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The multiferroic perovskite rare earth manganites RMnO; (R = Dy, Tb, Gd) are known as multiferroics
exhibiting pressure-induced gigantic ferroelectric polarization. In this study, we have investigated the magnetic
orderings in the pressure-induced phases for DyMnOs, by neutron diffraction and spherical neutron polarimetry
(SNP) experiments up to 8.0 GPa. The magnetic ordering for Mn spins changes from the incommensurate
be-cycloid to the commensurate collinear E-type structure with kyy, = (0, % 0) above 4.0 GPa, which is
concomitant with the appearance of a giant ferroelectric polarization. The magnetic ordering for the Dy spins
has been determined to be a noncollinear spin structure with @ and b spin components and kpy, = (0, %, 0) for the
low- and high-pressure phases. The magnetic field along the a axis, H,, affects the Dy ordering, which is seen
in the changes in the k vector from kp, = (0, %, 0)in H, < 3T to kpy = (0,0,0) in H, > 3 T. Considering the
lattice distortion generated by the determined magnetic orderings through the exchange striction mechanism, we
conclude that the exchange striction for rare earth and Mn bonds, which is added to the uniform polarization

generated by the E-type Mn ordering, is strongly related to the significant magnetic field enhancement of

ferroelectric polarization in the high-pressure phase of the rare earth manganites.

DOLI: 10.1103/PhysRevB.102.085131

I. INTRODUCTION

Type-II multiferroics, which possess ferroelectric polariza-
tion driven by magnetic order, have been intensively studied
in the last 15 years [1,2]. Since the multiferroics mostly
exhibit small ferroelectric polarization (<0.1 uC/cmz), the
polarization value is hoped to be the same order as that of
conventional ferroelectric materials, such as BaTiOs, from
the practical application point of view. Recently, the largest
ferroelectric polarization, ~1.0 ©C/cm?, in type-II multi-
ferroics has been reported in the high-pressure phases of
orthorhombic perovskites RMnO3; (R = Tb, Dy, Gd), which
is nearly comparable to conventional ferroelectric materials
[3,4]. The ferroelectric polarization is also largely enhanced
by the application of a magnetic field in the manganites.
Previous neutron diffraction experiments under high pres-
sure for TbMnOj proved that the collinear E-type magnetic
ordering for Mn spins with the commensurate propagation
vector, kyn, = (0, %, 0) (Pbnm setting), is induced in the high-
pressure phase [5,6]. The first-principles calculations inferred
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that the exchange striction for the E-type ordering can be the
origin of the giant ferroelectricity in RMnOj; [3]. However, the
magnetic field enhancement of the ferroelectric polarization in
the high-pressure phases of RMnO; has not been understood
so far.

For DyMnOj3, incommensurate noncollinear bc-cycloid or-
dering of Mn spins with ky, = (0, 0.37,0) appears below
TN™ = 18K and breaks the inversion symmetry, leading to
spontaneous electric polarization along the ¢ axis, at ambient
pressure [7,8], as illustrated in the schematic phase diagram
in Fig. 1. Collinear spin-density-wave (SDW) ordering exists
for TN < T < TN = 38K [9-11]. In the cycloid phase, the
incommensurate spin modulation of Dy spins is also induced
at the same k vector as the Mn ordering [7,8]. Below T]]\)Iy =
6.5 K, the k vector for Dy ordering in DyMnOj is commen-
surate, kpy = (0, %, 0), even at ambient pressure, which is
different from the incommensurate k vector for Tb ordering
in TbMnOj3 [12—-14]. We thus anticipate that the comparison
in pressure and magnetic field effect on magnetic ordering be-
tween TbMnO3 and DyMnOj is important for understanding
the enhancement of ferroelectric polarization in RMnOs. In
this study, we have investigated the pressure and magnetic
field dependence of magnetic orderings in DyMnOj; by means

©2020 American Physical Society
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FIG. 1. Schematic illustration of the magnetic phase diagram as
functions of temperature, pressure, and magnetic field along the a
axis in DyMnO;. “NCL” is an abbreviation for “noncollinear” state.

of a neutron diffraction and spherical neutron polarimetry
(SNP) analysis under high pressure.

