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Abstract

The magnetic phase diagram of the polar easy-axis ferrimagnet CaBaFe O~ has been investigated
by magnetization, specific heat, and magnetoelectric measurements. The ferrimagnetic transition
takes place at T =275 K within the orthorhombic phase followed by a second magnetic transition
at Tco=211K. Below T2, successive metamagnetic transitions occur for magnetic fields applied
perpendicular to the easy axis, implying a sequence of magnetic states which are neither collinear
nor coplanar. The observation of the static magnetoelectric effect was limited to temperatures
below 120 K due to the conducting nature of the crystals at higher temperatures. The magnitude
of the ferroelectric polarization shows large changes between the different field-induced magnetic
phases. The low-field state is characterized by a large linear magnetoelectric coefficient of
Qe =39 ps/m, while a gigantic polarization change of AP=850 uC/m? was observed for ji,H=14T

applied along the easy axis.

PACS numbers: 75.85.+t, 75.30.Kz, 81.30.Bx



I. INTRODUCTION

The magnetoelectric (ME) effect, which is a consequence of the cross-coupling between
spin and charge degrees of freedom, is one of the most desired properties of materials for
modern applications. In a magnetoelectric material, the magnetization can be changed
by the application of an electric field and the electric polarization can be controlled
by a magnetic field 2 Such materials are promising for the development of low-power
consumption spintronics, non-volatile ME data storage.®? optical diodes % and high-
sensitivity ac magnetic field sensors? Recently strong efforts have been focused on
the fundamental understanding of multiferroicity in well-known material classes, such
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as the perovskite-related oxides* = akermanites , hexaferrites!®, and the polar

skyrmion-host lacunar spinelsi™® However, BiFeOs is still the only well-characterized

d 22 which triggers a chase for new materials

room-temperature multiferroic compoun
possibly exhibiting multiferroicity near room temperature. Swedenborgites represent a new
class of polar magnets where the long range ferrimagnetic order occurs at relatively high
temperatures.22:23

The investigation of magnetoelectric effects in CaBaFe,O7, the target material of the
present study, is partly motivated by the strong magnetoelectric coupling reported in
CaBaCo,07.2422 A giant polarization change of AP=17000 uC/m? was observed along the
¢ axis in CaBaCo40O7 across the transition from the pyroelectric paramagnetic state to
the pyroelectric ferrimagnetic phase at Te=64 K.22 Ab initio calculations combined with
Landau theory showed that the electric polarization change can be attributed to exchange-
striction effects.2® A similar polarization change of magnetoelastic origin is expected in
the case of CaBaFe ;O;. Moreover, in CaBakFe O; the magnetic ordering takes place near
room temperature,22 T =275K, which is a good starting point to further enhance the
temperature of the magnetic phase transition by fine-tuning the material composition.

Other interesting aspects of this material are its polar structure and the coexistence of
different geometrically frustrated sublattices occupied with mixed valence iron ions. As
explained in details below, the structure of ABM,0O; Swedenborgites is polar along the c

axis, and consists of a stacking of alternating triangular- and kagome-layers of the magnetic

M ions. The nominal valence state of the transition metal (M) is 2.5+, which may imply



that M2 and M3* ions in a 1:1 ratio are distributed among the triangular and kagome-

d2:27:28 around the metal

layers, respectively. Shorter oxygen-oxygen bonds were reporte
ions in the triangular layers, indicating that one of the two extra holes is localized on the
triangular-lattice plane, and the other hole is distributed over the three inequivalent sites
in the kagome-layer. Furthermore, the presence of charge order was suggested based on the
rapid increase of electrical resistivity towards lower temperatures.223! Although the onset
of charge order is still an open issue in CaBaFe,O; and CaBaCo4O7, it may have a strong
influence on the dielectric properties of the system.

