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Noncollinear magnetic structures and multiple magnetic phase transitions in a sawtooth lattice antiferromagnet
consisting of Cr*™ are experimentally identified in this work, thereby proposing the scenario of magnetism-driven
ferroelectricity in a sawtooth lattice. The title compound, BeCr, 0y, displays three magnetic phase transitions at
low temperatures—at Ty, =~ 7.5 K, at Ty, ~ 25 K, and at Tyy; ~ 26 K—revealed through magnetic susceptibility,
specific heat, and neutron diffraction in this work. These magnetic phase transitions are found to be influenced
by externally applied magnetic fields. Isothermal magnetization curves at low temperatures below the magnetic
transitions indicate the antiferromagnetic nature of BeCr,O4 with two spin-flop-like transitions occurring at
H. =~ 29 kOe and H, ~ 47 kOe. Our high-resolution x-ray and neutron diffraction studies, performed on
single crystal and powder samples, unambiguously determined the crystal structure as orthorhombic Pbnm.
By performing the magnetic superspace group analysis of the neutron diffraction data at low temperatures, the
magnetic structure in the temperature range Tyz yo» < T < Ty; is determined to be the polar magnetic space group
P21nm.1'(00g)0s0s with a cycloidal magnetic propagation vector k; = (0, 0, 0.090(1)). The magnetic structure
in the newly identified phase below Ty, is determined as P21/b.1'[b](00g)00s with the magnetic propagation
vector k, = (0, 0, 0.908(1)). The cycloidal spin structure determined in our work is usually associated with
electric polarization, thereby making BeCr,0O4 a promising multiferroic belonging to the sparsely populated
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family of sawtooth lattice antiferromagnets.
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I. INTRODUCTION

Single-phase multiferroics attract fundamental and techno-
logical interest due to the fact that they combine switchable
electric and magnetic polarization [1-5], and consequently
they offer the potential to cross-couple and positively im-
pact the field of spintronics [6]. Simply by cross-coupling
electric and magnetic degrees of freedom, one can efficiently
control and thus manipulate magnetism by electric field or
polarization current, which can provide a path to overcome
bottlenecks in spintronics. One of the earliest experimental
successes along these lines was the discovery of the magneto-
electric (ME) effect in Cr,O3 in the 1960s [7,8]. Subsequently,
a large pool of compounds have been identified and confirmed
as multiferroics, including perovskites [9], delafossites [10],
charge-order systems [11], lone-pair systems [12], hexagonal
manganites [13], pyroxenes [14], rare-earth chromates [15],
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and molecule-based systems [16], just to name a few. Exhaus-
tive lists and details can be found in the review articles on
multiferroics [3-5,17]. Multiferroics are classified into type I
and II based on the strength of the coupling between magnetic
and ferroelectric order parameters [18]. In type I multiferroics,
the magnetic and ferroelectric ordering are well-separated
in temperature, and hence they allow only a weak coupling
between the electric and the magnetic degrees of freedom.
The type II members, on the other hand, generally develop
ferroelectricity concomitantly with the magnetic order, which
is often established at low temperatures. Hence, the coupling
between the two orders is stronger in the latter case. Since
magnetic ordering precedes the development of electric po-
larization in type II multiferroics, a lot of attention has been
devoted to understanding how various types of spin order can
lead to the development of electric polarization through the
breaking of inversion symmetry. Based on symmetry analyses,
it was pointed out that spiral magnetic order breaks spatial in-
version symmetry and generates electric polarization [19-22].
Such approaches successfully explained the appearance of
ferroelectricity in several families of spinels [23], perovskites

©2023 American Physical Society
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[9], and delafossites [10]. Most of these compounds have
three-dimensional magnetic lattices. Low-dimensional coun-
terparts are less explored; for example, there is only a single
report of ferroelectricity induced by noncollinear spin order in
sawtooth lattice compounds [24].

A sawtooth lattice of spins is low-dimensional and frus-
trated. It is a model lattice to study complex quantum phases,
which was extensively explored in the case of spin half sys-
tems [25,26]. The sawtooth model is well described by the
Hamiltonian H = Zi JSi - Sivo + J/(Si - Siv1 + Siv1 - Sip2) —
h-S;, where S; usually represents an S = 1/2 spin at site
i, which has a neighboring site i + 2 in the spine of the
sawtooth. J' is the interaction between the spine sites and the
sawtooth tips, and /4 is the external magnetic field. Known as
the A chain, delafossites, euchroite, metalorganic, and fluo-
rites are spin systems that have been studied in the context of
sawtooth chains [27-31].

After the pioneering work on chromate and olivine mag-
netoelectrics (i.e., Cr,O3 and BeCr,0;4) in the 1960s, another
olivine compound, Mn,GeOy, was studied a decade ago in
the context of multiferroicity [32]. Similar to BeCr, Oy, this
compound also crystallizes in the orthorhombic Pbnm space
group and possesses a sawtooth lattice for the transition-
metal cation. Interestingly, in Mn,GeO4 the spontaneous
magnetization and electric polarization develop in the same
crystallographic direction, below about 5.5 K [32,33]. A
multi-Q magnetic order with a commensurate (C) propagation
vector ke = (0, 0,0) and an incommensurate (IC) propaga-
tion vector kic = (0.136,0.211, 0) are identified [34]. The
electric polarization in Mn,GeQy is understood to originate
from spiral spin order where ferromagnetic and ferroelectric
domains synchronously switch. A recent work on another
sawtooth magnetic lattice compound focuses on the atacamite
compound Cu,CI(OH);3 [35]. Using high-magnetic-field ex-
periments, a complex evolution of magnetization was traced
out in the atacamite, and a plateaulike feature was observed at
315 kOe.

