here.
The similar SP mechanism is also identified for Ising-like
spin chain compound CazCoMnOg where the Co and Mn
spins alternatively form the 17| | spin chain along the c-
axis, leading to a nonzero polarization along the c-axis
[36-46]. Without losing generality, Fig. 1(b) illustrates
one case where two types of charged ions align alter-
natively and the SP mechanism results in the collective
ionic shifts, generating a polarization. Here it should be
noted that the 77/] spin alignment may not be a pre-
requisite for generating ferroelectricity and in principle a
nonzero configuration averaging [S; - S;]n over the whole
lattice is sufficient for polarization generation.

It is interesting to find that these two microscopic
mechanisms are identified separately in different indi-
viduals and the coexistence of them in one multiferroic
system has been rarely revealed until recently. The exclu-
sion of such coexistence in one system is based on differ-
ent symmetries required respectively for the two types of

pressed as

mechanisms, while it cannot be possible to accommodate
the two symmetries for the same spin order. Neverthe-
less, one possibility to overwhelm this exclusion is to ac-
commodate two types of magnetic species in one system
so as to allow the two mechanisms taking effect simul-
taneously. This sequence has obvious advantages. First,
technologically the coexistence of both mechanisms al-
lows opportunity to sum up the two components (Px,
and P,,) of polarization so that the total one is signifi-
cantly enhanced with respect to the single one. Second,
it is attractive to understand such coexistence, which
represents a substantial step to uncover novel phenom-
ena and physics associated with this coexistence. This
is the major motivation for our recent experiments on
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DyMnOj3 (DMO).

2 Magnetic structures of DyMnO;

Keeping in mind the above motivation, one comes to
highlight the already published data on the spin order-
ing sequence in DMO [10, 12, 18-25], and we outline
the major facts about the magnetic structures of DMO
under various conditions.

First of all, both the Dy ion and Mn ion are mag-
netic and in particular the Dy spin has a quite bigger
moment (~ 10up) than Mn spin [19, 22]. Upon de-
creasing temperature (T'), the high-T paramagnetic state
transits into an incommensurate (ICM) sinusoidal anti-
ferromagnetic (AFM) state of the Mn spins at Ty =
39 K, below which the collinear Mn spin order is ar-
ranged first along the b-axis with propagation vector
™M1 = (0,0.36...0.385b,0) varying with temperature at
T < Tn [10, 19, 22]. What is interesting here is that
slightly below T, the Dy-spins at the R-site also develop
an AFM order along the c-axis with the same propaga-
tion vector as that of the Mn-spin order, i.e., 7PY = 7M»
duo to the strong coupling between the Dy-spin sublat-
tice and the Mn-spin sublattice (Dy—Mn spin interaction)
[18-21, 25]. This implies that the AFM Dy-spin ordering
is induced by the Mn-spin order.

When T falls down further to Trg = 18 K, an addi-
tional magnetic transition occurs, corresponding to the
development of a spiral spin ordering (SSO) of the Mn-
species along the b-axis [12, 19], with the fixed propa-
gation vector 7™ = 0.385b [21, 25]. The Dy-spins also
develop a spiral spin order as a consequence of the strong
coupling between the Dy-spin sublattice and the Mn-spin
sublattice, under the premise of 7PY = 7Mn = (.385b
[21]. The proposed magnetic structure projected on the
be-plane is schematically illustrated in Fig. 2(a). As ad-
dressed above, the spiral spin order of Mn ions allows
a nonzero FE polarization, contributed from the cross-
product term Py, ~ > Ae;; x (S; X S;j)mn along the c-
axis. Whether the spiral spin order of Dy ions makes a
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contribution to polarization P remains to be identified
yet.

