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SmFeO;, a family of centrosymmetric rare-earth orthoferrites, is known to be nonferroelectric.
However, we have found that SmFeO; is surprisingly ferroelectric at room temperature with a small
polarization along the b axis of Pbnm. First-principles calculations indicate that the canted antiferro-
magnetic ordering with two nonequivalent spin pairs is responsible for this extraordinary polarization and
that the reverse Dzyaloshinskii-Moriya interaction dominates over the exchange-striction mechanism in
the manifestation of the improper ferroelectricity. SmFeO; further exhibits an interesting phenomenon of
spontaneous magnetization reversal at cryogenic temperatures. This reversal is attributed to the activation
of the Sm-spin moment which is antiparallel to the Fe-spin moment below ~5 K.
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Multiferroics exhibit simultaneous ferroic properties with
coupled electric, magnetic, and structural orders. Over the
past decade, there has been a resurgence of interest in under-
standing and applications of multiferroic materials [1-8]. A
variety of theoretical models were proposed to account for
the origin of magnetically induced ferroelectricity in anti-
ferromagnetic oxides [9-16]. Among these, a spin-current-
induction model [12] of the polarization of a §; X S; type in
noncollinear magnets is particularly appealing as this model
suggests the possibility of the occurrence of ferroelectricity
in ABO;-type orthoferrites which exhibit their canted
antiferromagnetic (AFM) orderings well above room tem-
perature [17,18]. According to this vector-field model based
on the spin-orbit-coupling-driven reverse Dzyaloshinskii-
Moriya interaction, a small improperlike polarization can
appear in conjunction with a para-to-AFM transition in a
centrosymmetric crystal having a noncollinear spin structure.
Conversely, a ferroelectric distortion can induce spin-canted
weak ferromagnetism [10] if the Dzyaloshinskii-type invari-
ant [~ P e (M X L)] is allowed in the free-energy expan-
sion [15,19].

Accordingly, we have been exploring a suitable AFM
material which is characterized by a noncollinear spin
structure with its Néel temperature (Ty) substantially
higher than 300 K and insulating property up to Ty. We
find that SmFeO; (SFO hereafter), a family of rare-earth
orthoferrites, meets these requirements. It is known to be
antiferromagnetic below ~670 K [17] and is electrically
resistive up to 7. We will show that SFO is surprisingly
ferroelectric with a substantial degree of the piezoelectric-
ity at room temperature. On the basis of first-principles
calculations, we conclude that the noncollinear AFM
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ordering with two nonequivalent spin pairs is primarily
responsible for this extraordinary ferroelectricity. In addi-
tion to the magnetically induced ferroelectricity, SFO
exhibits an interesting phenomenon of spontaneous mag-
netization reversal at cryogenic temperatures.

SFO is characterized by orthorhombic Pbnm (or Pnma)
structure [Fig. 1(a)]. To understand the ground-state spin
configuration of the Fe-spin subsystem, we have carried
out density-functional theory (DFT) calculations on the
basis of the generalized gradient approximation [20] im-
plemented with the projector augmented wave pseudo-
potential [21] using the Vienna ab initio simulation
package. According to the DFT calculations, the ortho-
rhombic SFO is characterized by two nonequivalent canted
AFM Fe-spin pairs, (S,,S3) =« and (S;,S,) = 8, as
schematically shown in Fig. 1(a). The ground-state AFM
ordering direction (Néel vector) of each Fe-spin subsystem
is predicted to be parallel to [001] of the Pbnm setting but
with a small value of the net canted moment (M) along
[100]. More specifically, our DFT calculations predict the
following relation for M (net magnetization of the Fe spin)
in the I';-spin structure [22] which is known to be stable
for a wide temperature range including 300 K: M=
M, +M;=(S; +8;3) +(S; +S4) = (0.076% — 0.0549) +
(0.076% +0.0549) = 0.152%, with L, =(S, —S;3) =
—7.10Z and Lz = (S; — S,) = +7.10Z, where %, for ex-
ample, designates a unit vector along [100] (i.e., along the
a axis), and L, and L 5 denote the Néel vector for @ and 8
subsystems, respectively [23]. Here numerical values are
given in the unit of Bohr magneton (up).

Fe L,;-edge x-ray magnetic circular dichroism
(XMCD) spectra (p*, p~) of the flux-grown SFO single

© 2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.107.117201

PRL 107, 117201 (2011)

PHYSICAL REVIEW LETTERS

week ending
9 SEPTEMBER 2011

Fe L-edge XMCD
H][[[100], 360K

)

=

E)

£ ] ; ol .

