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Magnetic and structural phase transitions of multiferroic boracites M;B;0,3 X
(M = 3d transition metal Cr-Zn or Mg; X = halogen Cl, Br, I)
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The specific heat capacity of mostly single-crystalline samples of 21 boracite compounds M3B;03 X with M a
3d transition metal (Cr, Mn, Fe, Co, Ni, Cu, Zn) or Mg and X a halogen (Cl, Br, I) is determined. In combination
with magnetic susceptibility data the magnetic ordering of the M>* ions at Ty is investigated in detail. The fully
ferroelectric/fully ferroelastic structural phase transitions at higher temperatures are measured by differential
scanning calorimetry. In the Cr-Br, Cr-1, Cu-Cl, and Cu-Br compounds, previously unknown magnetic phases were
found. Magnetic order in the boracites is characterized by the quantum and classical spin states of the M>* ions,
a variable degree of structural distortion, orbital effects, and competing exchange interactions. The Cu-Cl, Cu-Br,
and Ni-Cl boracites exhibit broad maxima of magnetic specific heat and of magnetic susceptibility above Ty
caused by low-dimensional or frustrated magnetic interactions. Co boracites display additional broad anomalies
below Ty originating from continuous spin reorientations and effective S = 1/2 ground states. Indications for
spin reorientations are also observed for Fe boracites. New phases appear in high magnetic fields for some Co and
Fe boracites, which is not the case for the Mn compounds. Stronger magnetic frustration is deduced for the cubic
Cr compounds. For the latter compounds and Ni-I boracite magnetostructural phase transitions are observed.

DOLI: 10.1103/PhysRevB.91.184411 PACS number(s): 75.40.Cx, 77.84.—s, 75.80.4+q, 61.50.Ks

I. INTRODUCTION

In 1787, a new mineral, “cubic quartz” from Liineburg
in northern Germany, was described [1], which little later
turned out to be a magnesium halogenoborate and baptized
“Borazit” by Werner [2,3]. Its most peculiar physical property,
“electricity” (pyroelectricity), was discovered already in 1791
by Haiiy [4]. Boracite was among the minerals for which
piezoelectricity was originally described [5]. The boracite
family of compounds [6] comprises today a great variety
of synthetic homologues [7-11] as well as a number of
minerals [12-17].

The magnesium and 3d-transition-metal boracites are
compounds with the general formula M3;B;03X, where M
stands for the divalent cation of Mg, Cr, Mn, Fe, Co, Ni, Cu,
Zn, and Cd, and X for the monovalent anion of OH, F, Cl, Br,
I, or NOjs. If the monovalent anion is replaced by the divalent
anion of the chalcogenides Q = S, Se, or Te, the structure is
characterized by oxygen vacancies, resulting in the formula
M3B70]3_5Q [18] The Li4B70]2X (X = Cl, BI', I) [19]
and LisB70;, QO compounds have structures closely related to
the M3B;03X boracites. Whereas the Li-X compounds are
ionic conductors, the Mg and transition-metal oxoboracites are
transparent insulators. Recently, the synthesis and properties
of new Fe-OH boracites have been reported [20-22].

Following the discovery of simultaneous ferroelectricity
and weak ferromagnetism in nickel iodine boracite Ni3B;031
[23-25]—the first material in which the spontaneous magne-
tization was switched by an electric field and the spontaneous
polarization by a magnetic field—the group of 3d-transition-
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metal boracites has attracted particular interest in the past fifty
years. The major reason was that in 1894 P. Curie conjectured
on symmetry grounds that materials might exist which could
be polarized electrically by means of a magnetic field and
magnetized by means of an electric field [26]. It took more than
fifty years until such effects were indeed found in crystals (for
overviews see Refs. [27-40]). Today, essentially three kinds
of such effects are distinguished in single phase materials, all
of which are for symmetry reasons allowed in the ferroelectric
(FE)/ferromagnetic (FM)/ferroelastic (FEla) phases of the
M -X boracites [36,41].

(1) The linear magnetoelectric (ME) effect, characterized
by the term «; E; Hy in the free enthalpy, and permitting the
induction of a polarization P by means of a magnetic field
H, P, = ay; H; (MEy effect), or of a magnetization M by
means of an electric field E, M, = a; E; (M E g effect). For
definitions, units, techniques, and information on the tensor
o, we refer to Refs. [36,42—44].

(2) The bilinear ME effects, characterized by the terms
%,BijkEiHij and %VijkI-IiEjEk of the free enthalpy, per-
mitting, for example, the induction of a polarization P, =
%,Bk,- H; H; proportional to H?, or the induction of a magneti-
zation My = 1yy;; E; E; proportional to E* [42].

(3) The switching by reorientation of the spontaneous
magnetization M; by means of an electric field and the 180°
switching or reorientation of the spontaneous polarization P}
by means of a magnetic field. These two mutually converse
effects require ferroelasticity in addition to simultaneous
ferroelectricity and ferromagnetism. Ni-I boracite is so far
the only boracite compound on which these effects have
been demonstrated experimentally [23,24,45], but in many
other M-X boracites these effects are symmetry-allowed,
too [41,46] (cf. Table I).

