
PHYSICAL REVIEW B 99, 094429 (2019)

Weak exchange striction between the 4 f and 3d ions in the multiferroic GdMn2O5
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We used single-crystal neutron diffraction to investigate the magnetic structures of the multiferroic GdMn2O5.
The system undergoes a first-order incommensurate to commensurate magnetic transition below 33 K, accompa-
nied by the appearance of electric polarization P. Upon cooling, P increases smoothly while the magnetic order
shows an abrupt enhancement in intensity below 20 K owing to the large increase of the rare-earth Gd moment.
The contrasting temperature evolution of the magnetic order and polarization indicates the polarization is mainly
driven by the exchange striction between the magnetic Mn ions. The incommensurate phase in the intermediate
temperature range has a cycloidal modulation along the c axis, with spin configuration projected in the ab plane
similar to the commensurate phase. The lack of observable bulk polarization suggests the exchange striction is
not the dominant mechanism for the polarization in the incommensurate phase.

DOI: 10.1103/PhysRevB.99.094429

The RMn2O5 manganites, where R is a rare earth, Y, or Bi,
have drawn considerable attention due to the ferroelectricity
induced by magnetism and the large magnetoelectric coupling
[1–6]. The family has an orthorhombic structure with the
centrosymmetric Pbam space group at room temperature,
and consists of edge-shared Mn4+O6 octahedral chains along
the c axis and pairs of Mn3+O5 pyramids connecting the
octahedral chains [7]. Due to the strong spin frustration arising
from the competing exchange interactions between Mn3+

and Mn4+, RMn2O5 exhibits noncollinear antiferromagnetic
(AFM) structures and complex magnetic phases [8]. The
system typically has successive magnetic phase transitions
within a narrow range of temperature (T ) below 45 K, accom-
panied by the variation of ferroelectric polarization [9–11].
Because of the nearly collinear magnetic structure [6], the fer-
roelectricity is presumably driven by the symmetric exchange-
striction mechanism [12,13]. The exchange interaction be-
tween the neighboring Mn spins �Si and �S j induces collective
displacements along the b axis and leads to polarization
P∝ ∏

i j (�Si·�S j ). The polarization of RMn2O5 is generally of
moderate size, ranging from a few hundreds to thousands of
μC/m2 [14]. Among the family, GdMn2O5 (GMO) exhibits
exceptional properties of larger polarization (3600 μC/m2)
and giant tunability of the polarization under magnetic field
[9]. It was initially attributed to the strong exchange interac-
tion between the rare-earth Gd and the transition metal Mn
ions, where the Gd moments align nearly parallel with the
neighboring Mn3+ ions [9]. However, this scenario remains
controversial since a similar feature is not observed in the
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isostructural members RMn2O5 (R = Tb, Ho, and Dy) with
commensurate (CM) order [2–4,10,15]. Therefore, a detailed
characterization of the magnetic structures is necessary to un-
derstand the microscopic mechanism for the ferroelectricity.

In this paper, we present a comprehensive single-crystal
neutron-diffraction study of the magnetic structures in GMO.
The low-T AFM structure is nearly collinear with CM wave
vector (1/2, 0, 0). The Gd and Mn spins form AFM zigzag
chains in the ab plane and ferromagnetic (FM) stacking along
the c axis. Although the electric polarization shows a smooth
increase upon cooling, the intensity of characteristic magnetic
Bragg peaks exhibits an abrupt increase below 20 K. Magnetic
structure refinements reveal that the anomalous behavior of
the magnetic order parameter is due to the drastic enhance-
ment of the ordered Gd moments. Our results indicate that the
exchange striction between 4 f -3d moments is weak, and the
polarization is mainly driven by the Mn4+-Mn3+ interactions.
As the system is warmed above 33 K in the incommensu-
rate (ICM) phase, the magnetic configuration evolves into a
cycloidal modulation with moments mainly lying in the ab
plane. The absence of P indicates the exchange striction is
not the dominant mechanism for the polarization in the ICM
phase.

