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ABSTRACT

The scheelite-type DyCrO, shows a large linear magnetoelectric effect and field-induced ferromagnetism and ferroelectricity. In this article,
we investigate the Bi-doping effects on the crystal structure, magnetism, dielectric constant, and electric polarization for a Dy,_,Bi,CrO,
(x=0, 0.05, 0.1) solid solution. The substitution of Bi for Dy up to 10% does not change the structure and antiferromagnetic ordering tem-
perature very much. However, it remarkably suppresses the magnetodielectric effect from 14% in the parent phase to 3.2% in the x=0.1
sample. More sharply, the maximum field-induced electric polarization is reduced from 320 uC/m? (x =0) to 10 uC/m?* (x =0.1). The results
reveal that Dy plays a crucial role in the origin of the large linear magnetoelectric effect of DyCrOy, so chemical doping on this site provides

an effective method to manipulate the magnetodielectric and magnetoelectric properties.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5140505

The magnetoelectric (ME) effect, which indicates electric polari-
zation (P) produced by a magnetic field (H) or magnetization (M)
yielded by an electric field (E), has been studied widely since the first
discovery of the linear ME property of Cr,O; in theory' and experi-
ments.” In spite of numerous investigations, the linear ME coefficient
o, which is defined by the expression P = «H based on the differentia-
tion of free energy, is still limited below 30 ps/m in most compounds.”
Although some type-II multiferroics show huge ME coupling effects,
they only occur around the phase transitions and drastically decrease
to nearly naught away from the critical temperatures or fields."® It is
therefore, for practical applications such as in spintronic and memory
devices, a pressing need to find new materials with larger ME coeffi-
cients in wider temperature and/or field ranges. In principle, the upper
bound of o is proportional to the geometric mean of magnetic and
electric susceptibilities.” Thus, ferromagnetic ferroelectrics are promis-
ing candidates for exploring giant ME effects. Unfortunately, such
kind of materials are rare and yet to be known.

The RCrO, (R = rare earth) family used to be a desirable system
to study the intriguing magnetic properties arising from 3d-4f mag-
netic interactions and intrinsic rare earth anisotropy.” '* At ambient

conditions, most RCrO, oxides crystallize into a tetragonal zircon-type
phase with space group I4,/amd. In this symmetry, the CrO, tetrahe-
dra and ROg dodecahedra are alternately arranged along the c-axis,
while the edge-sharing ROg dodecahedra are aligned along the a-axis
[see the supplementary material Fig. S1(a)]. Since there exist a large
number of structural cavities under higher pressure, the zircon phase
often changes into a scheelite-type structure irreversibly, accompanied
by a sharp volume reduction by about 10%. The crystal constitution of
the scheelite-type phase with space group I4,/a is shown in the
supplementary material Fig. S1(b). It is formed by chains of alternate
corner-sharing CrO, tetrahedra and ROg dodecahedra along the
a-axis, and two ROg dodecahedra are connected by sharing edges
along the c-axis. Since the R-O-Cr superexchange pathways vary sig-
nificantly, the zircon and scheelite phases exhibit essentially different
magnetic properties."” For example, a long-range ferromagnetic (FM)
phase transition is found to occur in the zircon-type DyCrO,, whereas
the scheelite phase displays antiferromagnetic (AFM) ordering.'®
Unexpectedly, we recently found that the scheelite-type DyCrO,
shows a large linear ME effect with a coupling coefficient o as large as
50 ps/m in a wider magnetic field region from —3T to 3T."” More

Appl. Phys. Lett. 116, 052901 (2020); doi: 10.1063/1.5140505
Published under license by AIP Publishing

116, 052901-1

91:02:0} ¥20z Iidv 91


https://doi.org/10.1063/1.5140505
https://doi.org/10.1063/1.5140505
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5140505
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5140505&domain=pdf&date_stamp=2020-02-04
https://orcid.org/0000-0002-8587-7818
mailto:ywlong@iphy.ac.cn
https://doi.org/10.1063/1.5140505
https://doi.org/10.1063/1.5140505#suppl
https://doi.org/10.1063/1.5140505#suppl
https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

interestingly, a higher magnetic field (>3.1T) can induce a metamag-
netic transition from the initially collinear AFM structure to a canted
one with a giant magnetic moment up to 7.1 up/fu. The new spin
structure can break the space inversion symmetry and therefore
induce spontaneous ferroelectric polarization, giving rise to the pres-
ence of ferromagnetism and ferroelectricity.