©2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.91.184411

PHYSICAL REVIEW B 91, 184411 (2015)

WALTER SCHNELLE AND HANS SCHMID

“PIMO[[e AIIOIPIOIOIONId],
“PAMO[[e 10U AJIOIPIOIOIOLIS
", L gy 0} SUTILIOJSUR) 210§9q $3s0dwi0ddp x -y punodwod ayy asnedsq dnayrodAy Auo st jucy, adKrojoad ayy,,

d-UZ A/HO-3IN g Juigy

«(HO)d-0D N7 ug [Lucy

()1g-od oM g [Jcuu Juley

(@)1D/1-24 ‘10-0D o g Ju Juiut Juey

[D-uZ Jug Jul Jouut \—Sm._lu

*ON-D ‘T-UN qC, W u [Jcuu Juley

DD oM g [Jcuiut Jqucy Juey

19/10-1D q M g [Jcuu Juey

I1d-IN ol S [Jcuut Juley

*ON/I/1d-0D AL Juiut Juey

FON/ID-IN

*ON/1/19/1D-PD

«*ON-UZ ‘1/1g-UZ [Jcuu Juey

(113N
"IN oM /1 Sm._lu
Igte) (1-1D pue 1g-1D 01 snoJofeue K[qeqoid ‘umouy 3194 jou (s)uonisuen aseyd) Lugy
Vo1 (5 V1 My

@112 *()1d-1D 10 gy Juey

FONIOHO‘T99‘IDA=X [y [enaed 1y [enaed WAV onougewerp Jo -ered WAV ‘ugewelp Jo -ered

suoI [ejow-p¢ 10 pD ‘SN = W (JAH) oneuSeworoy adKyoy01d

X - spunodwod 9)10810q (B[E]) ONISe[01IR) [[NF / (F]) JI1I09[01Idf [[Ny HieRRIL! omooaered
JTUT[OIN) JTUT[OOUOW JIqUIOYIOY}IO0 [eIPOUYOqWIOYI  OMUI[OOUOW  JIqUOYIOYI0  [euoSerno) o1qNnd

‘pa3eSnsaAUl Uadq 394 jou sey [-nD Jo aseyd onouSew oy, "payLIaA 14 jou Inq ‘9[qeqoid st dnoi3 jurod onouSewr uAIS 9y} Jeyl sueow X -y uonisodwos 19ije (()
"ONSB[R0IIRJ = B[ ‘OLIIO9[Q0IIR) = H,] ‘OneuSewoljnue = AV ‘ONouIewond) = JA] 1opIo 11y Jo axe saseyd onjoudewerp Jo -eied uaom1aq asoy) “I9pIo puodas jo aIe saseyd orjousew
u29M12q 10 0) suonIsuel) [[y ‘sjoquis dnois jurod AoyIuqnyS-yoseay ur uaald are saseyd oy, (X-/) X 'OLGEN sorIoq ul 2ouanbas aseyd paarasqo jo sadAy juareyiq 14 T1dVL

184411-2



MAGNETIC AND STRUCTURAL PHASE TRANSITIONS OF ...

In addition to these ME effects, a spontaneous toroidal
moment T; is allowed in several magnetic phases of the M-X
boracites (see Table I). For reviews on toroidal moments
see Refs. [47-51] and for a thorough theoretical analysis
Ref. [52]. There exist 31 Heesch-Shubnikov point groups
allowing a spontaneous polarization P; (a polar vector), 31
a spontaneous magnetization M; (an axial vector), and 31
a spontaneous toroidal moment 7;°, an axio-polar (time-odd
polar) vector [53]. Among the 13 groups allowing both P; and
M?,9allow T}, too. Because many ferroelectric/ferromagnetic
phases of boracites belong to groups permitting 7;°, they are
candidates of utmost interest for the study of this so far
little known axiopolar vector moment in crystals [54—59]. The
additional occurrence of ferroelasticity, characterized by the
symmetrical second rank tensor spontaneous deformation *¢;,
requires a nonequiphase transition from the high-temperature
prototype phase to a ferroic phase.

The scientific importance of the 3d transition-metal bo-
racites also resides in the fact that several magnetically ordered
phases of which represent ideal multiferroic model substances
with the highest possible number of primary ferroic properties.
Multiferroics [37,38,60-65]—a field of condensed matter
physics which has seen a vigorous resurgence of interest in
the last decade [64]—were originally defined as materials
allowing the simultaneous presence in the same phase of two
or more of the primary ferroic properties: ferroelectricity (FE),
(weak) ferromagnetism (FM), and ferroelasticity (FEla) [41].
Later, ferrotoroidicity (FTo) was proposed as a fourth primary
ferroic [34,36,47,50], characterized by a toroidal moment
changing sign both under space and time reversal. According
to a recent classification of multiferroics [65], comprising also
antiferromagnetic ferroelectrics, boracites belong to type-I,
i.e., polarization and magnetic order are of different origin (nu-
clear structure/spin structure), whereas in type-II multiferroics
they are of same origin (spin structure only), leading to strong
mutual coupling. In a variety of boracites and with different
magnetic point groups (1, m, m’, m'm2’), all four primary
ferroic properties are allowed in the same phase (see Table I)
and give rise to different cross-couplings. The symmetry
properties of such materials can be classified following
Ascher [23,53] using the parity operations of space and time,
i.e., with respect to the four irreducible representations of
the dihedral group 11’ of order four (generated by 1 and 1),
corresponding to identity E, space inversion 1, time reversal
1" and the product of both 1’ (Table II).

Ferrotoroidic domains [58] and their particular walls [59]
have been predicted for boracites, however, it has been
shown that such domains are necessarily always (weakly)
ferromagnetic or antiferromagnetic, thus a new, independent

TABLE II. The four types of spontaneous primary ferroic
quantities under the parity operations of space and time (see also
Refs. [40,47,50,53,66,67]).