Single crystals of GMO were grown using a B2O3-PbO-
PbF2 flux in a Pt crucible [3] with typical size of 1 × 1 ×
0.5 mm3. Isotopic Gd (Z = 158) is used to alleviate the severe
absorption in the neutron-diffraction study. The experiments
are carried out using the four-circle single-crystal diffrac-
tometer HB3A [16] at the High Flux Isotope Reactor with
incident wavelength 1.5424 Å, and the single-crystal diffuse
scattering spectrometer CORELLI at the Spallation Neutron
Source [17]. A closed-cycle refrigerator is used to regulate
the temperature of the sample.
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FIG. 1. The T dependence of the CM and ICM magnetic Bragg
reflections (1/2, 1, 1) and (1/2, 1, 1 + δ), as well as the ferroelectric
polarization reported in GdMn2O5 [9]. The inset shows the wave-
vector scan at 32.5 K across the magnetic peak (1/2, 1, 1) revealing
the coexisting CM and ICM components.

Figure 1 displays the T dependence of the magnetic re-
flection (1/2, 1, 1) and the corresponding phase transitions in
GMO. The sample enters an ICM spin configuration at TN1 ∼
40 K, with magnetic propagation wave vector characterized
as qICM = (1/2, 0, δ). The intensity of the ICM Bragg peak
increases upon cooling, and experiences a suppression at
TN2 ≈ 33 K. Another magnetic order with a CM wave vec-
tor qCM = (1/2, 0, 0) emerges along with the simultaneous
occurrence of the electric polarization. The coexisting CM
and ICM phases in a small temperature window (inset of
Fig. 1) suggest the transition is of first order, which is com-
monly observed in other RMn2O5 [18,19].

The CM magnetic structure of GMO was studied using
synchrotron x-ray magnetic scattering and neutron powder
diffraction [9,21]. It is described as an AFM order with wave
vector (1/2, 0, 0). The corresponding magnetic space group
(MSG) is Paca21, which is one of the two allowed irreducible
representations with order parameter in the direction (a, 0).
In the magnetic x-ray measurement, the spin direction of the
Gd ions is determined through azimuthal scans to be approx-
imately along the a axis. However, the moment size and spin
direction of Mn ions are not characterized, which prevents an
accurate assessment of the underlying mechanism for the in-
duced polarization. The relatively simple form of the magnetic
cross section in neutron scattering can provide straightfor-
ward and detailed information of the magnetic structure. We
carried out single-crystal neutron-diffraction measurement at
different temperatures at the HB3A four-circle single-crystal
diffractometer. The magnetic structure is analyzed based on
the paramagnetic crystal structure space group Pbam and
the wave vector (1/2, 0, 0) [22–25]. Four maximal mag-
netic space groups with nonzero magnetic moments, Paca21

(No. 29.104), Pbmc21 (No. 26.72), Pc2/c (No. 13.72), and
Pa2/m (No. 10.47) are possible, where the number inside
the parentheses is the Belov-Neronova-Smirnova notation of
the magnetic space group. The initial spin configuration is
tested using the simulated annealing method [26]. Further
refinement indicates that the MSG Paca21 is the correct one

to describe the intensities of observed magnetic reflections.
Since there are 12 magnetic ions in the chemical unit cell,
36 spin degrees of freedom in total need to be determined.
The magnetic symmetry analysis greatly reduces the number
of refinable parameters. For the MSG Paca21, the Gd3+ and
Mn3+ ions are split into two independent sites due to the loss
of the inversion center, and the spin moments are free to rotate
in the ab plane. The Mn4+ site remains unsplit with moment
direction allowed along all crystallographic axes. Thus, only
11 spin components (4 for Gd and 7 for Mn ions) need to be
refined. We have collected about 70 independent magnetic re-
flections which are sufficient to quantify the spin components
of an individual site. The refined parameters are summarized
in Table I of the Appendix. The spin configurations at 5 and
20 K are overall similar. One of the key differences is the z
component of Mn4+ is reduced indicating its moment is more
coplanar with neighboring Mn3+ ions; the other feature is
that the ordered moment for Gd3+ increases nearly twofold
compared to the value at 20 K. The symmetry operators of
the MSG Paca21 [with coordinates defined in (ap, cp,−bp),
where ap, bp, and cp are the parent Pbam basis] without
time reversal constitute a polar space group Pb21m in the
parent setting. This naturally gives rise to the polarization
along the b axis, consistent with the experimental observation.
Consequently, there is a notable difference in refined magnetic
moment size for the Mn1

3+ and Mn2
3+ spins caused by the

split of the Mn3+ sites at both 5 and 20 K (Table I). The
corresponding charge valences of the Mn3+

1 and Mn3+
2 spins

are +3.12(2) and +3.00(2) as calculated using the bond
valence summation method [27].

