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Abstract

CrossMark

Using magnetization, dielectric constant, and neutron diffraction measurements on a high
quality single crystal of YBaCuFeOs (YBCFO), we demonstrate that the crystal shows two
antiferromagnetic transitions at Ty; ~ 475 K and Ty, ~ 175 K, and displays a giant dielectric
constant with a characteristic of the dielectric relaxation at Ty,. It does not show the
evidence of the electric polarization for the crystal used for this study. The transition at T,
corresponds with a paramagnetic to antiferromagnetic transition with a magnetic propagation
vector doubling the unit cell along three crystallographic axes. Upon cooling, at Ty, the
commensurate spin ordering transforms to a spiral magnetic structure with a propagation

vector of (g % é + §), where h, k, and [ are odd, and the incommensurability § is temperature

dependent. Around the transition boundary at Tx;, both commensurate and incommensurate

spin ordering coexist.

Keywords: multiferroics, magnetic phase transition, ferroelectric relaxation

(Some figures may appear in colour only in the online journal)

1. Introduction

Simultaneous coupling of magnetic and ferroelectric order
parameters results in a new class of multiferroics. Its impor-
tance is not just in fundamental research, but also in the appli-
cations, such as the memory devices and spintronics. The most
well known multiferroic materials, such as BiFeO5 [1-3], show
very weak magnetoelectric coupling because their ferroelec-
tricity and magnetism come from different ions in the unit cell,
with partially filled d shells and empty d shells respectively.
These two order parameters, therefore, tend to be mutually
exclusive and interact weakly with each other. In contrast, for

8 Author to whom any correspondence should be addressed.
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some materials (known as type-II multiferroic materials [4]),
such as TbMnOs3, Ni3V,0¢, MnWOQy, and FeVO,, an elec-
tric polarization is induced by spiral spin configurations [5,
6]. The spontaneous electric polarization and the occurrence
of magnetically ordered states occur simultaneously upon
cooling in these materials. Type-II multiferroic materials can
therefore serve as model systems for studying the coupling
between the ferroelectricity and spiral magnetism. However,
the low transition temperature and small electric polarization
normally limit the possible applications of most type-II multi-
ferroics. The search for the type-1I multiferroic materials with
high transition temperature is therefore not just interesting for
the fundamental research, but also important to technological
applications.

© 2017 IOP Publishing Ltd  Printed in the UK
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CuO and YBaCuFeOs are the two known type-II multifer-
roics that are exceptions to the above rule and show both mag-
netism and strong electric polarization at temperatures around
200K. This is because the magnetism and ferroelectricity reside
on the same crystallographic site in the unit cell, and hence are
far more strongly coupled. Cupric oxide has been extensively
studied and demonstrated to show multiferroic behavior between
190 and 220K, which is accompanied by the formation of a non-
collinear antiferromagnetic phase [7]. However, far less is known
about the magnetic structure of YBaCuFeOs because of the dif-
ficulty in growing high-quality single crystals. Measurements
on polycrystalline or powder samples of YBaCuFeOs reported
a strong ferroelectric response at 7c ~ 200 K where the com-
mensurate spin ordering undergoes a transition to incommensu-
rate spin ordering [8—10]. Since the magnetic and ferroelectric
behavior are anisotropic, the measurements using powder or
polycrystalline samples therefore limit the detailed study of the
mechanism behind the strong magnetoelectric coupling at such
a high temperature. In addition, one of the controversies about
YBCEFO is how the Fe/Cu atoms are distributed throughout the
crystal structure. It has been reported that, by the means of neu-
tron powder diffraction, both space groups P4/mmm and P4mm
give equally good fits to the diffraction patterns [10, 15, 16], but
each space group gives rise to the different arrangements of Fe/
Cu atoms in the unit-cell. A detailed study on a single crystal
sample is therefore required to fully answer these questions.
Using a modified synthesizing method, we are able to grow a
high quality single crystal of YBaCuFeOs for the precise deter-
mination of the crystal and magnetic structures, and demonstrate
that the single crystal of YBCFO possesses the character of the
dielectric relaxation behavior without the ferroelectric polariza-
tion at Tyy.