The SNP experiment is known as a powerful technique for
determining precise magnetic structure parameters in complex
magnetic structures even for compounds including elements
with large neutron absorption, such as Gd and Dy [15-17].
However, a combination of this technique and a high-pressure
condition has been difficult, because the sample space is
completely nonmagnetic to avoid neutron depolarization. Re-
cently, we have developed a nonmagnetic hybrid anvil cell
(HAC) specialized for SNP experiments, which has made
the combination of SNP and high-pressure condition possible
[18,19]. Here, we show the results of the SNP analysis as well
as unpolarized neutron diffraction experiments under high
pressure up to 8.0 GPa for multiferroic DyMnOs.

II. EXPERIMENTAL DETAILS

Single-crystal samples of DyMnQO3, grown by the floating-
zone method, were cut into a platelike shape with dimensions
0.6 x 0.5 x 0.18 mm?* (0.054 mm?®) (sample 1) for high-
pressure measurements and ~5 mm?® (sample 2) for ambient
pressure experiments. The SNP experiments were performed
using the CRYOgenic Polarization Analysis Device appa-
ratus [15,16] on the IN20 beamline at the Institute Laue
Langevin (ILL) in Grenoble, France. The incident neutron
wavelength 1.53 A was employed. We used the recently devel-
oped nonmagnetic HAC made of CuBe alloys with sapphire
and WC (Ni-binder) anvils, which are described in detail
elsewhere [18,19]. We chose two scattering planes, (0, K, L)
and (H, K, H), for the SNP experiments, in order to see the
difference in spin projection perpendicular to the scattering
vector Q between the collinear and spiral structures. Rela-
tionships between the crystal lattice orientation and neutron
spin polarization axes in the (0, K, L) and (H, K, H) planes
for the SNP experiment are drawn in Figs. 2(a) and 2(b).
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FIG. 2. Schematic drawings of the reciprocal lattice (a) (0, K, L)
and (b) (H, K, H) planes in the spherical neutron polarimetry exper-
iments. x, y, z axes denote directions of the neutron polarization axis.
Square and circle dots denote positions of nuclear reflections allowed
in the Pbnm space group, and magnetic reflections expected from the
E-type magnetic structure for Mn spins in the high-pressure phase
in DyMnOj;. Relationships between spin projections perpendicular
to @ and neutron polarization directions for the experimental setups
with (c) (0, K, L) and (d) (H, K, H) scattering planes. While the spin
projections of the collinear structure with spins along the b axis and
bc-cycloid structure are the same for Q = (0, % 1) on the (0, K, L)
plane, they are distinguishable for Q = (1, %, —1)onthe (H,K, H)
plane.

Since the SNP analysis is only sensitive to spin projections
perpendicular to @ [20], some similar magnetic structures are
not distinguishable for one scattering plane experiment. For
example, as illustrated in Figs. 2(c) and 2(d), the collinear
structure with spins along the b axis and bc-cycloid structure
are not distinguishable in the (0, K, L) plane, while they give
different spin projections in the (H, K, H) plane. The polar-
ization matrices in the SNP analysis were calculated with the
MAG2POL program [20]. For unpolarized neutron diffraction
experiments under high pressure and high magnetic field,
we used the time-of-flight diffractometer WISH at the ISIS
Facility, U.K. [21]. The vertical field cryomagnet was used to
apply the magnetic field along the a axis in the experiment
on WISH. The neutron Laue diffractometer Cyclops at ILL
was also used. We also used the HAC for these unpolarized
neutron experiments. We employed liquid glycerin for the
pressure transmission medium. During the loading pressure
for 8.0 GPa, the cell was heated to ~100 °C to keep the glyc-
erin in a liquid state [22]. Pressure values were determined by
the ruby fluorescence method at room temperature.

