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We report in this paper the dynamical properties of GdMn2O5 studied by inelastic neutron scattering and
infrared spectroscopy assisted by ab initio calculations. Our work sheds light on the electromagnon, a mag-
netic mode that can be excited by an electric field. Combining spin-wave measurements, simulations, and ab
initio calculations of the single-ion anisotropies and the superexchange interactions, we describe in detail the
magnetic contribution to this mode. An exhaustive study of the temperature and polarization dependence of its
electroactivity completes this comprehensive study of the complex GdMn2O5 system.

DOI: 10.1103/PhysRevB.103.174434

Magnetoelectric multiferroics, which simultaneously sta-
bilize magnetic and polar static orders, have been predicted
to present unusual dynamical magnetoelectric effects (ME)
[1]. The relatively large magnitude of this dynamical ME
response [2], as well as its strong interaction with light [2,3],
is extremely attractive for potential applications, for exam-
ple, multifunctional spin-based memories or optical switches,
among others. The dynamical ME effects under considera-
tion in this paper are characterized by the existence of an
electroactive magnetic excitation called electromagnon. The
electroactivity of electromagnons was first observed in type-II
multiferroics, where ferroelectricity is magnetically induced.
In orthorhombic RMnO3 and RMn2O5 (R = Tb, Y) families,
both THz [3–6] and Raman [7] spectroscopies showed that
this mode can be excited by means of the electric field of light.
The demonstration of the complementary magnetic nature
of this excitation has been the prerogative of inelastic neu-
tron scattering (INS) [8,9]. Since then, electromagnons have
also been reported in type-I multiferroics such as hexagonal
RMnO3 [10], in BiFeO3 [11], and even in the paraelectric
compound Ba2Mg2Fe12O22 [12]. To describe this unusual
property, different mechanisms were proposed, particularly
for the manganite families. These models basically rely on
the very same magnetoelectric coupling which accounts for
the static properties: lattice vibrations alter the exchange
couplings or anisotropies which in turn affect the magnon
spectrum. In helical magnetic systems, for instance, where the
multiferroicity originates from Dzyaloshinskii-Moriya inter-
action (DMI), the same DMI has been proposed to explain
the origin of the electromagnon [13]. Although later re-
futed in DyMnO3 [14], such a DMI-based scenario seems
to be at play in CuO [15]. Other propositions are based on
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exchange striction (ES) [16,17], and couple a polar lattice
mode to the magnon spectrum [4,18]. So far, these models
have been consistent with experimental results in TbMn2O5

[8,9]. These interpretations tend to reduce the definition of
the electromagnon to a hybrid magnon-phonon mode, or, as
proposed in ErMnO3, to a mixing between a magnon and
an electroactive rare-earth crystal-field transition [19]. In this
paper we question this issue and support the idea that elec-
troactivity can be a purely electronic phenomenon. Using IR
and INS experiments carried out on the same crystal, we
investigate in detail the low-energy excitations in the model
system GdMn2O5 and evidence the presence of an electroac-
tive magnon. Completed by spin-wave simulations and ab
initio calculations, we point out the absence of either lattice
or crystal-field mode, suggesting that another mechanism,
purely electronic, is at work in GdMn2O5. The RMn2O5

multiferroic compounds crystallize in the polar Pm space
group [20] but present quasisymmetries of the paraelectric
Pbam space group. Along the c direction, the structure is
composed of chains of Mn4+O6 octahedra, separated by layers
of R3+ or Mn3+ ions. In the (a, b) plane, zigzag chains of
Mn4+O6 octahedra and Mn3+O5 square pyramids run along
the a axis and are stacked along b (see Fig. 1). GdMn2O5,
like the other members of the family [21], shows an incom-
mensurate magnetic ordering (ICM) below TN � 38 K, with
a magnetic propagation wave vector q1 = ( 1

2 , 0, 0.28). Then,
below Tc � 32 K, the magnetic order becomes commensurate
with a propagation wave vector q2 = ( 1

2 , 0, 0), accompanied
by the largest electric polarization known in type-II multi-
ferroics [22–24]. This strong electric polarization has been
ascribed to two cooperative ES mechanisms [17]. As all
members of the series, the electric polarization is mainly
oriented along the b axis [22–24], even if few studies have re-
cently suggested the existence of small additional components
along the a and even the c directions [25,26]. The dynamical
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FIG. 1. Structure of GdMn2O5 in the (a), (c) (left) and (a), (b)
plane (right). Mn4+ ions are in green, while Mn3+ ions are in blue.
Oxygens are in red and gadoliniums in orange. Exchange interactions
involved in the magnetic ordering and discussed in the text are
represented (Ji).

