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High magnetic field phase diagrams of the multiferroic manganite YMn2O5 single crystal
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The magnetic field–temperature (H-T) phase diagram of the multiferroic manganite YMn2O5 has been inves-
tigated by magnetization and ferroelectric polarization experiments along the three crystallographic directions
under the high magnetic field. For H//a, at 1.6 K, magnetization experiments reveal a significant anomaly in
the magnetic field of 28 T, which is associated with a second-order phase transition into a fully polarized state
characterized by the nearly saturated polarization (P) curve. Intriguingly, an additional first-order transition is
observed at 10 T and 18 K and then gradually moves towards higher magnetic fields, and finally merges with the
above transition with increasing temperatures. As a result, the two magnetic transitions lead to an exotic ν-like
P(H) curve, indicating the strong magnetoelectric coupling in YMn2O5. In particular, a field-induced P flip is
realized at low temperatures, which may be attributed to the inversion of the vector spin chirality. Furthermore,
this feature with distinct origins is also observed for other orientations of the magnetic field. In the H//b geometry,
a first-order spin-flop transition occurs below 18 K, compatible with the P reversal. However, no anomaly in
magnetizations is found in the case of H//c. Note that the magnetization of YMn2O5 is far below its saturation
value even up to 55 T. These studies could contribute to an in-depth understanding of the underlying physics in
this family of compounds.
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I. INTRODUCTION

Multiferroic materials, where magnetic and ferroelectric
orders coexist and mutually couple, have recently received
extensive attention in condensed-matter physics due to their
intriguing properties and potential applications such as ul-
trasensitive sensors and information storage [1–6]. Among
them, magnetic control of ferroelectricity is of significant
interest because of the discovery of a giant magnetoelectric
(ME) response in rare-earth manganese oxides [7–9]. The
ferroelectricity in these materials is driven by the high degree
of frustrated magnetic orders. It makes them rather sensitive
to external perturbations including magnetic–electric fields
[9,10], pressures [10–12], and chemical substitutions [13–15],
since various magnetic states are close in energy and compete
with the ground state. As a result, they demonstrate a large
diversity of magnetic transitions related to distinct commensu-
rate (CM) and incommensurate (ICM) magnetic modulations
upon the change of temperatures, tuning the ferroelectric be-
haviors [8,16,17].

As a typical representative, the RMn2O5 (where R is a rare
earth, Y, or Bi ion) manganites share nearly similar features
with magnetic–ferroelectric phase transitions in spite of vary-
ing with the R ion [18–20]. Roughly speaking, below the Néel
temperature TN, incommensurate antiferromagnetic (AFM)
orders are first established but still paraelectric (PE) phase.
Subsequently, a lock-in transition occurs into a commensurate
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AFM ordering of Mn spins at TC1, which is the onset of
ferroelectric (FE) phases. Upon cooling, at TC2, the magnetic
system returns to incommensurate AFM orders again, accom-
panied by a rapid drop with the FE polarization. Besides, spin
reorientations are identified in the CM phase of DyMn2O5

[21] and HoMn2O5 [22]. The above magnetic transitions are
also shown in anomalies of the dielectric constant and ther-
mal expansivity, indicating the strong spin-lattice coupling
in these compounds. As expected, the pronounced change of
ME effects can be observed by the application of hydrostatic
pressure or magnetic field in these compounds [9,12,23].
The mechanism is mainly attributed to two magnetoelastic
coupling modes [24,25]. One is the antisymmetric exchange
Dzyaloshinskii-Moriya (or spin current) mechanism giving
electric polarization proportional to a vector product of neigh-
boring spins, i.e., PSC ∝ [Si × S j]. The other is the symmetric
exchange striction mechanism driven by Heisenberg exchange
interaction proportional to a scalar product of neighboring
spins, i.e., PES ∝ [Si · S j]. Nevertheless, it is a possibility that
more than one mechanism is at work in a material system, e.g.,
coexistence of PSC and PES, and which one is the dominant
role based on the range of temperatures [26,27].

In the RMn2O5 family, YMn2O5 is of particular interest
since its multiferroicity can be easily modified by external
perturbations, leading to many appealing features [23,26–30].
Furthermore, the magnetic behavior of YMn2O5 is solely
determined by the ordering of Mn3+ and Mn4+ ions at low
temperatures due to a zero magnetic moment of Y3+, suggest-
ing no complex features caused by the magnetic interaction
between the Mn and R ions. This also avoids the magnetic mo-
ment of Mn ions hiding in a large paramagnetic contribution
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from R ions. As a consequence, it provides a fertile ground
for studying the influence of chemical substitutions. For in-
stance, the result from the Ga-substituted YMn2O5 indicates
that the electric polarization is predominantly driven by the
PES in the CM phase, while the PSC is the main contribution
to the electric polarization in ICM phase [26,27]. Magnet-
ically, a ferrimagnetic phase is observed below a transition
temperature of TN ∼ 165 K by substituting a part of Mn with
Fe [29,31]. And, the magnetic moment can be significantly
enhanced in Ca-doped YMn2O5 [32]. On the other hand, it
has another advantage that YMn2O5 undergoes a ferroelectric
polarization reversal upon the CM to low-temperature ICM
transition [33]. Intriguingly, below TC2, the polarization can be
recovered at a critical pressure of 1 GPa and the ICM→CM
transition is induced by pressures above 1.4 GPa [23,28,30].
Probably due to the abundant physical effects driven by the
chemical doping and/or hydrostatic pressure in YMn2O5,
previous studies mainly focus on altering the dopants or
improving the value of pressures, but much less exploring
the merit of magnetic fields. Indeed, magnetic fields may be
more efficient to tune the multiferroic behavior of YMn2O5,
since it can straightforwardly affect the magnetic moments.
In addition, the isostructure of YMn2O5 has identified many
intriguing phenomena resulting from magnetic fields. For ex-
ample, the electric polarization can be magnetically flopped
(90 °) in TmMn2O5 [34] and YbMn2O5 [35], or magnetically
reversed (180 °) in TbMn2O5 [7]. Even a colossal magnetoca-
pacitance is found in DyMn2O5 by application of a magnetic
field [36]. It is worth mentioning that a topologically protected
magnetoelectric switching was recently found in GdMn2O5