Due to the mixed valency of the magnetic ions in Swedenborgites, charge ordering,
if occurs, can strongly influence the spin order. CaBaFe;O; and CaBaCo,O; are the
only memebers of this material family where long-range three-dimensional magnetic order
has been reported.222328 In CaBaCo,O7, first-principles calculations suggested that the
strong orthorhombic distortion of the structure may partially release the geometrical
frustration, leading to a ferrimagnetic order.3232 The orthorhombic distortion in CaBaCo,O~
may be induced by the Jahn-Teller active Co®" ions with e3t3 configurations. This
scenario is supported by the different temperature evolution of Co—O bond-lengths at
different Co sites.? In its sister compounds with hexagonal symmetry—such as YbBaCo,O7,
Cag5Yo5BaCo,07, and YBaFe;O7;—the strong geometrical frustration fully suppresses the
long-range magnetic order, and they exhibit spin-glass or spin-liquid ground state.28:3439 The
complex and subtle nature of the magnetic state in these materials is well exemplified by
the case of YBaCo40O~, which shows no long-range magnetic order, though its orthorhombic
distortion should reduce the geometrical frustration of magnetic interactions 2042

The orthorhombic structural unit cell of CaBaFe,O; with space group Pbn2;,2 shown
in Fig. [(a), is composed of four formula units. Although CaBaFe,O is orthorhombic at
room temperature, we describe the main characteristics of its structure in comparison with
its hypothetic high symmetry form, the polar hexagonal P63mc structure, which is often
realized in its sister compounds with solid solution of different transition metal ions at the
M sites 38394344 The structure of ABM4O; generally consists of a stacking of alternating
kagome-triangular—kagome-triangular (KTKT) layers of magnetic M ions with tetrahedral
oxygen coordination. The corner-sharing oxygen tetrahedra are oriented with one vertex
along the stacking direction of the KTKT layers, while the remaining three vertices lie in

the ab plane and are linked to those of neighboring tetrahedra, thereby giving rise to the



polar structure. Adjacent kagome layers within KTKT units are rotated by 180 degree
around the ¢ axis with respect to each other, forming voids which are filled with the A and
B cations. The stability of this structure is related not only to the size of the void and the
ionic radii of the A and B cations, but also to the valence state of the M ions. 324245 For
example, in case of CaBaCo4O7, the presence of the Jahn-Teller active Co®" ions leads to a
structural phase transition to the Pbn2; orthorhombic symmetry by buckling and distortion
of the CoO, tetrahedra. In CaBaFe,O; Jahn-Teller distortion can emerge for the Fe?*
ions. The same structure was reported earlier for CaBaFe 07,2 where buckling of the FeO,
tetrahedra leads to a rotation of the Fel-O, (green) tetrahedra and the asymmetry of the
triangles formed by Fe2-Oy4, Fe3-O,, Fed4-O, tetrahedra, as shown in Fig. [[[(b).

The primary purpose of this work is to investigate the complex magnetic structure of
CaBakFe,O7 by revealing the magnetic phase diagram with the use of melt-grown crystals.
As a further step, we present evidence for the large static magnetoelectric effect, which
may arise from the interplay between the non-collinear and non-coplanar spin patterns, the

magnetostriction and the mixed valency of the iron ions.

II. EXPERIMENTAL TECHNIQUES

A. Sample preparation and characterization

High quality CaBakFe,O7 crystals were prepared by a conventional floating zone technique.
As a first step, polycrystalline form of CaBaFe,O; was prepared by a series of solid-state
reactions. The main difficulty in the preparation of CaBakFe,O; arises from the mixed valence
nature (Fe?™ and Fe?") of the target compound. In the sintering process, the average 2.5+
valence state of the Fe ions was ensured by using proper 2:1 stochiometric ratio of FeO
and Fe;O3 of the starting materials. Stochiometric amounts of CaCO3, BaCOg3, FeO, and
FeoO3 were mixed and calcined in high-purity argon atmosphere for 12h at 1000°C, and after
homogenization, the powder was further treated at 1100°C in high-vacuum atmosphere for
24 h. The resultant material was pressed into a rod, which was further sintered at 1000°C
in a reducing Ar+3%H, atmosphere for 12h. Single crystals were grown in flowing Ns
atmosphere by an optical imaging floating-zone apparatus.

The material was verified to be of single phase by powder X-ray diffraction and the



crystal orientation was determined by Laue-diffraction patterns. While the ¢ axis is
unique in our crystals, polarized optical microscopy showed the presence of structural twins
with different orientations of the a and b axis. Magnetization and dielectric polarization
measurements confirmed this observation, as no apparent anisotropy was detected in the ab
plane. Therefore, in the macroscopic quantities the structural twinning effectively masks

the orthorhombicity and restores the hexagonal symmetry of the crystals.