The importance of a sawtooth magnetic lattice extends
beyond the quantum magnetism of the A chain or the
multiferroicity of Mn,GeO,4. For example, the oxyselen-
ite Fe;O(Se0s), is reported to exhibit flatband dynamics
and phonon anomalies [36]. Flatband systems with local-
ized magnon states in high magnetic fields were studied
recently due to the possibility of dissipationless magnonics
[37-39]. Strongly frustrated interactions within the sawtooth
chains and weak interlayer coupling have been reported in ox-
yarsenate Rb,Fe,O(AsOy), [40]. Olivine-type chalcogenides,
Fe,GeChy (Ch = S, Se, Te), are computationally predicted as
thermoelectrics [41], and they have been observed to reveal
frustration-driven complex low-temperature magnetic phases
[42].

The magnetic susceptibility of BeCr,O4 was first reported
by Santoro et al. [43]. According to their report, BeCr,O4
had a Néel temperature of 28 K, a Curie-Weiss temperature of
13 K, and an effective magnetic moment of 3.2up per Cr. A
four-sublattice Weiss model was proposed to explain the mag-
netism of BeCr,O4. However, antiferromagnetic resonances
at 29.5 and 47.7 kG suggestive of noncollinear spin arrange-
ment [44] and spin-flops were later reported [45]. The spiral
magnetic structure was then verified by neutron diffraction

study, which estimated the periodicity as 65 A [46]. The spiral
arrangement of spins breaks inversion symmetry and leads to
the generation of ferroelectricity, which was experimentally
observed as a weak effect, without corresponding anomalies
in dielectric permittivity or electrical conductivity at the Néel
temperature [24]. In this work, we present a detailed magnetic
and thermodynamic characterization of BeCr,O4, mapping
out a double-transition in magnetic susceptibility and specific
heat at Tyz ~ 26 K, at Ty, ~ 25 K, and to a further low-
temperature anomaly at Ty; = 7.5 K.

Based on the results from our measurements, we have com-
piled the H — T phase diagram of BeCr,0, in magnetic fields
up to 80 kOe. We have determined the magnetic structure
of BeCr,0, through neutron powder diffraction experiments
and subsequent analysis using the magnetic superspace group
approach. The magnetic structure at 2 K is an incommensurate
structure with a propagation vector (0, 0, 0.908(1)) in a mon-
oclinic supercell setting. The results presented here should
motivate a reexamination of ferroelectric polarization and
magnetization under high magnetic fields complemented with
a magnetic structure determination of BeCr,Oy, especially
using single crystals.

II. METHODS

Experimental techniques

The powder samples of BeCr,O4 used in the present
work were prepared using the solid-state synthesis method
by reacting BeO and Cr,03; (4N purity, Sigma Aldrich) in
stoichiometric ratios at 1400 °C. The precursor oxides were
mixed and ground using a mortar and pestle and heated up
to five times, with intermediate grinding after each heating
cycle that lasted for 24 h. The resulting powder samples were
dark green in color and were characterized for quality by
taking laboratory-based powder diffraction patterns using Cu
Ka x-rays of wavelength 1.54 A (Panalytical Empyrean). A
crystal growth experiment was attempted using the method
of optical floating zone. Although this did not result in the
congruent melting of BeCr,Qy4, thin whisker-shaped crys-
tals were obtained from this attempt. Using those crystals,
room-temperature single-crystal x-ray diffraction data were
collected on a Bruker Quest Photon 200 diffractometer. The
crystal structure data was collected, solved, and refined using
the APEX3 software package [47]. High-resolution syn-
chrotron x-ray diffraction experiments were performed on
powder samples of BeCr,0O,4 at beamline 11-BM, Advanced
Photon Source, Argonne National Lab. Synchrotron gener-
ated x-rays of wavelength 0.4811 A were used to collect
diffraction patterns at 90 and 295 K. Magnetic properties of
BeCr,O4 pellets were established using a Magnetic Prop-
erty Measurement System (MPMS) SQUID magnetometer.
Magnetic susceptibility and isothermal magnetization were
measured in the temperature range 1.8-320 K in magnetic
fields up to 90 kOe. The temperature dependence of specific
heat was measured in zero and applied magnetic fields up to
40 kOe in a Physical Property Measurement System (PPMS).
Neutron powder diffraction patterns were collected at the
high-resolution time-of-flight diffractometer, POWGEN [48],
at Spallation Neutron Source, Oak Ridge National Labora-
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FIG. 1. (a) Synchrotron x-ray diffraction pattern of BeCr,O,4 at 295 K along with a Rietveld fit using Pbnm space group. The circles are
the experimentally measured intensities, and the solid line is the calculated pattern. Top and bottom vertical bars mark the positions of the
expected Bragg reflections for BeCr,04 and Cr, 03, respectively. The blue horizontal line at the bottom is the difference between the measured
and calculated patterns. The indices of a few major reflections are indicated. (b) A clinographic view of the orthorhombic unit cell of BeCr,0y,.
(c) The sawtooth arrangement formed by Cr atoms at 4a and 4c Wyckoff positions. The solid line indicates the unit cell boundary.

tory, at selected temperatures in the range 1.8-200 K using
two data banks with center wavelengths of 1.5 and 2.665 A.
About 4 g of BeCr,04 powder was loaded in a 6-mm-diam
vanadium canister for those measurements. Analysis of x-ray
and neutron diffraction data from 11-BM and POWGEN was
performed using the FULLPROF suite of programs [49] and
JANA2020 [50]. The graphical representations of lattice and
magnetic structures used in this work are created using the
program VESTA [51].