with the assistance of external magnetic field [1]. However,
until now, there has been little research on the tunability of
YMn2O5 by applying magnetic fields, especially utilizing the
high magnetic field. Therefore, more experimental investiga-
tions on YMn2O5 need to be made by sweeping the magnetic
field.

In this work, we report the evolution of multiferroic phase
in YMn2O5 under the high magnetic field. Extensive char-
acterizations, involving magnetic susceptibility, specific heat,
low- (high-)field magnetization, and high-field ferroelectric
polarization measurements, are performed detailedly. Based
on the observed anomalies of magnetizations and polariza-
tions, the magnetoelectric phase diagrams of the YMn2O5

single crystal are established along the three crystallographic
axes, i.e., a-, b-, and c-axes. In particular, it is verified that
the electric polarization can be reversed by the high magnetic
field. This study gives a more comprehensive understanding
for the fundamental physics in rare-earth multiferroic man-
ganites RMn2O5.

II. EXPERIMENT

Single crystals of YMn2O5 were synthesized by the
PbO-PbF2-B2O3 flux method, as reported in earlier works
[37]. Black plate-shaped crystals with a typical dimension of
2.5 × 1.5 × 1.5 mm3 were obtained after dissolving fluxes
in dilute nitric acid. To check the phase purity, a few sin-
gle crystals were ground into powder to be characterized by
powder x-ray diffraction (XRD) at room temperatures. Then,
Rietveld refinements of XRD data were performed by the

FIG. 1. (a) Crystal structure of YMn2O5 projected in the ab plane
(left panel) and ac plane (right panel). The black rectangle denotes
the unit cell. Dotted cyan lines indicate the zigzag chains along the
a axis. Also shown are the magnetic exchange interactions J1 − J5

[38,49]. J1 and J2 represent the exchange interaction between neigh-
boring Mn4+ spins through the Y3+ layer and Mn3+ layer along the c
axis, respectively. J3 and J4 represent the interchain- and intrachain-
exchange interactions between Mn3+-Mn4+ spin pairs, respectively.
J5 represents the exchange interaction between neighboring Mn3+

spins in the bipyramid. (b) Rietveld refinement of the powder XRD
pattern for YMn2O5. (c) X-ray diffraction pattern of (0k0) plane
for YMn2O5. The inset shows a photograph of the representative
single-crystal YMn2O5. (d) Temperature dependence of the electric
polarization at H = 0 adopted from Ref. [28]. (e) Temperature depen-
dence of the magnetic susceptibility χ along a, b, and c, respectively.
The inset shows the corresponding magnetization as a function of H
at T = 2 K measured using SQUID. (f) Temperature dependence of
the specific heat at H = 0.

GASA software package. As shown in Fig. 1(b), the pow-
der XRD pattern displays a pure phase for these crystals.
Furthermore, the difference between the experimental and
Rietveld-profile refined data is very small, with a reliability
factor Rwp = 3.91%. Derived lattice parameters of YMn2O5

are a = 7.2678 Å, b = 8.4815 Å, and c = 5.6692 Å, which
are in good agreement with earlier studies [26,38]. In addi-
tion, the phase and single crystallinity were also checked by
the slow-scan XRD pattern onto the natural growth plane.
As a typical sample, Fig. 1(c) clearly demonstrates quite
sharp diffraction peaks indexed by the (0k0) reflections of
YMn2O5, evidencing the good quality of the crystals. The
crystallographic orientation was determined using the x-ray
Laue diffraction, and then it was mechanically cut into thin
rectangles with a wide ac plane. Before the high magnetic
field experiments, both magnetization- (M) and specific-heat
(C) dependent temperatures and/or magnetic fields, had been
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characterized by the commercial superconducting quantum
interference device (SQUID) and physical property measure-
ment system.

High-field magnetization and electric polarization mea-
surements were conducted in the Wuhan National High
Magnetic Field Center using a 10.5-ms short-pulse wave
generated by a nondestructive magnet. The high-field M(H)
curves at various temperatures were measured by the standard
induction method employing a coaxial pickup coil and cali-
brated by a comparison with the low-field data. The high-field
P(H) data at various temperatures were gained by means of
the pyroelectric technique. In detail, gold electrodes were
sputtered onto the opposite faces perpendicular to the b axis
so that all electric polarizations were performed along this
direction (Pb). The sample was first cooled from far above the
Néel temperature down to target temperatures with applying
electric field (E) under zero magnetic field. Subsequently, a
pyroelectric current (I) as a function of H was detected by
measuring the voltage variation across a shunt resistor Rs

during the short pulse. The P(H) curve was derived from
integrating the pyroelectric current with the time. It is worth
mentioning that a bias electric field of E = 6 kV/cm was
used before and preserved during each pulse to fully polarize
ferroelectric domains in samples.