B. Measurement techniques

Magnetization measurements up to p,H=14T and 32T were respectively carried out in a
Physical Property Measurement System (Quantum Design) and at the High Field Magnetic
Laboratory (HFML) in Nijmegen, using the vibrating sample magnetometer method in
both cases. Specific heat was measured by a Physical Property Measurement System
(Quantum Design), applying a relaxation method in the temperature range of 7=2-300 K,
while for T'=150-600 K a Netzsch DSC 200 F3 differential scanning calorimeter equipped with
a TASC414/4 temperature controller was used.

Electric polarization measurements were performed on samples with typical dimensions
of 0.5x4x4mm?® with a Keithley 6517A electrometer. Effective electric poling was
practically prohibited, due to the high conductivity of the crystals even at Tro. As a
consequence, it was not possible to investigate the influence of magnetic ordering on the
electric properties by means of pyro-current measurements. Instead, we carried out magneto-
current measurements at fixed temperatures below T=120K. (Above this temperature,
leakage currents prevented the accurate measurement of field-induced polarization). The
magnetically induced polarization was determined by the integration of the magneto-current

curves.

III. RESULTS AND DISCUSSIONS
A. Magnetic properties

Fig. @ shows the field dependence of the magnetization at low temperatures. In
contrast to the easy-plane ferrimagnetic character of CaBaCo,0;2232, CaBaFe,O; is an

easy-axis ferrimagnet with a spontaneous magnetization pointing along the ¢ axis.2® The



remanent magnetization is MR™ ~2.5 yp /f.u., which is remarkably large compared to other
compounds in the Swedenborgite family. For magnetic fields applied along the easy axis,
following a narrow hysteresis the magnetization reaches the value of ~5.1 ug/fu. In the
field range of u,H=14-28'T, there is a broad magnetization plateau characterized by a
slightly larger moment of M5 ~5.5 up/fu. This value corresponds to about 1/3 of the
magnetization in the fully polarized state (18 up/f.u.).

For magnetic fields applied perpendicular to the ¢ axis, successive metamagnetic
transitions are observed between pu,H=1 and 14.5T at T=2K (see also Fig. Bld) and
Fig. [Be)). Due to their broad hysteresis the subsequent metamagnetic transitions overlap
with each other and it is not possible to unambiguously determine their critical field
values, though their overlaps are reduced towards higher temperatures as can be followed
in Fig. [f(e). Hereafter, we will refer to this field range as the metamagnetic region bound
by a lower critical field p,Hcs and an upper critical field p,Hcy. Above this field range
the magnetization nearly approaches the value found for fields parallel to the easy axis,
which indicates that the Zeeman energy overcomes the effect of easy-axis anisotropy for
woH Z15T.

Figure Bl shows the temperature dependence of the magnetization measured in p,H=1T
and the zero-field specific heat. Three transitions are manifested in the specific heat
measurements at Ts=380K, T1=275K, and Tx=211K. The anomaly at Ts=380K
likely indicates a structural transition as the material is still paramagnetic at this
temperature. The other two transitions at T =275 K and T»x=211 K, formerly described

234647 show up in the magnetization

as a ferrimagnetic and a spin re-orientation transition,
curves. At Ty there is only a weak anomaly in the magnetization measured in p,H=1T
applied within the ab plane.

Fig. [ shows the inverse magnetic susceptibilities around and above room temperature,
which were measured in p,H=0.3T magnetic field applied along and perpendicular to
the ¢ axis. The magnetic anisotropy persists up to temperatures well above T5=380K
reflecting the hexagonal symmetry of the crystal. For both orientations of the magnetic
field the susceptibility curves exhibit anomalies near Ts=380K, the temperature of the

structural transition as determined from the zero-field specific heat measurement, and a

broad hysteresis below this temperature. By fitting the ¢ axis and ab plane susceptibilities



with the Curie-Weiss law in the limited temperature range of T=500-600 K one obtains 6,.=-
2150 K and 6,,=-2050 K, respectively, which point to an overall strong antiferromagnetic
coupling among the Fe?t and Fe?™ magnetic moments. The relatively large value of
0/Tc =7.7 indicates the frustrated nature of the magnetic interactions.

