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Single-phased powder BiCrOs; sample was prepared at 6 GPa and 1653 K. Its magnetic properties were investigated
by dc/ac magnetization, magnetic relaxation, and specific heat measurements. Four anomalies of magnetic origin
were found near 40, 75, 109, and 111 K. The long-range antiferromagnetic order with weak ferromagnetism occurs
at Ty = 109 K. The ac susceptibilities showed that the transition near Ty is a two-step transition. Additional
frequency-independent broad anomalies were observed on the real part of the ac susceptibilities near 75 K, likely,
caused by the change in the magnetic easy axis. The dc magnetic susceptibilities also had anomalies at 75 K, and
the isothermal magnetization curves and relaxation curves changed their behavior below 75 K. Below 40 K, frequency-
dependent anomalies with very large temperature shifts were observed on hoth the real and imaginary parts of the
ac susceptibilities. The monoclinic-to-orthorhombic structural phase transition near 420 K was investigated by
magnetization and differential scanning calorimetry measurements.

1. Introduction

Multiferroic materials have received revival interest in
recent years$:* In multiferroic systems, two or all three of
(anti)ferroelectricity, (anti)ferromagnetism, and ferroelasticity
are observed in the same phasguch systems seem to be

rare in nature, but they are quite interesting because of their
possible applications in devices (e.g., multiple-state memory

elements) and new basic physics (e.g., ferroelectricity
induced by charge ordering and spiral magnetic ordefifig).
Bi-containing perovskites are promising candidates for

multiferroic materials because of the presence of the stere-

ochemically active lone electron pair of a®Bion. BiMnOs
is a ferromagnet; 1% and BiCrQ,2' BiFe(;,'? BiCoOs,* and
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BiNiO3'* are antiferromagnets with a weak ferromagnetic
component in some cases resulting from spin canting. BiFeO
and BiCoQ definitely have polar structures, and the ferro-
electric properties of BiFeQwere shown experimentally in

a large number of works. BiNiQcrystallizes in the cen-
trosymmetric space grotRil. BiMnOs was believed to adopt
the noncentrosymmetric structure with space gr@2f*°
and one paper reported its ferroelectric propetfidhin film
BiMnO3; samples showed large second harmonic generation
especially under applied electric field However, it was
shown recently that the crystal structure of bulk BiMnO
can be very well described by the centrosymmetric model
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with space grouic2/c.'®%In the case of BiCrg) which was
reported to have the same structure as BiMHQ@ntiferro-
electric properties were demonstrated experimentally in thin
film sampled®@in agreement with the theoretical studfés,
and ferroelectricity was caused by an applied electric figd.
Antiferroelectric properties of BiCr@suggest that it has a
centrosymmetric crystal structure. BiGy@emonstrates a
structural phase transition from the monoclinic phase to the
GdFeQ-type orthorhombic phase near 41420 K&
Magnetic properties of bulk BiCrg£have been investigated

quite poorly. It was reported that an antiferromagnetic _ _ .

t ition with a weak spontaneous moment appeared beIOWFlgure 1. ZFC and FC dc magnetic susceptibility € M/H) curves of

ransit p pp ¢ BiCrO3 measured at 100 Oe (the left-hand axis) and 10 kOe (the right-

123 or 114 K& The weak spontaneous moment increased hand axis). The ZFC curve at 100 Oe is also plotted using the right-hand

rapidly below 95 K with deference between the zero-field- axis for t_he clarity. Ins_et shows tr_\(_e inverse ZFC and FC curves at 10 kOe.
. L The vertical arrows give the positions of the anomalies.

cooled and field-cooled magnetization curves below 73K.