III. EXPERIMENTAL RESULTS

A. Pressure and magnetic field dependence
of magnetic orderings

Magnetic reflections, indexed as Q = (0,k, —1) and
(1,1 —k,—1) with the incommensurate k = 0.37, are
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FIG. 3. Typical magnetic neutron diffraction profiles in the x-x
channel for a polarized neutron experiment below 5.1 GPa, and for
an unpolarized neutron experiment at 8.0 GPa, along the reciprocal
lattice lines [0, K, —1] and [1, —K, —1] obtained at several pressures
at (a) 10 K and (b) 1.5 K. The data denoted by triangle, square, and
circle symbols were measured with sample 2 without the pressure
cell and sample 1 inside the cell. The dotted horizontal lines in (a) and
(b) denote zero lines for each profile. The data for 8.0 GPa were
subtracted by those measured in the paramagnetic phase at 50 K.

observed at T = 10K at ambient pressure, and gradually
shifted below P = 4.0 GPa. The k value is locked into com-
mensurate % above P = 4.0 GPa up to P = 8.0 GPa, as shown
in Figs. 3(a) and 4(a). We thus find that the incommensurate to
commensurate phase transition for Mn spins is consistent with
the macroscopic measurement [4]. At 7 = 1.5K, in addition
to the reflection seen at 7 = 10K, the reflections at Q =
(0, %, —1)and Q = (1, %, —1), assigned by the commensu-
rate kpy = (0, % 0), are observed for all pressures measured,
as shown in Figs. 3(b) and 4(a). The onset of commensurate
reflections below T ~ 50K at P = 5.1 GPa and significantly
enhanced below 7' ~ 12K is due to the additional Dy order
[Fig. 4(b)].

When the magnetic field is applied along the a axis (H,)
at P = 5.1 GPa, the magnetic reflection at (0, %, 0) associ-
ated with the Dy order disappears at H, = 3T, as shown in
Figs. 4(c) and 5(a). The 0%1 reflection contributed by the Mn
order has nonzero intensity even above H, = 3T [Fig. 5(b)].
In addition, the 011 reflection (forbidden in Pbnm) is induced.
The critical H, at P = 5.1 GPa is consistent with the field at
which the ferroelectric polarization is largely enhanced [4].
At H, = 8T and P = 5.1 GPa, the 0%1 reflection disappears
above T ~ 30 K, while the intensity of the 01/ reflection
is significantly reduced but does not disappear even above
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FIG. 4. (a) Pressure dependence of the propagation wave number
k in the k vector for Mn (solid) and Dy (open) orderings. Here, “r.l.u”
is an abbreviation for “reciprocal lattice unit.” Circles, triangles, and
squares denote the data measured on IN20, WISH, and Cyclops,
respectively. (b) Temperature dependence of the magnetic neutron
intensities for typical reflections at 5.1 GPa. The data measured on
WISH (solid) and IN20 (open) instruments are normalized to each
other by data collected at 7 = 5 K. (c) Magnetic field dependence of
the integrated intensity of 0 — %0, Oé] , and 01 ] magnetic reflections,
at7 = 1.8 K and P = 5.1 GPa. (d) Temperature dependence of 0%] ,
and 01 magnetic reflections at H, = 8 T and P = 5.1 GPa. The data
in (c) and (d) were measured on WISH.

T =50 K due to the induced uniform magnetization in the
paramagnetic (PM) phase [Fig. 4(d)]. These experimental
facts infer that the Dy order with kp, = (0, %, 0) changes
to the kpy = (0, 0, 0) structure above H, = 3T, and the Mn
order with ky, = (0, %, 0) remains unchanged.