E 1 I 1" spontaneous quantity ferroic order

1 1 1 deformation “¢;; ferroelasticity (FEla)
1 -1 1 —1 polarization *P; ferroelectricity (FE)

1 1 —1 —1 magnetization *M; ferromagnetism (FM)
1

toroidal moment *7;  ferrotoroidicity (FTo)
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type of domain is not created [40]. This is corroborated by
the fact that when extending Aizu’s concept of species of
phase transitions [68] to ferrotoroidicity, the total number
of species does not increase [69]. Consequently ferromag-
netic/ferrotoroidic domains can be revealed, e.g., by spon-
taneous Faraday rotation (e.g., on Co-I) [40] and nonlinear
optical effects [38]. In the polar, ferrimagnetic Ga,_,Fe, O3,
which has the same orthorhombic magnetic point group as
several boracite compositions, the presence of a toroidal
moment has been evidenced by a toroidal component of the
linear ME effect [70]. Therefore it is likely that boracites
will also show toroidal components of their spin structure.
FE domain walls can give a noteworthy contribution, e.g., to
the specific heat [71]. A high density of the very similar FEla
walls can therefore also be expected to give contributions of
the same order of magnitude. Analogously, anti-phase domain
walls, FM, AFM, and FTo domain walls can be expected to
give contributions, too. However, no experimental evidence
has so far been reported nor obtained in the present study.

Nearly all M-X boracites are characterized by a sequence
of structural phase transitions (PTs) from a cubic high-
temperature (prototype) phase to FE/FEla phases, which order
magnetically at low temperatures. Table I gives an overview
of the various types of observed phase sequence, the phases
being indicated in Heesch-Shubnikov point groups, and in
Table III of Ref. [72] (containing Refs. [73—123]), the values
of the transition temperatures and the magnetic space groups
are collected.

The investigation of the low-temperature phases of bo-
racites is a formidable task. Several methods are hampered
by the presence of FE/FEla domains in the crystals. In
cooling through the cubic — orthorhombic PT up to six
such domains may be generated. Most crystal symmetry
information therefore was obtained from optical studies on
microscopically small single domains, prepared by in situ
application of electrical fields or of uniaxial stress. In order to
perform reliable structure refinements from x-ray diffraction
data either single domain crystals have to be prepared (or need
to be found) or one has to resort to powder methods. For a
small number of distorted boracite phases the complete crystal
structure including atomic positions is known. Moreover, the
unit cells of boracite phases are large. They contain four
formula units (96 atoms) with three inequivalent metal sites in
the orthorhombic cells and twice as many in the cubic phases.
Investigations of the magnetic structure by powder neutron
diffraction have been done for a few species only since large
samples with ' B isotope are required.

Here, we present the results of a study of the low-
temperature properties and of the magnetically ordered phases
of 21 M-X boracite species by heat-capacity and magneti-
zation measurements on multidomain crystals. The thermal
properties at the FE/FEla structural PTs are also investigated.
Our findings are discussed in conjunction with published
phase symmetry information. Specific heat data have been
reported for only few boracite species [76,124,125] while
phase diagrams of boracites in high magnetic fields have not
been explored at all. Here, we studied specific heat in fields up
to 140 kOe [126] and find that the M-X boracites display
a wealth of interesting magnetic phases. The compounds
of the series feature both quantum spin (Cu*", Ni*") as
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well as classical spin (Mn>') systems. The behavior of
several boracites shows the influence of low-dimensional and
frustrated magnetic exchange interactions of quite different
origin. This is due to the widely variable degree of structural
distortion found in these compounds. We here refrain from
analyzing these interactions further, which is a future task
for the more interesting boracite species. Instead, the work is
intended to provide an overview on the relationship of structure
and magnetism in the series.

The paper is organized as follows. In Sec. II, we describe
our samples and measurement methods and an introduction to
the crystal structure of the boracites is given in Sec. III. The
methods for the analysis of the specific heat data are outlined
in Sec. IV. Section V is devoted to results on nonmagnetic
Mg-Cl and Zn-X (X = Cl, Br, I) boracites. In Secs. VI-XI,
the data for Cu, Ni, Co, Fe, Mn, and Cr-X boracites discussed
in detail. We close with a discussion of the dependence of the
magnetic properties on the crystal structure (Sec. XII) and the
summary and outlook.

In Ref. [72], our results on the structural PTs are presented.
These PTs occur at temperatures well above the magnetic
ordering, except for the boracite species in which coupled
magnetostructural PTs are observed. The dependence of the
transition enthalpy from the type of the structural changes and
the influence of growth sectors on the cubic <> orthorhombic
PT are discussed.

II. SAMPLES AND METHODS

The Mg-Cl and the M-X boracites were synthesized by
chemical transport reactions [99,100]. The samples used
for the magnetization and calorimetric measurements were
intensely colored (apart the Mg-Cl and Zn-X species) mul-
tidomain crystals of largely varying size and shape (for details
see Table I of Ref. [72]).

The isobaric molar heat capacity c¢,(T) of the samples was
determined in different calorimeters as described in Sec. I
of Ref. [72]. Depending on the mass of the crystals and the
type of the calorimeter, one or few well-formed specimens
were selected for the measurements. Thermodynamic standard
values (enthalpy and entropy at 298.15 K) are important for
modeling of chemical transport reactions. Thus they may be
useful for an optimization of the synthesis of boracite crystals.
For the calculation of these values (Table II of Ref. [72]), data
from all calorimetric measurements were combined.

The magnetization was measured in a SQUID magnetome-
ter (MPMS-XL7, Quantum Design) from 1.8 to 400 K. A few
smaller crystals were oriented randomly in the sample holder.
Magnetization was recorded both in field-cooling (fc) and in
warming after zero-field cooling (zfc). The magnetic fields H
are nominal values [127].