2. Experimental details

A single crystal of YBCuFeOs was grown by a modified
traveling solvent floating zone technique [17]. The as-grown
crystal was characterized and oriented by the use of in-house
x-ray facility to show a high quality with a mosaic width of
about 0.06degree and a normal direction of (00 1) as shown
in the appendix. The chemical analysis (Electron Probe X-ray
Micro Analyzer, EPMA) of the crystal showed a composition
ratio of Y:Ba:Cu:Fe:O = 1:1.05:1:0.95:5.05. The DC mag-
netization measurement was performed by using a SQUID
magnetometer (Quantum Design, VSM) with a magnetic field
applied perpendicular and parallel to the c-axis. The dielectric
constant measurement was taken using the Agilent 4294A
precision impedance analyzer with applying an AC voltage
of 1V, and the measurements were taken in two geometries,
i.e. E parallel and perpendicular to c-axis, respectively. For
E parallel to c-axis, the electrodes were made by silver paste
with an area of 12.44 mm?, and the thickness of the crystal is
2.12mm. For E perpendicular to c, the area of the electrodes
and the thickness of the crystal are 5.11mm? and 3.2mm,
respectively. In order to figure out the dielectric constant, a
parallel plate capacitor model with the permittivity of free
space (8.854 x 10712 (Fm™ 1)) is used.

For neutron experiments, a single crystal was cut from the
as-grown crystal rod to have a size of 10 x 3 x 5mm?. Neutron
diffraction experiments were first conducted to perform the
single crystal diffraction on the high intensity diffractometer,
WOMBAT at ANSTO. WOMBAT is equipped with a large area
position sensitive detector which makes it a powerful instru-
ment for rapid acquisition of the reciprocal space map from
single crystals [19]. The incident neutrons were selected to be
1.54 A and 2.41 A by a Ge monochrometer, and the crystal
was mounted to have a (H H L) scattering plane. In order to
figure out the magnetic and nuclear structures, a further exper-
iment was also conducted for high resolution neutron powder
diffraction on the experimental station ECHIDNA [18].
On ECHIDNA, the incident neutrons were selected to be
1.622 A by a monochrometer of Ge (335). A 10" secondary
collimator was used to increase the resolution. The detailed
thermal evolutions of both commensurate and incommensu-
rate magnetic peaks were studied using elastic scattering at the
thermal neutrons on a triple-axis spectrometer, TAIPAN [20].
Neutrons with a wavelength of 2.345 A were used for the
measurements on TAIPAN and the collimations are open-40’-
40’-open for pre-monochromator, post-monochromator, pre-
analyzer and post-analyzer position, respectively. A graphite
filter was used to remove higher order scattering.

3. Results and discussion

Figure 1 shows the temperature dependence of the magneti-
zation as taken on an orientated single crystal of YBCFO. It
shows a paramagnetic-like behavior for the applied field par-
allel to c-axis, but displays two antiferromagnetic transitions
at about 475K (Ty1) and 175K (Ty») for field perpendicular
to the c-axis. For increasing the applied field perpendicular
to c-axis, the magnetization density increases and Ty, is sup-
pressed as shown in the inset to figure 1(a). This indicates an
enhancement of the ferromagnetic component in the a X b
plane by the magnetic field. Both transitions are in accord with
the reported results as measured on powder and polycrystal-
line samples except for the different transition temperatures
[8—10]. This discrepancy is due to the different Cu/Fe ratio
[17]. Figure 1(a) gives important information indicating that
the magnetic moments of YBCFO lie in @ x b plane, which
is not reported previously for the polycrystalline samples.
Further attention was paid to understand the spin moments
in the a x b plane by measuring the M-H curves below Ty;.
As shown in figure 1(b), the M-H curves display a hyster-
esis behavior for field perpendicular to c-axis, and the hys-
teresis width is dependent on temperature. This suggests a
ferromagnetic component existing in @ X b plane.

In order to clarify the ferroelectric character as reported
results [8, 10], a piece of orientated crystal with a size of
2x3x 1 mm® was used for the dielectric constant meas-
urements. We performed the temperature dependence of the
dielectric constant measurements for YBaCuFeOs single
crystal with applying electric field parallel and perpendicular
to c-axis, respectively. Figure 2 shows the dielectric constant
(er) as a function of temperature at different frequencies for
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Figure 1. Magnetization data of the single crystal YBaCuFeOs. (a) The data were taken by applying a field of 1 T perpendicular and
parallel to the c-axis, respectively. (b) M-H curves at T = 110, 135 and 150K, respectively. The field was applied perpendicular to the

c-axis. It clearly shows a hysteresis behavior below Ty,.
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Figure 2. Temperature dependence of the real part of the permittivity (€,) at various frequencies. The inset shows the dielectric loss (tan 6)
at different frequencies for the applied electric field E (@) parallel and (b) perpendicular to the c-axis.