Chemical doping is an effective method to tune physical proper-
ties. For example, in the multiferroic material ThbMnOj,'® the A-site
doping of Bi for Tb considerably suppresses the spin ordering of the
Tb>*-magnetic sublattice and thereby reduces the ferroelectric order-
ing temperature."””’ In contrast, a slight Al-doping in DyMnO; can
enhance the polarization.”’ By means of Bi substitution in hexaferrite
SrFe;,019, the ME coupling has been strengthened, and the lattice is
highly strained.”” As far as the scheelite-type DyCrO, is concerned,
both Dy** and Cr** ions take part in the spin ordering and contribute
to the large linear ME behavior. It is therefore interesting to study the
chemical doping effects on the magnetoelectric properties. In this
paper, a small amount of Bi is used to replace Dy. The related varia-
tions in the structure, magnetism, dielectric constant, and ferroelectric
polarization are studied in detail.

The specific sample synthesis and measurement methods used
in this work are presented in the supplementary material. The XRD
patterns of Dy, _,Bi,CrO, prepared at ambient pressure with x=0,
0.05, and 0.1 are shown in the supplementary material Fig. S1(c). All
the peaks can be indexed on the basis of a zircon-type tetragonal
structure with space group I4,/amd (No. 141). After high-pressure
treatment, the XRD patterns experience essential variations.
Correspondingly, a tetragonal scheelite-type structure in a I4;/a sym-
metry (No. 88) can fit the patterns very well. No impurity is discern-
able from XRD data in both the zircon and scheelite phases. Since
the effective ionic radius of Bi*" is larger than that of Dy’",”’ with
increasing substitution of Bi in Dy;_,Bi,CrOy,, the diffraction peaks
in both phases systematically shift toward lower angles [see the
supplementary material Figs. S1(c) and S1(d)], suggesting that Bi
and Dy form a solid solution at the same Wyckoff position. By com-
parison, in the scheelite-type samples with x =0 and 0.1, the lattice
parameters just slightly change from a=5.015 to 5.023 A, and
¢=11.311 to 11.320 A. Note that in our attempts, the maximum
doping level of Bi for Dy is x = 0.1, above which considerable impu-
rity phases emerge.

Since the magnetic ion of Dy>" is in portion replaced by the non-
magnetic Bi®*, the magnetism of the scheelite-type Dy, _,Bi,CrO, solid
solution is studied by magnetic susceptibility (y), magnetization, and
specific heat (C,,). Figure 1(a) shows the temperature dependence of
measured at 100 Oe in a field-cooling mode. As previously reported'”
and shown in Fig. 1(a), the parent compound DyCrO, experiences an
AFM phase transition at Ty ~ 24K, following by an upturn at lower
temperatures. A similar susceptibility behavior is found to occur in the
x=0.05 sample, but the Ty slightly decreases to a lower temperature
(see the inset). Although the low-temperature upturn is enhanced in
the x=0.1 sample, an AFM kink can still be distinguished. To deter-
mine the AFM ordering temperatures more precisely, temperature
dependent C, was measured under the zero field condition. As shown
in Fig. 1(b), all three compositions display sharp A-type anomalies in
specific heat. According to the peak positions, the Ty is assigned to be
24K for DyCrO,, while Dy 95Big0sCrO4 and DygoBip;CrO4 have a
comparable Ty of about 22K. Therefore, the Bi doping with the
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FIG. 1. Temperature dependence of (a) magnetic susceptibility measured at
100 Oe and (b) specific heat measured at zero field. (c) Magnetization as a function
of field at 2K and 50K, and (d) its derivative at 2K for scheelite-type
Dy;_Bi,CrO4. The inset of (a) is an enlarged view for the AFM transitions.

content <10% does not change the long-range AFM ordering tempera-
ture too much.