A surprising consequence of the magnetic structures
is the coherence of spin configurations for Mn and Dy
sublattices. Again consulting Fig. 2(a) for the proposed
magnetic structures below Trg, one finds that along the
b-axis, the Mn spins between two neighboring Mn spin
chains are anti-parallel, the same are the two neighboring
Dy spin chains. If one considers the spin—lattice coupling
between any Mn spin chain and its Dy spin chain neigh-
bors, this coupling can be roughly expressed as a term
~ (=1)"(Sh, - Siyy), where i is an integer counting the
Mn/Dy chain series along the c-axis. Therefore, the site-
dependent configuration averaging over the whole lattice
can be termed as [Spy - Smn|n, i.€., the dot-product term.
A major issue arising from this discussion is whether
this dot-product term associated with the spin-lattice
coupling makes a contribution to ferroelectricity, i.e., a
nonzero Py, available?

An additional fact to be addressed for DMO is the
independent Dy spin ordering below Tp, = 6.5 K. In
this case, the Dy spin order takes a commensurate AFM
structure with propagation vector 70¥ = (0.5b, irrelevant
with the spiral spin order of Mn ions, as schematically il-
lustrated in Fig. 2(b) [18, 22]. This independent Dy spin
order implies the dominance of the Dy—Dy spin interac-
tion over the Dy-Mn spin coupling at low T < Tpy. The
consequence of the competition between the two types of
interactions may be the disappearance of component P,
gradually at T — 0 K. Surely, the Mn spiral spin struc-
ture (in particular the wave-vector) would be modulated
by the Dy—Mn spin coupling in case of the independent
Dy spin order, which is nevertheless different from that
in case of the Dy spiral spin order at Tpy < T' < TyE.
One has a reason to expect that the polarization compo-
nent (here denoted as P/ ) induced by the Mn spin—orbit
coupling would be different from Py, at T > Tp,.

Finally, we mention briefly the response of the mag-
netic structure to external magnetic field. Recent exper-
iments revealed that at low 7" < Tpy external magnetic
field first melts away the independent Dy spin order and

T<Tp,
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Fig. 2 A sketch of the ordered configurations of Dy-spins and Mn-spins, projected onto the zz-plane at temperatures
(a) Tpy < T < Tpg and (b) T < Tpy. The magnitude and orientation of these spin arrows are guides to the eyes.
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then the Mn spiral spin order pluses the induced Dy spi-
ral spin order, indicating the lower stability of the former
than the latter. Keeping in mind above discussions, one
would expect that an appropriate magnetic field which
is sufficient to melt away the independent Dy spin order
but insufficient to suppress the Mn/Dy spiral spin orders
would help to recover the ferroelectric component Py, at
T < Tpy [20].

3 Major motivations

To identify the above arguments, one may proceed with
some simple approaches to separate the two components
of the FE polarization by modulating the magnetic struc-
tures of DMO. The straight strategy is to substitute the
Dy ion with various isovalent rare-earth species with and
without magnetic moment.

On one hand, to isolate the cross-product term from
the dot-product term, i.e., separate component Py, from
Py, one may substitute Dy with Y to some content.
First, Y2t has similar ionic size as Dy3*, but Y3T has
much “weaker” magnetic moment than Dy (if not
zero). Such a substitution allows a suppression of both
the Dy—Mn spin interaction and Dy—Dy spin interaction,
and in turn the dot-product term and independent Dy
spin ordering at T' < Tp,. Given a sufficient substitution
level which is however insufficient for changing the lat-
tice symmetry, note that YMnOj3 favors the hexagonal
symmetry, but the orthorhombic YMnOj3 structure can
be maintained for specific conditions, and the component
Py, would become disappeared, leaving only the compo-
nent Ps,. This is the first experiment to be described
below.

On the other hand, it was reported that HoMnO3 may
also favor the orthorhombic symmetry under a well con-
trolled condition [16, 47-49]. It was recently revealed
that the ferroelectricity in orthorhombic HoMnO3 may
be generated due to the coupling between the Ho spins
and Mn spins, probably via the spin—lattice coupling ad-
dressed above [34]. However, no independent Ho spin
order appears at low T. Therefore, a proper low level
substitution of Dy in DyMnOgs with Ho may break grad-
ually the independent Dy spin ordering at low 7', while
the dot-product term via the coupling between Mn spins
and Dy/Ho spins can be maintained. In this case, both
components P, and P, are available over the whole T-
range below Trg.