The effective magnetic moments obtained for field parallel and perpendicular to the
c axis, e =22 pp/fu. and peg =204 pp/fu.  are nearly comparable with the value
2x (2-m+2~\/§) pp/fu.=21.6 up/f.u. expected for the four mixed-valence Fe ions per
formula unit. The frustrated antiferromagnetic interactions, together with the saturation
moment of M ~5.5up/fu., is indicative of a non-collinear or non-coplanar magnetic

structure, as already proposed in a former X-ray magnetic circular dichroism study.2

B. Magnetoelectric properties

Figure Bl summarizes the magnetic field dependence of different components of the
ferroelectric polarization at T=80 K for different orientations of the magnetic field. For
a direct comparison between the magnetic and magnetoelectric properties of CaBakFe,O~,
the corresponding magnetization data are simultaneously plotted in the lower panels of the
figure.

Figure Bla) shows the field-induced polarization AP when the magnetic field is applied
along the ¢ axis. The polarization component parallel to the field is as large as
AP=850 uC/m? in pu,H=14T, while the polarization component perpendicular to the field
is negligible. In low fields, the former is proportional to the field and the corresponding linear
magnetoelectric coefficient is .. 39 ps/m. The hysteresis of the magnetization around zero
field is accompanied with a butterfly-shape hysteresis®® of the polarization (see the inset of
Fig Bl(a)). In the magnetization curve a weak hysteresis is found to persist up to higher
fields, as shown in the inset of Fig[5l(c), which is more clearly manifested in the polarization.

Figure Bl(b) displays AP when the magnetic field is applied within the ab plane. In this
configuration, finite polarizations can be observed in all the three independent configurations,
though the dominant component is again the one parallel to the easy axis. In this component,
the largest changes, as high as AP ~-400 uC/m?, are observed in the field range of the
metamagnetic region. The successive magnetic transitions are accompanied with sudden

changes in all the three components of the polarization (see the inset of Fig[B(b)).



Figure [6l shows the three largest terms in the magnetically induced polarization at
various temperatures below 7'=120 K together with the corresponding magnetization curves
measured for fields along and perpendicular to the easy axis. Figure [6(a) shows the
polarization component along the ¢ axis when the magnetic field is applied along the same
direction. At each temperature, the polarization shows a butterfly-shape hysteresis at low
fields as previously shown in Fig[Bla) for T7=80 K. The linear magnetoelectric susceptibility
at pu, =0T shows a sign change at around 7'=30 K. The hysteresis is the largest at T'=80 K,
and almost vanishes at T'=120 K similarly to the hysteresis observed in the corresponding
magnetization curves (see the inset of Fig. [6(d)).

Figure[@l(b) displays the polarization component along the ¢ axis at various temperatures
for transverse magnetic field. While the low-field state exhibits negligible polarization
change, abrupt variations in the induced polarization occur at the metamagnetic transitions.
The hysteresis loops observed in the polarization coincide with those found in the
magnetization. Finally, Fig. [6lc) shows the polarization component measured parallel to
the magnetic field when both were perpendicular to the ¢ axis. This polarization term is
smaller than the other two and exhibits a rather complex field dependence over the range
of the metamagnetic transitions.

For comparison with other ME materials, in Fig. [[{a) we show the temperature evolution
of the linear magnetoelectric coefficients a.. = dP./0H,. and oy, = OP,/0H,. While the a,.
magnetoelectric tensor component reaches its maximum value of a.. ~39ps/m at T=80K,
the other component peaks at low-temperatures with ., ~31ps/m at T=20K. These
values are as large as that of ThPO, with a,, ~37ps/m%? and that of LiCoPO, with
pe=30.6 ps/m.>

Figure[M(b) displays the temperature dependence of the magnetically induced polarization
in constant magnetic fields. Representative field values were chosen to trace thermal features
associated with the largest magnetically induced polarization terms. The polarization
components has a maximum at around 7'=80 K irrespective of the orientation of the magnetic
field. The polarization component, which is perpendicular to the ¢ axis and parallel to the
magnetic field, monotonously decreases with increasing temperature and changes sign at

about 80 K.