The field dependence of isothermal magnetization curves for
these three samples is presented in Fig. 1(c). Above the Ty (e.g., at
50 K), the magnetization exhibits a good linear relationship with the
magnetic field, in agreement with the paramagnetic behavior. As
expected for the long-range AFM ordering, linear magnetization
behaviors are also observed at 2 K under lower fields such as below 3 T
for DyCrO,. When a higher magnetic field is applied, however, meta-
magnetic transitions are found to occur in all three samples, giving
rise to large FM components. Specifically, the magnetic moments
measured at 7T and 2K are 7.1 pg/fu. for DyCrO,, 6.5 up/fu. for
Dyo95Bip0sCrOy, and 5.4 pp/fu. for DygoBiy;CrO,. Based on the
field derivative of magnetization, the metamagnetic transition critical
field is determined to be Hc=3.1T for DyCrO, 293T for
Dyo95Bi 0sCrOy, and 2.67 T for Dy, oBiy;CrOy [see Fig. 1(d)]. The
gradually decreased magnetic moment and critical field are attributed
to the increasing substitution of Dy’" by nonmagnetic Bi*". This
behavior is similar with that reported in another Bi-substituted solid
solution of Dy, _Bi,MnO;.”* The field dependent neutron diffraction
in DyCrO, indicates that a higher magnetic field can change the ini-
tially collinear AFM structure to a canted one, which leads to the
metamagnetic transition as well as the large FM component.'” Similar
variations should take place in the Bi-doped Dy 9sBiyosCrO, and
Dy 9Big ;CrO,. Note that the field-induced metamagnetic transition is
also reported in the zircon-type DyVO,,”” DyPO,,” and perovskite-
type DyAlOs,”” in which 4f-Dy”" is the only magnetic ion. This sug-
gests that Dy’ may play a dominant role in the metamagnetic transi-
tions in our samples.At the ground state, the scheelite-type DyCrO,4
has a collinear AFM structure with a magnetic point group of
2'/m."”** The related ME tensor allows to generate a linear ME effect.
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Moreover, once the metamagnetic transition takes place, the new spin
structure can break the space inversion symmetry and thereby induces
spontaneous ferroelectric polarization. It is therefore interesting to
study the dielectric and ferroelectric properties of the Dy, _,Bi,CrO,
solid solution. Figures 2(a)-2(c) show the temperature dependent rela-
tive dielectric constant measured at 1 MHz with magnetic fields vary-
ing from 0 to 9T for DyCrO,, Dy ¢5Big 05CrOy, and Dy, ¢Biy ;CrOy,
respectively. At zero fleld, all the dielectric constant curves smoothly
change with temperature and there are no anomalies around Ty.
When a magnetic field is applied, however, sharp dielectric peaks are
found to occur near the AFM transition temperatures in these three
samples. Moreover, with the increasing field, the induced dielectric
peaks become sharper and slightly shift toward lower temperatures.
On the other hand, at a fixed field such as 4 T to measure the dielectric
constant using different frequencies, one finds that the dielectric peak
is almost frequency independent (see the supplementary material Fig.
S2). These observations suggest that the magnetic field may induce
intrinsic electric polarization in Dy,_,Bi,CrO,, ie., the linear ME
effect occurs in this solid solution. Although the Bi-doped samples
show a similar field dependent dielectric feature with that of the parent
DyCrOy, the magnitude of variation in the dielectric constant is closely
related to the content of Bi. To characterize the magnetodielectric
(MD) effect, an MD coefficient is calculated by the equation MD
(%) ={le: (oH) - & (0)/e, (0)}x 100% as presented in Figs.
2(d)-2(f). For instance, at 9 T, the maximum MD values observed in
both DyCrO, and Dy 5Bip0sCrO, are close to 14%. However, they
are drastically reduced to about 3% in the x = 0.1 sample, accompa-
nied by a broadening of the dielectric and MD peaks. Therefore,
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FIG. 2. Temperature dependences of (a)—(c) relative dielectric constant & and
(d)~(f) magnetodielectric effect coefficient magnetodielectric (MD) for scheelite-type
Dy1 _XBiXCrO4.
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although the AFM phase transition temperature does not change
much in Dy;_,Bi,CrO,, the MD effect varies considerably by Bi-
doping only up to 10%.

To get a deeper insight into the effect of Bi substitution on ferro-
electric properties, the temperature dependence of pyroelectric current
was measured at different magnetic fields after poling with electric
fields of +E (= 1 MV/m) and -E. By integrating the current as a func-
tion of time, the temperature dependent electric polarization under
different fields is obtained, as shown in Figs. 3(a)-3(c). Similarly with
the dielectric measurements, one cannot find any detectable electric
polarization at zero field (not shown here). However, applying a mag-
netic field can induce the presence of polarization below Ti.
Moreover, both the sign and magnitude of polarization are completely
reversible if the poling electric field is reversed, confirming the intrinsic
linear ME effects in the Dy,_,Bi,CrO, system. Different from the
induced dielectric peaks, which are always enhanced by the increasing
field (see Fig. 2), the induced polarization reaches a saturation value
with the field up to about 4 T. Above this field, the magnitude of polar-
ization decreases slightly with an increasing magnetic field. To reveal
such a tendency, we compare the polarization measured at 10 K under
various fields for three samples, as shown in Fig. 3(d). One finds that
the polarization is reduced from 320 uC/m?* in DyCrO, to 150 uC/m*
in Dyy.95Big,05CrO, and then to 10 uC/m? in Dy oBig CrOy at 4 T. It
means that Bi-10% doping can strongly suppress the polarization as
well as the linear ME effect by two orders of magnitude.