The magnetic phase-transition temperatures are considerably Magnetic susceptibilitieg; = M/H, of BiCrO; were measured

shifted in thin film BiCrQ; samples? on a SQUID magnetometer (Quantum Design, MPMS) between 2
To achieve a better understanding of the properties of and 400 K in applied fields of 100 Oe and 10 kOe and between
BiCrOs, we have performed dc/ac magnetization, magnetic 300 and 600 K in an applied field of 50 kOe using a furnace under
relaxation, and specific heat measurements on single-phaséoth zero-field-cooled (ZFC) and field-cooled (FC) conditions.
powder samples. These measurements revealed four anomdsothermal magnetization measurements were performed between
lies of magnetic origin, the existence of frequency-dependent ~10 kOe and 10 kOe at S, 60, 90, and 130 K. Isothermal
anomalies with very large temperature shifts below 40 K, magnetization curves were also taken at 1.8 K between 0 and 300

and a two-step antiferromagnetic transition near 109 K. kOe using a hybrid magnet of NIMS, Freque_ncy-depe.ndgnt ac
susceptibility measurements of BiCy@x zero static magnetic field

2. Experimental Section were performed with a Quantum Design MPMS instrument from

. . . 200 to 2 K atfrequenciesf] of 1.99, 9.99, 20, 99.9, 498.7, and
A mixture of Bi,O; (99.99%) and GO; (99.9%) with an amount- 997.3 Hz and anqapplied c?scillating magnetic fietthd of 5 Oe
of-substance ratio of 1:1 was placed in Au capsules and treated atW ' | h ibiliti f Bi y
B
6 GPa in a belt-type high-pressure apparatus at 1653 K fei760 e also measured the ac susceptibilities of BiCaDzero static

. . X magnetic field and frequency of 99.9 Hz at differé#i. (0.5, 2,
min (heatlnghre:jttet 140K I’T:Iﬁ'). Aftetr heath_Ir_eatmznttr,] the samples and 5 Oe; the maximuri,c of our instrument is 5 Oe) and &,
were quenched to room temperature (RT), an € Pressuré Was_ g e = 1.99 and 498.7 Hz, and different static magnetic fields
slowly released. The resultant samples were khaki-green dens

. . eHdC (0.1, 0.5, 1, 3, and 10 kOe). The time-dependent relaxation
pellets. .X-ray powder diffraction (XRD) showed Fhat the Samplgs curves were measured at 100 Oe after the sample was cooled from
were single phase (see Supporting Information). The lattice

) ‘ . 200 K to the desired temperature at zero magnetic field (the waitin
parameters were determined by the Rietveld method witiC#ie S peratu z gnetic field (the waiting

. ) . time before setting 100 Oe was 5 min). The relaxation curves were
model® using RIETAN-200(?2 The refined lattice parametera ( -
measured several times at each temperature to check the reproduc-
= 9.4684(3) A,b = 5.4838(2) A,c = 9.5932(3) A, ands = easured several times at each temp eck the reprod

. . ibility. Good agreement between different measurements was
108'.571(37) and XRD_pattern are in good agreement with the observed (see Supporting Information). Another protocol for the
previously reporte_d lattice parameters and XRD paftehote that relaxation measurements, namely, cooling in a magnetic field and
at Iovyer s.ynthe.slls temperatures .(132'@00 K), the. §amp|es measuring in zero magnetic field, was not used because there is
contained impurities o_f BOs (t_h_e hlgh—pre§sure modificaticif) always a small trapped magnetic field inside the superconducting
and CpOs. Our synthesis conditions (especially temperature) were

. i ) magnet. This trapped field has strong effect and considerably
different compared with the previously reported ones{3%5 GPa o . .
and 973-1073 ke and 4 GPa and 993 K. reduces reproducibility. The specific he@, of BiCrO; at 0 and