III. CRYSTAL STRUCTURE OF BORACITES

Due to the formation of FE/FEla domains the full crystal
structure of many boracites at low temperatures remains
unknown up to now. However, for a first interpretation of
the magnetic ordering phenomena, the knowledge of the point
groups of the structure is sufficient. As an example of the basic
structural motif of a cubic and of an orthorhombic boracite

PHYSICAL REVIEW B 91, 184411 (2015)
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FIG. 1. (Color online) Simplified representation of the crystal
structure of a cubic boracite (Cu;B;0,3Br, space group F 43¢) [128].
Boron and some oxygen atoms are omitted for clarity. Chains of
elongated CuO,4Br; units (yellow) run along the linear Cu—Br chains
in all three cubic space directions.

structure simplified representations of the Cu-Br [128] and
of the Ni-Cl boracite [129] structure are given in Figs. 1
and 2. The transition-metal ions are surrounded by four
close oxygen ions (M —O distance typically 200 pm). These
MOy, plaquettes deviate significantly from planarity (see, e.g.,
Ref. [130]) in both the cubic and noncubic phases. The MOy
unit and especially the B-O network in boracites are relatively
rigid [130] and the lattice parameters are therefore determined
by the weaker metal-halogen bonds and thus by the ionic
radii of the M and—to a lesser extent—of the X species.
This is demonstrated in Fig. 3, where the (quasi)cubic lattice
parameter a of the boracites is plotted against the ionic radii
(IR) of the M** cations. a is linearly dependent on the IR of

FIG. 2. (Color online) Simplified representation of the crystal
structure of an orthorhombic boracite (NizB;0,3Cl, space group
Pca2l) [129]. Boron atoms and some oxygen atoms are omitted
for clarity. Non-planar NiO, plaquettes are oriented perpendicular to
corrugated chains (magenta) with short-long-short-long Ni—Cl bonds.
Three NiOy4 plaquettes share a common Cl atom (red polyhedra)
through short Ni—C1 bonds.
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FIG. 3. (Color online) Cubic or quasicubic lattice parameter a at
room temperature of the M-X boracites (M-Cl: o; M-Br: +; M-1: )
plotted against the effective ionic radii of the M>* ions (coordination
VI, high-spin state) [134]. The dashed line is a linear fit to the data
where Cu-X and Cr-X boracites were excluded (see text). References:
Mg-Cl [135]; Mg-Br [136]; Mg-I (no value known); Cr-Cl [137];
Cr-Br [130]; Cr-1 [138]; Mn-Cl1 [139]; Mn-Br [140]; Mn-I [131]; Fe-
Cl1[141]; Fe-Br [142,143]; Fe-1[144]; Co-Cl, Co-1[99]; Co-Br [129];
Ni-Cl [129]; Ni-Br [145]; Ni-I [146]; Cu-ClI [99]; Cu-Br [128]; Cu-
1[147]; Zn-C1[142]; Zn-Br, Zn-1 [99]; Cd-Cl1 [148]; Cd-Br, Cd-1[99].

the M>* ion, except for the Jahn-Teller ions Cr** and Cu**.
The lattice parameter a increases with the halogen X in the
order Cl, Br, I. For the 3d-metal boracites, a varies between
1.1935 nm for Cu-Cl [99] and 1.2349 nm for Mn-I [131], i.e.,
only by about 3.5%.

Along the a, b, and ¢ axes the MO, plaquettes are aligned
on M-X chains. In the cubic phase these chains are linear
with equal M-X distances and the two different orientations
of the MO, plaquettes alternate. Together with the X ions
the plaquettes form a three-dimensional network of MO4X>
units (Fig. 1). The magnetic M>* species occupy only one
Wyckoff site 24c¢. In the orthorhombic phases three 4a sites
are occupied by the M cations and the bonding distances follow
a X-M—X-M—X short-long-short-long sequence. Figure 4
displays the averaged short, long, and the overall average M-X
distances for the M-X boracites where the noncubic crystal
structure is known. The differences between these averaged
short and long M-X distances, (A[M-X]),y, vary in the wide
range from 20 pm (Mn-I [131], Cr-Cl) [132] to 103 pm (Zn-
Cl [94], Ni-Cl) [129]. For the individual M-X boracite this
difference gives an indication of the amount of distortion away
from the cubic structure. For some boracites these distortions
are so strong that the coordination environment of the M>*
ions degenerates to a distorted pyramid (441 coordination).
This is illustrated for Ni-Cl boracite in Fig. 2, where the M —O
bonds are on average 202 pm and the average short M-X
bond is only 250 pm. For a given transition metal, the chlorine
compound shows the largest distortion, viz. (A[M-X]),, and
the iodine species the smallest or no detectable distortion (see
Table I and Fig. 4).

Further crystal-structural observations have been discussed
in Ref. [133], where correlations of the M-X distances with
the difference in the Pauling electronegativity (EN) of the ions

PHYSICAL REVIEW B 91, 184411 (2015)
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FIG. 4. (Color online) M-X bond distances of the M-X boracites
plotted against the cubic or quasicubic lattice parameter a, mostly at
room temperature. Averaged short and averaged long M-X distances
are marked by up and downward pointing triangles, respectively.
The total average (av) of all M-X distances are marked by different
symbols/colors (M-Cl: o/green; M-Br: [/red; M-1: o/magenta). The
dashed line is a linear fit to the total average distances. The values
for Co-1 at T =31 K (Ref. [149]) lie clearly below the trend and
were excluded from the fit. Full symbols indicate compounds that
stay cubic below the magnetic ordering temperature (down to 2 K).
References for M-X distances: Mg-C1[15]; Cr-C1 (T = 100K) [132];
Cr-Br [130]; Cr-I [138]; Mn-C1 [139]; Mn-Br [140]; Mn-I [131];
Fe-Cl[141]; Fe-Br [143]; Fe-I1 [150]; Co-Cl1[133]; Co-Br [129]; Co-I
(F43c1") [128]; Ni-Cl [129]; Ni-Br [151]; Ni-1 [152]; Cu-Cl, no data
known; Cu-Br (F43c1’) [128]; Cu-I [147]; Zn-Cl [94]; Zn-Br [153].

were pointed out. For increasing AEN the short M-X bond
becomes shorter while the longer bond becomes longer. With
increasing AEN also the sum of the long and short M-X bonds
becomes larger.

