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We report significant correlation of the multiferroic order and ferroelectric polarization to the
orthorhombic structural distortion for Ca1−xLaxBaCo4O7 (x ≤ 0.05). Analysis of the synchrotron
diffraction studies reveal that La doping increases considerable structural distortion, which is asso-
ciated with the increase of multiferroic ordering temperature and electric polarization. Intriguingly,
the value of polarization increases remarkably to ≈ 385µC/m2 (x = 0.05) from ≈ 150µC/m2 (x
= 0) for a 3 kV/cm poling field. Synchrotron diffraction studies in magnetic field provides an im-
portant clue, where structural distortion provides more impact on the polarization value than the
contribution from the change in unit cell volume. Geometric magnetic frustration holds the key
for the occurrence of the structural distortions, around which multiferroic ordering takes place for
CaBaCo4O7. Our work thus highlights crystal structural distortion as a rich playground for tuning
multiferroic order as well as polarization value.

PACS numbers: 75.80.+q, 77.80.-e

I. INTRODUCTION

Geometric frustration is one of the key issues in mag-
netism, which directs the magnetic ground state of the
system, leading various rich consequences such as spin
glasses,1 spin ice,2,3 spin liquid states.4 Concept of frus-
tration starts from the nearest neighboring antiferro-
magnetic interaction, in which frustration usually occurs
due to the simplified geometric units. These are usu-
ally two dimensional triangular, kagomé, and three di-
mensional pyrochlore lattices.1 In few occasions magnetic
frustration is released by a strong structural distortion,
which leads to the breaking of space inversion symme-
try and ferroelectricity appears.5–7 Ferroelectricity has
also been observed in the geometrically frustrated sys-
tems, where noncentrosymmetry involves non-collinear
spiral spin order as observed in TbMnO3,

8 nickelates
Ni3V2O8,

9 delafossites CuFeO2,
10 rocksalt ACrO2,

11,12

spinel ACr2X4.
7,13–16

Recently, the 114 cobaltite CaBaCo4O7 (CBCO) at-
tracts special attention for intricate geometrically frus-
trated network as shown in Fig. 1. As addressed by the
neutron powder diffraction studies,17 CBCO forms alter-
nate stacking of two dimensional triangular (T) lattice
composed of Co1 atom and kagomé (K) lattice composed
of Co2, Co3, and Co4 atoms, providing significant mag-
netic frustration. The CBCO consists of CoO4 tetrahe-
dral network fitted in a noncentrosymmetric Pbn21 space
group over a wide temperature range 4-293 K with c
axis as a polar axis.17,18 Magnetization results indicated
a paramagnetic to ferrimagnetic transition around ∼ 62
K associated with an extraordinary large coercivity of
∼ 20 kOe at 5 K.19 Although CBCO crystallized in a
polar Pbn21 space group close to room temperature, fer-
roelectric (FE) order (TC) was reported at TN , pointing
an improper ferroelectricity.20 In the single crystalline
CBCO a considerable magnetoelectric (ME) effect was

observed, which was found maximum just below FE TC

along c axis.21 The magnetic m′m2′ Heesch-Schubnikov
point group was proposed for the coexistence of improper
ferroelectricity and ferrimagnetism in CBCO.20,21 In ac-
cordance with the experimental evidence, the first prin-

ciples density functional calculations proposed that the
strong orthorhombic distortion of the structure weak-
ened the geometrical frustration and established ferri-
magnetic order.22 In order to address colossal ME cou-
pling, the ab intio calculations revealed that exchange
striction was accountable for producing a giant change
in electric polarization.23 Further calculations using Lan-
dau theory proposed that magnetoelastic consequence in
CBCO was correlated to the strong ME coupling.23 This
compound has been revisited theoretically and experi-
mentally focusing different aspects of magnetism, ferro-
electricity, and magnetoelectric coupling. Significantly,
the role of structural correlations to the ferrimagnetic,
ferroelectric ordering, and magnetoelectric coupling were
always addressed in CBCO, although experimental evi-
dences of which were missing in detail.