The H, dependence of magnetic ordering for Dy spins
is similarly seen in the low-pressure phase at P = 2.3 GPa.
As shown in Figs. 5(c) and 5(d), the 0%1 reflection dis-
appears, while a crystallographically forbidden reflection at
0 = (0,—1,2) is induced above H, =3T at P = 2.3 GPa.
The incommensurate reflection at Q = (0, 0.44, 1), which is
associated with Mn spin ordering, remains unchanged for
H, > 3T. Considering the similar H, effect on Dy ordering
seen in the low- and high-pressure phase, we can infer that the
Dy ordering at ambient pressure does not drastically change

by application of pressure.

B. Magnetic structure analysis

The magnetic structure determinations were performed
by the SNP analysis measurements and symmetry consid-
erations. We first introduce the results for measurements at
ambient pressure for the comparison. At ambient pressure,
for the reflections assigned by kyy, = kpy = (0,0.37,0) at
T = 10K, the measured polarization matrix elements are
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FIG. 5. Magnetic field dependence of the magnetic neutron diffraction pattern for P = 5.1 GPa for (a) and (b), and P = 2.3 for (c) and (d),
at 1.8 K. The data in (a), (b), and (c) were subtracted by the data taken at the paramagnetic phase. The data were measured on WISH.

in good agreement with the reported magnetic structure
[Fig. 6(a)]: a bc-cycloid structure with an ellipsoidal ra-
tio mp/m. = 2.5 for the Mn spins [14] and collinear si-
nusoidal structure with spins along the b axis for Dy or-
der [7]. For the Dy order with kp, = (, 4 5,0) below TDy,
the noncollinear spin arrangement with a and b compo-
nents with the ratio m,/mj, = 0.54 £ 0.01 explains the ob-
served matrix elements at 7 = 1.5 K and ambient pressure
[Fig. 6(b)]. The magnetic structure of Dy ordering is consis-
tent with that reported in previous powder neutron diffraction
measurements [7].
The symmetry analysis for the high-pressure phases with
(0, 3 0) identified two two-dimensional irreducible rep-
resentanons (IRs), mX; and mX;, at the Mn(4a) and Dy(4c)
sites [23,24]. For this analysis, we selected IRs that restrict
the electric polarization such that it is only along the a axis.
For Mn ordering at T = 15 K at P = 5.1GPa, the mag-
netic reflections are observed for Q = (m, n, [) &+ kyy, with
! = odd, while it is not observed for [ = even [Fig. 4(b)],
corresponding to an antiferromagnetic arrangement along the
c axis. These conditions restrict the magnetic structure for Mn
order into either (m,, my,, 0) for the mX; or (0, 0, m,) for the
mX5. In the SNP measurement at 7 = 15 K and P = 5.1 GPa,
we observed P, = —0.03 &= 0.05 and P,; = —1.02 & 0.07 for
0=(-1, —%, 1). As shown in Fig. 6(c), the possibility for a
(0, 0, m.) model for mX, can be excluded. The experimental
data are in good agreement with one of the modes for an
order parameter direction (OPD), (a, a) in mX; [23,24], which
corresponds to the E-type ordering with Mn spins parallel to
the b axis. This model gives the calculated values of P,; =
0 and P,; = —1.00. The accuracy of the spin canting from

the b axis toward the +a axis was estimated to be £15°.
The magnetic space group for the E-type ordering was polar
P,mn2; [with a basis (0, 0, 1), (0, 2, 0), (—1, 0, 0)], allowing
a spontaneous polarization along the a axis in the Pbnm
setting.

For T =1.5K and P = 5.1 GPa, the additional reflec-
tions on Q = (m, n, l) & kpy with [ = even due to Dy order
[shown in Fig. 4(b)] appears below Tgy. Assuming that
the E-type magnetic ordering for Mn spins [Fig. 6(c)] with
My, = (0,4.0,0)up is stable even below T, we found
the noncollinear magnetic structure model for Dy spins with
components Mpy = [3.6(6), 4.6(5), 0]up in the ab plane fits
the experimentally observed matrix elements at 7 = 1.5 K
and P = 5.1 GPa [Fig. 6(d)]. The spin direction of Dy spins at
P =5.1GPa, m,/m; = 0.78 £ 0.13, is slightly different from
mg/mp = 0.54 £ 0.01 at ambient pressure. The determined
magnetic ordering for Dy spins (mX;) with the E-type Mn
ordering (mX;) is expressed as a combination of two IRs
mX; @ mX, with order parameter directions (a, @) and (b, b),
respectively [23,24]. The resultant magnetic space group is
P,2;, which allows polarization only along the a axis in the
Pbnm setting.