Moreover, in Ni3B;0,3Cl, for the chains running in the ab
plane the coordinations of Ni(2) and Ni(3) are rather similar
while the chain running in ¢ direction with the Ni(1) ion is
different [129]. Two distinct M sites are also observed for
Co-Br [129] and other orthorhombic boracites.

There are no detailed investigations on magnetic exchange
in boracite structures up to now. As can be taken from
Table I, only few boracites remain structurally cubic at low
temperatures, notably the Cr-Br and Cr-I compounds. In
these phases the M-X distances along the chains are all the
same and the chains cross under 90°. With dominant AFM
super-exchange between the nearest-neighbor M** ions and
sizable (possibly competing) next-nearest-neighbor exchange
not all interactions can be satisfied in a simple magnetic
structure. The arrangement of magnetic moments in cubic
boracites is thus prone to geometric frustration. In distorted
boracite structures, especially for large values of (A[M-X1)ay
(many chlorine boracites; cf. Fig. 4), the M ions are arranged
in triangular pyramidal groups X M3 with three short M-X
bonds. These quite isolated triangular groups can be the origin
of local frustration of the nearest-neighbor AFM interactions.
The effect of further exchange interactions is difficult to
determine and may even lead to low-dimensional behavior of
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the whole spin system, which is not obvious from the simple
description of the crystal structure.

Generally, any low-dimensional character or geometric
frustration of magnetic exchange will lead to the appearance of
short-range order and a suppression of the long-range ordering
temperature. The ratio of the Weiss temperature (obtained
from the paramagnetic susceptibility) and (Néel) ordering
temperature, |6p|/ Ty, is a first indicator of such features in
a spin system. For suitable arrangements of spins, sizable
geometric frustration is said to be present when |0p|/Ty > 6
[154—-157]. None of the investigated cubic boracite compounds
meets this benchmark. For strong geometrical frustration a
spin-liquid state may form at low T'. In such a case, long-range
order is often facilitated by a symmetry-breaking structural PT
at low T [154-158].

The various ways and degrees of distortion in boracite
phases provide a vast playground for detailed future exper-
imental and theoretical studies. Presumably, quite different
kinds of geometrical frustration and low-dimensional magnetic
exchange as well as orbital degrees of freedom lead to
the observed complex magnetic ordering phenomena. The
theoretical treatment of the magnetic exchange in boracites
(e.g., by density-functional theory methods) is challenging due
to the large unit cells and has to be deferred to further com-
bined in-depth studies of the most-interesting boracite M-X
species.

IV. ANALYSIS OF SPECIFIC HEAT DATA

At temperatures well below the structural PTs, the specific
heat c,(T') of the “magnetic” boracites is

Cp(T) = ca(T) + Cmag(T)a ()

where cyy is the lattice (phononic) heat capacity and ¢y, is the
contribution from the magnetic degrees of freedom of the M
sublattice. The Zn>" ion in Zn-X boracites has a nonmagnetic
3d' configuration.

The molar mass of the Cr-Cl boracite is ~8% lower than
that of the Zn-Cl compound, and the differences in molar mass
between the chlorine and bromine and iodine compounds are
of the same amount or twice as large, respectively. The phonon
modes related to the M and heavier X atoms are expected to
lie at low frequencies while the stiff boron-oxygen network
will vibrate at higher frequencies. This picture is confirmed
by Raman and density-functional theory studies on the cubic
phases of the Co-X boracites [97]. Clear peaks in the calculated
phonon density of states are visible at 60-80 cm~! for Co-I
and at ~80 cm™~! for Co-Br boracites [97].

The specific heat of the zinc boracites Zn-Cl, Zn-Br, and
Zn-1, can serve as reference for the lattice contributions of the
magnetic M-X species, respectively,

Cmag(T[M-X] % c,)(T)[M-X] — cp(T)[Zn-X]. ()

A good approximation can be expected for M-X boracites,
which are isostructural to the respective Zn-X boracite and
have similar lattice volumes, molar masses, and degree of
distortion (A[M-X1]),, (cf. Fig. 4). Zn-Cl should be a good
lattice reference for the isostructural rhombohedral Co-Cl and
Fe-Cl. Zn-Br (orthorhombic) is isostructural with Cu-Br, Ni-
Br, Co-Br, Mn-Br but not with Fe-Br (rhombohedral). Zn-I
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FIG. 5. (Color online) Molar heat capacity c,(T) of M-CI bo-
racites below 70 K. The curve of Zn-Cl can serve as reference for the
lattice specific heat of the other M-Cl boracites.

(orthorhombic) is isostructural with Co-I, Mn-I, and almost
with Ni-I (weak monoclinic distortion), but not with Cu-I,
Fe-I, and Cr-I. Since their lattice parameters differ strongly
from the respective Zn compounds a less good approximation
of ¢1,(T') is expected for Cu and Mn boracites.

In Fig. 5, the specific heats ¢, (T') of the chlorine boracites
M-CI are plotted. All curves (except for Co-Cl) join at
60-70 K, indicating that at this temperature the magnetic
contribution to c¢,(7") becomes negligible and that the approxi-
mation for the lattice contribution by the specific heat of Zn-C1
boracite is justified. The evolution of the magnetic entropy
Smag With T gives information about the energy levels of the
magnetic ions. It is obtained by integration of cpge/T. For
temperatures below the first data point a T3 extrapolation of
Cmag 1s employed. The magnetic contributions for the bromine
and iodine boracites are calculated the same way.

