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Oxides of the type YbMn; _,Fe,O3; x < 0.3 showing multiferroic behavior have been synthesized by the
solid state route. These oxides crystallize in the hexagonal structure known for the parent YbMnO5 with
the c/a ratio increasing with Fe substitution. The distortion of the MnOs polyhedra (tbp) decreases and
the Mn-O-Mn bonds in the a-b plane become shorter with Fe-substitution. Magnetic ordering is
observed from the low temperature neutron diffraction study. The compounds were found to be
antiferromagnetic and the ordering temperature Ty increased from 82K for pure YbMnO; to 95K for
YbMng ;Fep303. Variable temperature dielectric measurements (15-110K) show an anomaly in the
dielectric constant at temperatures close to the antiferromagnetic ordering temperature for all
the compositions, showing a unique correlation between the magnetic and electric field. The increase
in the ordering temperature in YbMn, _,Fe,O3 is explained on the basis of increase in covalence of
Mn/Fe-O-Mn/Fe bonds (shorter) with iron substitution.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Materials with simultaneous presence of more than one ferroic
property (multiferroics) with a strong coupling between them
have been the subject of tremendous research activity. Control of
electric polarization by the application of magnetic field and
inducing magnetic ordering by the application of electric field in
these materials are expected to lead to next generation multi-
functional devices for applications in information storage pro-
cesses, spintronics, multiple-state memories, magnetoelectric
sensors, etc. [1-4]. The rare earth manganites (RMnOs, R=Ho-
Lu, Y and Sc) with smaller lanthanides are known for their
multiferroic properties with a strong coupling between electric
and magnetic dipoles [5-7].

The crystal structure of the hexagonal RMnOs; oxides can be
described as made up from corner-linked MnOs trigonal bipyr-
amids with free apical oxygen ions. A small tilting of the MnOs
trigonal bipyramids has been observed along the c axis in this
structure [8]. Displacement of R>* ions relative to the oxide layer
(formed by the apical oxygen atoms of the MnOs bipyramids) and
the buckling of the MnOs polyhedra have been identified to be
responsible for the ferroelectric polarization (ferroelectric Curie
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temperature Tc=570-990K) [8,9]. These compounds order anti-
ferromagnetically in the a-b plane at 70-130K and the detailed
magnetic structure of the Mn>* and the R** (R=Ho, Er, Tm, or Yb)
sublattices in these geometrically frustrated hexagonal manga-
nites has been reported earlier [10]. Several efforts have been
made to understand the coupling effect between the two ferroic
properties [8,11].

For practical applications the magnetically induced polarization
has to be accurately tuned by the applied magnetic field and the
coupling temperature should be close to room temperature. By
suitable magnetic ion substitution the ordering temperature can be
varied as is shown by the studies reported here on iron doped
YbMnOs. In this class of compounds, the magnetic ordering is driven
by the super exchange interactions. The strength of the magnetic
interaction depends on the extent of orbital overlap which is
dependent on the bond length and bond angle. These structural
parameters can be varied by suitable substitution and hence one can
tune the magnetic property in these types of materials.

Among the rare-earth manganites, the Yb-analog (YbMnOs),
though very interesting, has been less studied [6,12-15]. Fujimura
et al. [12] reported magnetic field-induced ferromagnetism in
ferroelectric YbMnOs epitaxial films. Magnetization measure-
ments of YbMnOs; showed an antiferromagnetic transition at
Ty=82K, where only the Yb3* ion has a localized 4f moment [6].
From the neutron studies it has been observed that the magnetic
structure of YbMnOs is considerably diverse than the YMnOs and
also the Mn order is affected by the type of rare-earth substitution
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[16]. Moreover the behavior of the Yb ions in YbMnOs at two sites
(Rare earth has two different crystallographic sites in hexagonal
structure) are different. The Yb ions at 4b site are polarized by the
exchange interaction with Mn>* below Ty, whereas no such effect
has been observed for Yb at 2a site. So the strength of magnetic
exchange interaction in YbMnOs is in the order of Mn-Mn > Yb-
Mn > Yb-Yb [16].

There has been no report so far (to the best of our knowledge)
on iron substituted YbMnOs. We have synthesized the Fe-doped
oxides, YbMn, _,Fe,O3 (x <0.3) for the first time and report the
presence of magneto-electric coupling in all the compounds,
indicative of multiferroic behavior. The increase in magnetic
ordering temperature with Fe content corresponds with the
increase in covalence character of Mn/Fe-O-Mn/Fe bond.