Structural correlations to the ferroelectric order were
recently addressed in various films. Tuning of ferroelec-
tric property driven by the epitaxial strain has been
recently studied in TbMnO3,

24 BaTiO3,
25 and BiFeO3

films.26,27 In contrast, the investigations on BiFeO3
28 and

PbZr0.2Ti0.8O3
29 films did not reveal any strain depen-

dent change in the electric polarization. The magnetoe-
lastic couplings were found responsible for the largest po-
larization in bulk perovskite systems, as addressed from
the first principles calculations.30 The influence of struc-
tural distortion revealed in polycrystalline ABi2Ta2O9

(A = Ca, Sr, and Ba), which leaded to the higher
Curie temperature and larger spontaneous ferroelectric
polarization.31 In this study structural distortions are
investigated from the synchrotron diffraction studies,
where distortions are systematically found to be associ-
ated with the significant increase of electric polarization
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FIG. 1. (Color online) (a) Alternate arrangements of trian-
gular (T) layer composed of Co1 and kagomé (K) layer com-
posed of Co2, Co3, and Co3 atoms. (b) T lattice and (c)
corner sharing K lattice in the a− b plane.

and ferroelectric Curie temperature. In addition to the
ferroelectric ordering, structural distortion is also found
to be correlated to the magnetic ordering. Interplay be-
tween long range magnetic ordering, geometric magnetic
frustration, and structural distortion are discussed in this
study.
Till date, CBCO holds the largest orthorhombic

distortion in 114 type RBaCo4O7 (R = rare earth)
series.21,32–35 Here, we note that the distortion is fur-
ther increased by doping La3+ having larger ionic radius
than Ca2+. The enhanced structural distortion is asso-
ciated with the considerable increase of electric polar-
ization (P ), FE TC , and ferrimagnetic TN . Intriguingly,
the P value increases to ≈ 385µC/m2 due to 5 % La
doping (CLBCO) from ≈ 150µC/m2 in CBCO for a 3
kV/cm poling field. A reasonable increase of P was ob-
served below FE TC when measurements were carried out
with magnetic field.20 The synchrotron diffraction studies
with magnetic field reveal a considerable increase of unit
cell volume associated with the smaller orthorhombic dis-
tortion. The results propose that anisotropic chemical
pressure, occurred due to La doping, drives significant
orthorhombic distortion, which efficiently manipulates
the electric polarization than the influence of unit cell
volume. Microscopic structural distortions around in-
tralayer and interlayer Co atoms in T and K layers are
discussed for realizing structural distortions locally from
the analysis of the synchrotron diffraction studies.

II. EXPERIMENTAL DETAILS

Polycrystalline specimens, Ca1−xLaxBaCo4O7 (x ≤
0.05) with x = 0, 0.01, and 0.05 are prepared by the
solid state reaction.19 The synchrotron x-ray diffraction
studies are performed at P07 beam line of Petra III,
Hamburg, Germany at a wavelength of 0.1252 Å (99
keV) in the temperature range, 12−300 K. A 100 kOe
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FIG. 2. (Color online) Thermal (T ) variations of ZFC-FC
magnetization for CBCO (a) and CLBCO (b). Inset of (b)
highlights the transition region. (c) T variation of real com-
ponent of ac susceptibility (χ′) in the frequency (f) range,
17−537 Hz. (d) Variation of Néel temperature (TN ) with La
doping (x).

horizontal field magnet (Cryogenics, UK) has been em-
ployed for the high-energy x-ray diffraction studies under
magnetic field. The synchrotron powder diffraction data
are analyzed using Rietveld refinement with the MAUD
(materials analysis using diffraction) and FullProf soft-
wares. The pyroelectric current (Ip) is recorded at a
constant temperature sweep rate using an electrometer
(Keithley, model 6517B) and integrated with time for ob-
taining the electric polarization (P ). The suitable poling
electric fields are applied during the cooling process and
short circuited before measurements of Ip in the warm-
ing mode. Electrical contacts are fabricated using an air
drying silver paint. The dc magnetization and ac sus-
ceptibility measurements are carried out in a commercial
magnetometer of Quantum Design (MPMS, evercool).