III. RESULTS AND DISCUSSION

A. Crystal structure

The phase-purity and the crystal structure of the pow-
der samples of BeCr,O; were checked first using the
x-ray powder diffraction patterns obtained using a labora-
tory diffractometer. It was confirmed to crystallize in the
orthorhombic space group, Pbnm, showing no impurity peaks.
The crystal structure was further studied using high-resolution
synchrotron x-ray diffraction data acquired from an 11-BM
instrument at advanced photon source. The diffraction pat-
tern at 295 K along with the Rietveld refinement is shown
in Fig. 1(a). We confirmed the preliminary assignment of
the orthorhombic Pbnm space group [46,52] for BeCr,04
through the refinement of the high-resolution synchrotron x-
ray diffraction data.

BeCr,O4 adopts an olivine-based crystal structure simi-
lar to that of the mineral Mg,SiOy. In this structure, Be**
occupies a tetrahedral position, and Cr** occupies an octa-
hedral one. An early study involving neutron diffraction had
estimated the lattice parameters, a = 4.555A, b =9.792A,
and ¢ = 5.663A for BeCr,04 in the Pbnm space group [46].
Mineral BeCr,04 found in Russia was reported in the or-
thorhombic P2,2,2; space group, which is a subgroup of
acentric Pcmn [52], and also in Pnma [53]. The structural pa-
rameters refined using the synchrotron x-ray diffraction data
(Fig. 1) in the present work are given in Table I . The Cr atoms
at the 4a and 4c Wyckoff positions form a sawtooth lattice,
which is shown schematically in Fig. 1(c). This sawtooth
lattice is constituted by the Cr atoms, which form isosceles

triangles with two different Cr—Cr bond distances, 2.9936(6)
and 2.8367(4) A. The bond distances and angles are listed in
Table I. The edge-sharing Cr atoms are found to be about
2.83 A apart [43]. The Cr 4a position has local inversion
symmetry, while the 4c¢ position has mirror symmetry. The
four-sublattice model proposed for BeCr,O4 [43] takes into
account the direct and superexchange pathways between Cr
atoms at the inversion and mirror symmetry points. The Cr—
O—Cr bond angle of 129° is more favorable to superexchange.
The bond valence sums [54] determined from the analysis
of the present crystal structure data indicate that the valence
states of the cations in BeCr,0, are Be'%8, Cr>%?, and Cr*%.
We did not observe any incommensurate lattice modulations
as reported by another group [55]. The unit cell obtained from
the present study is similar to the mineral mariinskite [52,56]
in which the Cr atoms have two independent positions and
Be has only one position, both of which are in a distorted
octahedral environment surrounded by oxygen atoms. The
crystal structure solution using the single-crystal x-ray diffrac-
tion data confirmed the orthorhombic Pbnm space group that
we arrived at through powder diffraction data analysis. The
results of crystal diffraction experiments are presented in
Table I1.

B. Magnetic properties: Multiple phase transitions

The bulk magnetic properties of BeCr,O4 are shown in
Fig. 2. The dc magnetic susceptibility [ x4c(7 )] was measured
in the temperature range of 2-300 K under the application of
different magnetic fields. A plot of the magnetic susceptibility
as a function of temperature measured at 1 kOe is shown in
Fig. 2(a). At high temperatures, a paramagnetic response is
seen in xgc(7) which increases towards a prominent peak at
around 26 K. The magnetic susceptibility further decreases
beyond the peak in the low-temperature region. The inset
of (a) shows the plot of the derivative dxq.(T)/dT versus
temperature. Two prominent discontinuities at 25 and 26 K
are recovered from the derivative of magnetic susceptibility,
signifying the presence of two nearby magnetic transitions.
These features were not observed in previous studies reported
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TABLE I. The refined fractional atomic positions of BeCr,O,4 obtained from the Rietveld refinement of synchrotron data (11-BM) shown
in Fig. 1. The orthorhombic space group with a Pbnm setting was used for the refinements. The refined lattice parameters at 7 = 295 K
are a = 4.5550(1)A, b = 9.7924(2)A, and ¢ = 5.6651(1)A. The goodness-of-fit (x?) was 1.85, Ry, = 9.88%, and R.y, = 5.34%. The bond
distances and the angles are also shown. BVS stands for bond valence sums, here estimated for Be and Cr.