Figure 2 illustrates the spin structure at 5 K. The con-
figuration is almost identical to the result by Lee et al.
[9,25], but bears a subtle difference with the recent neutron
powder diffraction report [21]. The Gd3+ and Mn3+ spins
marked in Fig. 2 have FM coupling, instead of AFM cor-
relation described in Ref. [21]. The latter configuration is
simply the nontrivial magnetic domain with the 21-rotation
axis applied instead of the mirror plane across (1/4, 0, 0)
in our case. Both spin configurations correctly describe the
low-T magnetic scattering intensity except opposite polar-
izations. Like other RMn2O5 in their polar phases, the qx

component is locked at 1/2 indicating the magnetic unit
cell is doubled along the a axis [10,28]. In the ab plane,
the Mn spins are arranged in a loop consisting of five Mn
spins, Mn4+-Mn3+-Mn3+-Mn4+-Mn3+ (lower right corner of
Fig. 2). The AFM nearest-neighbor coupling in the loop and
the odd number of Mn-Mn bonds lead to spin frustration. This
prevents the spins from being antiparallel on every bond and
results in a noncollinear magnetic structure [12]. Along the
zigzag chain in the b direction, the spins of the neighboring
Mn3+ and Mn4+ are close to collinear. According to the
exchange striction model, Mn3+ spins parallel to the Mn4+

(blue dashed circle) move closer to the Mn4+ (which is fixed
at the special position), while Mn3+ spins with antiparallel
configuration (red dashed circle) move away [9,13]. This
mechanism leads to both the a- and b-axis displacements of
the Mn3+ cations. Only the net polarization survives along the
b axis as the one along the a axis cancels out.

The large polarization in GMO indicates that there might
be an additional contribution other than the exchange striction

094429-2



WEAK EXCHANGE STRICTION BETWEEN THE 4 f AND … PHYSICAL REVIEW B 99, 094429 (2019)

FIG. 2. The crystal and CM magnetic structures of GMO pro-
jected in the ab plane. The Mn4+ ions located at (0, 0.5, 0.256) and
Mn3+ ions at (0.412, 0.352, 0.5) form (blue) MnO6 octahedra and
(pink) MnO5 pyramids. The blue and red solid arrows represent the
Gd and Mn spin moments. The dotted and solid lines (green and
yellow) indicate attractive and repulsive interactions between the
Mn3+-Mn4+ and Gd3+-Mn4+ pairs. The green (yellow) open arrows
indicate the Mn3+ (Gd3+) displacement. The large green arrow is
the overall ionic displacements corresponding to a net macroscopic
polarization. Note the FM couplings between the Mn3+ and Gd ions
are marked by purple arrows (see main text). The structure is drawn
using VESTA software [20].

between the Mn3+-Mn4+ ions. For example, the activation of
Gd3+-Mn4+ exchange could play a crucial role as suggested
by distinct critical behavior in the resonant and nonresonant
scattering [9]. Because of the quasicollinear spin arrangement,
the polarization induced by the symmetric exchange striction
model [29] should be much stronger than the antisymmetric
Dzyaloshinskii-Moriya (DM) exchange interaction in the CM
phase [30–32], and can be evaluated as

Pb ≈ 2c1 �MMn4+
[ �MGd2

3+
cos �2 − �MGd1

3+
cos �1] cos �3

+ 2c2 �MMn4+
[ �MMn2

3+
cos �5 − �MMn1

3+
cos �4] cos �3.

(1)

Here, c1 and c2 are the magnetoelectric coupling constants for
the Gd3+-Mn4+ and Mn3+-Mn4+ pairs, and �i is the phase
for each magnetic site (details in the Appendix). The refined
parameters of individual magnetic ions and the reported po-
larization [9] at 5 and 20 K allow quantitative evaluation of
the Gd3+-Mn4+ and Mn3+-Mn4+ contribution separately. A
ratio of c1/c2 � −1/6 is obtained, and this implies the ex-
change striction between the Gd3+-Mn4+ ions is considerably
smaller than that between the Mn3+-Mn4+ ions. Furthermore,
the opposite signs of ci indicate the atomic displacement
caused by Gd3+ is canceling the contribution from the Mn3+.
Taken together, the magnetoelectric coupling between the 4 f