As observed in the current Dy; _,Bi,CrOy, a similar suppression
of electric polarization was reported in TbMn,; _,Ru,O; (x=0 - 0.1)*’
and TbMn, _,Cr,O5 (x=0 - 0.04)™ solid solutions with slight B-site
doping. In these two compounds, the substituted Ru/Cr ions can break
the initial spiral spin structure composed of Mn ions, which are
responsible for the formation of spin-induced ferroelectricity. As a
result, the polarization is suppressed to a large degree. In DyCrO,,
both Dy’ and Cr’" ions contribute to the AFM ordering. Moreover,

L ©
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FIG. 3. Temperature dependences of electric polarization measured at different
fields with (@) x=0, (b) x=0.05, and (c) x=0.1 for scheelite-type Dy;_,Bi,CrO,.
(d) Comparison of polarization measured at 10 K and various magnetic fields.

Appl. Phys. Lett. 116, 052901 (2020); doi: 10.1063/1.5140505
Published under license by AIP Publishing

116, 052901-3

91:02:0} ¥20z Iidv 91


https://doi.org/10.1063/1.5140505#suppl
https://scitation.org/journal/apl

Applied Physics Letters

Dy*" has a much larger local moment than that of Cr>*. Once the
Dy’" is replaced by a nonmagnetic Bi’*, it will affect the Dy**-O-
Cr’" superexchange interactions and therefore decreases the field-
induced electric polarization greatly. As is well known, the 6s> lone-
pair electrons of Bi*™ have remarkable stereochemical activity to form
covalent bonds with O-2p electrons along one special direction and
thus induce off-centering distortion in the presence of ferroelectric
relaxor behavior.”' This kind of stereochemical effect is responsible
for the enhancement of electric polarization in the Bi-doped
LagoBiy ;Al05.” In the current Dy, _,Bi,CrO, solid solution with x up
to 0.1, however, one cannot find any ferroelectric relaxor behavior as
featured by the frequency independent dielectric peaks shown in Fig.
S2. Besides, no structural distortion from the centrosymmetric 14,/a
space group to a polar one is found to occur. It means that Bi occupies
the center position in Dy/BiOg dodecahedra without a detectable off-
centering distortion. Therefore, the stereochemical activity of Bi®t is
absent in Dy; ,Bi,CrO,4. The Bi-doping in this solid solution thus
mainly tends to destroy the AFM superexchange pathways as well as
the related spin structure, giving rise to a sharp suppression of magne-
todielectric and magnetoelectric effects.

In summary, we performed partial substitution of Bi for Dy in
DyCrO,. By high-pressure treatment of the zircon-type precursors, a
scheelite-type Dy, _,Bi,CrOy, solid solution with a space group of 14,/a
was obtained. The maximum Bi doping in this study is x=0.1. As the
x increases, the lattice parameters expand slightly due to the larger
ionic radius of Bi*" than that of Dy’". In magnetism, all the composi-
tions show long-range AFM transitions. At higher fields, they experi-
ence metamagnetic transitions in the presence of large FM
components. The magnetic moment and critical field are found to be
inversely proportional to the Bi content. Magnetic field induced dielec-
tric peaks and electric polarization are observed in this solid solution,
suggesting the remarkable linear ME behavior. Although the AFM
transition temperature is little dependent on Bi substitution, both the
MD and ME effects are sharply reduced by the introduction of Bi. In
particular, the field induced electric polarization decreases by two
orders of magnitude from x = 0 to 0.1. Therefore, the Dy3+ ions play a
crucial role in the magnetoelectric properties of Dy, _,Bi,CrO,, mak-
ing chemical doping a highly efficient method to tune the linear ME
effect and field-induced ferromagnetism and ferroelectricity.

See the supplementary material for the experimental details, the
crystal structures and XRD patterns for zircon and scheelite
Dy,_,Bi,CrO, (Fig. S1), and the temperature dependences of the
relative dielectric constant measured at 4T and different frequencies
(Fig. S2).
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