= T T T

&

£

|7

g |

E i — Ap x50

— Z Ap x50
700 710 720 730 740

Photon Energy (eV)

FIG. 1 (color online). Crystal structure and magnetic spectra of
orthorhombic SmFeO;. (a) A unit-cell crystal structure of
SmFeOj3 in Pbnm setting (left) and a schematic I',-spin structure
showing two nonequivalent spin pairs (right). (b) Fe L, ;-edge
x-ray magnetic circular dichroism (XMCD) spectra obtained at
360 K. Bottom panel: MCD signals, Ap and 3(Ap), over the
entire L, 5 region.

crystal [Fig. 1(b)] also demonstrate that the magnetic easy
axis is parallel to [100] below T'sg. The four major dichro-
ism (A p=p" — p~) peaks that appeared at the L;
region with two positive (A p >0) and two negative
(A p <0) peaks indicate that two of the four nonequiva-
lent spin moments (S,, S3) form one set of the spin sub-
system (M,) while the other two spin moments (S;, S4)
form the other set of the spin subsystem (Mpg). Thus, the
XMCD result supports the prediction of first-principles
calculations. The integration of the dichroism over the
entire L, 3 absorption region [bottom panel of Fig. 1(b)]
indicates that, unlike GaFeO; [24], the orbital magnetic
moment of Fe ions is negligibly small, as compared with
the spin magnetic moment.

The two prominent features of the magnetization-field
(M-H) curve [Fig. 2(a)] are (i) a pronounced magnetic
anisotropy and (ii) a small value of the coercive field
(~30 Oe). These features can be practically exploited in
the development of an ultralow-field magnetic switching
device that requires an extremely small coercive field with
a prominent anisotropy. The M-H curve also indicates that
the magnetic easy axis of SFO is nearly parallel to the a
axis of Pbnm (equivalently, parallel to the ¢ axis of Pnma)
[22]. This observation is consistent with our theoretical
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FIG. 2 (color online). Magnetic properties of the SmFeOj; single
crystal. (a) Room-temperature magnetization-field (M-H) hystere-
sis curves, showing the effect of the applied magnetic-field direction
on the magnetization response. (b) Temperature-dependent magne-
tization, M(T), curves showing a [001]-to-[100] spin-reorientation
transition at ~480 K. On the other hand, we did not find any
meaningful [010] magnetization. (c) M(T) curves for temperatures
below 300 K, showing a thermally induced spontaneous magneti-
zation reversal at 5 K. We measured M(T') curves for both (+) and
(—) cooling fields. The inset presents a magnified view of M(T) at
cryogenic temperatures.
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prediction that M = 0.152% for the I',-spin structure, as
discussed previously.

The temperature-dependent magnetization curve dem-
onstrates an AFM ordering at 670 K (7). As shown in
Fig. 2(b), there rapidly occurs a spin-reorientation (SR)
transition at ~480 K, switching the magnetic easy axis of
[100] to [001] with increasing temperature. This corre-
sponds to a I',-to-I'y transition in the AFM spin configu-
ration. According to our DFT calculations, M (the net
magnetization of the Fe spin) in the I'y-spin structure,
which is stable for the temperature range between Ty
(670 K) and Tsg (480 K), is described by the following
relation [23: M =M, + Mz = (S, +83) + (S, +8,) =
(—0.0459 — 0.0592) + (+0.0459 — 0.0592) = —0.1182.
This prediction is consistent with the observation of the
[100]-to-[001] spin reorientation at Tsi [480 K; Fig. 2(b)].

Upon cooling to cryogenic temperatures, SFO further
shows an interesting phenomenon of spontaneous magne-
tization reversal [Fig. 2(c)]. This suggests a long-range
ordering of the rare-earth Sm>"-spin moment. In this
case, the direction of the net Sm?>" moment should be
opposite to that of the canted Fe3*-spin moment (+a) in
the I',-spin structure. According to our DFT calculations,
the net magnetization is antiparallel to the a axis of Pbnm
with its value of —0.061up per f.u. We are now
able to delineate the evolution of the spin structure with
decreasing temperature: (i) para-to-AFM ordering at
670 K (Ty), (ii) I'y-to-I', spin reorientation at 480 K, and
(iii) spontaneous magnetization reversal caused by a long-
range ordering of the rare-earth Sm3*-spin moment along
—a of Pbnm. These sequential changes in the spin con-
figuration with the variation of temperature are pictorially
presented in Fig. 3.

Let us now examine the possibility of the occurrence
of spin-canting-driven ferroelectricity. Since SFO is
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FIG. 3 (color online). Sequential changes in the spin configu-
ration with the variation of temperature. The spontaneous
magnetization reversal observed at 5 K (Tyr) is attributed to a
long-range ordering of the Sm*" -spin moment which is opposite
to the canted Fe’*-spin moment ( + a) in the I',-spin structure
of orthorhombic SmFeOj;.

characterized by the two nonequivalent canted AFM sub-
systems, a = (S,, S3) and B = (S;,S4), the noncollinear
spin-canting-induced polarization has two distinct compo-
nents, P, and Py, if they are nonzero. According to the
spin-current-induction model [12], P, can be formally
written as P, = e; X (S, X S3). Our DFT computations
using the Berry-phase method [25] now read: P, =e,; X
(S, X8;)=+P,%—P,9, where P,/P, =140 and P, =
+50.0 ©C/m? for the I',-spin structure. Similarly, DFT
calculations predict: Pg=e4 X (S; XS,)=—P, & —P,3.
Thus, the net spin-canting-induced polarization (P;y =
P, + Pp), which is parallel to the b axis, is predicted
to be | =2P,9 |= +100.0 uC/m? for the I';-spin struc-
ture. Essentially the same prediction can be made for
the I'4-spin structure which is known to be stable for the
temperature range between Tsg and Ty: P4 =
P, +P;={-P/y— P/} +{-P/y+ P2} =—-2P/)
parallel to [010] with P.//P,/ = 1.33 [23]. Accordingly,
we now deduce one important conclusion on the direction
of P;,4 that the net noncollinear spin-canting-induced po-
larization (P;,q) remains to be parallel to [010], irrespective
of the spin reorientation at Tgg.