FIG. 3. (a) The lattice parameters of RMn2O5 as a function of
radius rR of the rare-earth element (data are from Refs. [7,33–35]).
(b) The in-plane Mn3+-O-Mn4+ bond angle versus rR [36]. The
data for GMO are from our single-crystal x-ray diffraction study.
Curves are guides to the eye. (c) The measured polarizations as a
function of rR are from Refs. [2–4,9,14,37–45]. Data fluctuations
are due to the reports from different groups. (d) The comparison
of measured and calculated polarizations based on the second term
of Eq. (1). The polarizations of the RMn2O5 compounds in their
CM phase are calculated by considering only the magnetoelectric
coupling constant c2 of Mn3+-Mn4+ and their magnetic structures
reported in Refs. [6,10,41,46].

and 3d ions is not responsible for the large polarization in
GMO. This conclusion is quite evident by comparing the T
dependence of the polarization and magnetic order (Fig. 1).
The polarization increases smoothly upon cooling, while the
magnetic order displays a sharp increase below 20 K. The
ordered Gd moments are almost doubled at base T while
the Mn moments increase less than 20%. One would expect
more enhanced polarization if the exchange striction between
Gd-Mn moments is significant.

To understand whether there is a correlation between
the polarization P and the structural properties, we plot in
Figs. 3(a) and 3(b) the structural evolution with increasing
rare-earth radius rR. From the smallest Er to the largest Sm,
both the lattice parameters and the in-plane Mn3+-O-Mn4+

bond angle relevant for the b-axis polarization increase sys-
tematically and show no sign of anomaly across the series.
However, the measured polarization Pexpt. exhibits a notable
trend with increasing rR, as shown in Fig. 3(c). The RMn2O5

system can be classified into two groups, one with larger Pexpt.

and a characteristic wave vector of (1/2, 0, 0), and the other
with much smaller Pexpt. and a wave vector of (1/2, 0, 1/4).
It is clear that bigger rare-earth ions promote FM exchange
interaction between the Mn4+ and Mn4+ spins through the
R layer [9]; this results in larger staggered moments on the
Mn4+ sites. In contrast, the system with smaller rR has a cy-
cloidal spin modulation [6,10,47]. The presence of qz = 1/4
not only enables a symmetry-allowed out-of-plane spin com-
ponent, but also introduces an ∼π/4 and π/8 phase shift
at the Mn3+ and Mn4+ sites, respectively, that effectively
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FIG. 4. (a) The evolution of ICM magnetic reflection
(1/2, 1, 1 ± δ) with increasing temperature. (b) The diffraction
image in the (h, k = 2, l ) scattering plane at 33.5 K. The split ICM
magnetic reflections in red circles have a propagation vector of
(1/2, 0, 0.1).

reduces the ordered moment. Furthermore, the reduced Mn3+-
O-Mn4+ bond angle with decreasing rR weakens the AFM in-
teraction [48]. All of the above factors contribute to a smaller
polarization for the system with smaller rR. As illustrated
in Fig. 3(d), the calculated polarization based on the term
involving only the exchange striction between the Mn ions
describes qualitatively well the measured Pexpt. [49]. This
confirms the polarization in RMn2O5 is predominantly driven
by the interactions between the 3d magnetic ions. On the
other hand, the role of the magnetic rare-earth ions cannot
be overlooked. For example, a large critical magnetic field of
HC ≈ 18 T is needed to reverse the polarization in BiMn2O5

where the Bi element is nonmagnetic [5]. The critical fields
are suppressed to 2 and 5 T for TbMn2O5 and GdMn2O5,
respectively [2,9]. It is found that the moments of rare-earth
ions are rather easy to rotate under a magnetic field [50].
Once polarized, they act cooperatively with the external field
to drive a spin-flop transition that reverses the polarization at
a lower critical field.