III. EXPERIMENTAL RESULTS AND

DISCUSSIONS

Thermal variations of zero-field cooled (ZFC) and field-
cooled (FC) magnetization recorded at 100 Oe are dis-
played in Figs. 2(a) and 2(b) for CBCO and CLBCO,
respectively. The ZFC magnetization decreases consid-
erably for CLBCO. The ferrimagnetic ordering is shifted
to 67.5 K for CLBCO, as evident in the inset of Fig.
2(b). The values of ferrimagnetic TN with x are depicted
in Fig. 2(d). The almost linear increase of TN with x is
observed for x ≤ 0.05. From the linear fit of inverse of
susceptibility (χ−1) using Curie-Weiss law we estimate
paramagnetic moment, µeff ≈ 4.3, 4.2, and 3.8 µB for x
= 0, 0.01, and 0.05, respectively. The values of µeff de-
crease systematically with increasing x, indicating that
replacement of Ca2+ with La3+ causes partial conversion
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FIG. 3. (Color online) Thermal (T ) variations of (a) ε′, (b) ε′′ at different f , (c) electric polarization (P ) at different poling
fields, (d) P with T at E = 3 kV/cm in zero field and field (H = 50 kOe). Variations of (e) P at two poling fields and (f) FE
TC with percentage of La doping.

of Co ion valency from Co3+ to Co2+. The large values
of Θ/TN ratio ∼ 32.3, 30.0, and 26.6 for x = 0, 0.01, and
0.05, respectively point to the strong magnetic frustra-
tion, which slowly decreases with increasing La doping.
In order to address possible glassy magnetic behavior for
CLBCO, the ac susceptibility data is recorded at differ-
ent frequencies around 66.7 K, as shown in Fig. 2(c).
Any convincing frequency dependent shift of the peak is
absent at TN , signifying the absence of a glassy magnetic
component.

The dielectric permittivity (ε) is measured around TN

at different frequencies (f). The real (ε′) and imaginary
(ε′′) components are depicted with temperature at se-
lective f in Figs. 3(a) and 3(b), respectively. An evi-
dent signature of maximum is observed at TN for both
ε′(T ) and ε′′(T ), pointing magnetoelectric coupling. The
peak position does not change with f . This indicates
occurrence of a long range ferroelectric order close to
TN . To confirm the ferroelectric order, Ip is recorded
with T at different conditions for three compounds with
x = 0, 0.01, and 0.05. A peak in Ip(T ) is observed in
all the cases. The Ip(T ) is recorded at different heat-
ing rates for a particular poling field and time integrated
Ip for different heating rates provides a single polariza-
tion curve as a function of T . The value of P (T ) for
CBCO is found consistent with the previous reports.20,21

Here, the P (T ) for CLBCO are depicted in Fig. 3(c)
for different poling fields. Electric polarization reverses
for negative poling field, pointing occurrence of the fer-
roelectricity. The value of P increases with increasing
poling field up to 3 kV/cm, indicating that it does not
saturate around 3 kV/cm. Importantly, the value of P
raises to ≈ 385µC/m2 with a 5 % La doping for CLBCO

from ≈ 150µC/m2 for CBCO, as shown in Fig. 3(e) for
3 kV/cm poling field. The results are also associated
with the increase of TC due to La doping, as shown in
Fig. 3(f). The systematic increase of P value and FE
TC are strongly correlated to the orthorhombic struc-
tural distortion, as addressed below during discussions of
the structural properties. As depicted in Fig. 3(d), the
P (T ) increases moderately upon application of 50 kOe
magnetic field below TC , pointing the magnetoelectric
coupling for CLBCO.