90 kOe was recorded between 2 and 300 K upon cooling by a pulse
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Figure 2. Inverse magnetic susceptibility curves measured at 50 kOe Figure 3. Isothermal magnetization curves at 5, 60, 90, and 130 K between
between 300 and 600 K (symbols) with the Curidfeiss fits (lines). The —10 and 10 kOe. Inset shows the isothermal magnetization curve measured
parametersyer and 6, of the fits are given. at 1.8 K from 300 kOe to 0 kOe (symbols): the line is obtained by fitting

between 0 and 80 kOe and emphasizes the curvature near 100 kOe. The
K. There is a weak ferromagnetic response below 109 K. axes units are the same as those in the main figure.
The weak spontaneous moment and the difference betweerappears belowy, the clear ferromagnetic hysteresis loop
the ZFC and FC curves increase rapidly beldy in (that is, having squarelike form) is developed only below
agreement with the previous works! The ZFC and FC  T,. High-field magnetization measurements at 1.8 K (inset
curves almost coincide with each other when measured atof Figure 3) show a small curvature of tMeversusH curve
10 kOe. No anomalies were detected near 40 K on the ZFCabove 100 kOe, while between 0 and 80 kOe, a linear
and FC curves at 10 kOe, but the anomalies near 74 andbehavior is observed.
109 K are detectable. The! versusT curves below 300 K The magnetic structure of BiCgOs not known now.
in the paramagnetic state showed noticeable deviation fromHowever, BiCrQ should have the G-type antiferromagnetic
the Curie-Weiss law (especially below 200 K where the structure as assumed in ref 8 and predicted in ref 21a. There
%"t vs T curves have a tendency to plateau). This behavior should be two crystallographic Cr sites (4e and 4d) in the
is reminiscent of the presence of short-range correlation andmonoclinic modification of BiCr@ by analogy with
the origin of the anomalously large effective magnetic BiMnOg3.!® Therefore, the simple G-type antiferromagnetic
moment reported in the literature (4 for the low- structure can be realized with the propagation vekter
temperature monoclinic phaselhe high-temperature re- [0,0,0] and magnetic moments along thxis (similar to
gions (315-415 and 436-600 K, Figure 2) are fit by the  the direction of magnetic moments in BiMgJ3'*° The

Curie—Weiss equation symmetry allows spin canting at the 4d site along the
direction and, therefore, the appearance of weak ferromag-
1 (1) = 3Kkg(T = ) (1eN) (1) ~ netism,

Figure 4 gives the ac susceptibility curves of BiGra
whereuer is effective magnetic momenl is Avogadro's ~ Hac = 0 Oe. They" versusT curves clearly show that the
number, kg is Boltzmann’s constant, anél is the Weiss transition neaffy = 109 K is a two-step transition with sharp
constant. The fitted parameters are given in Figure 2. The Peaks on the/" versusT curves affy; = 108.5 andly, =
observed jumps at 420 (upon heating) and 400 K (upon 111.0 K. The peaks on botl versusT andy" versusT
cooling) are caused by the structural monoclinic-to-orthor- curves signal the appearance of a weak ferromagnetic
hombic phase transition. The phase transition temperaturecomponent. Broad anomalies appear on hotrersusT and
is in good agreement with the previous data (410akd X" VersusT curves neail, = 74 K. They' versusT curves
between 420 and 440 K}.The effective magnetic moment ~are frequency-independent, while there is suppression of
(3.94ug) is the same at 315415 K (the monoclinic phase) anomalies with increasing frequency (without the temperature
and 430-600 K (the orthorhombic phase) and close to the Shifts) on the versusT curves. Strong frequency-dependent
localized C#* moment of 3.8is. The absolute value of the ~a@nomalies are observed beldly = 40 K, especially the
Weiss constant increased at 43800 K, probably reflecting ~ temperature shifts of the" versusT curves are pronounced
the change of the GrO—Cr bond angles that become more (the maximum is observed &, = 12 K for f = 1.99 Hz
close to 180 in the high-temperature orthorhombic phase. and afTm = 31 K for f = 997.3 Hz). A criterion that can be

Figure 3 depicts the isothermal magnetization curves. used to distinguish the freezinglike processes is the frequency

Almost no hysteresis is observed at 130 K (the remnant _cli_eperlwdence OT"‘[; 5.2“T:_Agm2/gr$hA Ioﬁ.?t' V\/fitr;]tr'],e above
magnetization NI;) was about 2x 10 5ug per a C#* ion). m values, we obtaib T = 0.23. The shifts of thg" versus