The ICM magnetic structure of GdMn2O5 for T > 33 K
is studied using the CORELLI diffractometer. Figure 4(a)
shows the evolution of the magnetic peak (1/2, 1, 1 ± δ)
with increasing temperature, where the ICM component of

magnetic wave vector increases gradually to δ = 0.19. The in-
tensity of ICM magnetic order disappears at 40 K. Figure 4(b)
shows the contour plot of the diffraction image in the (h, k =
2, l ) scattering plane at 33.5 K with only ICM peaks at qICM =
(1/2, 0, 0.1). The modulated spin structure is analyzed using
the magnetic superspace symmetry formalism as it provides
a robust treatment of the magnetic constraint [51]. In this
approach, the spin component of each magnetic atom μ

located at rμ inside the unit cell l is expressed as

Mμ,l(x4) = Mμe−2π ix4 + M∗
μe2π ix4 , (2)

where x4 = k · (l + ru) defines the internal coordinate of the
modulated spin structure. The symmetry relation between
the magnetic modulation functions of two atoms under a
superspace symmetry operation {R, θ |t, τ } is given by

Mμ,l(RI x4 + τ ) = θ det(R) · Mν (x4), (3)

where R is the point-group operation, θ being −1 or +1
depending on whether the operation includes time reversal
or not, t is a translation in real space, and RI is +1 or
−1 if R keeps k invariant or transforms k into −k. We
use Jana2006 [52] to analyze the ICM magnetic structure of
GMO. Out of the possible Shubnikov magnetic superspace
groups (MSSG) of Pb21m.1′(1/2, 0, g), P21/a.1′(a, 0, g), and
P2/m.1′(1/2, 0, g), only the MSSG Pb21m.1′(1/2, 0, g) best
describes the ICM magnetic phase. It can be further simpli-
fied to Xb21m.1′(0, 0, g) with a new magnetic wave vector
(0, 0, δ) by introducing the appropriate centering translation
in superspace, i.e., a magnetic cell that doubles along the
a direction. The (1/2, 0, 0) component of the original ICM
wave vector means the atoms related by a translation a have
modulation with a π phase shift. The individual symmetry
operators of the MSSG provide stringent constraints of the
magnetic components. For example, the mirror plane oper-
ation perpendicular to the c axis “mc” keeps Mn3+ atoms
invariant and therefore constrains the form of its modulation.
According to Eq. (3),

MMn3+ (−x4 + 1/2) = mc · MMn3+ (x4). (4)

Consider the spin components Mx(x4), My(x4), and Mz(x4)
of the magnetic modulation function of Mn3+ along the
three crystallographic directions; Eq. (4) implies the following
relations:

Mx(−x4 + 1/2) = −Mx(x4),

My(−x4 + 1/2) = −My(x4),

Mz(−x4 + 1/2) = Mz(x4). (5)

Equations (5) indicate that modulation of the x, y components
of the Mn3+ moments should be cosinelike, and the z com-
ponent should be sinelike. Thus the Mn3+ moments form a
cycloid order with two principal axes lying within the ab
plane and along the c axis, respectively. The same requirement
applies to the Gd magnetic moments as they are located at
z = 0. There is no extra constraint for the spin direction of the
Mn4+ sites as the mirror plane does not pass through those
ions. Consequently, six independent Fourier coefficients are
needed to describe the modulated Mn4+ spins (Table II in
the Appendix). Figures 5(a) and 5(c) display the magnetic
structure projected on the ab and ac planes. Figure 5(b)
shows the nontrivial magnetic domain of the ICM phase with

094429-4



WEAK EXCHANGE STRICTION BETWEEN THE 4 f AND … PHYSICAL REVIEW B 99, 094429 (2019)

FIG. 5. (a) The ICM magnetic structure of GMO in the ab plane
at 33.5 K. The dark-blue and red arrows denote the Gd and Mn
spins, respectively. (b) The magnetic structure twin with opposite
polarization. (c) The magnetic structure projected in the ac plane
shown with unit cells along the c axis. (d) The Mn4+ spins projected
in the ac plane. The moments are scaled by a factor of 2 to highlight
the weak modulation along the c axis.

opposite polarization. The ICM spin configuration is quite
similar to the CM one shown in Fig. 2; the spins mainly
reside in the ab plane, with small c-axis components at all
magnetic sites. The small ICM value of qz also indicates a
large periodicity along the c axis.