X y z Occupancy Biso (AZ)

Be (4¢) 0.5681(1) —0.0929(6) 0.75 1.00 0.65(4)
Cr (4a) 0.0 0.0 0.0 0.933(6) 0.13(1)
Cr (4¢) 0.4974(3) 0.2311(6) 0.75 0.931(6) 0.11(4)
O1 (4¢) 0.2768(6) 0.4072(3) 0.75 0.994(9) 0.40(4)
02 (4¢) 0.7289(6) 0.0612(3) 0.75 1.000(6) 0.45(3)
03 (84d) 0.2587(3) 0.1637(3) 0.0221(3) 0.989(9) 0.48(4)

Bond distance (A) Bond angle (deg)
Cr(4a)-Cr(4c) 3.5021(4) O(4¢)-Cr(4a)-0(8d) 83.64(3)
Cr(4a)-Cr(4a) 5.3995(1) O(4¢)-Cr(4a)-0(8d) 96.37(4)
Cr(4a)-Cr(4a) 9.7923(2) O(4c¢)-Cr(4a)-O(4c) 93.06(4)
Cr(4c)-Cr(4c) 3.6533(2) Cr(4¢)-0O(8d)-Cr(4a) 95.78(4)
Cr(4c)-Cr(4c) 5.3901(2) Cr(4c)-O(4c)-Cr(4a) 126.29(4)
Be(4c¢)-0(8d) 1.664(2) Cr(4a)-O(4¢)-Cr(4a) 92.20(5)
Be(4c)-O(4c) 1.571(3) Cr(4c)-O(8d)-Cr(4c) 129.82(5)
BVS Be [1.981(4)] Cr [3.296(2)] Cr [3.030(2)]

on BeCr;O4. The variation of low-temperature (7T < 50 K)
magnetic susceptibility with the application of different mag-
netic fields is shown in Fig. 2(b). The magnitude of the
magnetic susceptibility is seen to increase with the appli-
cation of higher values of magnetic fields. At 80 kOe, a
near-saturation of low-temperature susceptibility is observed.

Figures 2(c) and 2(d) show the derivative d x4./dT in two
different temperature ranges, 4—16 and 22-28 K, respec-
tively, at different magnetic fields. A subtle low-temperature
anomaly, designated as Ty, has been identified at approxi-
mately 7 K. This anomaly is not highly pronounced [panel
Fig. 2(c)], but it does coincide with the more noticeable

TABLE II. The sample and crystal data as well as the details of data collection and refinements from the single-crystal structure analysis

of B eCrz 04 .

Chemical formula
Formula weight (g mol™")
Temperature (K)
Wavelength A

Crystal system

Space group

Unit-cell dimensions

Volume (A%)

Z

Calculated density (g cm™)
Absorption coefficient (mm™")
F(000)

Theta range for data collection (deg)
Reflections collected

Independent reflections

Coverage of independent reflections
Absorption correction

Structure solution program
Refinement program

Function minimized

Data/restraints /parameters
Goodness-of-fit on F2

A/Omax

Final R indices

BeCrzO4
177.01
296(2)
0.71073
Orthorhombic
Pbnm
a(A) =4.5576(2), « = 90°
b (A) =9.7970(5), B = 90°
¢ (A) = 5.6658(3), y = 90°
252.98(2)
4
4.647
8.370
336
4.16-60.01
13 444
2009 [R(int) = 0.0514]
99.4%
Multiscan
XT, VERSION 2018/2
SHELXL-2019/1 (Sheldrick, 2019)
Z w(F02 _ F'CZ)2
2009/0/41
1.295
0.001
1758 data; I > 20 (I), R1 = 0.0404, wR2 = 0.1041
all data, R1 = 0.0436, wR2 = 0.1084
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FIG. 2. (a) Magnetic susceptibility, xq.(7), of BeCr,O4 measured at an applied field of 1 kOe. The inset magnifies the derivative,
dxa.(T)/dT, in the low-temperature region, revealing a double-peak anomaly of two nearby transitions. (b) The magnetic susceptibility at
different values of applied magnetic fields from 0.1 to 80 kOe. (c),(d) Derivatives d xq4.(T)/dT identifying three transitions at Ty; ~ 7.5 K,
Tva = 25 K, and Ty; =~ 26 K. (e) The isothermal magnetization M (H) at different temperatures in the range 2-50 K. (f) The derivative,

dM/dH , revealing the presence of field-induced magnetic transitions.

anomaly observed in specific heat at a similar temperature.
The double-peak anomalies at higher temperatures are desig-
nated Ty, (25 K) and Ty3 (26 K). One of the earliest works
on the magnetic susceptibility of BeCr,O4 reported a broad
feature at approximately 28 K [46]. Although the qualitative
features of the magnetic phase transition reported by Cox et al.
are similar to the present work, our results clearly reveal three
anomalies in the magnetic susceptibility of BeCr,Oy4.

The magnetic susceptibility of BeCr,O4 presented in
Fig. 2(a) was analyzed using the Curie-Weiss law by perform-
ing a least-squares fit to the data. An effective paramagnetic
moment of 3.48(7)up/Cr and a Curie-Weiss temperature Ocw
= —40 K are obtained from the fit. The paramagnetic moment
value that we have obtained is comparable to, albeit slightly
reduced from, the spin-only value of Crt, 3.88up (d3, S =
3/2, g~ 2). In comparison, the reported effective moment
is 3.2up and Ocw = —13 K [43,46]. Previous study of the
bulk magnetic susceptibility of BeCr,O4 dates back to 1963
[43]. Since a microscopic picture of the magnetic structure of
Cr3t was lacking at that time, a macroscopic model based on
exchange interactions between the nearest-neighbor Cr atoms
was put forward. As mentioned in the previous section on the
crystal structure of BeCr,Oy4, two types of Cr atoms based
on the local symmetry were identified as m and 7, and sub-
sequently two interaction strengths, o and B8, corresponding
to Cr,,-O-Cr; and Cr,,-O-Cr,,, respectively, were introduced.
Using these parameters, a four-sublattice model was adopted
to analyze the magnetic susceptibility. It was deduced that
direct magnetic exchange between Cr*" moments is impor-
tant in this compound. The magnetization isotherms obtained
at different temperatures between 2 and 50 K are shown in
Fig. 2(e) and their derivatives dM/dH in Fig. 2(f). In general,

an antiferromagnetic-like response is seen at all temperatures,
except a clear change in slope is observed below 25 K down to
2 K. The derivative plot in Fig. 2(f) shows the presence of two
anomalies at H.; =~ 29 kOe and H., ~ 47 kOe, which can be
identified as the critical fields of spin-flop-type field-induced
transitions. The temperature dependence of the critical fields
H,| and H,, is shown in Fig. 3(c).