A noticeable hysteresis is seen beldw (at 90 K). The Tcurves are too large for typical spin glassés(= 0.005-

i = 24
hysteresis changes its form beldw(at 60 K), and the form _Or.06) bIUI areh tyfp ical for suagf;paran;\agnei?.’n( N OHS)'
remains the same at lower temperatures (at 5 K). Vhe 0 analyze the frequency shift G, three approaches are

versusH data confirm that intrinsic changes occur in the (24) Mydosh, J. ASpin Glasses: An Experimental Introductjoraylor
sample belowT,. Even the weak ferromagnetic moment & Francis: London, 1993.
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Figure 4. The real (a) and imaginary" (b) parts of the ac susceptibility ~ Figure 5. Realy’ (a) and imaginary" (b) parts of the ac susceptibility

of BIiCrO;z as a function of temperature at different frequencies, 1.99, of BIiCrO; as a function of temperature at frequencies of 1.99 Hz (full
9.99, 20, 99.9 498.7, and 997.3 Hz. Measurements were performed uponsymbols) and 498.7 Hz (white symbols) and different static magnetic fields
cooling at zero static field using an ac field with the amplititig= 5 Oe. Hge = 0.1, 0.5, 1, 3, and 10 kOe. Measurements were performed upon
The inset in panel a shows the detailed measurements gf #sel andy” cooling for eactHc with Hac= 5 Oe. The insets show the details n&ar

vs T curves af = 9.99 Hz in the vicinity ofTy. The inset in panel b shows

the In(1f) vs Try curve, wherel, is the position of the maximum on t . .
vsT C(ur‘?,es at the giveh P it weight was 0.67 g. The covered rangeHa is rather small.

Nevertheless, the absence of any dependenge arfid y"
usually considered: (1) the thermal activated (Arrhenius) law on Hac usually indicates that the anomalies are intrinsic to

f = fo exp[~Ed/ (ks Tm)] for isolated patrticles, (2) the Vogel the sample and not related to the domain wall movements.
Fulcher lawf = foexp[—Ed/(ks(Tm — To))] for particles with The effect of static magnetic fieltq is illustrated in
interaction, and (3) the dynamic scaling theéryhe Inf Figure 5. AImost no frequency dependence is observed near

versus 1T, plot shows a noticeable deviation from the linear T; atHq= 3 kOe, and anomalies on th€ vs T curves are
behavior (see Supporting Information). The 1fyiff versus  also almost suppressed. The double anomalies Tigan

Tm plot with fo = 102 Hz is close to linear, but the physically they"” vs T curves are suppressed-i= 500 Oe. This result
unrealistic values are obtained from theHEifkg = 1700 K may show that the magnetic field removes spin canting and
and T, = —50 K. Attempts to apply the dynamic scaling stabilizes the antiferromagnetic state. The broad peak near
theory failed. Actually there is a very good linear relation T is shifted to higher temperatures with increadig This
between Inf and Ty, (the inset of Figure 4b). Therefore, fact may indicate that the magnetic state beldw is
additional experiments will be needed to understand the stabilized by magnetic field. Thels. has no effect on the
origin of these “superparamagnetic-like” anomalies. We note peak positions of"’ belowT; (that is, T); only the intensity
here that the superparamagnetic-like anomalies in magneticof the y'' peaks afly, is suppressed. Note that the similar
properties are often explained by a phase separation and theffect of Hqc on the superparamagnetic-like anomalies was
formation of ferromagnetic nanoclusters in stoichiometric observed in C&LoRhQ.?8

single-phase samples, for example, Bag&Oand Note that we have investigated several Bigiamples
RuSrGdCwOs,?” or by structural disorder, for example, prepared using slightly different conditions (varying tem-
Ca&CoRhQ.28 perature between 1600 and 1770 K). All the samples showed