The transition temperatures 7; for all PTs investigated in
our study are given in the structural sequences and can be
compared with the values from previous investigations given
in parentheses or in Ref. [72] Table III.

V. MAGNESIUM CHLORINE AND ZINC BORACITES

The specific heat of a powder sample of synthetic
Mg;B70,3Cl (space group Pca2;1’) between 25 and 100 K is
given in Fig. 6. As expected from the hardness of the crystals
and from the light constituent atoms, ¢, (7’) is very small at low
T. The equivalent Debye temperature [159-161] ® p(T') varies
between 660 and 790 K (see Ref. [72], Fig. 1 inset). For natural
boracite from the Inder deposit, Kazakhstan (composition
Mg; 07B6.995013Cl), ¢,(T) was determined between 14 and
321 K by Gurevich et al. [76]. Between 25 and 100 K their
data agree with ours within 4% (see Fig. 6).

The low-temperature specific heat of Zn-Cl boracite (space
group R3cl’) may be fitted by the first two terms of
the harmonic lattice approximation [159-161], i.e., ¢,(T) =
BT? +8T> with B =9.86(7) x 107> J mol~'K™* and § =
3.5(1.3) x 1078 J mol~!K~®. The initial Debye temperature
calculated from g is high [®p(0) = 779 K]. The specific
heat of dielectric crystals can be analyzed by plotting the
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FIG. 6. (Color online) Molar heat capacity of Zn-ClI (o), Zn-Br
(+), and Zn-I (¢) boracites measured in the PPMS calorimeter and of
Mg-Cl boracite (x, data from [76]; continuous line, linking 126 data
points, this work). The inset shows the Zn-X boracite datainac,/T
vs T? representation.

equivalent Debye temperature curve ®p(7T), which has a
typical temperature dependence [159-161]. For Zn3;B;0,3Cl
(Ref. [72], Fig. 1 inset), ®p(T) is constant [=0O(0)] for
T <8 K, then the curves gradually decreases towards a
minimum which typically occurs at a temperature of ® 5(0)/20
[159,160]. Here, the minimum is observed at 32 K. Towards
room temperature ®p(7) increases strongly [® (300 K) ~
1100 K] due to the prevailing optical phonon modes of the
light atoms.

For Zn-Br boracite (space group Pca2;1’) ¢,(T) is larger
than that of Zn-ClI (Fig. 6). ¢,(T) already shows a significant
positive deviation from the Debye T3-law above 7 K. A
fit results in B = 1.242(7)x10™* J mol~'K~* and § =
25.3(1.5) x 107% T mol~'K~° for the T3 and T° terms,
respectively. The characteristic Debye temperatures are lower
(cf. Ref. [72], Fig. 1 inset): ®p(0) =721 K, Op nin(T) =
465 K at 28 K.

cp(T) of Zn-I boracite (space group Pca2;1’) shows no
anomalies (Fig. 6) and the positive deviation from 7' behavior
becomes noticeable already at 6 K (Fig. 6 inset). A fit results
in B = 1.323(9)x10™* J mol~'K™* and § = 1.7(3)x 107’
J mol~'K~®. The Debye temperatures are lower than for
Zn-Br: ®p(0) =706 K, ©Op nmin(T) = 427 K is observed at
24.5 K. ¢,(300 K) for Zn-I is larger by ~3% than for Zn-ClI
and Zn-Br, obviously due to precursor effects of the structural
PT at 366.4 K.

VI. COPPER BORACITES

Among the copper boracites, measurements could be
performed on excellent large Cu-Cl and Cu-Br multidomain
crystals. Cu-I is cubic at room temperature and can be
obtained by high-pressure synthesis [120,147], but was not
available in sufficient purity and quantity. For Cu-I, a higher
magnetic ordering temperature than for Cu-Cl and Cu-Br can
be expected.
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FIG. 7. (Color online) Molar heat capacity of Cu-Cl (o) and Cu-
Br (+) boracites up to 320 K. The inset shows the inverse magnetic
susceptibility H /M (T) for H = 10 kOe and the modified Curie-Weiss
fits (lines; see text).

A. Cu3B7013Cl

Cu-Cl boracite has the phase sequence

F43c1'(43m1’) < (369K) [84] 369.4(1.0)K —
Pca2,1'(mm21’) < 8.92)K
(mm?2?) < (8.4K) [118] (8.5K) [119] 7.6(2)K —
Pca2i(m'm'2).

The symmetry of the weakly FM orthorhombic phase
m’m'2, where both spontaneous magnetization and sponta-
neous polarization are aligned along the binary axis, has been
deduced from measurements of the magnetic torque [118] and
the ME effect [119]. The reported Néel temperatures Ty are
8.4 and 8.5 K, respectively.

At first sight, these temperatures agree well with the present
¢,(T) data (Figs. 7 and 9) which show a small peak at
Tn1 = 8.9 K. Magnetic susceptibility M/H in various fields
is displayed in Fig. 8. A spontaneous magnetization is seen
which increases in the usual way with decreasing 7. The
value extrapolated to 7 = 0 for our polydomain crystal is
0.003 pp/fu. (at H = 40 Oe), which is lower than for a single
ferroelectric domain (0.0071 ppg/fu. [118]). Surprisingly,
this weak FM moment appears only below a temperature of
7.5-8.0 K. Indeed, in ¢,(T), a tiny second peak marks this
transition at Ty, = 7.6 K. Thus we have to assign this small
transition peak to the appearance of the m’m’2 phase.In M /H a
cusp is visible for various fields at 7 (Fig. 8 inset) indicating
the presence of a purely AFM phase between Ty; and Ty».
Presumably, this phase is the mm?2 phase, in analogy to Cr-Cl.