The atacamite Cu,CI(OH); containing Cu sawtooth is a
compound similar to BeCr,Oy4. It enters an ordered mag-
netic state at 8.5 K, as seen in the magnetic susceptibility
at low fields [35]. The magnetic susceptibility measured at
different external magnetic fields is seen to change very little
even at 13 T with the H || b-axis, which is identified as the
easy axis. The § = 1/2 Cu?" magnetic lattice in the ata-
camite results in spin-flop transitions in two different values
of magnetic fields, at approximately 4 T and at 30 T when
the field is applied parallel to the b-axis. These effects are
also reflected in magnetostriction. Although very interesting
magnetization plateaus are present in the magnetization of
the atacamite, which is reminiscent of quantum effects, the
current explanation for this is offered in terms of strongly
coupled 1D ferromagnetic clusters that are coordinated by
weak, anisotropic 2D interactions [35]. Another sawtooth
magnetic lattice reported recently is that of Fe,Se,O; [57].
Different from the Cu sawtooth of the atacamite, the Fe saw-
tooth in this case orders magnetically at high temperatures,
the transition temperature being at 112 K. The easy axis,
in this case too, is the b-axis of an orthorhombic unit cell.
Spin-flop magnetic transitions are found to occur at 545 T
when the field is applied parallel to the b-axis. The spin
chain system Rb,Mn3(MoOy);(OH),, similar to BeCr,Oq,
shows two nearby magnetic anomalies in magnetic suscep-
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of magnetization isotherms.

tibility and specific heat [58]. Magnetic susceptibility of this
compound revealed anomalies at 4.7 and 3.2 K, while a fur-
ther low-temperature kink was seen in specific heat at 2.6 K
indicating a possible change of magnetic structure. A signif-
icantly high degree of frustration was seen in the compound
with f = 24. Fe,0(Se03); is another sawtooth lattice system
with a relatively high-temperature transition at 120 K [36]. A
single-phase transition peak is observed with low-temperature
susceptibility nearly saturating, indicating antiferromagnetic
correlations being present. A spin-flop transition, common
to the sawtooth systems, is indicated to be present at low
applied fields, and, similar to the atacamite, ferromagnetic
correlations are also speculated to be present. Hence we see
a gradual trend, with some exceptions, of increasing phase-
transition temperature with increasing value of spin as we look
at sawtooth systems made up of Cu, Cr, Mn, and Fe spins.
Common to all these systems is the presence of spin-flop
magnetization transitions and plateaus at high fields.

C. Specific heat and the H-T phase diagram

The specific heat C,,(T') of BeCr,O4 presented in Fig. 3(a)
shows three prominent phase transitions at 7.5, 25, and 26 K
thereby confirming the magnetic phase transitions at Ty,
Tn2, and Ty; previously seen in the magnetic susceptibility
of the compound. The plot of C,(T) versus T? shown in
Fig. 3(a) highlights the anomalies at Ty, Ty2, and Ty3, which
are more pronounced peaks than in the magnetic suscep-
tibility curves, Fig. 2(a). The curves of total specific heat
of BeCr,04 and that of the nonmagnetic analogous com-
pound BeAl,Oq4, measured in the range 2-320 K, are shown
in the inset of Fig. 3(a), plotted as C,(T) versus T, in
logarithmic axes. The C,(T') of BeAl,O4 was used as the
phonon analog to be subtracted from that of BeCr,O4 in
order to obtain the magnetic entropy of Cr’* moments as
9 J mol 'K~! at 27 K. Assuming S = 3/2 for Cr*", the

spin-only contribution to magnetic entropy can be estimated
using the expression 2R In(2S 4+ 1) = 23 I mol ' K~'. A
curve fit according to the Debye model to the full temper-
ature range of total specific heat of BeAl,O4 resulted in
the estimation of the Debye temperature 6p (BeAl,O4) =
992.01(1) K. The reported Debye temperatures of BeAl,O4
and BeO are 1096 and 1280 K, respectively [23,59]. The De-
bye temperature we obtained is close to the value obtained by
analyzing the low-temperature specific heat of BeAl,O4 using
the expression Ciow = T + ,BT3 + yT5, where «, 8, and y
are fitting parameters. The temperature range 2—100 K was
used for the low-temperature fit, and a value of 8 = 1.63 x
107> Jmol~! K~* was obtained. The Debye temperature was

estimated using the expression 6p = (12’5’—7;41?) =941.13(2) K,
where p is the number of atoms in the formula unit and R
is the universal gas constant. Due to the presence of mul-
tiple low-temperature anomalies in BeCr, Oy, an analysis of
specific heat using the 73-law was not feasible. We applied
the molecular mass correction for the Debye temperature fol-
lowing [MV?3021(BeAl,04) = [MV?/631(BeCr,0x), where
V is the unit-cell volume, to obtain 6y (BeCr,04) = 770 K.
The total specific heat of BeCr,O4 was fitted with the Debye
model [60] for phonon-specific heat, which leads to a Debye
temperature p (BeCr,04) = 847 K.