the applied electric field parallel and perpendicular to c-axis,
respectively. A colossal dielectric constant was observed for
the applied field parallel to c-axis. As shown in figure 2(a), the
dielectric constant increases dramatically at around 150K for
a frequency of 10kHz, and this temperature is increased by
increasing frequency. A loss peak in the imaginary part of the
permittivity, tan, shifts to higher frequencies with increasing
temperature, as shown in insets of figures 2(a) and (b), char-
acteristic of dielectric relaxation [12, 13]. However, the long-
range ordered ferroelectric state is absent in this study. This
high dielectric constant and the frequency dispersion may
be correlated with the Maxwell-Wagner (MW) interfacial
polarization effects [14]. The absence of the spontaneous
polarization in the single crystal of YBaCuFeOs is in accord-
ance with the zero polarization as extracted from the magnetic
structure analysis by neutron crystal and powder diffraction
measurements.

Correlating the magnetization behavior with the magnetic
structure was done by carrying out neutron single crystal dif-
fraction on the beamline WOMBAT. Figure 3 displays the full-
scale diffraction patterns in the reciprocal space of (H H L)

at 300 and 80K. At 300K as shown in figure 3(a), the magn-
etic diffraction peaks appear at positions (% % é), where h, k,
and [ are odd, which is commensurate with the nuclear struc-
ture. Two slices through (0.50.5L) and (1.5 1.5L), as shown in
figures 3(b) and (d), can be extracted from figures 3(a) and (c),
respectively. Upon cooling to 80K, these commensurate
magnetic satellites split to become incommensurate spin
ordering as shown in figure 3(c), and the intensities of the
satellite reflections display a variation periodically along the
L direction, see figure 3(d). This neutron diffraction study
confirms that the magnetic transitions as shown in figure 1(a)
correspond to the commensurate and incommensurate spin
ordering at Ty; and Ty», respectively. It is worth noting that
the intensities of the incommensurate satellite reflections dis-
play a periodic modulation along L-direction, suggesting a
spiral magnetic structure below Ty,. This feature is further
confirmed by the simulated neutron powder diffraction pat-
tern as described in figure B2 of appendix.

Evolution of the magnetic satellite reflection as a function
of temperature is displayed in figure 4. The commensurate spin
ordering displays a single reflection with a correlation length
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Figure 3. Neutron single crystal diffraction pattern taken on the beamline WOMBAT. (a) A full scale map at 300K, the spin ordering

satellites can be located at positions such as (0.50.50.5), (0.50.51.5),
extracted from figure (a). (c) A full-scale map at 80 K. The commensu
linear scans along L-direction extracted from figure (c).
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Figure 4. Temperature dependence of the commensurate and incommensurate phases. Linear scans through the position (0.50.50.5) at three
different temperatures, (a) 250K, (b) 166K, and (c) 10K. (d) The evolution of the g-vector of the magnetic reflections as a function of temperature.
(e) The temperature dependence of the integrated intensities of magnetic reflections (0.50.51.5), (0.50.51.5 + ), and (0.50.5 1.5-6).

of about ~334 A at 250K. Upon cooling, this commensurate
spin ordering disappears, while two satellite reflections appear
at both sides of the commensurate peak at about 175K with
a g-vector of (g, g, é + §), where the incommensurability ¢ is
dependent on temperature, as shown in figures 4(a)—(c). It is
worth noticing that both commensurate and incommensurate
spin ordering coexist only in the regime around Ty, as shown
in figure 4(b). Using neutron diffraction on the powder sample
of YBCFO, Morin and Caignaert et al reported the existence
of the commensurate phase even at 1.5K [10, 15]. By contrast,
our single crystal shows no observable commensurate peak
at low temperatures. This suggests that the synthesis process
of the YBaCuFeOs has a crucial role to the formation of the

magnetic structure and the transport behavior. Tracking the
evolution of the magnetic reflection (0.50.51.5) as a function
of temperature, its g-wavevector shows a wishbone pattern
as shown in figure 4(d). The temperature dependence of the
integrated intensity of the magnetic reflections is displayed in
figure 4(e). It is clear to see a sharp and first-order-like trans-
ition occurring at T, which corresponds to the commensurate
to incommensurate transition and a coexistence of both phases.