2. Experimental

Polycrystalline samples of YbMn; _,Fe O3 (x=0.0, 0.1, 0.2, 0.3)
were synthesized by mixing stoichiometric amounts of Yb,03
(Aldrich, 99.9%), Mn,03 (Aldrich, 99.9%) and Fe,03 (Aldrich,
99.9%). Yb,03 was preheated at 900 °C before weighing. All the
oxides were mixed and ground in an agate mortar to obtain a
homogeneous mixture. The mixtures were then loaded in a
ceramic boat and heated at 950 °C for 12 h. The mixture was then
ground and further calcined at 1100°C for 20-30h in air which
enabled the formation of the desired oxides. The powder was
ground, pressed into disks of 10mm diameter and ~1mm
thickness under a pressure of 1.5GPa. The disks were sintered
in air at 1150 °C for 15 h for the dielectric measurements.

All the above compounds were characterized by a Bruker D8
Advance Powder Diffractometer using CuKo radiation. X-ray data
for Rietveld refinement was collected in the 20 range of 10-90°. A
step size of 0.01° and a step time of 6s per step were used.
Rietveld refinement of X-ray diffraction data were carried out
with GSAS software [17]. The background was modeled by a
shifted Chebyschev polynomial of the first kind with 10 variables,
and the peak profile was simulated with the pseudo-Voigt
function.

Neutron diffraction data at RT and low temperature were
collected at the Dhruva reactor, beam port T1013, Trombay, India.
The instrument is a five-position sensitive-detector-based powder
diffractometer (1=1.249 A) with Ad/d=0.8%. For low-temperature
experiments, the powder sample was packed in a vanadium can of
height 60 mm and diameter 4 mm. The data were collected in the
20 range from 10° to 90° with a step size of 0.05°. Low-
temperature diffraction data were achieved using a closed cycle
helium refrigerator. The lowest achievable temperature was 17 K.

The density of the sintered disks was measured by the
Archimedes method and was found to be in the range of 87-
90% of the theoretical density. Low-temperature dielectric
measurements were carried out using a Quad Tech 1920 LCR
precision meter and a cryogen-free low-temperature high
magnetic field system on sintered disks coated with silver. The
dielectric measurements were repeated twice to check the
reproducibility of the data. The polarization-electric field (P-E)
hysteresis loop was obtained using a Sawyer-Tower circuit
and a ferroelectric test system (Trek 609B; Precision Premier II,
Radiant Technologies Inc.). Magnetic data were collected on
a Quantum Design, Physical Property Measuring System vibrating
sample magnetometer between 5 and 300K. Data were col-
lected during both the cooling and the warming cycles at an
applied magnetic field of 0.5T. Room temperature optical
absorption spectra were recorded in the 1100-200nm wave-
length range with a Perkin-Elmer Lambda Bio 20 UV-vis-NIR
spectrophotometer.

3. Results and discussion

X-ray diffraction studies of the samples heated at 1100 °C show
monophasic oxides of the type YbMn;_,Fe,O3 (0.0<x<0.3)
(Fig. 1). All the reflections could be satisfactorily indexed to a
hexagonal cell. The samples were dark green in color and highly
resistive. The variation of lattice parameters with iron doping is
shown in Fig. 2. The a lattice parameter decreases, whereas
the c lattice parameter increases with iron content. The increase
in ¢ lattice parameter could be due to increase in d? population
in the trigonal bipyramidal (TBP) geometry. Similar observation
on the lattice parameter variation has been reported earlier for
the analogous yttrium series, YMn,;_,Fe,O3; in the regime of
02<x<03 [18]. It may be noted that in the range of
0.0<x<0.2, YbMn,_,Fe,O3 show opposite trend than is
observed for YMn; _,Fe,O3. We observed a decrease in a lattice
parameter with x in YbMn,;_4Fe,O; though the given ionic
radii data for Mn®>* and Fe** are same (0.58A) in fivefold
coordination [19].

Rietveld refinement studies of X-ray diffraction data were
carried out for all the compositions. The occupancies of iron and
manganese were kept fixed to the loaded composition due to the
small electron density difference between the two. All the atomic
positions, structural and isotropic thermal parameters (Bis,) were
refined. The final refined positional and thermal parameters are
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Fig. 1. Powder X-ray diffraction patterns of YbMn; _,Fe O3 (0 <x <0.3).
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given in Table 1. Some selected bond distances and bond angle is
given in Table 2. The Mn-03 and Mn-04 bond lengths decrease,
whereas the Mn-01 and Mn-02 bond length increase with iron
content.