The phase transitions at Ty;, Ty, undergo appreciable
changes with the application of external magnetic fields to
a value up to 70 kOe. It can be seen from Fig. 3(b) that a
magnetic field of 50 or 70 kOe smoothed the twin peak near
Ty, and Tys, but they are shifted towards low temperatures
very slightly. The signature of Ty is indicated by the arrow in
the figure where a change of slope is visible. A magnetic-field
temperature (HT) phase diagram of BeCr,;Q4, presented as
Fig. 3(c), was constructed from the phase-transition points
obtained from the derivatives of magnetic susceptibility and
specific-heat curve. The phase diagram and the magnetic
properties deduced from the bulk physical properties measure-
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FIG. 4. A color map of temperature evolution of diffraction patterns of BeCr,0O, as a function of d-spacing. Magnetic phase transitions,
at approximately Ty, 3 (top horizontal dashed line) and Ty, (bottom horizontal line), are discernible with the appearance of additional Bragg

reflections.

ments can be summarized as follows. At temperatures above
~30 K, BeCr,0y4 is paramagnetic. When the temperature is
reduced below 30 K, three magnetic transitions are observed
with peaks at temperatures Ty3, Tyz, and Ty; (Tyz > Ty >
Ty1). The double-peak high-temperature transitions (73 and
Tn2) occur within 1 K, and the magnetic state below these
transitions is designated in our HT phase diagram as AFM
2. Further, below Ty, we propose another antiferromagnetic
phase AFM 1. The microscopic nature of the magnetic order
in the narrow temperature region between 7y3 and Ty, and be-
low Ty, has yet to be determined. In the subsequent sections,
we will show results from neutron diffraction experiments to
probe the magnetic structures of AFM 1 and AFM 2.

D. Neutron diffraction: Noncollinear magnetic structure

Based on the results of our magnetization and specific-heat
measurements presented in the previous sections, three mag-
netic phase transitions are identified in BeCr,Oy4 at Ty, Tyo,
and Tys. To elucidate the microscopic lattice and magnetic
ordering at different temperatures, we performed neutron
powder diffraction experiments in the range 2-295 K. The
combined diffraction data obtained at several temperatures are
presented in Fig. 4 in the form of a color map of the diffracted
intensity, plotted as a function of temperature and d-spacing in
the range 2.9-5.4 A. Distinct transitions are discernible with
the appearance of new Bragg reflections at ~26 and ~7 K.
Two horizontal dashed lines are marked in Fig. 4 to indicate
the temperatures below which additional Bragg reflections
are observed. The top line (marked as 7> y3) is close to the
transitions Ty3 and Ty,, while the bottom line corresponds
to the transition at Ty;. Due to the lack of finer temperature
steps in the current neutron data, the magnetic ordering in
the temperature range Tysz > T > Ty, [the hashed region in
Fig. 3(c)] could not be resolved from our neutron powder
diffraction measurements, so the phase transition around this
temperature region is indicated as Ty, n3 in the following
section.

The neutron diffraction pattern collected at 7 = 295 K
was refined using the orthorhombic structure model (space
group Pbnm) obtained from our x-ray diffraction data anal-
ysis. The lattice parameters obtained from the refinements are
a=9.840(1)A, b =5.693(7)A, and ¢ = 4.577(4)A. These
values are slightly different from the unit-cell parameters
determined using synchrotron x-ray diffraction experiments

presented earlier, but they are in general agreement with
the earlier reports [46]. The refined fractional coordinates at
295 K are comparable to the values obtained from the refine-
ment of the synchrotron x-ray data given in Table I.

In Figs. 5(a)-5(c) we present the neutron powder diffrac-
tion patterns of BeCr,O4 collected at three exemplary
temperatures, 30 K (paramagnetic), 10 K (Ty; < T < Tya.n3),
and 2 K (T < Ty), along with the Rietveld refinement results
of nuclear and magnetic structures. At 30 K, which is slightly
above Tys, the diffraction pattern shows purely nuclear con-
tributions, as can be seen from Fig. 5(a). At 10 and 2 K,
the strong magnetic Bragg peak at d = 10A is a conspicuous
feature in the diffractograms; see Figs. 5(b) and 5(c). The
low-temperature diffraction data below Ty, y3 were refined
using the magnetic superspace group approach [61]. Starting
with the parent crystal structure (Pbnm), the magnetic modu-
lation is found to be incommensurate with a modulation vector
k; = (0,0,0.090(1)) in the temperature range Ty; < Tyo n3-
At 2 K, in addition to the aforementioned reflections, a new set
of reflections appear that can be indexed with a modulation
vector (0.5, 0.5, 0.0) with the parent setting. The magnetic
structure below Ty; was refined using a superspace group
approach by using a larger monoclinic supercell (Table III).
With this approach, all the magnetic reflections could be in-
dexed with a single modulation vector k, = (0, 0, 0.908(1)).
The best fits to the experimental data were obtained with the
magnetic superspace groups P21nm.1'(00g)0s0s at 10 K and
P21/a.1'[a](00g)00s at 2 K. The modulated unit-cell param-
eters are given in Table III. The resulting magnetic supercell
is pictorially represented in Figs. 5(d) and 5(e) as projections
along the ac plane at 10 and 2 K, respectively. The Cr** spins
form a cycloid with the periodicity extending to about 65 A.