Our bulk measurement does not detect observable electric
polarization above 33 K. However, if the exchange striction
mechanism is still valid above TN2, one can use Eq. (1)
to calculate the polarization. The value averaging from ten
stacked layers (qz = 0.1) is finite and about three times
smaller than the value at 5 K. Such a value is somewhat
inconsistent with the experimental observation (Fig. 1). The
sudden change of P in other RMn2O5 systems has been
extensively discussed [53–55]. For instance, P reduces ∼80%
below the CM-ICM transition in YMn2O5. One main fac-
tor for the reduced value is the rotation of the magnetic
spins at low T [54]. The Mn4+ and Mn3+ moments are
nearly perpendicular to each other which reduces the dot-
product term in Eq. (1). It is also possible that different
mechanisms are invoked for distinct magnetic phases; i.e., the
spin-current model is needed because of the nonlinearity of
cycloidal spin structure, which adversely contributes to the
total polarization [55,56]. Simultaneous measurements of the
electric polarization and magnetic chirality indeed revealed
the polarization in the CM phase is primarily caused by the
exchange striction mechanism and becomes DM-interaction
driven when the magnetic configuration is ICM [55]. It is
important to emphasize that the ICM magnetic structure of
GdMn2O5 is polar, which is consistent with the recent report
of a noncentrosymmetric space group in RMn2O5 via x-ray
and optical second-harmonic generation [57]. The results
by Balédent et al. indicate that ferroelectricity is already
present even at room temperature. In GdMn2O5, the lack of

observable P above TN2 strongly indicates that exchange stric-
tion is no longer the microscopic mechanism for the polariza-
tion. Even if the DM interaction is considered, the polarization
is expected to be nearly zero as the refined spin directions
are dominantly parallel or antiparallel. Thus, our experimental
characterization of the magnetic configuration prompts further
theoretical approach to describe the magnetoelectric coupling
in this multiferroic family.

In summary, the magnetic structures of multiferroic GMO
have been studied by single-crystal neutron diffraction. The
CM magnetic structure is nearly collinear and all spins are
mostly in the ab plane. The magnetic structure reveals that the
symmetric exchange striction between the Mn ions is the main
driving force for the ferroelectricity. The different T evolution
of the ordered Gd3+ moment and polarization suggests the
magnetoelectric coupling between the 4 f -3d ions is weak and
is not responsible for the large polarization of GMO. The
ICM magnetic configuration is similar to the CM one, with
cycloidal modulation of the moments along the c axis. The
lack of observable polarization in the ICM phase indicates the
exchange striction mechanism does not play a significant role
for polarization in that spin configuration.

ORNL is managed by UT-Battelle, LLC under Contract
No. DE-AC05-00OR22725 for the U.S. Department of En-
ergy. The U.S. Government retains and the publisher, by
accepting the article for publication, acknowledges that the
U.S. Government retains a nonexclusive, paid-up, irrevocable,
worldwide license to publish or reproduce the published form
of this manuscript, or allow others to do so, for U.S. Gov-
ernment purposes. The Department of Energy will provide
public access to these results of federally sponsored research
in accordance with the DOE Public Access Plan.

We thank J. M. Perez-Mato and L. C. Chapon for stimu-
lating discussion. Research at ORNL was sponsored by the
Scientific User Facilities Division, Basic Energy Sciences,
U.S. Department of Energy (DOE). J.M.S. acknowledges
support from China Scholarship Council. Work at Rutgers
University was supported by the DOE under Grant No. DE-
FG02-07ER46382. The work in Houston is supported in part
by the U.S. Air Force Office of Scientific Research Grant
No. FA9550-15-1-0236, the T. L. L. Temple Foundation, the
John J. and Rebecca Moores Endowment, and the State of
Texas through the Texas Center for Superconductivity at the
University of Houston.

APPENDIX: MAGNETIC STRUCTURE REFINEMENTS
OF THE CM AND ICM PHASES

The CM magnetic structure of GMO was studied using
the four-circle single-crystal diffractometer HB3A at 5 K
with incident neutron wavelength of 1.5424 Å. The ICM
magnetic structure was studied using the single crystal diffuse
scattering spectrometer CORELLI at ORNL. The data were
collected for 30 minutes at every orientation with a total
time of approximately 35 hours. The raw Bragg intensities
were obtained using a 3D ellipsoidal integration method. Data
reduction including Lorentz, absorption, TOF spectrum, and
detector efficiency corrections were carried out. The refined
structural parameters are listed in Tables I and II.
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TABLE I. The refined magnetic structure parameters of the CM phases at T = 5 and 20 K in GMO. The magnetic Fourier coefficients for
each site in the primitive unit cell are along the crystallographic directions. The phase for each site (�) is given in units of 2π . The phase
of Gd3+ is fixed at zero and the refined phases for the other magnetic sites (�i ) are close to zero. The error bars are given in parentheses.
The reliability coefficient is RF = 5.80% at 5 K and RF = 6.47% at 20 K. The calculated polarization is Pb = 47.39c1 + 25.75c2 at 5 K and
Pb = 21.00c1 + 17.48c2 at 20 K, and c1 and c2 are the magnetoelectric coupling constants between the Gd3+-Mn4+ and Mn3+-Mn4+ pairs.