The synchrotron diffraction studies are performed over
a wide temperature range of 12−300 K. Diffraction pat-
terns of all three compounds (x = 0, 0.01, and 0.05) at
300 K are depicted in Fig. 4(a). A selected 2θ regime is
highlighted in the inset of Fig. 4(a). Figure 4(b) shows
the diffraction patterns at three selective temperatures
(10, 50, and 100 K). Inset of the figure highlights the
changes of the peak shape in a selected 2θ region above,
below, and around the multiferroic ordering temperature.
Lattice parameters are obtained from the careful analysis
of the diffraction patterns using Rietveld refinement. The
refinements of the diffraction patterns of all three samples
are done using an orthorhombic Pbn21 symmetry at 300
K. Synchrotron diffraction studies and the refinements in
the entire temperature range are also done using the same
Pbn21 space group for CBCO and CLBCO. Examples of
reasonably good refinements of the diffraction patterns
at 20 K are displayed in Figs. 4(c) and 4(d) for CBCO
and CLBCO, respectively. Insets of the figures show the
refinement in a small 2θ range and authenticate good fit
of the diffraction patterns with the small reliability pa-
rameters Rw(∼ 4.31), Rexp(∼ 1.51), and χ2(∼ 2.10) for
CBCO and Rw(∼ 4.40), Rexp(∼ 1.47), and χ2(∼ 2.98)
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FIG. 4. (Color online) (a) Synchrotron diffraction patterns at 300 K for x = 0, 0.01, and 0.05 of Ca1−xLaxBaCo4O7. Inset
highlights modification of the pattern in a small 2θ region. (b) Diffraction patterns of x = 0 at three selective temperatures at
20, 50, and 100 K. Inset highlights the changes with temperature in a small 2θ region. Rietveld refinements of the pattern of
(c) CBCO and (d) CLBCO at 20 K. Insets show satisfactory fits in a small 2θ region.

for CLBCO. The difference plots shown at the bottom
confirm single phase without trace amount of impurity.

Thermal variations of lattice parameters, a, b, and c, as
obtained from the refinements, are depicted in Figs. 5(a-
c) and Figs. 5(e-g) for CBCO and CLBCO, respectively.
The lattice parameters of CBCO are consistent with the
reported results, as obtained from the neutron diffraction
studies.21 Here, we are interested in the structural results
in the low temperature regime around multiferroic order-
ing, which is missing so far. So structural results with
small interval in the temperature variation are given in
Fig. 5 for the range of 12−110 K. The a and b parameters
increase below FE TC for CBCO and display a maximum,
followed by a decrease below ∼ 25 K for CBCO. Notably,
the largest magnetodielectric response was observed in
CBCO below FE TC , at which the a parameter exhibits a
maximum in the current investigation.20 The c decreases
with decreasing temperature and the decreasing trend
becomes faster below TC or TN . Significant decrease of
c suggests that interlayer (T and K layers) distance de-
creases, which directs gradually stronger interlayer cou-
pling with decreasing T below TN . The evident signature
of TN in the lattice constants suggests strong magnetoe-
lastic coupling. The maximum values of anomalous in-
creases of a and b from the corresponding values at TC

are remarkable as ∼ 0.08 and ∼ 0.03 %, respectively for
CBCO. This also leads to the anomalous increase of unit
cell volume just below TC , as evident in Fig. 5(d). All

these features in lattice constants and unit cell volume
smear out in CLBCO as shown in Figs. 5(e-h). Unit cell
volume increases to ∼ 0.2 % due to 5 % La doping. It is
important to note that CBCO has been proposed to show
largest orthorhombic distortion in 114 type RBaCo4O7

(R = rare earth) series.21,32–35 The orthorhombic distor-

tion is quantified as D = (b/
√
3− a)/a. The values of D

normalized by the D value at 115 K against T are shown
in Fig. 6 for CBCO and CLBCO. The normalized D
values, indicative of the orthorhombic distortion, deviate
from each other below ∼ 87 K, where the difference in-
creases systematically with decreasing temperature. Sig-
nificantly, the values of normalized D are always larger
for CLBCO than the values of CBCO below ∼ 87 K.
This clearly demonstrates that orthorhombic distortion
enhances further due to La doping. The enhanced dis-
tortion causes lifting of geometric magnetic frustration
of CLBCO at a higher temperature than CBCO and fer-
rimagnetic ordering of CLBCO shifts toward the higher
temperature.

The release of geometric magnetic frustration and oc-
currence of structural distortion are the correlated phe-
nomena. Here, two kinds of geometric frustrations are
observed in T and K layers, as described in Fig. 1.
Thus displacements of Co atoms forming triangular and
kagomé lattices need to be probed microscopically for
realizing distortions locally. From the positional coor-
dinates of Co atom, as obtained from the Rietveld re-
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FIG. 5. (Color online) Thermal (T ) variations of lattice pa-
rameters, (a) a, (b) b, (c) c, and (d) unit celle volume v for
CBCO and (e) a, (f) b, (g) c, and (h) v for CLBCO. Vertical
broken lines show corresponding FE TCs.