IV. DISCUSSION

Several types of magnetic ordering can lead to the devel-
opment of ferroelectric polarization in type II multiferroics
[62,63]. Cycloidal, conical, screw, collinear antiferromag-
netic, and weak ferromagnetic order are all known to
result in nonzero electric polarization. TbMnO3;, DyMnO;,
MnWO,, CuO [9,64-66], CoCr,04, ZnCr,Ses [67,68],
CuFeO,, CuCrO, [69,70], DyMn,Os [71], DyFeO;, and
GdFeO; [72,73] are examples of compounds that display the
different types of magnetic order mentioned above and con-
sequently develop electric polarization, either spontaneously
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FIG. 5. Time-of-flight neutron diffraction data of BeCr,Q, at three different temperatures are shown along with Rietveld refinement results
at (a) 30 K (T > Ty3), (b) 10K (Tyy < T < Tya.n3), and (c) 2 K (T < Ty). Best fits to the experimental data were obtained for the superspace
group P21nm.1'(00g)0s0s at 10 K and P21/b.1'[b](00g)00s at 2 K. The insets show a section of diffraction pattern where few additional Bragg
peaks are observed compared to the 30 K data. Arrangement of Cr** spins viewed along the b direction at (d) 10 K and (e) 2 K.

or with the application of an external magnetic field. When
the spins in a crystal lattice form a cycloidal modulation
along a crystallographic direction, a macroscopic polarization,
P=a)e ;X (8; x §}),1s generated, where a is determined
by spin-orbit coupling, exchange, and spin-lattice interactions,
and e;; is the unit vector connecting the neighboring spins S;
and S;. This type of polarization can be explained using the
spin-current model or the Katsura-Nagaosa-Balatsky model
[20], which is derived from an inverse Dzyaloshinskii-Moriya
model [21].

Perovskite manganites were the first to be studied from the
perspective of cycloidal spin order. For example, in TbMnOj3
the Mn>* spins undergo a collinear sinusoidal antiferro-
magnetic order below Ty ~ 41 K with a wave vector k =
(0, kg, 1) in Pbnm space group [9]. The value of incommen-
surate wave vector k, at Ty was found to be 0.295, which
gradually evolves with decreasing temperature, reaching the
value of 0.28 at 30 K, and it remains constant below this
temperature. BeCr,O4 orders at a temperature similar to that
of TbMnO3 in which the Mn** spins lock in at the commensu-
rate value of k. In BeCr,O4 we find that the modulation vector
is (0, 0, 0.090(1)) with the Pbnm space group in the tempera-
ture range 26-7.5 K, and it changes to (0, 0, 0.908(1)) below
7.5 K with a larger monoclinic supercell. Although they have

some similarities, TbMnO3 and BeCr,0O4 have different mag-
netic lattices; the former has a three-dimensional magnetic
lattice, while the latter possesses a quasi-two-dimensional
sawtooth structure. Sawtooth multiferroics are very rare in
the literature and thus only seldom investigated. An excep-
tion is the well-studied compound Mn,GeQy4, which also has
an olivine-based crystal structure [33]. This compound ex-
hibits successive magnetic phase transitions at Ty; = 47 K,
Tyo, = 17 K, and Ty = 5.5 K similar to BeCr,Oy4, which also
shows three anomalies below 30 K. A substantial amount
of lattice distortion was found at the transition temperatures
in Mn,GeO4 where Mn?* spins form sawtooths along the b
axis. Different from the cycloidal order in the classic exam-
ple of TbMnO; or in BeCr,04, a commensurate magnetic
order with modulation vector k = (0, 0, 0) is established in
Mn,GeQO, at high temperatures, which then transforms to
a multicomponent magnetic structure when combined with
an incommensurate ordering vector (0.136(2), 0.211(2), 0)
at low temperature. The spontaneous polarization developed
in these compounds is ascribed to an incommensurate spiral
order. BeCr, 0y, although a sawtooth latticelike Mn,GeOy, is
found in the present work to adopt an incommensurate mag-
netic order below the magnetic phase transition temperature
at ~26 K. The propagation vector of k = (0, 0, 0.090(1))
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TABLE III. Structural data of magnetic unit cell of BeCr,0, at 10 and 2 K, obtained from the Rietveld refinement of neutron diffraction

data shown in Fig. 5.

Temperature (K)

10

2

Modulation vector (k)
Superspace group

Lattice parameters

(0,0, 0.090(1))
P21nm.1'(00g)0s0s

(0,0, 0.908(1))
P21/a.1'[a](00g)00s

a(A) 4.6812(3) 9.3320(7)
b(A) 10.0581(1) 11.0577(8)
c(A) 5.8076(1) 5.7885(4)
v (A3) 273.45(1) 541.5(1)
y (deg) 90 114.956(2)
Atomic positions
x/a 0 0
Crl y/b 0 0
z/c 0 0
x/a 0.508(1) -0.5
Cr2 y/b 0.224(1) -0.5
z/c 0.75 0
x/a —0.489(1) —0.123(1)
Cr3 y/b —0.235(1) —0.771(1)
z/c —0.75 0.75
x/a —0620(1)
Cr4 v/b —0.267(1)
z/c 0.75
R-factors
Rops 3.84 4.64
WRbs 5.08 6.88

remained a constant down to 7y;. The arrangement of Ccrt
spins at the lowest temperature of our study is shown in
Fig. 5(d).