The present article reviews our experiments based on
these motivations. Our experiments seem quite success-
ful although the underlying physics may be even more
complicated than the simple scenario given above.

4 Experimental details

Our experiments focus on polycrystalline Dy;_, Y, MnOg
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(DYMO) and Dy;_,Ho,MnO3 (DHMO). These samples
were synthesized by the conventional solid-state reac-
tion route. The highest substitutions were determined
to be x = 0.2 and y = 0.3, without causing identifi-
able impurity phase while maintaining the orthorhombic
crystal structure. The phase purity and crystallinity
were checked by X-ray diffraction (XRD) using Cu Ko
radiation.

For detecting the spin ordering sequence, magnetiza-
tion (M) and specific heat (C) of these samples were
measured employing the Quantum Design superconduct-
ing quantum interference device (SQUID) and physical
properties measurement system (PPMS), respectively.
For ferroelectric characterizations, dielectric constant (¢)
was measured using HP4294 impedance analyzer, and
polarization P was evaluated from the measured T-
dependence of pyroelectric current (I) using Keithley
6514 electrometer in combination with PPMS. As a pol-
ing procedure, each sample was first cooled down to
2 K under an electric field (F) of 10 kV/cm, followed
by a sufficiently long time of circuit-shorting for safe
exclusion of other possible contributions such as those
from the de-trapped charges. Finally, the measured py-
roelectric current was integrated as a function of time
to obtain polarization P. In addition, the response of P
against magnetic field H was also probed using the same
method.

5 Results and discussion

While it should be mentioned that the main part of the
data have already been published [50, 51], we present
them in an integrated scenario for both the Y substitu-
tion and Ho one.

5.1 Structural stability

We look at the orthorhombic structural stability of DMO
upon the Y- and Ho-substitutions. The probed XRD
spectra for the DYMO and DHMO samples at room tem-
perature are shown in Figs. 3(a) and (b), with the values
of z and y inserted in the plots respectively. A care-
ful check of these data in assistance with the Rietveld
structure refining reveals that the orthorhombic symme-
try can be maintained up to x = 0.20 and y = 0.30.
A slight shift of these reflections towards the high-angle
side is identified, as shown in the insets, with a notice
that the ionic radius values of Y3 and Ho3*t are ~ 0.9
A and ~ 0.901 A, respectively, smaller than 0.912 A, the
radius of Dy3t.

5.2 Multiferroicity of DyMnOg

For a comprehensive understanding of the effects of Y-
and Ho-substitutions on DMO, we first summarize our
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Fig. 3 X-ray diffraction patterns for pure and substituted sam-
ples, with the substation levels labeled numerically. The inset clar-
ifies the (112) and (200) peaks for (a) = = 0,0.05,0.10,0.15 and
(b) y=0,0.1,0.2,0.3 from bottom to up, respectively.

data on the multiferroicity of DMO in Fig. 4, as a refer-
ence.

The measured M-T data and C/T-T data for DMO
are plotted in Fig. 4(a), respectively, which show quite
good counsistence with earlier reports on DMO [10, 12,
18-25]. The M (T') curve shows no identifiable anomaly
around T and Trg, leaving only a broad peak at T ~
Tpy ~ 7 K associated with the independent Dy spin or-
der. This phenomenon is reasonable since the magnetic
moment of Dy3* is much bigger than Mn3*, and thus no
identifiable magnetic signal from the Mn spin ordering is
possible from the magnetization data. We thus turn to
the specific heat C' for consult, which is more sensitive to
spin ordering. Indeed, sharp peaks at T' ~ Tx and Tpy
and a relatively weak anomaly at T' ~ Trg are detected,
corresponding to the three spin ordering events.