In order to understand the details of the magnetic structure,
parts of the crystals were crushed to fine powder for doing
high-resolution neutron powder diffraction on the beamline
ECHIDNA at 200K and 3.5K at where there exist no mixed
phases. The refined diffraction patterns and the magnetic
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structures are displayed in figures 5(a) and (b). In the temper-
ature region of Ty, < T < Ty, the magnetic structure is com-
mensurate with the host lattice and with a magnetic unit cell of
2a x 2b x 2¢. In order to construct the magnetic structure, we
adopt the centrosymmetric crystal structure with a space group
of P4/mmm [10], which also gives rise to a better refinement of
the neutron powder diffraction pattern. In the crystal structure,
the Fe/Cu atoms set in the symmetric positions as shown in
the inset of figure 5(a), and spins of both Fe and Cu atoms are
collinear and ferromagnetic [10]. Using resonant multi-beam
diffraction on a high quality single crystal of YBaCuFeOs [11],

we also confirmed the space group of YBCFO should be cen-
trosymmetric P4/mmm with splitting Fe/Cu positions in which
the Cu has a longer distance with the apical O than that of Fe-O.
The valence states of the Fe and Cu can be indexed as Fe?*

with a high spin state of § = % and Cu’* (S = %) as reported
by Caignaert, and Mombru et al [15, 16]. As the magnetization

measurement of the single crystal shows the highly anisotropic
behavior, as shown in figure 1(a), suggesting that the spins of
Fe/Cu align antiferromagnetically in the @ x b plane. Along the
c-axis, spins display a ordering pattern of (4, [—, — ], +)e,
where the square brackets correspond to the yttrium positions
[16]. With this configuration, the magnetic structure could be
refined as shown in figure 5(c). Using neutron powder diffrac-
tion Morin et al and Mombri et al [10, 16], reported a col-
linear antiferromagnetic configuration with a tilting angle with
respect to the c-axis , nevertheless, this feature does not satisty
the magnetization data of figure 1(a).

Below Ty, the magnetic structure was observed to be incom-

mensurate with the propagation vector k; = (%, %, % +6).
Based on the earlier reported result [10] and our magnetiza-
tion measurements the incommensurate magnetic phase is
most likely a helix spin structure with an incommensurate
propagation vector along the c-axis. At 3.5K, the refined ICM
modulation parameter ¢ ~ 0.088 indicates that the magnetic
spin moments rotate by & = 148.56° to the next unit cell along
the c-axis and spins lying in the a x b-plane are still antifer-
romagnetically coupled, as shown in figure 5(d). The best fit
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parameters obtained from the refinement at 7= 200K and
3.5K are listed in table B1 of the appendix. It is noteworthy
that the magnetic moment of Fe largely increases from 2.775
pg at 200K to 3.842 pg at 3.5K, but Cu decreases slightly
as the temperature reduced. This implies that Fe>* plays an
important role for transport behavior at low temperatures.

The incommensurability 6 and the rotation angle & are
determined more precisely from the study using a single
crystal, which helps to establish the model of incommensu-
rate magnetic ordering, as shown in figure 6. Above Ty, the
magnetic moment of each magnetic unit cell align antiferro-
magneticlly, forming a collinear antiferromagnetic structure.
Below T)yp», the relative angle of magnetic moment between
the neighbouring cells decreases as a function of temper-
ature, forming a spiral magnetic structure and producing a
ferromagnetic component in the a x b plane. This explains
the temperature dependence of the hysteresis behavior as
shown in figure 1(b). In addition, according to the magnetic
structure shown in figure 5, the net magnetic moments lie
on the a x b plane, and the propagation wave-vector of the
spiral structure points along c-axis. This geometry of the
magnetic structure not only satisfies the magnetization data
as shown in figure 1, but could also explains the lack of fer-
roelectric polarization as modeled by the Dzyaloshinskii—
Moriya interaction [21].

4. Conclusions

Using neutron diffraction, magnetization and dielectric constant
measurements on a high quality single crystal of YBaCuFeOs,
we have demonstrated that the double peroviskite YBaCuFeOs
shows the commensurate to incommensurate magnetic trans-
ition at Ty, and forms a spiral magnetic structure below Ty,
in which the magnetic moments lie on a X b plane and with
a propagation vector along c-axis. This spiral structure also
gives rise to a ferromagnetic component in the a x b plane.
With this magnetic structure, YBCFO does not satisfy the cri-
terion for producing the ferroelectric polarization as discussed
by the Dzyaloshinskii—-Moriya interaction [22]. In addition, the
unique arrangement of Fe’* and Cu?* at the B-site of the octa-
hedral cage can result in different coupling strengths than the
neighbors, and therefore produces a rich magnetic phase dia-
gram, such as the recently reported spiral magnetic structure at
high temperature [23]. This requires further detailed study both
experimentally and theoretically.
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Appendix A. Characterization of the crystal using
in-house x-rays