For the magnetic structure of Dy spins in H, > 3T, T <
10 K, and P > 4 GPa, there is only one IR, allowing a fer-
romagnetic component along the a axis, for kpy = (0, 0, 0)
associated with the little group of Pbnm, which is mI'y (F,C,
in Bertaut’s notation [25]). Combining the Dy ordering with
the E-type Mn ordering, mI'y @ mX, we obtained the mag-
netic space group Prn'a2, [with a basis (0,2,0), (0,0,1), (1,0,0)
in the Pbnm setting], which allows ferroelectric polarization
only along the a axis.
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FIG. 6. Comparisons between observed and calculated polariza-
tion matrix elements P,z for (a) the 00.37 1, 00.37 3, and —1 —
0.63 1 reflections at 7 = 10 K, (b) the 031 and —111 reflections at
T = 1.5K at ambient pressure, and the —1%1 reflection at (¢c) T =
15K and (d) T = 1.5 K for P = 5.1 GPa. The magnetic structures
determined at (c¢) T = 15K and (d) T = 1.5 K in P = 5.1 GPa are
illustrated.

IV. DISCUSSION

Let us discuss the relationship between magnetic orderings
and ferroelectric polarization in the high-pressure phases of
DyMnOs;. It should be noted that there is no purely structural
distortion induced by pressure up to 8 GPa, reported in pre-
vious high-pressure x-ray experiments at room temperature in
RMnO; (R = Gd, Dy, Tb) [26-28]. The gigantic ferroelectric
polarization along the a axis in DyMnOs;, ~1.0 uC/cm?,
which appears below T ~ 30 K for the pressure region
above 4.0 GPa, can be explained by the exchange striction

mechanism for the E-type magnetic ordering for Mn spins
[4,29,30]. However, the large polarization is significantly
reduced below Tgy to ~0.3 £C/cm? in zero magnetic field
[4]. The polarization is recovered to the maximum value
~1.0 uC/cm? by application of a magnetic field for H, >
3T [4]. The present neutron diffraction experiment proved
that the large polarization changes in H, and temperature are
associated with the Dy spin ordering. The total polarization P,
can be expressed by the three terms for the exchange striction
mechanism, P, = Zij ozij(S?/I“ -S?d“) + Z[j ﬂ,'j(S?y -S]j)y) +
DT y,-j(S?y ~Sl}’[“). The first term corresponds to the polar
lattice distortion with Kjyyice = 2knpn = (0, 0, 0) induced by
the E-type Mn ordering, which corresponds to a polar mode in
") in Pbnm. The second term for Dy-Dy exchange bonds also
generates the same polar mode, but can be ignored. Because
the Dy ordering below Tgy in the high-pressure phase at H, =
0 is similar and the same symmetry to the ambient pressure,
which does not affect polarization along the a axis [9]. The
Dy ordering for H, > 3T and P > 4 GPa (F,C,) becomes
nonpolar Pbn'm’, which does not affect the polarization.