More attentions go to the measured P-T and e-T
curves at zero magnetic field, as shown in Fig. 4(b). The
dielectric peak at T' ~ Tgg indicates the ferroelectric
transitions at which a nonzero P ensues. The measured
P rises continuously with decreasing 7' until Tpy, be-
yond which it decays rapidly down to a finite value. The
one-to-one correspondence between the features in the
P-T, e-T, and C/T-T curves clearly demonstrates the
intrinsic ME effect in DMO.

Based on the scenario on the two polarization compo-
nents (Py, and Py,) arising respectively from the cross-
product term and dot-product term, one may suggest in
a qualitative sense the dependence of Py, and Py, on
T, as shown in Fig. 4(c). Below Trg down to zero, the
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Fig. 4 Measured (a) M and C/T, (b) € and P, as a function
of T, respectively, for pure DMO. (c) A sketch map of the T-
dependences of various polarization components of DMO. Ps, and
P! represent the contributions from the spiral order of Mn spins
with different wave vectors, PS’p and Psp the contributions from the
spin—lattice coupling arising from the Dy—Mn spin coupling with
and without the impact from the independent Dy ordering, and
Pexp and Py, the total polarizations from measurement and theo-
retical estimation (assuming no independent Dy ordering in low T).

measured value of P, P.yp, and the predicted value of P,
P;1, can be expressed as:

p B PSO+PSP7 TDy<T<TFE
P Pl + P, T <Tpy (1)
Pth:Pso"l‘Pspy T<TFE

It is seen that both Ps, and Fs, would increase
monotonously with decreasing T if no independent Dy
spin ordering occurs below Thy. Nevertheless, due to this
Dy spin ordering, Py, transits into PS'lD below Tpy, which
gradually decays down to zero since the synchronization
of the Dy spin order with the Mn spin order phases out
below Tpy, such that the dot-product term approaches
zero. Eventually, at T — 0 K, only the component P/
arising from the Mn spin order is left. In the following
subsections, we shall present our experimental data to
support this scenario.

5.3 Variations of magnetic property

As mentioned above, both Dy®>t and Ho?* spins have
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much bigger moment than Mn3" spin [19, 20, 52], thus
no information on the response of the Mn spin ordering
to the substitutions can be obtained in case of relatively
low level Y/Ho substitution levels. Nevertheless, one can
still observe the variation of the measured M upon the
substitutions, as shown in Fig. 5 where the M -1 data for
several Y/Ho-doped samples are plotted. First of all, no
substantial difference between the data under the ZFC
and FC modes for all the samples can be detected, indi-
cating the robustness of the spin order upon the substitu-
tions. Second, both the Y- and Ho-substitutions suppress
the independent Dy spin ordering which can be initiated
only at lower T', with the peaks at Tpy indicated by the
arrows.

Furthermore, looking at the response of M to the sub-
stitutions, as shown in Figs. 5(b) and (c), one observes
the down-shift and up-shift of the M—-T curves respec-
tively with increasing z and y, while both cases show
downshifting Thy. A reasonable explanation is that Y3+
spin has much smaller moment but Ho?* spin has slightly
bigger one than the Dy3* spin.

T e
02447 ,‘rD-" T ZFCx=02 -0.18
R LZFCy=03
=020 —mmFC y=02 -0.12
20 ==y =02
b 2
E 0.16 -
& - 0.24
= 0.12 4
-0.18
0.08 4 (a) i - 0.12

0 10 20 30 40 O 10 20
Tk
Fig. 5 Measured M-T curves (a) for samples z = 0, x = 0.2,
and y = 0.2 under ZFC and FC conditions, (b) for samples with
0.1 <z <£0.2 and (c) for samples with 0.1 <y < 0.3 under ZFC
conditions. H = 100 Oe.

5.4 Ferroelectricity upon the Y-substitution

In this section we address in details the response of polar-
ization P to the Y-substitution (z). The measured data
are summarized in Fig. 6 which shows the C/T-T curves
of three samples, illustrating the impact of the substitu-
tion on the three transition points, T, Trg, and Tpy. It
is again confirmed that the substitution suppresses the
independent Dy spin ordering while Ty increases due to
the higher AFM ordering point of orthorhombic YMnQOj3
than DyMnOg3 [16, 34]. A slight decrease of Tpg is also
observed.