No difference is found for thg' versusT andy'’ versus four magnetic anomalies described above. The temperature
T curves measured &t,c between 0.5 and 5 Oe. M. = positions of they' andy" anomalies neaff; and Ty were

0.5 Oe, the data were too noisy, even though the samplealmost independent of the sample. However, the temperature
positions of the anomalies nedp were slightly sample-

(25) Mukherjee, S.; Pal, A. K.; Bhattacharya, S.; RaittilaPlys. Re. B nden rting Information
2006 74, 104413 dependent (see Supporting Info gto ). _ o
(26) Botta, P. M.; Pardo, V.; Baldomir, D.; de la Calle, C.; Alonso, J. A; .We have also probed the magneuc relaxation beh_awor in
@) Félyag, Jl.Ph'\Xs.RReMB 2_0_06R 74(,:214415.F Costa. G- Vecchione. A different temperature ranges (Figure 6). The relaxation was
Imperie, . R.; Masini, R.; Canepa, F.; Costa, G.; Veccnione, A.; H
Polichetti, M.; Ciancio, RPhys. Re. B 2006 73, 214424. observed at 10 K and reached maximurii a¢= 40 K below
(28) Sampathkumaran, E. V.; Niazi, Rhys. Re. B 2002 65, 180401. which the frequency dependencejdversusT andy" versus
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are found neaiT; and T,. This fact may indicate that the
global antiferromagnetic structure does not change bé&lgw
only magnetic easy axis or canting angle is changed. The
lattice contribution C) in BiCrO;s is estimated using BiScO
containing no magnetic iorfd.In the temperature ranges of
2—38 and 186-300 K, theC, versusT curves of BiCrQ

and BiScQ are very similar to each other indicating that
BiScG; can give good approximation to ti@ The magnetic
specific heat Cr) of BiCrOs is obtained by subtraction of
the total specific heat of BiScOfrom that of BiCrQ.
Between 6 and 38 K, the specific heat of BiSaas a little

bit larger than that of BiCr@ Therefore, to calculate the
magnetic entropy, we assumed thg{BiCrOs) = 0 between

2 and 38 K. The magnetic entropy was obtained using the
equation

Sy = [(Cy/MdT @)