III. RESULTS

The orthorhombic structure of YMn2O5 belongs to the
Pbam (No. 55) space group at room temperature [33]. The
left panel of Fig. 1(a) displays the crystallographic unit cell,
which is composed of 4 Y ions and 8 Mn ions. According
to occupying distinct Wyckoff sites, Mn ions are divided into
two groups, i.e., Mn4+ (4 f ) and Mn3+ (4h). Mn4+ (S =
3/2) is coordinated with 6 oxygen ions forming a distorted
octahedron, while Mn3+ (S = 2) is coordinated with 5 oxygen
ions forming a square pyramid. The Mn4+O6 octahedra share
common edges with the neighbors to form a chain along the c
axis, and a pair of Mn3+O5 pyramids connect these chains as
a bridge [see the right panel of Fig. 1(a)]. As a consequence,
in the ab plane, zigzag chains of Mn4+O6 octahedra and
Mn3+O4 square pyramids stretch along the a axis, and are
stacked along the b axis. A rare-earth ion Y3+ is embraced by
the pentagonal network of Mn4+ and Mn3+ ions generating a
double-capped trigonal prism. Here, Mn3+ and Y3+ ions come
into being an alternative layer between adjacent Mn4+ layers
in the c direction.

Frustrated spin-exchange interactions are an intrinsic
behavior in the spin system of YMn2O5, which stem
from a geometrical ring consisted by five Mn spins
(Mn4+-Mn3+-Mn3+-Mn4+-Mn3+) in the ab plane [19,33,39].
This restricts all nearest-neighbor spins being antiparallel in
the ring and leads to a noncollinear magnetic structure. Hence,
upon cooling, YMn2O5 undergoes a series of successive tran-
sitions due to the complex crystal structure and magnetic
frustration [18,40]. At TN ∼ 45 K, the moments of Mn4+ and
Mn3+ ions develop a two-dimensionally modulated incom-
mensurate magnetic ordering (2DICM) with qM = (qx, 0, qz),
which is followed by one-dimensionally modulated incom-
mensurate magnetic orderings (1DICM) with qM = (qx ∼
0.492, 0, 0.25) around TC1 ∼ 40 K. Concurrently, a weak

spontaneous electric polarization (WFE) appears along the b
axis. For convenience, both 2DICM and 1DICM are referred
to as the ICM1 phase in this study. Slightly below TC1, a com-
mensurate magnetic structure with qM = (0.5, 0, 0.25) occurs
simultaneously with a remarkable ferroelectric phase (FE1).
Upon further cooling to TC2 ∼ 18 K, the magnetic structure
with qM = (0.48, 0, 0.292) becomes incommensurate again
(ICM2) and another suppressed ferroelectric phase (FE2) is
observed, where P is reversed from the +b to −b direction
[see Fig. 1(d)].

The temperature dependence of the magnetic susceptibility
χ along three crystalline axes at H = 1 T is shown in Fig. 1(e).
At first, a typically magnetic anisotropy (χc > χb > χa) can
be is clearly identified at the entire temperature range. Be-
tween TN and TC2, the susceptibility χa gradually decreases
with an opposite behavior for χb and χc. An abrupt variation
takes place around TC2, namely, the χa enhances significantly
while both χb and χc show an obvious reduction, correspond-
ing to the flip of polarizations. Upon further cooling, a subtle
change of three susceptibilities is determined. Note that there
is no identifiable anomaly in χ (T) curves at TC1, but a sharp
peak is easily found in the C(T) curve [see Fig. 1(f)]. In
addition, a strong peak and broad bump are also observed
at TN and TC2, respectively. As a result, the ground state
(H = 0) of YMn2O5 is roughly divided into four regions in-
cluding PM/PE, ICM1/PE (WFE), CM/FE1, and ICM2/FE2.

To get more details of the evolution with ground state
of YMn2O5, M(H) measurements have been carried out at
various temperatures using the SQUID magnetometer. Unex-
pectedly, the profile of the M(H) curve behaves as a strictly
linear increase up to 7 T for all orientations, which is the type
characteristic of antiferromagnetic coupling between mag-
netic ions, as a typical example shown in the inset of Fig. 1(e).
However, the ground state in its isostructure RMn2O5, can be
easily modified by the application of magnetic fields. There
have been exhibited, for example, GdMn2O5 (∼4.7 T) [9],
ErMn2O5 (∼1.5 T) [41], DyMn2O5 (∼2 T) [42], and so on.
This observation in YMn2O5 is reminiscent of the magnetic
properties of the compound BiMn2O5 for a comparison [43].
As a similarity, both Bi3+ and Y3+ are nonmagnetic at A sites
and magnetic exchange interactions mainly derive from Mn3+
and Mn4+. In BiMn2O5, application of high magnetic fields
(∼18 T) along the a axis reveals a Mn spin-flop transition
with a concomitant change of P polarities. Hence, the study
for YMn2O5 under the high magnetic field is rather desirable
and fascinating.