Thermogravimetric analysis was carried out in H, and Ny
atmosphere to ascertain the oxygen stoichiometry of YbMn; _,.
Fe,Os compounds. Calculation of the oxygen content was
carried out assuming Mn>* to be reduced to Mn?* and Fe** to

Table 1
Rietveld refinement data of YbMn, _,Fe,Os, x=0.0, 0.1, 0.2 and 0.3.

645

Fe metal in H,/N, atmosphere. For all the compounds
except x=0.3, the oxygen content was found to be in excess of 3
(Table 3). The excess oxygen could be accounted for the partial
reduction of Yb>* to Yb?* in hydrogen environment and at high
temperature [20]. The lower oxygen content for the x=0.3 phase
might be due to the presence of some impurity. However,
we did not observe any impurity phase from powder X-ray
diffraction data.

YbMnO5 YbMng oFeq 103 YbMng gFep 203 YbMny ;Feq 303
a (A) 6.0701(1) 6.0582(1) 6.0496(1) 6.0472(1)
c(A) 11.3567(2) 11.3758(2) 11.4132(2) 11.4575(2)
Vv (A%) 362.39(1) 361.57(1) 361.74(1) 362.85(1)
Atoms
Yb(1) z 0.2689(2) 0.2679(3) 0.2584(3) 0.2585(2)
Biso(A2) 0.71(4) 0.52(3) 0.65(2) 0.48(2)
Yb(2) z 0.2280(2) 0.2274(3) 0.2188(5) 0.2196(2)
Biso(A2) 0.52(3) 0.63(4) 0.53(4) 0.48(2)
Mn X 0.3248(10) 0.3307(12) 0.3259(14) 0.3215(13)
z 0.0 0.0 —0.0011(4) —0.0012(5)
n 1.0 0.9 0.8 0.7
Biso(A?) 0.92(8) 0.74(4) 0.83(5) 0.71(7)
Fe X - 0.3307(12) 0.3259(14) 0.3167(13)
z - 0.0 —0.0011 —0.0012(5)
n 0.0 0.1 0.2 0.3
Biso(A2) - 0.74(4) 0.83(5) 0.71(7)
0o(1) X 0.3164(21) 0.3121(18) 0.3108(19) 0.3095(22)
z 0.1618(11) 0.1619(12) 0.1612(11) 0.1615(13)
Biso(A?) 3.1(2) 2.45(9) 2.53(8) 2.3(3)
0(2) X 0.6721(26) 0.6489(23) 0.6412(21) 0.6391(22)
z 0.3365(9) 0.3361(8) 0.3359(7) 0.3362(9)
Biso(A?) 2.8(3) 2.24(7) 2.63(9) 2.7(2)
0(3) z 0.4761(12) 0.4885(20) 0.4968(18) 0.4998(17)
Biso(A2) 1.61(8) 2.05(9) 1.73(7) 2.11(9)
0(4) z 0.0313(18) 0.0147(21) 0.0098(11) 0.0068(10)
Biso(A?) 2.4(5) 2.35(11) 2.71(9) 2.06(12)
Ry (%) 6.41 6.25 6.16 5.97
Rup (%) 8.31 8.57 8.65 8.03
Ve 2.68 3.14 3.26 2.86

Crystal system: hexagonal; space group: P63cm.

Table 2
Selected bond distances and bond angles for YbMn;_xFe,Os, x=0.0, 0.1, 0.2 and 0.3.

Atoms YbMnOs (A) YbMno oFe 105 (A) YbMno sFeo 205 (A) YbMny 7Feq 305 (A)
Mn-01 1.843(3) 1.845(3) 1.866(4) 1.869(2)
Mn-02 1.867(3) 1.871(3) 1.874(4) 1.878(2)
Mn-03 2.059(2) 2.061(2) 2.057(3) 2.052(1)
Mn-04 1.988(2) 1.958(5) 1.901(4) 1.903(2)
(Mn-0> 1.963(12) 1.958(15) 1.951(18) 1.950(8)
Yb1-01 2.419(2) 2.415(2) 2.3621(3) 2.342(1)
Yb1-02 2.094(2) 2.092(2) 2.1340(2) 2.095(3)
Yb1-03 2.439(4) 2.546(5) 2.6408(6) 2.635(4)
Yb2-01 2.022(2) 2.019(2) 1.9840(2) 1.967(3)
Yb2-02 2.520(2) 2.516(2) 2.5655(3) 2.524(3)
Yb2-04 2.326(4) 2.357(4) 2.4178(5) 2.421(6)
Angle (deg)