C. u,H — T phase diagram

Based on the temperature- and field-dependent magnetization, magnetoelectric and
specific heat measurements we have constructed the magnetic phase diagram of
CaBaFe,;07%1. Figure B(a) and (b) present the p,H — T phase diagram for magnetic fields
parallel and perpendicular to the ¢ axis. Below T¢1=275K, we find a ferrimagnetic phase
characterized by an easy-axis anisotropy. In finite magnetic fields applied parallel to the ¢
axis, the paramagnetic to ferrimagnetic transition becomes a crossover, which shifts to higher
temperatures with increasing magnetic field. Color gradation is used to indicate the finite-
field crossover line connected to the magnetic phase transition observed at T;=275K in
zero field. In contrast, for magnetic fields perpendicular to the ¢ axis the transition remains
sharp and is rapidly suppressed in finite fields forming the phase boundary p,Hc (7).

The second zero-field transition at around Ts=211K is resolved in the magnetization
as well as in the specific heat measurements. In finite magnetic fields this transition point
evolves to an extended phase boundary, where the corresponding transition lines are labeled
as MOH(HJQ(T ) and p,HZ,(T) for fields parallel and perpendicular to the ¢ axis, respectively.
Here we note that u,Hg,(T) shows up only in specific heat data and remains indiscernible
in the magnetization measurements in low fields, namely up to its crossing with p,Hcq (7).
As discussed earlier and documented in Fig. [l in details, for T" < Ty there is a sequence
of metamagnetic transitions located below p,Hg,(T), when the magnetic field is applied
perpendicular to the ¢ axis. This metamagnetic region is bound by i, Hos(T') and p,Hea(T).

The transition line pu,Hcs(T') is characterized by a large hysteresis.

IV. CONCLUSIONS

Melt-grown crystals of the orthorhombic polar ferrimagnet CaBake ;O; have been
synthesized with the optical floating zone technique. Based on the combined magnetization,
calorimetric, and magnetoelectric measurements, we have mapped out the u,H —T magnetic
phase diagram of the material. Specific heat measurements revealed a structural phase
transition to a higher symmetry form of CaBaFe,O; takes place at Ts=380K. We found
a paramagnetic to ferrimagnetic transition at T;=275K followed by a spin re-ordering

transition at Tro=211 K. Below T2 magnetic fields applied perpendicular to the ¢ axis drive



the system through a cascade of metamagnetic transitions. While the spin patterns in the
different phases cannot be determined from the present data, we explored the magnetic
phase diagram in fine details for magnetic fields applied both along and perpendicular to
the easy axis. In addition, we have investigated the magnetoelectric properties below T¢o
with different orientations of the magnetic field. A large linear magnetoelectric coefficient of
Qee 239 ps/m as well as a gigantic field-induced polarization of AP=850 uC/m? have been
observed for magnetic fields along the ¢ axis. The magnetic phase diagram together with
the observed magnetoelectric effect establish a good starting point to develop a microscopic
description of the coupling between spin and charge degrees of freedom in CaBaFe O7, a
novel nearly room-temperature multiferroic oxide. However, the low symmetry of the crystal
structure does not allow the identification of the microscopic origin of the magnetoelectric
coupling at the present stage. Determination of the magnetic structure in the different
magnetic phases together with ab initio calculations could complement our study to assign
whether the magnetically induced polarization is governed by magnetostriction, by the spin-
current mechanism or by spin-dependent orbital hybridization between the irons and their

oxygen ligands.
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FIG. 1: (Color online) (a) Orthorombic unit cell of CaBaFe O composed of 4 formula units. FeOy4
tetrahedra belonging to the alternating kagome- and triangular-layers are indicated by brown and

23:52 The divalent Ca and Ba cations are located on top of each other

green colors, respectively.
in the voids of the stacking layers. (b) One kagome- and triangular-layer as viewed from the
crystallographic ¢ direction. The asymmetric shape of the tetrahedra their misorientation relative

to the regular triangular and kagome lattice and the relative displacement of the Ca and Ba ions

in the ab plane are the consequences of the orthorhombic distortion.
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FIG. 2: (Color online) Magnetic-field dependence of the magnetization measured in the low-
temperature phase of CaBaFe O for magnetic fields parallel (black and green) and perpendicular
(red and blue) to the ¢ direction up to pu,H=32T. The borders of the metamagnetic transitions
are labeled by the p,H¢ lower critical and the p,H¢, upper critical fields, showing up for HL c.