Generally, high magnetic fields provide a good opportunity
to explore unknown phase transitions and intriguing multifer-
roic properties. For example, we found a flexible control of
quantum magnetization plateau and high-field ferroelectricity
in Ni2V2O7 [44] and a colossal linear magnetoelectricity in
Fe2Mo3O8 by pulsed high fields recently [2]. For YMn2O5,
we now focus on the magnetization dependent with mag-
netic fields extending the measurement up to the high field
at various temperatures. Measurements are repeated several
times to ensure the reproducibility of the data. Figure 2(a)
exhibits a few typical magnetization curves with magnetic
fields along the a axis. At 1.6 K, the M(H) curve possesses
a completely linear behavior below ∼20 T. Then, the curve
increases quickly until ∼26 T, followed by a steplike anomaly.
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FIG. 2. Measured high-field magnetization as a function of H at
various temperatures along different crystallographic axes: (a) H//a;
(c) H//b; and (d) H//c. The blue dashed lines exhibit linear extrapola-
tion of the magnetization data to zero fields. (b) The amplified M(H)
curve for H//a in the range of 18–30 K. The red (black) curve denotes
the field-rising (-falling) sweep. Data are shifted vertically for clarity.

The anomaly might be attributed to the spin-flop transition of
the Mn ions form AFM zigzag spin chains. Further increasing
the magnetic field, the magnetization increases linearly with
H up to 55 T again (see Fig. S1 of the Supplemental Ma-
terial [45]). It is possible that the magnetic moments of Mn
ions are tilted towards H slowly after the spin-flop transition,
resulting in a continuous enhancement with magnetizations
in the high-field region. With regard to the verification of
the spin-flop transition, there are two reasons for this. One
is the small value of the magnetization; e.g., the intensity
of M is stabilized at 0.8 µB/f.u. around 30 T, which is far
less than the saturation value of both Mn3+ and Mn4+ ions.
The other is a zero crossing of the linearly extrapolated
line (see blue dashed line), suggesting the survival of the
AFM interaction beyond 30 T. This scenario is reminiscent
of magnetic characteristics in the isostructure BiMn2O5 that
a spin-flop transition is found at ∼18 T by the application
of magnetic field along the a axis [43]. Such discrepancy of
the critical field may be attributed to the different ion radius
between Y3+ (1.019 Å) and Bi3+ (1.17 Å) resulting in the
distinct exchange interaction and magnetic anisotropy [47].
Previous studies have established that the arrangement of Mn
spins within the ab plane is largely dominated by the J3, J4,
and J5 exchange interactions [see the left panel of Fig. 1(a)]
[20,38,43,48,49]. Moreover, these exchange interactions are
closely associated with the bond length Mn–Mn and bond
angle Mn–O–Mn. Compared with BiMn2O5, the bond length
Mn3+-Mn4+ of YMn2O5 associated with the J3 and J4 in-
teractions significantly decreases while the variation of the
bond angle Mn4+-O4/O3-Mn3+ is rather weak, enhancing
the strength of exchange interactions (see Table S1 of the

Supplemental Material [45]). For J5, the effect stemming
from the shrinkage of bond angle Mn3+-O1-Mn3+ may be
overshadowed by the pronounced decease in the bond length
Mn3+-Mn3+, possibly strengthening the AFM interaction. As
a result, for YMn2O5, a higher magnetic field is needed to
gain more Zeeman energy to drive the spin-flop transition. In
addition, Jeon et al. proposed a theoretical model to describe
the critical field Hc on the spin-flop process in BiMn2O5, i.e.,
Hc = √

JI , where J and I are, respectively, the exchange and
local anisotropy energies [48]. Although the determination of
I is quite hard in the present work, we note that the bond
distance Mn3+-O3(2.015 Å) of YMn2O5 is far less than that
of BiMn2O5 (2.085 Å) compared with others [45], probably
leading to a large single-ion anisotropy in the pyramid. Fur-
ther investigations assisted by the theoretical calculation are
necessary to resolve this issue. With increasing temperature,
the anomaly slowly moves to higher fields. For instance, it is
enhanced by approximately ∼2.5 T as the temperature is up
to 30 K. Interestingly, above 18 K, an additional anomaly is
seen at a lower field and increases drastically with increasing
T, such as, it rises from ∼10 T at T = 18 K to ∼23 T at T =
30 K. Note that the anomaly in the low-field region displays a
magnetic hysteresis while this in the high-field region does not
show a distinct loop, indicating the different origins between
them [see Fig. 2(b)].

For magnetic fields along the b direction, the behavior
of magnetizations is roughly similar to the data for H//a at
low temperatures. Figure 2(c) demonstrates the magnetization
processes of YMnO3 in magnetic fields up to 36 T. At 1.6
K, M increases linearly with H up to 12 T. Then, a broad
steplike transition shows a large magnetization jump �M ∼
0.5 µB. If taking a closer look at this range of the M(H) curve
(12 T < H < 25 T), three successive steplike anomalies can
be identified around 16.5, 22, and 23 T, respectively. In higher
magnetic fields up to 51 T (see Fig. S1 of the Supplemental
Material [45]), this feature is given by a linear increase which
can be extrapolated to zero fields with a blue dashed line,
similar to the behavior of H//a. Differently, the hysteresis loop
is found at these anomalies, indicating that the anomaly is
a first-order phase transition. As the temperature increases,
these anomalies demonstrate an opposite trend with H//a; i.e.,
they gradually merge and shift to the low magnetic field as
T is increased. Furthermore, the hysteresis is also preserved
up to 18 K. Even more astonishing, unlike H//a, no transition
is visible and the curve of M(H) increases linearly above
18 K [see Fig. 2(c)]. In the case of H//c, as exhibited in
Fig. 2(d), there is no anomaly in M(H) curves for H up to
31 T at 1.6 K, and the linear behavior can be kept up to 54 T
(see Fig. S1 of the Supplemental Material [45]). Namely, the
magnetization does not show any sign of saturation even at the
highest magnetic field, indicating the robustness of the AFM
structure in YMn2O5. Moreover, with increasing temperature,
the typically linear behavior is retained all the time and no
anomaly is discovered even surpassing 18 K. However, three
crystallographic axes of M(H) curves all present the spin-flop
transition in GdMn2O5 at low temperatures, which corrobo-
rates the effect of Mn-R exchange interactions [50,51].