01-Mn-02 177.99(2) 178.71(3) 178.82(3) 179.12(1)
01-Mn-03 98.35(4) 95.46(2) 92.84 90.78
01-Mn-04 78.18(2) 81.73(3) 85.52 86.42
02-Mn-03 82.17 84.39(5) 84.79 82.49
03-Mn-03 116.67(5) 116.15(8) 114.13(15) 114.08
03-Mn-04 121.62(4) 121.91(6) 122.51(23) 122.94
Mn-03-Mn 119.13(12) 119.79(10) 119.27(21) 119.76
Mn-04-Mn 118.39(8) 118.65(9) 119.21(18) 119.75
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Table 3

Details of oxygen content, magnetic moment and Weiss constant of YbMn; _,Fe,Os.

Composition Oxygen content Weiss constant (K) Hexp (B.M) Htheor (B.M) Ty (K) T, (K)
YbMnO3 3.19 —166 6.40 6.68 82 85
YbMng oFeq 103 3.17 —168 6.71 6.76 87 90
YbMng gFeg 203 3.22 -172 7.57 6.84 92 93
YbMnyg ;Feq 303 2.86 —183 8.11 6.92 95 98
a a
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Fig. 3. Neutron diffraction pattern of YbMn, _,Fe,O3: (a) x=0.0, (b) x=0.1 and
(c) x=0.2 at 20 and 300K. The arrows with Miller indices refer to magnetic
Bragg peaks.

Neutron diffraction study of YbMn;_,Fe,Os (x=0, 0.1, 0.2)
show (Fig. 3) appearance of magnetic Bragg peaks at low
temperature (20K), indicative of magnetic ordering with 120°
structure for all the compositions. The (101) peak appears due to
the ordering of Mn ions [16] and the (102) Bragg peak involves the
contribution from both Mn and Yb ordering. A relatively strong
peak is observed for x=0.2, which indicates a stronger magnetic

exchange interaction. It may be noted that in YMnOs, the Mn
order does not induce a strong (101) magnetic peak [21]. This
clearly indicates that the magnetic order is affected by different
rare earth substitution.

Fig. 4 shows the temperature variation of the magnetic
susceptibility plots of YbMn, _xFe,Os (x=0.0, 0.1, 0.2 and 0.3).
Although no clear magnetic transition is observed in the
YbMn, _,Fe,O3; samples, all show a kink in the temperature
range of 82-95K [Fig. 4(a)], indicative of antiferromagnetic
ordering and the ordering temperature increases with iron
content. The negative Weiss temperature (6) indicates
antiferromagnetic interactions and the magnitude increases
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with Fe content (Table 3). The theoretical magnetic moments
Utheor Were calculated by assuming both Mn and Fe to be in the
trivalent state and taking into account the contribution of the Yb
ion. The experimental values (uexp), determined from the high
temperature region of the inverse susceptibility plot, match
reasonably with the theoretical estimates, especially since it is
well known that the rare earth ions order at much lower
temperature than the transition metal ions [22]. For instance,
the ordering temperature for the Er sublattice in ErMnOs occurs
below 10K while the Mn network orders at 80K [23].

Fig. 5 shows the P-E hysteresis loops for YbMn, _,Fe,O3 with
x=0.0 and 0.1 at 300K. Ferroelectric behavior has been observed
for all the compositions. However, with increasing Fe content, the
compound becomes more lossy, and the ferroelectric behavior
becomes weaker. Filippetti et al. studied the role of d-electron
occupancy on the c-axis electric polarization in hexagonal
manganites [24]. The d orbitals oriented in the direction of the
ferroelectric distortion have to be formally empty. In YbMnOs, the
four d orbitals (dy., dy., dxy, and d,._.) are filled and only the d?
orbital is empty. Thus, the d? orbital can be actively involved in
hybridization with the oxygen p, orbital. This eventually induces a
ferroelectric distortion along the c axis in hexagonal manganites.
It may be rationalized that substituting Fe?>* (a d° ion) in YbMnO3
leads to an increase in occupancy of the d? orbital which lowers
the degree of hybridization between Mn d? and O p, orbitals. This
could then explain the weakening of ferroelectricity with Fe
substitution and increase in the lossy nature of the Yb(Mn/Fe)O3
compounds.

The dielectric constant (&) and loss (tan o) of the above oxides
were also measured at low temperatures (Fig. 6). The dielectric
loss is very low (within the experimental error) at temperatures
below 130K. Anomalies in ‘¢’ at temperatures close to the anti-
ferromagnetic ordering temperature occur in all the compounds,
which indicates a unique correlation between the magnetic and
electric dipoles in these compounds. The temperature of dielectric
anomaly increases with increase in Fe content (Table 3) which
corroborates with the magnetic ordering.