properties of this compound have been studied by means of
IR and INS on high-quality single crystals. IR measurements
were carried out on the AILES beamline of the SOLEIL syn-
chrotron, with a Bruker IFS125 interferometer [27] equipped
with a 4-K closed circle He gaz cryostat and a 1.6 K He
pumped bolometer from IRLabs. Figures 2(a) and 2(b) present
the absorbance at 5 K for different (e, h) light polarization
configurations, calculated using the 40 K measurement as a
reference. A very intense peak is visible in the configuration
(e, h) = (b, a), with a width of about 1.5 meV (12 cm−1). In
the configuration (e, h) = (c, a) where h remains along a, this
mode disappears, proving its electroactivity for e ‖ b. This re-
sult is consistent with observations in the other members of the
series [4,9], as the electric polarization stands along the b axis.
However, it notably differs by its energy, 4.25 meV (34 cm−1),
which is well above the sub-meV range generally observed in
the other members. Moreover, its large width together with its
ill-defined shape may hide several unresolved contributions.
Unexpectedly, a sharper peak [FWHM ≈ 0.5 meV (4 cm−1)]
was found around the same energy for the (e, h) = (a, b)
configuration. Here again, the vanishing of the peak for the
(e, h) = (c, b) configuration confirms its electroactive nature.
The presence of such a mode activated by e ‖ a is unprece-
dented in this family of compounds. However, it is worth
noting that the Pm space group allows a nonzero electric
polarization along the a direction, which may be responsible
for this mode. For that matter, a recent polarization experiment
evidenced the presence of additional components of P along
a and even along c [24]. If the latter was to be confirmed, the
crystallographic group would have to be lowered from Pm to
P1. Figures 2(c) and 2(d) display the temperature dependence
of these peaks. Both behave in a similar way: from 5 K up
to 30 K, the energy decreases by 1 meV (8 cm−1) while
its width increases. No peak could be observed above the
magnetic transition at Tc = 32 K. We computed the phonon
spectra, both in the Pbam and Pm [Antiferromagnetic (AFM)
order, double unit cell] space groups, in order to check for
a possible phonon origin of these modes. The calculations
were carried out using the first-principles Density Functional
Theory frame, a Perdew-Burke-Ernzerhof functional modi-
fied for solids functional [28], and the CRYSTAL code [29].

FIG. 2. Absorbance at 5 K with a reference at 40 K in GdMn2O5

for different orientations of incident e and h (electric and magnetic
field of the light) with respect to the crystallographic axis.

A Monkhorst grid [30] of 8 × 12 × 4 k-points was used, a
Stuttgart core pseudopotential [31] and the associated basis set
[32] was used for the barium atom, while the manganese and
oxygen atoms were described using all-electron 3ζ basis sets
[33]. The calculations are in good agreement with the phonons
measured above 13 meV (≈ 100 cm−1), as shown in the Sup-
plemental Materials [34]. However, no phonon contribution
is predicted below 9 meV (≈ 70 cm−1). It thus seems that
the detected electroactive low-energy excitation is not related
to a phonon, while its appearance at the magnetic transition
points toward an electromagnon. We now turn to the investi-
gation of the low-energy spin dynamics. Aiming at avoiding
neutron absorption, we used a 80 mg 160Gd-isotope-enriched
single crystal synthesized using the standard procedure [35].
INS experiments were performed on the 4F2 (cold) and 2T
(thermal) triple axis at Orphée-LLB (France), as well as on the
IN6-Sharp, THALES, and IN12 spectrometer (ILL, France).
The final wave vector was k f = 1.97 Å−1 on 4F2 and 1.5 Å−1

on THALES, yielding a resolution of about 0.5 and 0.25 meV,
respectively. The magnon dispersion was measured along the
H and L directions at 15 K. As can be seen in the color maps
of Figs. 3(a) and 3(b), the magnetic spectral weight is maxi-
mum at the magnetic zone center with an energy of 4.5 meV,
corresponding to the electroactive mode observed in IR spec-
troscopy. Unexpectedly, the minimum of the dispersion along
L is not located at the magnetic zone center (1.5, 0, 0), but
significantly shifted close to (1.5, 0, 0.4). This result is all the
more intriguing because no elastic magnetic peak can be ob-
served at this particular wave vector down to 5 K. To complete
our magnetic study and put constraints on spin dynamics sim-
ulations, the sub-meV dispersion was also measured along the
L direction. As shown in Fig. 3(c), two modes arise at around
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FIG. 3. (a) Inelastic neutron-scattering raw data recorded at 15 K
along (H, 0, 0). (c), (e) Inelastic neutron-scattering raw data recorded
at 15 K along (3/2, 0, L) performed on the 2-T (E > 6.5 meV) and
4F2 (E < 6.5 meV) spectrometers for (c) and IN12 for (d). (b), (d),
and (f) are the associated numerical simulations for (a), (c), and (e),
respectively. (f) Evolution of the energy of the (3/2, 0, L) energy scan
as a function of temperature to be compared to IR in Figs. 2(c) and
2(d). (h) Inelastic polarized neutron scattering at Q = (3/2, 0, 0)
performed at THALES for 15 K. NSFx, SFx SFy, and SFz stands
for non-spin-flip, spin-flip with polarization parallel to the a, c, and
b crystallographic axes, respectively.