Due to the ultrafast sweeping rate of the pulsed field
(dH/dt), a slight variation of P can still be detected by the
pyrocurrent technique, which actually records the voltage
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FIG. 3. �Pb as a function of H measured at various temperatures
under the high magnetic field. (a), (b) H//a; (c) H//b; and (d) H//c.
The red (black) arrows denote the field-rising (-falling) sweeps. For
clarity, the curves have been moved vertically.

variation passing a shunt resistor. In consequence, we investi-
gate the P change of YMn2O5 in pulsed magnetic fields along
the three crystallographic axes. Reproducibility of the data
is determined by means of repeating measurements for each
orientation. Figures 3(a) and 3(b) show the data of YMn2O5

with the magnetic field applied parallel to the a axis at various
temperatures, where the variation of P is defined as �Pb =
Pb(H) − Pb(H = 0). At 1.6 K, P monotonously increases about
0.04 µC/cm2 in magnitude before H ∼ 15 T. In quick suc-
cession, the characteristic feature of P(H) curves is given by
the successive steplike anomalies. The low-field anomaly with
a small hysteresis can be clearly observed around Hc1 ∼ 17
T. If taking a closer look at the trace of polarizations, the
high-field anomaly is also recognized around Hc2 ∼ 28 T. In
higher magnetic fields up to 35 T, the value of polarizations
is about 0.1 µC/cm2 with going to saturation. Decreasing the
magnetic field from 47 T, the P goes back to the original posi-
tion. With the increase of temperature up to 18 K, a complete
change has taken place in the profile of P(H). At low magnetic
fields below 9 T, the value of P remains unchanged in the H-
increasing sweep. And then, a large ν-like curve is identified
at the intermediate-H region (10 T < H < 23 T). In addition,
the minimal value of �Pb reaches −0.05 µC/cm2 at Hmin ∼
13.3 T and then a subtle anomaly is observed out of the ν-like
curve. As H is further increased, the polarization nearly sat-
urates above the critical magnetic field of 37 T. Interestingly,
with decreasing the H back to zero, P does not recover the
initial value at H = 0, but displays a residual polarization of
about −0.023 µC/cm2 accompanied by a large hysteresis loop
below Hmin. When the temperature is increased, the residual
polarization vanishes above 20 K. Meanwhile, the hysteresis
loop gradually shrinks and nearly disappears above 30 K.
Unexpectedly, a large ν-like P(H) curve starts to emerge at T
= 38 K, i.e., a polarization plateau. The minimal value of �Pb

is located at H ∼ 29 T in the H-increasing process. Besides,
a large hysteresis loop reappears in the intermediate-H region
(18 T < H < 28 T) and no residual polarization is visible.
With increasing T, the width of the polarization plateau �H
becomes broader and the hysteresis loop gradually shifts to
lower magnetic fields. As a result, a large residual polarization
of about −0.046 µC/cm2 is clearly observed at T = 42 K.
Further increasing the temperature, the �Pb(H) curve turns
into a smooth straight line and no anomaly is found above
45 K.

The polarization behavior of YMn2O5 for H//b is shown in
Fig. 3(c) in pulsed magnetic fields up to 37 T. In comparison
with H//a, several distinct features from the �Pb(H) curve
are clearly recognized: (1) A hysteresis of the H-induced
ferroelectricity becomes larger below 20 T. As the temper-
ature increases, it gradually moves towards the lower field,
leading to a big remanent polarization of about 0.08 µC/cm2 at
T = 15 K; (2) several successive anomalies are clearly seen in
the falling sweep (the black curve) while it is invisible in the
rising sweep (the red curve). Furthermore, they depend on the
sample, evidenced by �Pb(H) curves of sample No. 2 (see
Fig. S2 of the Supplemental Material [45]). This is interpreted
as magnetoelectric domains, and a similar phenomenon is also
found in the GdMn2O5 [9]; and (3) when the temperature is
higher than 18 K, no anomaly can be discovered in the entire
range of magnetic fields. For H along the c axis, the measured
�Pb(H) curves at several typical T’s are shown in Fig. 3(d).
It is evident that at 1.6 K a broad steplike anomaly with a
hysteresis emerges below 20 T. With a further increase of the
magnetic field, �Pb enters a flat region. However, in contrast
to the �Pb(H) curve, the M(H) curve for H//c does not exhibit
any anomaly over the entire field range. This observation is
reminiscent of the multiferroic property of PrMn2O5, in which
an electric polarization occurs above ∼12 T along the b axis
while no anomaly is observed in the M(H) curve [52]. It is
attributed to magnetically driven ferroelectricity originating
from the coupling between Mn3+ and Pr3+ ions rather than
Mn3+ and Mn4+ ions. Notably, this explanation does not fit
the present case of YMn2O5. Furthermore, it is impossible
that the imperfect alignment of the c axis and H gives rise
to this anomaly, since the change of polarizations can be as
large as 0.09 µC/cm2 at H ∼ 22 T approximating to the value
in the cases of H//a or H//b. Upon warming, the profile of
the �Pb(H) curve is nearly independent with the temperature
below 12 K. As temperature is increased to 15 K, a rema-
nent polarization about 0.043 µC/cm2 and large hysteresis are
clearly seen, which may derive from the motion of domains.
Alternatively, P monotonously increases up to 0.02 µC/cm2 at
H ∼ 37 T and 20 K, displaying a completely different response
to the H compared with the case in the ab plane. Consequently,
a dramatic ME anisotropy is found in YMn2O5 by the pulsed
magnetic field.