From both magnetic and low-temperature dielectric study of
YbMn, _,Fe,O3, we observed an increase in the ordering tem-
perature with iron substitution (Table 3). It is known that the
magnetic ordering temperature of ScMnOs (129 K) is higher than

15
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Fig. 5. Polarization versus electric field loop of YbMn, _,Fe,O3; x=0.0 and 0.1 at
room temperature.

that of YMnOs (70K) [21]. This has been explained on the basis of
shorter Mn-0O bond distances observed in ScMnO3 compared to
YMnOs, which effectively lead to strong exchange interactions
and higher ordering temperature for ScMnOs related to YMnOs. In
the RMnOs; compounds the magnetic interactions among the Mn
atoms are through super-exchange interactions via Mn-O-Mn
bonds in the a-b plane. In the series of compounds discussed here
(YbMn; _4Fe,03), a higher electronegative ion (Fe**, 1.9) is
substituted in place of Mn>*, (electronegativity of 1.55) [25]. This
indeed leads to the increase in the covalence of Mn-O-Mn bonds.
It is well known that the magnetic interaction strength depends
on the extent of the orbital overlap and hence covalence of the
bond [26]. Further, from the Rietveld refinement study (Table 2) it
is observed that the bond distance between the manganese and
oxygen atoms present in the equatorial plane (03, 04) shortens
with increase in iron content. The decrease in bond length leads to
increase in the extent of orbital overlap. This increases the
covalence of (Fe/Mn)-O bonds and hence stronger exchange
interaction. It may be noted that the a lattice parameter decreases
with Fe content and the magnetic interaction occurs in the a-b
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Fig. 6. Low-temperature dielectric constant measurements of YbMn; _,Fe Os;
x=0.0, 0.1, 0.2, and 0.3.

—m—x=0.0
0.64 - —0—x=0.1
x=0.2
—v—x=0.3
— v 88@%00
2 056 g e
® VY500 gu® v
o YV g00 n a
= Y50 v
2 VVXO L " Vi
8 048 w7l v
2 . gByeoe .'. ?v
o
mumunl
| ]
0.40
T T T T T T T T T 1
400 500 600 700 800 900

Wave length (nm)

Fig. 7. Absorption spectra for YbMn;_sFe,03 (0.0 <x <0.3).
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Table 4
Band gap of YbMn;_Fe,O3 determined from absorption study.

Composition Band gap (nm)

YbMnO3 849
YbMng oFeq 103 837
YbMng gFeg 203 815
YbMny ;Feq 303 799

plane of the hexagonal manganites. So the increase in covalence of
(Fe/Mn)-0 accounts for both the increase in magnetic ordering
temperature and the decrease in the a lattice parameter (with
iron content) in YbMn; _,Fe,Os. On increasing the concentration
of Fe, there are more Fe-Fe nearest neighbors, leading to a larger
average antiferromagnetic interaction. Since the magnetic inter-
action occurs in the a-b plane of the hexagonal manganites, so the
increase in |0| with decreasing a is qualitatively consistent with
increase in magnetic interactions originating from the shortening
of the a parameter.

Typical room temperature optical absorption spectra for
YbMn,_4Fe,O samples are shown in Fig. 7. It is observed that
the band gap increases with Fe concentration (Table 4). In
hexagonal manganites, the top of the valence band has a
predominantly Mn 3d,._,.—0 2p,, character and the lowest
unoccupied band has Mn 3d?-0 2p, character [27]. By
substituting a more electronegative ion (Fe*>*) the energy level
of the top of the valence band decreases, which can explain the
increase in the band gap in YbMn, _4Fe,O3 with increase in iron
content.

4. Conclusions

Pure hexagonal phases of the type YbMn;_,Fe\O3
(0.0 <x <0.3) have been synthesized by solid state method. All
the compounds show magneto-electric effect in the range of 82—
95K. P-E measurement shows compounds are ferroelectric in
nature and compounds with higher Fe content are more lossy.
Both magnetic ordering temperature and the temperature of
dielectric anomaly increase with Fe content which is encouraging.
Hexagonal RMnOs based oxides are antiferromagnetic with spin
frustration, so any change in the crystal structure leads to a
change in the magnetic properties. We have found that by varying
the electronegativities of the transition metal one can alter the
magnetic ordering temperature. These studies help to understand
the structure-property relationship in hexagonal RMnOs type
multiferroics.
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