Though the noncollinear spin-canting-induced polariza-
tion (P;,q) corresponds to the reverse Dzyaloshinskii-
Moriya interaction mechanism, it can be shown that the
two Dzyaloshinskii-type invariants, i.e., {P, ® (M, X L),
P e (Mg X L)}, cancel each other out [23] and, thus, do
not contribute to the free-energy density, which is an
interesting exception to Fennie’s rule [15]. This indicates
that a P e (M X L)-type trilinear coupling [19] is not
effective in the orthorhombic SFO because of the presence
of the two nonequivalent AFM subsystems.

Let us now consider experimental aspects of the canted
AFM-ordering-induced ferroelectricity. The capacitance-
voltage (C-V) hysteresis curve presented in Fig. 4(a)
clearly demonstrates a nonzero remanent polarization
(P,) along the b axis of Pbnm at 300 K. The magnitude
of the induced polarization was evaluated by measuring and
integrating temperature-dependent pyroelectric current
[23]. As shown in Fig. 4(b), the polarization developed
along the b axis of Pbnm is ~93 uC/m>. Figure 4(b)
also shows that the onset of the para-to-ferroelectric tran-
sition coincides well with the AFM ordering temperature
[670 K, Fig. 2(b)]. This strongly supports the AFM-order-
ing-induced ferroelectricity in a centrosymmetric crystal. A
nonzero value of the spontaneous polarization (Py) at 300 K
was further confirmed by carrying out positive-up and
negative-down (PUND) pulse measurement [23]. The satu-
ration P, value obtained from the PUND measurement at
300K is ~100 uC/ m?, which coincides well with the DFT
prediction of 100 wC/m? for the I',-spin structure.
The consistency between the DFT prediction (with the
spin-orbit coupling option) and the experimental observa-
tion supports the prevalence of the noncollinear spin-orbit-
coupling-driven polarization of a §; X' S; type in SFO.
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FIG. 4 (color online). Ferroelectric and piezoelectric responses
of the SmFeOs single crystal. (a) A room-temperature C-V curve
of the flux-grown orthorhombic SmFeOj; single crystal obtained
at a 100 kHz measuring frequency with the probing electric field
along [010]. (b) Temperature-dependent spontaneous polariza-
tion along [010]. No pyroelectric response was detected for an
electrically poled SmFeO; crystal along two other principal
directions, [100] and [001]. (c) Variations of b- and c-axis
parameters under the electric field applied to [010] and [001]
directions, respectively.

On the other hand, the computed polarization is strictly
zero if we do not adopt the spin-orbit coupling in the
Berry-phase calculations. This clearly indicates that the
exchange-striction mechanism of a S e S type [8] is not
relevant to the manifestation of the improper ferroelectric-
ity in SFO.

If SFO is truly ferroelectric, it should show a certain
degree of the piezoelectricity along the P, (spontaneous
polarization) direction. To examine this proposition, we
have carried out in situ synchrotron x-ray microdiffraction
(XRMD) experiments [26]. According to the phenomeno-
logical thermodynamic prediction, the piezoelectric coef-
ficient d,, (for both the elastic strain and the measuring
field along the polarization direction, b axis of Pbnm) is
nonzero while the other two diagonal components, d;; and
ds3, should be nearly zero [23]. As shown in Fig. 4(c), the
c-axis parameter evaluated using the branch of decreasing
E field [26] is nearly independent of the applied E field,
indicating that d3; = 0. We also found that d;; = 0. On the
contrary, the slope is nonzero for d,,, and we have eval-
uated d,, using the XRMD data (for the linear low E-field
region) and the relation dy, = (91,/9E,)r,,—9, Where [,
denotes the spontaneous elastic strain along the b axis. The
estimated d,, (~ 22 = 4 pm/V) is slightly higher than d;;
of the epitaxial BiFeOj; thin film ( ~ 15 pm/V) having
4 mm symmetry [26]. Thus, the XRMD study clearly
supports that SFO is ferroelectric with its P, along the b
axis of Pbnm.

First-principles calculations indicate that the canted
AFM ordering of a S; X S; type is primarily responsible
for the observed extraordinary ferroelectricity in SFO.
Thus, a high AFM ordering temperature with a noncol-
linear canted spin structure is the main reason why SFO is
an ambient multiferroic while most other oxides are not.
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