Generally, the magnetic and ferroelectric orders of
RMn2O5 have a strong coupling effect [41–43,50,51]. It will
no doubt motivate us to further understanding the relation-
ship between M and P in YMn2O5. The derivative dM/dH
and dPb/dH as a function of H in various temperatures are
shown in Fig. 4. For clarity, only the data from the rising
field sweeps are applied. For H along the a axis, the sym-
metric peak (pink arrows) in dM/dH curves [Fig. 4(a)] is
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FIG. 4. The derivative dM/dH as a function of H measured at
various temperatures for (a) H//a; (b) H//b. The derivative dPb/dH
as a function of H measured at various temperatures for (c) H//a; (d)
H//b. For clarity, only the data from the rising field sweeps are shown.
Data are vertically offset.

accompanied by a corresponding anomaly (pink arrows) in
dPb/dH curves [Fig. 4(c)]. And, the very weak bump (closed
circles) in dPb/dH curves corresponds to the high-field peaks
(black arrows) in dM/dH curves. However, not any sign of
dM/dH curves corresponds to these peaks (blue arrows) in
the dPb/dH curves. For H along the b axis, these anoma-
lies (black and pink arrows) in the dM/dH curve [Fig. 4(b)]
gradually move close and merge together below 10 K. As the
temperature further rises, the resultant peak moves to the low
magnetic field. Correspondingly, the evolution of anomalies
in the dPb/dH curves [Fig. 4(d)] more or less coincides with

these anomalies presented in the dM/dH curves. Besides,
some satellite peaks (yellow and green diamonds) are ob-
served in the dPb/dH curve from 10 to 12 K but disappear
above 15 K. We anticipate that these satellites may be the
signature from the domains. Hence, the inherent coupling
between the magnetism and ferroelectricity is determined in
YMn2O5.

Derived from the peak positions of the M(H) and P(H)
curves with the field-rising sweep, we construct the magnetic
field–temperature (H-T) phase diagrams of YMn2O5 for ex-
ternal magnetic fields along the a, b, and c axes and show the
results in Figs. 5(a), 5(b), and 5(c), respectively. In the case
of H//a, three phase boundaries are defined by TN, TC1, and
TC2 at the ground state (see Fig. 1) and low-field region (H <

15 T). These phase boundaries coincide with the phase tran-
sitions PM/PE → ICM1/PE (WFE) at TN, ICM1/PE (WFE)
→ CM/FE1 at TC1, and CM/FE1 → ICM2/FE2 at TC2. For
the intermediate-H region (15 T < H < 25 T), the phases
FE1 and FE2 smoothly transform to the FE3 phase below
35 K. As the magnetic field is further increased, a pink dashed
line is clearly identified round 28 T and insensitive to the
temperature in the FE3 phase, which represents the spin-flop
transition of Mn ions. However, at the higher temperature,
the ICM1/PE (WFE) phase can be preserved in the high-H
region regardless of its areas. The phase diagram for H//b
shows a comparable phase sequence as observed for H//a
in the low-field region (H < 15 T). With increasing fields,
the ICM2/FE2 phase is completely replaced by the CM/FE1
phase, except for a coexistence region of FE1 and FE2 phases
below 10 K, as shown in Fig. 5(b). For H//c, it can be directly
observed that no fresh phase is induced by the high magnetic
field [see Fig. 5(c)]. Furthermore, there is a clear boundary
between FE1 and FE2 above 15 K from the χ (T) curves, as
presented in Fig. S3(c) of the Supplemental Material [45]. It is
worth mentioning that the phase diagram of GdMn2O5 shares
a common feature for the H along three crystallographic axes
[50]. Nevertheless, the significant anisotropy with ME phase
diagrams occurs unexpectedly in YMn2O5.

FIG. 5. High-field ME phase diagrams of YMn2O5 derived from the data for increasing fields along different crystallographic axes: (a)
H//a; (b) H//b; and (c) H//c. Closed squares and asterisks denote the data obtained from P(H) curves. Closed triangles and closed circles denote
the data obtained from M(H) and χ (T) curves, respectively. Closed stars and diamonds denote the data obtained from C(T) and P(T) [28],
respectively. The abbreviations in the drawing represent the following: ICM1 = high-temperature incommensurate magnetic phase, ICM2 =
low-temperature incommensurate magnetic phase, CM = commensurate magnetic phase, PE = paraelectric phase, FE1 = ferroelectric phase
1, FE2 = ferroelectric phase 2, FE3 = ferroelectric phase 3, and FE1 and FE2 = the coexistence of FE1 and FE2. The solid lines are guides
for eyes. The pink dashed line in phase CM/FE3 shows the spin-flop transition.
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FIG. 6. Crystal and magnetic structures of YMn2O5 projected in the ab plane (left panel) and bc plane (right panel) for (a) CM/FE1
[19,33], (b) ICM2/ FE2 [19,33], and (c) CM/FE3. The dark yellow (purple) spheres denote Mn3+ (Mn4+) ions, and corresponding Mn-O
polyhedra are displayed with the same color. Dotted cyan lines denote the antiferromagnetic chains along the a axis. Thin red arrows denote
the Mn spin moments. The unit cell is shown by the black rectangle. The gray dashed ellipse denotes a ring consisting of five Mn spins
(Mn4+-Mn3+-Mn3+-Mn4+-Mn3+). Thick orange (green) arrows denote electric polarizations induced by the symmetric exchange striction
(spin-current) mechanism in ab (bc) plane. The red (blue) dashed ellipse indicates attractive and repulsive interactions between Mn3+ and
Mn4+ ions. The cyan curves denote spirals formed by the Mn4+ ions. As an exemplification, the evolution process of P with increasing
magnetic field of H//a is illustrated at (d) 4.2 K and (e) 20 K.