finements, we note that the average interatomic distance
within Co1 atoms forming triangular lattice in T layer
is comparable to the doubled of the average interatomic
distance between Co2, Co3, and Co4 atoms forming the
kagomé lattice in K layer. This indicates that T layer
magnetic frustration is much weaker than the K layer
magnetic frustration. Thus distortions within kagomé
lattice and interlayer distortions between Co1 atom in T
layer and K layer atoms (Co2, Co3, and Co4) are inves-
tigated for both CBCO and CLBCO.
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(d)

Co1

Co4

Co3Co2

c

b
a

3.09

3.12

3.15

3.13

3.14

3.15

0 25 50 75 100

3.31

3.32

3.33

d
¢ C

o
1

-C
o

2
 (
Å

)

(a)

TC

d
¢ C

o
1

-C
o

3
 (
Å

)

(b)

T (K)

d
¢ C

o
2

-C
o

3
 (
Å

) (c)

FIG. 7. (Color online) For CBCO thermal (T ) variations
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(c) Co2−Co3 (d′Co2−Co3) bond lengths. Vertical broken lines
show the FE TC for CBCO. (d) Local expansion of d′Co2−Co3,
and contractions of d′Co1−Co3 around FE TC .

In order to probe local structural distortions around
Co atoms, all possible Co−Co bond lengths for CBCO
are calculated around FE TC . Out of all the Co-Co
bond lengths, the changes around FE TC are signifi-
cant for Co1−Co2 (d′Co1−Co2), Co1−Co3 (d′Co1−Co3), and
Co2−Co3 (d′Co2−Co3), which are depicted with tempera-
ture in Figs. 7(a-c) for CBCO. Here, the d′Co1−Co2 and
d′Co1−Co3 represent the interlayer bond lengths whereas
d′Co2−Co3 stands for the intralayer bond length. The posi-
tion of the FE TC for CBCO is shown by the broken verti-
cal line in the figure. The apparent signature of TC is ob-
served in d′Co1−Co3(T ) and d′Co2−Co3(T ), which is not sig-
nificant for d′Co1−Co2(T ). We note that the changes from
90 K to the minimum in d′Co1−Co3(T ) and maximum in
d′Co2−Co3(T ) are ∼ 0.5 % and ∼ 0.6 %, respectively. This
change is negligible for d′Co1−Co2(T ) around FE TC . The
distortions around TC are depicted in Fig. 7(d), where
d′Co1−Co3 contracts and d′Co2−Co3(T ) expands around TC .
Below∼ 50 K, the d′Co1−Co3(T ) and d′Co2−Co3(T ) increase
exhibiting a maximum around∼ 35 K, which is analogous
to that observed similar behavior of a lattice constant be-
low TC , as depicted in Fig. 5(a). In contrast, a step-like
fall is observed in d′Co1−Co2(T ), which is considerable as
∼ 1.9 %. We note that the anomalous behavior of a lat-
tice constant below TC is correlated to this sharp fall in
d′Co1−Co2(T ), where the anomalous increase in a(T ) be-
low TC is terminated involving this sharp considerable
decrease in d′Co1−Co2(T ).
For realizing orthorhombic distortion due to La dop-

ing, the displacements of Co (Co1, Co2, Co3, and Co4)
atoms are estimated with temperature around the FE
TC for CLBCO. Out of all Co−Co bond lengths, a
step-like changes are observed in Co1−Co2 (dCo1−Co2),
Co1−Co3 (dCo1−Co3), and Co2−Co3 (dCo2−Co3) bond
lengths around FE TC , as depicted in Fig. 8(a-c). The
position of FE TC is depicted by the broken straight
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lines in the figures. The changes in the bond lengths
start nearly ∼ 20−25 K above the FE TC , which are
not evident in the lattice constants (Fig. 5). Inciden-
tally, thermal variation of electric polarization, as evi-
dent in Fig. 3(c), exhibits that the polarization appears
around 90 K, at which significant changes in the bond
length start to occur. The results suggest that occur-
rence of structural distortion and polarization around ∼
90 K is a correlated observation, where structural distor-
tion initiates non-zero electric polarization. We further
note that the changes for other bond lengths are small
and almost continuous with decreasing temperature. Fig-
ure 8(e) demonstrates significant local distortions in K
layer and interlayer distortions between T and K layers,
where the contractions occur in dCo1−Co2 and dCo1−Co3

and expansion occurs in dCo2−Co3 around FE TC . These
changes are considerable as 1.1 %, 0.8 %, and 0.25 %
for dCo1−Co2, dCo1−Co3, and dCo2−Co3, respectively. The
Co−Co bond lengths around TC exhibit different behav-
ior due to La doping. The results for parent CBCO and
La doped CLBCO show that the interlayer distortions
are stronger for CLBCO than the interlayer distortions
for CBCO.