Regarding the variation of P as a function of T in
response to the substitution, at the beginning the mea-
sured P falls down over the whole T-range until x ~ 0.10,
beyond which no more change of P within Tp, < T <
Trg, while the P below Tpy gradually rebounds back
to a higher value, as shown in Figs. 6(b) and (c). The
different behaviors of P(T') at the two sides of Tpy re-
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flect the influence of the independent Dy spin order on
the ferroelectricity. To illustrate this fact, we plot P as
a function of x at T'= 2 K and 10 K, below and above
Tpy, respectively, in Fig. 6(d).
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Fig. 6 (a) Measured C/T—T curves for samples with z = 0, 0.05,
and 0.2. (b) and (c) Measured P-T curves for samples with
z = 0,0.05,0.1,0.15, and 0.2. (d) Measured P—x curves at fixed
T =2Kand 10 K.

We consult the proposed scenario shown in Fig. 4(c)
and Eq. (1) in order to explain the effects of the Y-
substitution. The substitution gradually melts the Dy
spin order below Trg no matter whether it is induced by
Mn spin order (Tpy < T < Tgg) or develops indepen-
dently (below Tpy). This leads to the gradual collapse
of the Dy—Mn spin coupling, i.e., the dot-product term is
gradually suppressed. In the meantime, the low-T" inde-
pendent Dy spin order seems to be more robust than the
Dy spin order at Tpy, < T' < T¥g, which is induced by the
Mn spin order. Therefore, the substitution level needed
to completely melt away the independent Dy spin order
at T' < Tpy is higher than that required to break the Mn
spin order induced Dy spin order at Tpy < T < Tyg. This
suggests that a transition from P/ to Py at T < Toy
cannot occur unless x > 0.10, i.e., further increase of x
from 0.10 results in the rebound of P.

As a supplementary, the spin configurations associated
with the Y-substitution are schematically shown in Fig.
7. Referring to Fig. 2, the physics of the substitution is
quite clear and the Y-substitution breaks the Dy SSO
configuration at Tpy < T < Tyg and the independent Dy
spin order at T' < Tpy, respectively. Based on our data
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and Fig. 7, the multiferroic phase diagram in the (7', x)
plane for DYMO system can be drawn and is shown in
Fig. 8.
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Fig. 8 The T—x phase diagram of DYMO with Y substitution
0 <z <0.2[50].

5.5 Ferroelectricity upon the Ho-substitution

Based on the above results, one can expect obviously
that the Ho-substitution would suppress gradually the
independent Dy spin order at T' < Tpy, but the dot-
product term may be maintained. Therefore, if the inde-
pendent Dy spin order is completely suppressed by the
Ho-substitution, Eq. (1) can be rewritten as

T < Tpg (2)

Our experimental results are summarized in Fig. 9
where the C/T-T and P-T data for four samples are
plotted in (a) and (b). From the C/T-T data, it is seen
that the independent Dy spin order is already melt away
at y ~ 0.1 and over. The AFM ordering point Ty shifts
slightly towards the high-T" side, while the Tyg towards
the low-T side slightly with the increasing y, with a no-
tice that the orthorhombic HoMnOj3 has a higher Ty

Pexp:Pth:Pso+Psp7

than that of DMO. The anomaly of C/T at T ~ Trg
clearly evidences the Mn spiral spin ordering which is
not affected by the Ho-substitution.