Snis 5.77 J K1 mol™?, which is much smaller than the spin-
only value ofRIn(25+1) = RIn 4 = 11.5 J K! mol™?
expected for thes = 3/2 systems S is spin). Note that in
the case of BiMn@ the magnetic entropy estimated in the
same way was noticeably larger than the spin-only vélue.
Figure 6. Relative change of magnetization IM(0) as a function of Because BiSc@gives a rather good approximation to the
time (relaxation). The curves were measured at 100 Oe after the sampleC;, the strongly reduce&, cannot be simply explained by
was cooled from 200 K to the desired temperature at zero magnetic field. difficulties in the estimation of theC. Surprisingly, the
experimentals, value of BiCrQ; is very close to that of an
S= 1/2 system (5.76 J K mol™Y). It could be accidental.
Nevertheless, in this context, we note that &Cion with
a spin of 3/2 is often described as having an effective spin
of 1/2 at low temperatures because of effects of the crystal
field and strong single-ion anisotropyyand magnetic entropy
of Cco?* approached 5.76 J K mol™* at low temperatures.
About 67% of the entropy in BiCrQis gained belowTy.
The rest of the entropy gained betweBpand 180 K may
be attributed to the short-range correlations in agreement with
the large deviation of thg ! versusT curves from the
Curie—Weiss behavior in the paramagnetic state. The
o7 Gt oo s rocmuo g DTS TG 1998 e wesk S o e specte v
Oe) and BiSc@ Inset shows th€,/T vs T andSy vs T curves for BiCrQ. 3
The magnetic specific heaC) was obtained by subtraction of the total  largeTy (only small smearing of the transition was observed
specific heat of BiSc@from that of BiCrQ. S, is the magnetic entropy. nearTN). In the case of ferromagnetic BiMnrQhe magnetic
T curves started. Then the relaxation rate decreases withfield had a strong effect on the specific hét.
increasing temperature betwe&nand T,. Above aboufr, The structural phase transition in BiGy@ accompanied
the relaxation changes its behavior, that is, the relaxation is by noticeable anomalies on magnetic susceptibilities (Figure
much faster in the first minutes and then proceeds much more) 8 This phase transition and the thermal stability of BigrO
slowly. With increasing temperature, the relaxation rate 5 investigated in more details by the DSC measurements
reaches minimum at 90 K and starts to increase Whe”(Figure 8). The cycling of the DSC curves below 520 K gave
approachingy. Note that at 90 and 100 K, the magnetization very reproducible results. However, after BiGn@as heated
first decreases during the first seconds and then starts tog g73 K, the phase-transition temperature decreases from
increase (see also Supporting Information). Just afQwa 416 K (the position of the DSC maximum on heating) to
115 K, the relaxation was negative, that is, the magnetic 386 K. The XRD data collected after heating up to 873 K
moment decreased with time in an applied magnetic field. gpowed the appearance of a very weak reflection from
Well aboveTy at 130 and 150 K, almost no relaxation was
found. (29) Belik, A. A; likubo, S.; Kodama, K.; Igawa, N.; Shamoto, S.; Maie,
Figure 7 shows the specific heat of BiGrlotted asCy/T M.; Nagai, T.; Matsui, Y.; Stefanovich, S. Yu.; Lazoryak, B. I
versusT. The/-type anomaly on the, versusT is observed o) La/ame-iuronachi, & Am. che. $03006 126,166,
with the maximum afly = 109 K. However, no anomalies  (31) de Jongh, L. J.; Miedema, A. Rdv. Phys.2001, 50, 947.

8750 Inorganic Chemistry, Vol. 46, No. 21, 2007



Magnetic Properties of Bulk BiCrQ

strong effect of the stoichiometry of BiCg®@n the phase-
transition temperatures. In the previous works on the bulk
BiCrOs, the samples contained some impurifiés.The
stoichiometry effect can explain the differencelin(109 K

in our work, 114 K in ref 11, and 123 K in ref 8).

In conclusion, the obtained results revealed that Bi{CrO
demonstrates interesting magnetic properties at low temper-
atures including the two-step antiferromagnetic transition,
the frequency-dependent anomalies with large temperature
shifts, and large contribution of short-range correlations.
Neutron diffraction and electron microscopy observations at
low temperatures are desirable for further investigation of

Figure 8. DSC curves of BiCr@ The first (not shown), second (not BICTQs. V.Ve hope_that this WO_I‘k will motivate .addl.tlonal
shown), and third cycles are between 320 and 520 K. During the forth cycle, iNvestigations of this poorly studied (compared with BiMO
the BiCrQ; sample is heated up to 873 K. The fifth (not shown), sixth (not compound_

shown), and seventh cycles are between 320 and 470 K. There was no

difference between the fifth, sixth, and seventh cycles. However, note the

difference between the third and seventh cycles. Supporting Information Available: XRD patterns of the as-

prepared BiCr@and after the DSC experiment up to 873 K (Figure
Bi2sCrOsg (see Supporting Information), in addition to the S1), the analyses of the frequency shift ©f (Figure S2),
main phase of BiCr@ This result indicates that the shift of reproducibility of the relaxation curves (Figure S3), the dc/ac
the phase transition temperature by 30 K can be explainedmagnetic susceptibility curves for different BiCy€amples (Figure
by the partial sample decomposition or by oxygen content S4), and the ac susceptibilities at differéhy; (Figure S5) (PDF).
changes. No anomalies corresponding to the decompositionThiS material is available free of charge via the Internet at
process were found on the DSC curves indicating that the NtP+//pubs.acs.org.

decomposition proceeds very slowly. It seems that there iSIC701099F
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