Both are characterized by finite hysteresis.
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FIG. 3: (Color online) Temperature dependence of the magnetization in field-cooling (FC) with
uoH=1T applied along and perpendicular to the ¢ direction, and the specific heat of CaBakFe,O7
in zero-field in a warming run. Three phase transitions are observed in the specific heat among
which to one at Tg=380 K is likely to be of structural origin. The other two transitions are strongly
manifested in the magnetization as well. Tc;=275K is the Curie-temperature of the ferrimagnetic
ordering, and Tco=211K is a second magnetic transition, where magnetization along the ¢ axis
decreases slightly. The inset shows an magnified view of the magnetization in field-cooling run

around Ty and Toe with H L c.
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FIG. 4: (Color online) Curie plot of the high temperature magnetic susceptibility of CaBaFe;O7

with magnetic fields applied along and perpendicular to the ¢ axis, in field-cooling (FC) and field-

warming (FW) runs. Vertical dashed lines indicate the structural transition temperature (7g) as

determined from the zero-field the specific heat measurements and the ferrimagnetic transition

temperature (Tcq).
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FIG. 5: (Color online) Magnetic-field dependence of the polarization change and corresponding
magnetizations curves for magnetic fields applied along the ¢ axis (panels a and ¢) and within the
ab plane (panels b and d) at T=80K. The largest change was observed in the ¢ component of
the polarization irrespective of the orientation of the magnetic field. The inset to (a) shows the
symmetric butterfly loop in AP || ¢ in the -1 T <p,H <1T region. The inset to (b) shows the
polarization changes perpendicular to the ¢ axis plotted in an enlarged scale. In the inset of (c),
¢ axis magnetization is magnified to show the hysteresis corresponding to that of the polarization

change.
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Magnetic Field (T)
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online) Magnetic-field dependence of polarization change AP at different
temperatures, for (a) AP || ¢ and H || ¢ axis, (b) AP || c and H L ¢ axis, and (c¢) AP || H
and H 1 ¢ axis. In panels (a), (b), and (c), each polarization curve is shifted vertically by
200 1C/m?2, 200 4C/m?, and 100 uC/m?, respectively, for the purpose of clarity. AP values marked
by cross symbols are plotted in Fig. [[[b) against temperature. (d) Temperature dependence of the
magnetization with the magnetic fields applied along the ¢ axis. The inset shows a magnified
view of the hysteresis region. (e) Temperature dependence of magnetization curves when the field
is applied perpendicular to ¢. Each curve is shifted vertically by 0.5up/f.u. for better visibility.
Data collected increasing and decreasing magnetic fields, are plotted with solid and dashed lines,
respectively. The magnetic phase transitions p,Hc1, poHcs and pu,Hcy are indicated by solid up
and empty down triangles for the field increasing and decreasing runs, respectively. These phase
transitions are determined as the local maximum of the % curves, and are plotted in the pu,H —T

phase diagram by accordingly colored symbols (Fig. B). For more details about the determination

of the phase boundaries see Ref. [supplement].
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Qee = j—% and g = % measured in the AP || H configurations. (b) Temperature evolution of
the maximums of the AP for the three configurations. The corresponding values are indicated by

crosses in Figs. [6la-c)).
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FIG. 8 (Color online) Temperature versus magnetic field phase diagram for fields applied
(a) parallel and (b) perpendicular to the ¢ axis. Phase boundaries based on magnetization
measurements are represented by full or empty triangles, while those obtained from specific
heat measurements are denoted by diamonds. Direction of the triangles illustrates the following
measurement conditions: triangles pointing up and down correspond to isothermal magnetization
measurements with increasing and decreasing fields respectively, while triangles pointing left and
right indicate magnetization measurements at fixed external fields measured with decreasing
and increasing temperatures, respectively. The yellow region in panel (b) covers the cascade of
metamagnetic transitions. The phase boundaries are represented by dashed lines as guide to the
eye. The crossover line connected to zero-field phase transition at T¢y is labeled with brown
triangles. For detailed discussion of the different phase boundaries and their determination see the

main text and the Supplementary material.
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