The incommensurate lattice distortion with the k vector =
(0,0.905,0) has been reported in previous resonant X-ray
diffraction experiments at ambient pressure [7,11]. It can be
explained as the exchange striction for Dy-Mn bonds, corre-
sponding to the third term, assigned by the combination of the
incommensurate k vectors, Kiasice = knvn + kpy 2 (0, 0.9, 0)
[31]. This distortion does not cause uniform electric polar-
ization due to the incommensurately oscillating distortion at
ambient pressure. On the other hand, the lattice distortion
modulation becomes kiagice = kmn + kpy = (0,0, 0) in the
high-pressure phase. If the kjyice = (0, 0, 0) distortion is po-
lar, it can cause a significant change in the polarization below
TBy. Moreover, the magnetic field changes the Dy ordering
from kpy = (0, % 0) to (0,0,0) above H, = 3T, leading to
the other distortion mode, knn + kpy = (0, %, 0), without a
contribution of polarization. Therefore, the polarization value
P, ~ 1.0 uC/cm? of the first term can be retrieved above
H, > 3T due to the absence of the negative contribution
originating from the third term.

For a comparison with TbMnOj;, Tb ordering in
the high-pressure phase was reported to be My, =
[5.9(3), 1.8(8), 0] in the same structure as the Dy one
[6]. The magnetic field enhancement of polarization for
DyMnOs, AP = [P T) — P2 (0 T)|/P>Y(8 T) ~ 0.70,
is larger than that for TbMnOs;, AP ~ 0.36 [3,4]. The
smaller spin b component of Tb spins can give less of an
exchange striction effect between the rare earth and Mn spins
in TbMnOs; than DyMnOs;, which can be estimated to be |Sl.Tb .

SM1 /187 - S¥| = 0.39 £ 0.16. This value is approximately

consistent with APT?/ AP ~0.51. We thus conclude that
the exchange striction for rare earth and Mn bonds in the high-
pressure phase of RMnOj is strongly related to the electric
polarization enhancement by application of H,.

However, it should be noted that the situation for the
exchange striction for Dy(Tb)-Mn bonds is more complicated,
because the exchange striction for the combination of the dif-
ferent magnetic IRs, mX; for Mn and mX, for Dy(Tb), in the
high-pressure phase generates only two nonpolar distortion
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modes in I'[" and F; in Pbnm [23,24]. The I'[" distortion
individually breaks some of the symmetry elements in Pbnm
and causes the crystal to be piezoelectric P2;2,2;. The F;’
alone breaks the symmetry down to P2;/c as a monoclinic
strain. Therefore, those distortions separately do not gen-
erate uniform polarization. Although a combination of the
piezoelectric distortion of I';” and the F;r strain can generate
the polarization, it is expected to be much smaller than that
induced by the exchange striction for Mn-Mn bonds, because
the polarization of the I';” and I';” combination is proportional
to the product of the small magnetoelastic distortions. If
one of the distortions, I';” and I'J, preexists independently
of the magnetic order in the crystal lattice, the exchange
striction for rare earth and Mn bonds could induce the large
polarization changes. High-resolution x-ray diffraction under
high pressure is needed to make this point clear.

V. CONCLUSION

In conclusion, we have determined the magnetic structures
in the high-pressure phase with giant ferroelectric polarization
in DyMnOs;. For Mn spins, the E-type magnetic ordering
with ky, = (0, %, 0) is stabilized above 4.0 GPa, which in-
duces the giant ferroelectric polarization through the exchange
striction effect. The magnetic ordering for the Dy spins be-
low Tgy, which was determined to be the noncollinear spin

arrangement with kp, = (0, %, 0), almost remains unchanged

even above 4.0 GPa. The magnetic field along the a axis
changes the magnetic structure of Dy spins into the k =
(0, 0, 0) structure above H, = 3 T, which is concomitant with
the large magnetic field enhancement of the ferroelectric po-
larization [4]. Considering the exchange striction for the three
types of exchange bonds in DyMnO3, we conclude that the
lattice distortion associated with the exchange striction for the
rare earth and Mn bonds is strongly related to the significant
magnetic field enhancement of ferroelectric polarization in
the rare earth manganites. Finally, it is our hope that the
feasibility of the present SNP experiment under high pressure
will encourage researchers to investigate pressure-induced
physical phenomena associated with complex magnetic
ordering.
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