Multiple nearby magnetic transitions are similarly ob-
served in another sawtooth lattice multiferroic, Cus;Nb,Og
[74]. Very similar to BeCr,04, Cu3Nb,Og also shows a double
peak in the specific heat [74]. This compound crystallizes in
centrosymmetric triclinic symmetry, P1, but orders magnet-
ically at 26 K and develops electric polarization stemming
from the cycloidal magnetic order at 24 K. The magnetic order
in the polar phase of Cu3;Nb,Og has a propagation vector
of k = (0.4879, 0.2813, 0.2029). An electric polarization of
magnitude 17.8 £Cm™~2 is observed almost perpendicular to
the plane of rotation of the spins. This is in contradiction
with the model predictions for electrical polarization in cy-
cloidal multiferroics that should be contained within the plane
in the case of coplanar spins. In the high-symmetry general
cases, where the polarization is developed as a result of the
DM interaction, the polarization develops in a direction per-
pendicular to both the magnetic propagation vector and the
normal to the plane of rotation of the spins [22]. Contrary
to the predictions for the cycloidal magnets, the polarization
in Cu3Nb,Og lies perpendicular to the plane of the magnetic
moments. This is explained as due to the coupling between a
macroscopic structural rotation and the magnetically induced
structural chirality [74]. These examples imply that a closer
and more detailed understanding of the structural distortions

and rotations in sawtooth magnets, like BeCr,Qy, is extremely
instructive.

The multiple phase transitions observed in BeCr,Oy4 at low
temperature lead to a slightly more complex magnetic-field—
temperature phase diagram compared to that of atacamite
Cu,CI(OH)3, which also exhibits a sawtooth arrangement of
spins [35]. The H-T phase diagram of this atacamite was
determined up to high magnetic fields, up to 600 kOe. A
complex magnetic phase evolution is seen in single-crystal
samples of atacamite, where at 315 kOe, the magnetization
isotherms attain a plateau. Interestingly, this plateau is argued
not to be related to the magnetization plateau predicted in the
magnetization of a spin-half sawtooth lattice, that is, the A
chain [25]. Below the antiferromagnetic anomaly observed in
the atacamite at 8.5 K, the compound enters a magnetically
ordered state with a propagation vector equal to (1/2,0,1/2). It
can be pointed out here that a weak low-temperature anomaly
is observed in the specific heat of atacamite at approximately
5 K. This indicates a complex low-temperature magnetic
phase, similar to what we are reporting here in the case of
BeCr,04. Moreover, a small value of magnetic entropy equal
to 0.65R In(2) is observed in atacamite at the transition tem-
perature, hinting at the importance of the role of magnetic
frustration. Judging from the magnetization curves presented
in the current work on polycrystalline samples, it is clear that
BeCr, 04 displays magnetic-field-dependent phase transitions
below Tys. Experiments on single crystals are essential to
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reveal anisotropy effects in the magnetic response as well
as the type of magnetic ordering in the temperature range
Tys > T > Ty,. High-magnetic-field response, in the range of
600 kOe or more, will be beneficial to examine if a magne-
tization plateau is also present in BeCr,Oy, and if so, how
it compare with atacamite. Thus it is our immediate plan to
investigate the high-field magnetic response of the magnetic
structures of this compound using neutron diffraction exper-
iments on large single crystals. Definitely, a comprehensive
characterization of the electrical polarization and magneto-
electric effect in BeCr,O4 is highly warranted to explore
multiferroicity in sawtooth lattices.

The bond angle Cr—O—Cr determined for BeCr,0y is con-
ducive for strong a superexchange mechanism between the
Cr moments. Strong superexchange is known to be influen-
tial in bringing about induced multiferroicity in compounds
like CuO and BiFeO; [66,75]. The systematic correlation
between the Cu—O—Cu bond angle and the magnetic exchange
interaction J is understood in the cuprates [76]. The impor-
tance of superexchange interaction in multiferroic compounds
is highlighted in recent studies on the popular multiferroic
compound BiFeO; [75]. The stereochemical activity of Bi’s
lone pair electrons alone cannot explain the observed elec-
tric polarization of BiFeOs. It is proposed that the Fe 3d
orbitals render the compound a charge-transfer insulator, and
the Fe—O-Fe superexchange enhances the developed electric
polarization. The validity of this mechanism in the present
compound BeCr,04 and the extent to which it enhances the
electric polarization remains to be investigated in detail.

V. CONCLUSIONS

Our study reveals multiple magnetic phase transitions
in BeCr,04 present below 26 K, which is identified as the
magnetic phase transition temperature of this compound.
A double-peak feature is observed (25 and 26 K) in the

physical properties of BeCr,O4. The magnetic-field—
temperature phase diagram indicates two antiferromagnetic
phases, with possibly a complex phase region between the
double-peak transitions. A noncollinear magnetic structure is
estimated at low temperature for BeCr,O4 which supports the
development of electric polarization through breaking of the
inversion symmetry upon establishment of magnetic order. A
reinvestigation of low-temperature magnetic phases, electric
polarization, and high-magnetic-field responses of BeCr,O4
will be highly rewarding in the future.
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