In case of CLBCO, the 5 % La with larger ionic size
substitutes the Ca site, where Ca occupies close to Co1
atoms residing in T layer. Arrangements of the nearest
neighboring three Ca/La atoms to the Co1 atoms pro-
jected along c axis and the corresponding bond lengths
are described in Fig. 8(f). Average bond lengths between
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three nearest neighboring Ca/La atoms to the Co1, de-
fined as d1, d2, and d3 in Fig. 8(f), are depicted with T
in Fig. 8(d) around FE TC . The d1 and d2 deviate from
each other much above FE TC around ∼ 95 K. The mag-
nitude of d2 increases while d1 decreases. The changes
of d1 and d2 are nearly same, which is ∼ 0.8 % around
FE TC . The d3 decreases slowly without any evident
signature around FE TC .

It has been observed that electric polarization increases
moderately when measurements were carried out with
magnetic field in both the polycrystalline and single crys-
talline CBCO.20,21 To test possible structural correlation
to this field driven enhancement of P , we perform syn-
chrotron diffraction studies in magnetic field (H) with 50
and 100 kOe. Diffraction patterns below FE TC at 45 K
are depicted in Fig. 9(a) in a selective 2θ region for H
= 0 and 50 kOe. Diffraction patterns clearly exhibit sig-
nificant modification upon application of magnetic field.
Despite of significant modification in field, the diffraction
patterns are satisfactorily refined with the same Pbn21
structure with the reasonably small reliability parameters
Rw(∼ 4.94), Rexp(∼ 1.69), and χ2(∼ 2.81), as depicted
in Fig. 9(b). Here, a small 2θ region is selected for better
clarification of the fit. The refined lattice parameters are
depicted withH in Figs. 9(c−e). The lattice constants, a
and c increase initially and show nearly saturating trend
above 50 kOe. The lattice constant, b increases system-
atically with increasing H. We note that unit cell volume
increases to ∼ 0.3 % at 50 kOe, which is larger than the
increase (∼ 0.2 %) for 5 % La doping. Importantly, the
distortion parameter does not change significantly com-
pared to the change for the La doping. For CBCO the
increase of polarization value in field was found maximum
close to TC and this increase due to application of field
decreases considerably and systematically with decreas-
ing temperature.21 Maximum increase of P is noted to be
∼ 1.09 times for the measurement at 50 kOe,20 which is



much smaller than the ∼ 2.5 times increase due to 5 % La
doping. Current investigation confirms that anisotropic
chemical pressure driven additional orthorhombic distor-
tion strongly influences on the increase of polarization
compared to the influence of unit cell volume driven by
the application of magnetic field.

IV. SUMMARY AND CONCLUSION

Our studies reveal coexistence of geometric mag-
netic frustration and orthorhombic structural distortions,
where distortion driven multiferroic order occurs as a re-
sult of release of magnetic frustration in CaBaCo4O7.
The influence of Ca doping by La is investigated on
Ca1−xLaxBaCo4O7 (x ≤ 0.05). Rietveld refinements of
the synchrotron diffraction studies reveal significant in-
crease of orthorhombic structural distortion due to La
doping. Interlayer distortion is identified stronger for

La doped CLBCO than the parent CBCO compound.
Intriguingly, additional orthorhombic distortion driven
by the La doping causes considerable enhancement of
polarization value and reasonable increase of multifer-
roic ordering temperature. Magnetic field driven struc-
tural changes are observed, which involves considerable
increase of unit cell volume associated with the small
change in distortion parameter. Overall results identify
that engineering of structural distortion driven by the
anisotropic chemical pressure directs efficient tuning of
polarization and manipulation of multiferroic order to-
ward higher temperature, which are promising and at-
tracts the community.
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