In the magnetic specific heat cyag(7), the ordering peak
at Ty; sits on the rising slope of a broad anomaly with
a maximum of 11.2 J mol~'K~! at 14.0 K. The magnetic
entropy Smag(T) reaches RIn2, as expected for the § = 1/2
ion Cu®*", but only 17% of this limiting value are released
at Ty,. x(T) shows a broad hump around 20 K, as typical
for low-dimensional quantum magnets and/or frustrated spin
systems. Curie-Weiss fits to x(7) (corrected for the sum
Xdia Of the diamagnetic increments [162], see Fig. 7 inset)
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FIG. 8. (Color online) Magnetic susceptibility M/H of three
randomly oriented crystal pieces of Cu-Cl boracite in different fields.
The weak FM signal for 400 Oe rises to values out of the frame. The
inset shows a magnification around Ty ,>.

at high temperatures (100-400 K) yield an effective moment
of 3.48 up/fu. (2.01 up/Cu atom, resulting in a g factor
of 2.32, indicating large spin-orbit coupling [163]) and
0p = —32.3(3) K, in fair agreement with previous data [164].
The ratio of Weiss and Néel temperature, |0p|/ Ty, is 3.6 for
Cu-Cl. The magnetic exchange in Cu-Cl is presumably similar
as in Ni-Cl which shows the same phenomena (discussion in
Sec. VII A).

At temperatures below Ty, cmag(T) is T3, which is a
signature of AFM magnon excitations. Below 4 K, a decrease
of cpmag With increasing field is seen [165]. This might be
connected to the observation, that at 4 K and for H > 8 kOe—
depending on the direction —a magnetic field-induced PT had
been detected by means of the ME effect [119]. The PT at Ty,
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FIG. 9. (Color online) Molar heat capacity c,(T)/T of Cu-Cl
(shifted up by 0.4 units) and Cu-Br boracites in different magnetic
fields. The long (short) dashed line gives the estimated lattice heat
capacity ¢y for Cu-Cl (Cu-Br) boracite.
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has vanished in ¢,(T) for H = 30 kOe, but is still visible in
x(T)in 10 kOe. It can be assumed that the AFM (mm2) phase
exists only for H < 30 kOe. In order to establish a magnetic
phase diagram measurements on single domains are necessary.

B. CU3B7013BI'

Cu-Br boracite was known to transform like Cu-Cl from
the cubic to the paramagnetic FE/FEla orthorhombic phase.
In Cu-Br the small specific heat peak, observed in the present
study at Ty; = 10.0 K, is also followed by a second, even
smaller one at Ty, = 8.9 K (Fig. 9). M/H data are given in
Fig. 10. The spontaneous magnetization appears between 8.8
and 9.0 K (i.e., at Ty,) and its value extrapolated for 7 = 0
is 0.0026 pp/f.u., similar to our Cu-Cl polydomain crystal.
A weak cusp at Ty; marks the PT to a purely AFM phase.
Thus, the proposed onset of the m’m’2 phase [120] occurs in
fact at Ty,, being preceded in a small temperature interval by
an AFM mm?2 phase, analogous to Cr-Cl [42] and Cu-Cl. The
total sequence of phases is

F33cl'(mm21") < (243 K) [84] 230.5 and 238.5 K —
Pca2,1'(mm21") < (10 K) [120] 10.02) K —
(mm27?) < 8.92) K —

Pca’2,%m'm'27).

The magnetic susceptibility x(7") at high T (Fig. 7 inset)
is similar to that of Cu-Cl. The effective moment (range of
fit 100400 K, xgia corrected) is 3.44 pup/fu. (1.99 pup/Cu
atom, thus g = 2.30) and 6p = —33.7(3) K, in fair agreement
with [164,166]. The magnetic specific heat above Ty, like-
wise indicates a low-dimensional character or frustration as
discussed for Cu-Cl and Ni-Cl (see Sec. VII A). The entropy
Smag(T') at Ty is less than 20% of R In 2. Also for Cu-Br a field
dependence of cy,g(T') is observed below ~4 K. The magnetic
phase diagrams and the exchange interactions of Cu-Cl and
Cu-Br appear to be similar.
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FIG. 10. (Color online) Magnetic susceptibility M/H of six ran-
domly oriented crystal pieces of Cu-Br boracite in different fields.
The weak FM signal for 400 Oe rises to values out of the frame. The
inset shows a magnification around Ty ».
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FIG. 11. (Color online) Inverse magnetic susceptibility of Ni-Cl,
Ni-Br, and Ni-I boracites for H = 10 kOe. The lines are modified
Curie-Weiss fits with diamagnetic corrections g, applied [162]. The
inset shows a magnification.

VII. NICKEL BORACITES

The inverse magnetic susceptibility of the Ni boracites is
given in Fig. 11. At high temperatures x(7") of Ni-Cl and
Ni-Br can be described by the Curie-Weiss law. The resulting
effective magnetic moments and Weiss temperatures are: Ni-
Cl, range of fit 50-400 K, pe/Ni atom = 3.79 up, 0p =
—21.4(4) K. Ni-Br, range 80-400 K, ts/Ni atom = 3.75 up,
0p = —44.8(3) K. For Ni-1, a strong curvature of 1/x(T) is
observed. In order to estimate 6p we fitted x(7') in the range
350400 K and fixed e to the value determined for Ni-Br.
We obtain 6p = —214 K as a maximum (negative) estimate.