0.3 and 0.7 meV, with a minimum at the magnetic zone center.
To evidence any lattice contribution to the spectral weight at
4.5 meV, polarized INS was carried out at the magnetic zone
center. The result, shown in Fig. 3(h), demonstrates that the

signal is purely magnetic, with no intensity in the non-spin-
flip channel. The temperature dependence of the energy of
this mode, represented in Fig. 3(d), is strikingly similar to the
evolution of the IR mode. It can reasonably be concluded that
it is one and the same mode: an electromagnon. To further
understand the magnetic contribution to this electromagnon,
linear spin-wave theory was employed to simulate the spin
dynamics. For RMn2O5, five interactions (labeled J1...5) are
commonly used to describe the Mn-Mn couplings in the Pbam
paraelectric group [36]. The Pbam to Pm weak symmetry
breaking is usually neglected. It would lead to four different
J3 and J4 couplings, two different J1, J2, and J5. Additional
interactions between the rare-earth and Mn atoms are also
necessary to describe the spin dynamics in the sub-meV range
[17,36–38]. Spin-wave calculations have been performed us-
ing the software described in [39]. No less than nine different
exchange interactions were taken into account, represented in
Fig. 1: (i) the five Mn-Mn interactions described above, (ii)
the second-neighbor Mn-Mn interaction along the c direction
(J12), shown to be important in some RMn2O5 compounds [8]
and requiring AFM to get the correct dispersion shape of the
electromagnon excitation, and (iii) three Gd-Mn interactions.
Finally, we added the Mn4+ and Mn3+ axial anisotropies but
neglected the Gd3+ anisotropy, as our ab initio calculations
find it to be negligible. These anisotropies actually stabilize
the ferromagnetic arrangement along the c axis (ql = 0). The
magnetic frustration along c originates from the competition
between the AFM J12, J4 and the FM J1, J2 couplings. The
shift of the minimum of the dispersion to L ≈ 0.4 is ascribed
to the balance between these competing interactions. In a
first attempt, Mn-Gd exchange interactions were neglected.
Noteworthy, the hierarchy reported in Refs. [8,9] J5 > J4 >