IV. DISCUSSION

The above experimental results have clearly demonstrated
complex ME phase diagrams of YMn2O5 under the high mag-
netic field. In particular, a dramatic ME anisotropy is driven by
the magnetic field along three crystallographic orientations. In
the following, we will attempt to discuss the possible origin
of the observed ME responses in each phase. Utilizing the
single-crystal neutron diffraction, the magnetic structures of
YMn2O5 at H = 0 were given by Kim and Vecchini et al.
[19,33]. Consequently, the ferroelectricity of YMn2O5 can be
well interpreted relying on the magnetoelastic coupling mod-
els [24,25]. In the CM/FE1 phase, to release the frustration
in a ring consisting of five Mn spins (gray dashed ellipses),
Mn3+ spins antiparallel to the Mn4+ (red dashed ellipses)
move closer to each other, while Mn3+ spins with parallel
configuration (blue dashed ellipses) move away from each
other. As a result, the magnetostriction mechanism leads to
a ferroelectric polarization PES// + b (large orange arrows) in
the ab plane [left panel of Fig. 6(a)]. On the other hand, the bc
components of Mn4+ spins form a cycloidal spiral along the c
axis, which gives rise to a ferroelectric polarization PSC// − b
(large green arrows) based on the spin-current mechanism
[right panel of Fig. 6(a)]. Hence, the total electric polarization
(Ptot) of FE1 is constituted of two different components, i.e.,
Ptot = PES − PSC. Since the PES is dominant in the CM/FE1
phase, the electric polarization in FE1 has a positive sign, as
shown in Fig. 6(e). For the ICM/FE2 phase, the PES is quite
weak or even lost because the Mn3+-Mn4+ spin pairs along
the b axis (gray dashed lines) are almost orthogonal. Neverthe-
less, the PSC is well preserved by the ICM modulation period.
Accordingly, the ferroelectricity is predominantly driven by

the PSC in the ICM2/FE2 phase, as shown in Figs. 6(b)
and 6(d).

It is worth noting that the typical value of Ptot at H = 0
is as small as approximately −0.03 µC/cm2 in the FE2 phase,
which is obtained from the P(T) curve in earlier works [27,28].
For our results, the intensity of �Pb[= Pb(Hc1) − Pb(H = 0)]
is just right around this value at low temperatures. Namely,
a polarization reversal is extremely likely to take place at the
phase boundary between the FE2 and FE3 phases when H is
applied along the a axis [see Fig. 6(d)]. A similar phenomenon
is also found in our previous papers that the direction of
polarization in the low-field ferroelectric phase (AF2) is com-
pletely opposite to the high-field ferroelectric phase (IV) in
multiferroic MnWO4 [53]. Generally, the orientation of P
is decided by the vector spin chirality C(= Si × S j ) in the
spiral spin system. In other words, magnetic control of the
C orientation can realize the P reversal. In present case, this
means that the C of Mn4+ spins should be changed from one
direction along the a axis to the other at the FE2/FE3 transi-
tion, as shown in the right panels of Figs. 6(b) and 6(c). The
sign reversal of the electric polarization can also be induced
by the hydrostatic pressure in YMn2O5, accompanied by the
phase transition from the ICM2 to the CM phase [28]. Here,
the detail value of qM in FE3 cannot been determined due
to the lack of neutron-diffraction measurements, but we can
deduce it belongs to the CM phase from our data. There are
two reasons as follows: First, at 1.6 K, the change of polar-
izations [�Pb = Pb(H ) − Pb(H = 0)] is up to 0.1 µC/cm2 at
high magnetic fields, approximating the value in the scenar-
ios of H//b and H//c. It is not possible that the pronounced
increase of polarizations merely stems from the inversion of
PSC (∼ −0.03 µC/cm2) from negative to positive. And, the
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PES from the magnetostriction mechanism is essential for the
change of polarizations �Pb. As is well known, the mag-
netostriction mechanism needs the commensurate spin order
and low symmetry on the specific chemical lattice. Hence,
the FE3 is a modulated commensurate magnetic phase. In
addition, we note that the magnetic field–temperature (H-T)
and pressure–temperature (P-T) phase diagrams of the
isostructure HoMn2O5 are very similar to one another, or
are nearly identical as the magnetic and pressure axes are
normalized [54,55]. For YMn2O5, Kozlenko et al. emphasized
that the application of hydrostatic pressure (P > 1 GPa) can
gradually suppress the low-temperature ICM phase and CM
phase with qM = (0.5, 0, 0.25) and induce the appearance
of the CM phase with qM = (0.5, 0, 0.5) [23,30]. Following
this way, the FE3 should be located in the CM phase [see
Fig. 5(a)], but its propagation vector qM still remains unclear
and needs to be further investigated by neutron-diffraction
techniques. Indeed, the analogy-based method has been suc-
cessfully applied in YMn2O5, such as the discovery of the
one-dimensionally modulated incommensurate magnetic or-
dering (1DICM) with qM = (qx ∼ 0.492, 0, 0.25) compared
with ErMn2O5 [40,56].