The as-grown crystal was first characterized by the use of in-
house x-ray facility. The crystal was mounted on a 4-circle
diffractometer and the incident x-rays are produced by a x-ray
tube with Cu-g,, radiation. The orientation of the crystal was
confirmed by scanning a couple of Bragg reflections, such
as (001), (003), and (111). Figures Al(a) and (b) show the
longitudinal and transverse scans through (00 1), respectively.
The resultant peak profiles can be fitted with a Gaussian func-
tion, and the extracted peak widths (FWHM) are 0.07 (for
figure Al(a)) and 0.06 (for figure A1(b)) degree, respectively.

Appendix B. Details of analyses of the magnetic
structure

The magnetic structures were determined by using high reso-
lution neutral powder diffraction on the experimental station
ECHIDNA at T = 200K and 3.5 K. The neutron powder dif-
fraction patterns were refined using the FullProf suite [24],
and the best refined parameters are listed in table B1.

In addition to the spin rotation angle derived from the modu-
lation parameter, the phase difference ¢ between the magnetic

moment site 1 and site 2 (as shown in Figure 5(c)) can cause dif-

ferent intensity ratios between (%, %, % + 6) and (%, %, % — ). We

have analyzed the diffraction pattern with various phase difference

¢, and figure B1 shows the evolution of the goodness of the fit y2

as a function of the phase ¢. It shows that the pattern can be repro-
duced well with a phase angle, ¢ = 172°, which is similar to that
reported by Morin er al [10]. Although the difference is not sig-
nificant for the X value (4.33 and 4.4 for o = 172°and p = 30°),
the single crystal neutron diffraction provides additional useful
information. Figure B2 shows the simulation of incommensu-
rate magnetic reflections for the phase between two sites from
0° to 360°. It is shown that the intensity of (0.5 0.5 0.5+ 9) is
higher than (0.50.50.5-6) in the phase range of 150°-340°, and the
opposite ratio of intensity in the other range. In comparison with
the observed single crystal neutron diffraction data (as shown in
figure 3(d)), where the magnetic reflection intensity of the peak
(0.50.50.588) is higher than that of the reflection (0.50.50.4122),
it can be concluded that the phase should be ¢ = 172° rather than
30°. The best refined value of phase angle o = 172° indicates that
the two magnetic moments of Fe** and Cu?* are nearly antifer-
romagnetic coupled in a unit cell.
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Figure A1. (Color online) The linear scans through the Bragg reflection (00 1) of the crystal YBaCuFeOs used for this study. (a) the
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Figure B2. Simulated YBaCuFeOs incommensurate magnetic
reflections patterns at 3.5 K, with A = 1.62 A for the phase shift
between site 1 and site 2 from 0° to 360°.

Table B1. Structural parameters derived from the Rietveld
refinements of neutron powder diffraction patterns of YBaCuFeOs
at 7= 200K and 3.5K, respectively.

T =200K,SG: P4/mmm, a = b = 3.869 81(8) A, ¢ = 7.646 11(9) A,
Ryp = 10.68%, R, = 8.44%, and > = 3.89

atom  x y z Occ Ui, M

Y 0 0 0.5 1.0 0.01305(21)

Ba 0 0 0 1.0 0.01928(73)

Cu 05 05 02831(9) 0.5 0.00692(46) 0.964(3)
Fe 0.5 05 0.2564(5) 0.5 0.00281(21) 2.775(4)
0O1 05 05 O 1 0.01301(42)

02 05 0 0.3614(9) 1 0.01301(42)

T=3.5K, SG: P4lmmm, a = b = 3.86737(2) A, c = 7.631 68(6)A,
Ry = 19.90%, R, = 17.90%, and x> =433

atom  x y Z Occ Ui, M

Y 0 0 0.5 1.0 0.00119(64)

Ba 0 0 0 1.0 0.00233(45)

Cu 0.5 05 0.2833(33) 0.5 0.00108(25) 1.008(5)
Fe 0.5 05 0.2546(4) 0.5 0.00033(80) 3.842(1)
Ol 05 05 0 1 0.01042(19)

02 05 0 0.3153(9) 1 0.01042(19)
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