J1, along with a small J3, does not reproduce data agreeing
with our ab initio calculations (see below). The best result
was obtained for a small J5. Figures 3(b), 3(d) and 3(f) show
the result of the simulation for J1 = −1.7 meV (FM); J2 =
0.65 meV (AFM); J12 = 0.74 meV; J3,1 = J3,2 = 0.12 meV;
J4 = 2.25 meV; J5 = 0.15 meV; �Mn4+ = 0.3 meV, and
�Mn3+ = 0.6 meV. The amplitudes and minima of the two
modes corresponding to Mn spin waves agree quite well
with the experimental data [dashed lines in Fig. 3(c)]. In
addition, the simulation of the dispersion along H is in
good agreement with the data [Fig. 3(a)], confirming the
validity of our exchange values set. To account for the
two low-energy excitation modes close to 0.3 and 0.7 meV
[Fig. 3(e)], three additional exchange interactions are neces-
sary between Mn and Gd: J6,1 = 0.1 meV, J6,2 = 0.1 meV,
and J6,3 = 0.06 meV. The energy difference between the
two low-energy modes is directly related to J6,3, which en-
ables an accurate determination of this particular coupling.
J6,3 can provide an explanation to the different ordered mo-
ments measured for the two Gd sites (Gd1 and Gd2 in [17]).
Gd2 is indeed in a less favorable configuration than Gd1
regarding J6,3; its moment will seek to relocate more than
that of Gd1 to have a lower ground state. The unexpected
weak value obtained for J5 calls for a theoretical validation.
The main nearest-neighbor Mn-Mn exchange interactions,
as well as the Mn and Gd anisotropies, were calculated
using ab initio calculations. Since theses quantities are es-
sentially local and dominated by the physics of the strongly
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correlated electrons at the Fermi level, a thorough treatment
of the electron correlation within the magnetic orbitals is
required in order to reach an accuracy comparable with ex-
periments. We thus used methods specifically developed to
this end. For the magnetic integrals calculations, we used the
Selected-Active-Space + Single-excitations [40] (SAS+S)
method. This method treats, using exact diagonalization on
properly designed embedded fragments, the electronic cor-
relations within the magnetic orbitals, the ligand-to-metal
charge transfers that bridge the magnetic interactions, and
the screening effect on all the preceding configurations. The
anisotropies were computed from similar high-level local
spectroscopic calculations. Indeed, it was shown that despite
the single-electron character of the spin-orbit coupling, the
electron correlation within the magnetic ion orbitals have to
be exactly treated for an accuracy comparable with neutrons
scattering experiments [41]. We thus used the CAS+DDCI
(Complete Active Space (CAS) [42] + Difference Dedicated
Configuration Interaction [43–45]) method for the calculation
of the ground and excited states without spin orbit. This
method ensures that the electronic correlations within the
magnetic orbitals, the screening effects up to double excita-
tions, and the spin-orbit effects are thoroughly treated. The
obtained states were further coupled by the spin-orbit inter-
action and the anisotropies determined along the method of
Chibotaru and Ungur [46]. The calculations were performed
using the MOLCAS package [47], the CASDI code [48], and the
RELAXSE [49] codes. The calculations were performed us-
ing the room-temperature Pbam experimental geometry
optimized in the same group. The calculated exchange
couplings are J1 = −0.43 meV, J2 = −2.36 meV, J3 =
1.13 meV, J4 = 3.98 meV, J5 = 0.62 meV. As one can see,
the order of magnitude and the relative amplitudes of all the
exchange interactions are in good agreement with the one
inferred from our spin-wave simulations. Most interestingly,
the calculated J5 interaction has also a very weak value, much
weaker than J4 or J3, and close to the one extracted from
the simulations. Such a weak value is unusual within the
RMn2O5 family, which is depicted as an AFM zigzag chain
along the a axis generated by strong J4 and J5 AFM couplings
(J4 = 2.9 and J5 = 3.5 meV in TbMn2O5, or J4 = 3.75 and
J5 = 2.75 meV in YMn2O5 [8,9]). One should, however, note
that a negligible J4 has already been evidenced in PrMn2O5

[35]. Our calculations predict anisotropies greater than those
considered until now [8], with �Mn4+ = 0.45 meV along the
octahedra long axis parallel to b, and �Mn3+ = 0.9 meV along
the apical direction of the pyramid, but in good agreement
with our experimental fits. We now have to emphasize that
this electromagnon electroactivity is not carried by any lattice
mode or crystal field, as evidenced experimentally. This calls
into question the very nature of this excitation. As reported
recently [50,51], the total electric polarization results from a
combination of both an ionic and an electronic component.

The consideration of a purely electronic contribution to ferro-
electricity is further reinforced by other experimental results
[52], while the exchange striction mechanism occurring below
TN is usually associated to an ionic contribution. In light of
this information, our results strongly suggest that the elec-
tromagnon in GdMn2O5 is a purely electronic excitation. In
the actual Pm space group, four different ferroelectric ground
states are predicted [51] in the magnetic phase, corresponding
to the four sign combinations for the a and b components of
the polarization. In this picture a change of the magnetic struc-
ture modifies the electronic density. As a consequence, charge
and spin degrees of freedom can no longer be treated inde-
pendently. Thus the magnetic excitation described above as a
spin wave actually modifies dynamically the orbital part of the
wave function. This entanglement would lead to a change in
the polarization amplitude visible via IR spectroscopy. This
scenario is compatible with the IR polarization selection rule,
as both a and b electronic components exist in the actual
Pm space group. By neglecting the orbital contribution in our
spin-wave model to determine exchange interactions, effective
values only are determined, this, and the room-temperature
Pbam structure used for the calculations, may explain the
differences with respect to some calculated J values by ab
initio technique.

In conclusion, our complementary analysis of INS and
IR results on GdMn2O5 highlights a relatively high-energy
electromagnon, bearing both magnetic and electroactive sig-
natures. The magnetic contribution can be explained and
modeled by the standard linear spin-wave theory with 11 pa-
rameters, necessary to match the numerous magnon branches.
However, the absence of any lattice or crystal-field contribu-
tion on the one hand, and the unusual polarization dependence
of the electroactivity on the other hand, call for new modeling.
We thus propose a purely electronic excitation where orbital
and spin degrees of freedom are no longer decoupled. This
picture is strongly supported by recent evidence of an elec-
tronic contribution to the usual ionic ferroelectricity [51,52]
in this family and may explain the exhaustive experimental
results reported here. This framework could be relevant not
only in the entire family of RMn2O5 but in all magnetoelectric
materials.
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