Atom Position Mx My Mz Mtot (μB) Mphase (�i )

T = 5 K, qCM = (0.5, 0, 0)
Gd1

3+ 0.1388(3),0.1709(4),0 6.66(13) 0.39(16) 0.0 6.67(13) �1 = 0
Gd2

3+ 0.6388(3),0.3291(4),0 − 5.97(10) 2.44(21) 0.0 6.45(11) �2 = 0
Mn4+ 0,1/2,0.2558(10) − 2.06(8) 0.82(11) − 0.33(16) 2.24(8) �3 = 0
Mn1

3+ 0.4115(7),0.3523(9),1/2 3.33(13) − 0.43(20) 0.0 3.36(13) �4 = 0
Mn2

3+ 0.5885(7),0.6477(9),1/2 − 3.48(14) 0.99(16) 0.0 3.62(14) �5 = 0

T = 20 K, qCM = (0.5, 0, 0)
Gd1

3+ 0.1388(3),0.1709(4),0 3.67(20) 0.02(1) 0.0 3.67(20) �1 = 0
Gd2

3+ 0.6388(3),0.3291(4),0 − 3.02(18) 1.70(30) 0.0 3.46(21) �2 = 0
Mn4+ 0,1/2,0.2558(10) − 1.72(11) 0.82(17) − 0.91(33) 2.11(18) �3 = 0
Mn1

3+ 0.4115(7),0.3523(9),1/2 2.88(23) − 0.18(30) 0.0 2.88(23) �4 = 0
Mn2

3+ 0.5885(7),0.6477(9),1/2 − 2.71(24) 1.22(25) 0.0 2.96(22) �5 = 0

TABLE II. The refined magnetic structure parameters in the ICM phases at T = 33.5 and 36 K in GMO. The phase of Gd3+ is fixed at
zero. RF = 6.16% at 33.5 K and RF = 8.06% at 36 K. If using a similar exchange striction mechanism as in Eq. (1), the calculated polarization
is Pb = 4.61c1 + 8.24c2 at 33.5 K and Pb = 2.55c1 + 6.97c2 at 36.0 K.

Atom Position Mx My Mz iMx iMy iMz Mphase(�i )

T = 33.5 K, qICM = (0.5, 0, 0.1)
Gd1

3+ 0.139(1),0.172(1),0 1.88(12) − 0.08(12) 0.0 0.0 0.0 0.02(22) �1 = 0.0
Gd2

3+ 0.639(1),0.328(1),0 − 1.23(8) 0.55(18) 0.0 0.0 0.0 − 0.14(29) �2 = 0.0
Mn4+ 0,1/2,0.256(2) − 1.46(5) 0.10(10) 0.24(35) − 0.29(19) − 0.12(14) 0.13(13) �3 = 0.0256
Mn1

3+ 0.411(2),0.349(3),1/2 2.73(13) − 0.95(26) 0.0 0.0 0.0 0.05(28) �4 = 0.05(1)
Mn2

3+ 0.589(2),0.651(3),1/2 − 2.44(11) 0.50(13) 0.0 0.0 0.0 0.01(28) �5 = 0.05(1)

T = 36.0 K, qICM = (0.5, 0, 0.183)
Gd1

3+ 0.139(1),0.172(1),0 1.42(11) 0.01(12) 0.0 0.0 0.0 − 0.06(23) �1 = 0.0
Gd2

3+ 0.639(1),0.328(1),0 − 0.83(6) 0.12(14) 0.0 0.0 0.0 − 0.17(29) �2 = 0.0
Mn4+ 0,1/2,0.256(2) − 1.22(5) 0.06(12) 0.54(41) 0.10(18) − 0.05(4) 0.08(12) �3 = 0.0468
Mn1

3+ 0.411(2),0.349(3),0.5 2.24(12) − 0.85(25) 0.0 0.0 0.0 0.03(26) �4 = 0.0915
Mn2

3+ 0.589(2),0.651(3),0.5 − 1.99(9) 0.25(9) 0.0 0.0 0.0 0.33(31) �5 = 0.0915
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