When the system reaches the FE3 phase, the PES is ac-
tivated and works together with the PSC, resulting in the
continuous increase of Ptot . As the magnetic field further in-
creases, PSC and PES rotate to the same direction, leading to
the saturation of Ptot in YMn2O5 [see Fig. 6(c)]. Note that the
boundary between FE1 and FE3 phases corresponds to a first-
order magnetic phase transition while no magnetic anomaly is
found at the FE2/FE3 phase boundary [see Fig. 5(a)]. Perhaps
only the former invokes the spin reorientation of Mn ions in
the ab plane, which gives rise to the sharp drop of Ptot at the
FE1/FE3 boundary leading to a large ν-like P(H) curve, as
presented in Fig. 6(e). We recall that similar features are also
found in GdMn2O5 in magnetic field-dependent experiments,
i.e., the P decrease occurs around the first-order magnetic
phase transition, which is attributed to the asynchronized mo-
tion among two inequivalent Mn chains [1,9]. We consider
that the anomaly at the FE1/FE3 boundary originates from the
same reason. It is noteworthy that the second-order spin-flop
transition of Mn ions (pink dashed line) in the FE3 phase does
not induce a new ferroelectric phase, but could affect slightly
polarization value leading to the weak bump [gray asterisks in
Fig. 5(a)] in dPb/dH curves [see Fig. 4(c)]. Indeed, this case
is not rare and has been found in Co2V2O7 [57]. Although
the second-order transition likewise occurs in YMn2O5, the
relative orientation of neighboring Mn spins could be different
from the case of BiMn2O5 [43]. According to the comparative
analysis of magnetic structures between them [19], several
factors should be of concern despite no conclusive answer.
First, the angular deviation of staggered Mn moments from the
a axis (θ ) is more pronounced in YMn2O5. Furthermore, the
θ angle of YMn2O5 is nonequivalent for Mn3+ (∼ ±10◦) and
Mn4+ (∼ ±14◦) ions while it is the same between Mn3+ and
Mn4+ ions in BiMn2O5. Hence, it is possible that the rotated
manner of the zigzag Mn chains running along a is disparate
for YMn2O5 and BiMn2O5. Besides, the c-axis component of
Mn4+ moments is extremely small in the BiMn2O5 sample,
indicating the weaker influence of PSC to Ptot .

In the H//b geometry, the scenario looks simple in compar-
ison with the result of H//a, as shown in Fig. 5(b). Application
of high magnetic fields contributes to a gradual suppression
of the ICM2/FE2 phase and reentrance of the CM/FE1 phase.
Meanwhile, the field-induced polarization reversal is observed
again. It is worth mentioning that this region between the
ICM2/FE2 and CM/FE1 phases below 10 K could originate
from the two-phase coexistence of FE1 and FE2 leading to
multidomain structures. This can be supported by a series
of anomalies in the H-falling sweep, i.e., the motion of the
domains [see Fig. 3(c)]. As expected, the number of these
anomalies is severely dependent on different samples, as
shown in Fig. S2 of the Supplemental Material [45]. Based on
the classical mean-field theory, the lack of spin-flop transitions
is normal in the case of H//c on account of the hard axis.
Furthermore, the magnetization increases linearly up to 54 T
at low temperatures, indicating that the Mn spin slowly ro-
tates towards collinearity due to strong exchange interactions.
Correspondingly, a very broad peak that spans about 20 T is
distinctly observed in dPb/dH curves below 18 K (see Fig. S4
of the Supplemental Material [45]).

We note that the b-axis polarization of YMn2O5 has been
reported under magnetic fields [58]. Overall, the profile of
Pb(H) curves measured by Kadomtseva et al. is roughly sim-
ilar to our results within 25 T. However, several different
features between us are clearly seen. First, no experimental
data below 10 K or above 25 T are reported. Second, for H//a,
there is not a large loop in the present work below 15 T and
25 K. Third, in the H//b geometry, we do not see this anomaly
above 18 K reported in Ref. [58]. Such discrepancy may be
attributed to the limit of the measurement technology in the
past. As is well known, the larger sweeping magnetic field
dB/dt is more beneficial to the sensitivity of the polarization
measurement. Our 10.5-ms short-pulse wave generated by a
nondestructive magnet is a strong support for detecting the
variation of P(H) curves in YMn2O5, which has been success-
fully applied in some multiferroics [2,44,53,57,59].

V. CONCLUSION

In conclusion, we have performed the high-field magne-
tization and ferroelectric polarization measurements to study
the evolution of multiferroic properties of the single-crystal
YMn2O5 under the high magnetic field. Several magnetic
phase transitions are clearly observed which are strongly de-
pendent on the direction and strength of magnetic fields and
temperatures. It indicates that the strong magnetic anisotropy
can be undoubtedly identified in YMn2O5. Correspondingly,
pyroelectric measurements demonstrate distinct P(H) curves
along different crystallographic axes, suggesting a strong ME
coupling. Particularly, a field-induced P reversal is realized
for all directions of the magnetic field at low temperatures,
which may be attributed to different origins. Based on the
above experimental data, the high-field ME phase diagrams
are constructed. It should be noted that the magnetization of
YMn2O5 is far from the saturation value even at the highest
magnetic field. And, the higher magnetic field is desirable
in order to obtain more interesting behaviors. Therefore, our
experimental results lay a solid foundation for an overall
understanding of the magnetic phase transitions and the ME
coupling in rare-earth multiferroic manganites.
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