More convincingly, the measured P at T' < Tp, does
rebound back with increasing y and eventually P — Py,
and Ps’lD — P, at y > 0.1. The P-T curve no longer falls
down at low T" and tends to a saturated value: a sum of
the component Py, and component Py,. In Fig. 9(c) is
shown the measured P as a function of y at T'= 2 K and
the Ho-substitution does induce significant enhancement

(a) TH»0 —O—y=0.1
—y=02, =5 7—y=0. 3
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Fig. 9 (a) Measured C/T-T curves for samples with y =
0,0.1,0.2, and 0.3. (b) Measured P-T curves for samples with
y =0,0.1,0.2, and 0.3. (c¢) Measured P—y curve at T ~ 2 K. (d)
Measured dependence of AP on H at T ~ 2 K for samples y = 0
and y = 0.1.
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Fig. 10 A sketch of the ordered configurations of Dy-spins and Mn-spins for DMO and DHMO, projected onto the zz-
plane at temperatures (a) Tpy < T' < Trg and (b) T < Tpy. The magnitude and orientation of these spin arrows are

guides to the eyes [51].

of P at low T.

In addition, the response of P at T = 2 K [AP =
P(H) — P(0)] to external magnetic field H for two sam-
ples (y = 0 and 0.1) is plotted in Fig. 9(d). For the sample
y =0 (DMO), a magnetic field first suppresses the inde-
pendent Dy spin order, which allows the re-entrance of
the Dy spin order induced by the Mn spiral spin order.
This is the reason why AP is positive first and then nega-
tive with increasing H. This phenomenon disappears for
the sample y = 0.1, where the independent Dy spin order
is no longer dominant, thus AP falls down monotonously
with increasing H.

What should be mentioned is that the Ho-substitution
does not damage the dot-product term. Instead, the Ho3*
ions substitute the Dy3* ions and it seems that the Dy—
Mn spin coupling is substituted by the Ho—Mn spin cou-
pling [24], which would also contribute to the dot-product
term. Such a coupling in fact was recently confirmed by
experiments on HoMnO3 [34, 53].

To illustrate this effect, we present the spin config-
uration of DHMO in Figs. 10(c) and (d), with that of
DMO shown in Figs. 10(a) and (b). It is seen that at
Tpy < T < Ty the dot-product term is reserved via the
Dy—-Mn and Ho—Mn spin coupling, but the independent
Dy spin order at T' < Tpy is broken.

5.6 Discussion

Up to this stage, we have developed a comprehensive
scenario in which the mechanism for ferroelectricity in
DyMnOgs can be well understood. The coexisting Mn—
Mn spin interaction and Dy—Mn spin interaction allow
a superposition of the polarization components as gen-
erated respectively from the cross-product term and dot-
product term. The present work seems to be the first
demonstration of this superposition. Furthermore and
probably more importantly, the superposition is favored

only if the two polarization components align along the
same orientation, which would be cancelled otherwise.
Fortunately it is the case for DyMnQOj3. The similar sce-
nario for other multiferroic manganites with two mag-
netic species is believed, i.e., the spin coupling between
the two species may serve as a general mechanism for fer-
roelectricity generation. Surely, additional exploration is
definitely needed.

On the other hand, the specific spin configuration
for the cross-product term and dot-product term is only
one of the necessary conditions for the ferroelectricity.
The lattice symmetry and distortion should be another
substantial ingredient for nonzero polarization. In the
present case, both YMnOg3 and HoMnO3 can be of or-
thorhombic structure in spite of the meta-stability, and
both Y3+ and Ho®t have similar ionic size as Dy3T,
which would not add additional degree of freedom for
the structure control.

6 Conclusions

In summary, we have thoroughly investigated the multi-
ferroic properties of DyMnOj3 substituted with isovalent
Y?3* and Ho®*. We have succeeded in revealing the entire
microscopic mechanisms for the ferroelectricity genera-
tion in DyMnQOgs, and have clearly revealed the coop-
erative contributions of spin-orbit (SO) coupling and
spin-lattice (SP) coupling to the ferroelectricity. The
feasibility of coexistence of the SO and SP couplings
in one cyclodial order is the spin coupling between two
magnetic species, which is generic and allows us opportu-
nity to design and modulate the multiferroic properties
of the type-II multiferroics.
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