The pegr of Ni-Cl and Ni-Br are in agreement with those
deduced for low T by Quezel et al. [164], but for Ni-Br larger
than the value 3.4(1) pp/Ni atom given by Mao et al. [167].
The . values for all three compounds are well above the spin-
only value 2.83 upg for a S = 2 ion, resulting in large g factors
of 2.68 and 2.65, respectively. This may be due to spin-orbit
coupling, which can result in values ey < gs[J(J + D]'/? =
5.59u 5 for Ni** with L = 3. The spin-orbit coupling parameter
¢ of Ni d8 is large allowing strong orbital effects. The origin
of the unusual orbital contributions to g iS probably the
characteristic 4+1 coordination of Ni*™ in Ni-Cl and Ni-Br.
Especially, for Ni-Cl the short and long M-X distances have
the largest average difference among the investigated boracites
(cf. Fig. 4). The negative 6p values indicate predominant AFM
exchange interactions, increasing in the sequence Cl-Br-I with
extraordinary strong AFM interactions for Ni-I.

A. NizB;04;Cl

The phase sequence of Ni-Cl boracite is analogous to that
of Co-Br, Co-I, Mn-Cl, Mn-Br, and Mn-I:

F33c1'@3m1’) < (608 K) [84] 591.3—606.7(1.0)K —>
Pca2,1'(mm21") < (9 K) [115,116] 8.6(1)K —
Pc'a2{(m'm2).

Long-range magnetic order in Ni-Cl sets in at Ty =
8.53(5) K, as can be seen from the appearance of a weak
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FIG. 12. (Color online) (a) Magnetization M(T)/f.u. of Ni-Cl
(full symbols) and Ni-Br boracite (open symbols with line) for
different magnetic fields. (b) Molar heat capacity ¢, /T of Ni-Cl and
Ni-Br boracites in different magnetic fields. The long (short) dashed
line shows the lattice heat capacity of the Zn-Cl (Zn-Br) boracite
using f = 0.95 (see text).

spontaneous magnetic moment [M, = 0.023 wp/f.u. extrapo-
latedto T = 0, Fig. 12(a)]. The Ty is consistent with previous
torque magnetometry measurements (7y = 9.7 K) [115].
Moreover, Ty =~ 9 K was determined from measurements of
the ME effect [116,168], and from the integrated intensity of a
magnetic neutron reflection [169]. The magnetic moment for
our nonoriented polycrystalline sample is (as expected) smaller
than for a single-domain sample (0.064 pp/f.u. [115]).

The specific heat anomaly at Ty is manifested as a small
peak at 8.6 K [Figs. 13 and 12(b)]. A particular feature of
Ni-Cl is the magnetic contribution due to short-range order
extending smoothly far above Ty. The broad maximum in
Cmag(T) of 10.3 J mol~'K~! is observed at 16.1 K [in the
plot ¢,/ T versus T this leads to a maximum at ~12 K, cf.
Fig. 12(b)]. The ratio |#p|/ Ty of 2.51 is small. A frustration
of the magnetic interactions in Ni-Cl—and presumably also in
Cu-Cl and Cu-Br—was suggested to be due to short-range
spin ordering with dominant AFM interaction along the
180° Ni** — Cl — Ni** exchange pathways, but frustrated due
to the 90° Ni>* — CI — Ni** pathways with competing FM
interaction [169]. A second source of frustration may be the
triangular pyramidal groups of CINi3 with three short Ni—Cl
bonds, which is found analogously in all noncubic boracite
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FIG. 13. (Color online) Molar heat capacity of Ni-Cl, Ni-Br, and
Ni-I boracites. The inset shows a magnification of the transition peak
of Ni-I for H = 0 and 90 kOe in a ¢,/ T representation.

structures [169], but which is particulary compact and isolated
in Ni-Cl (and Cu-Cl) boracite due to the strong difference
between short and long Ni—Cl bonds (cf. Figs. 2 and 4). The
three-dimensional long-range ordering is marked by the small
peak in cp,g at Ty. As for Cu-Cl, well below Ty a behavior
close to cmae o T2 is observed.

Surprisingly, the calculation of c¢y,(T) by Eq. (1) yields
negative values in the temperature range 57-250 K, suggesting
severe differences in the lattice specific heat of Zn-Cl and
Ni-Cl. This comes unexpected, since the lattice volumes of
the Ni-X boracites are well in the trend observed for the M-X
boracites (see Fig. 3). Since the same crossing of the c,(T)
curves exists for Zn-Br and Ni-Br we assign this to a genuine
difference and not to measurement inaccuracies. In order to get
apositive cag (1) we used the modified formula cpag = cNix —
f X cznx With f = 0.95. The obtained ¢y, is shown as dashed
line in Figs. 13 and 12(b). Irrespective of this correction, the
resulting magnetic entropy of Ni-Cl (see Fig. 14) at Ty is only
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FIG. 14. (Color online) (a) Magnetic specific heat of Ni-I bo-
racite. The alternative curves for f = 1.00 and 0.96 are show (see
text). (b) Magnetic entropy Spmag(7) per Ni atom for Ni-Cl, Ni-Br,
and Ni-I boracites. For Ni-I the two alternative curves are shown. The
dashed line shows the entropy of R In2 per Ni atom.
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0.10 R per Ni atom, i.e., less than 15% of RIn2. ¢yag(T) of
Ni-Cl is qualitatively very similar to that of Cu-Cl and Cu-Br
(cf. Fig. 9) in that the majority of the magnetic entropy is due
to short-range interactions. Remarkably, for Ni-Cl the entropy
Smag at 100 K'is only 0.71 R ~ R1n 2 per Ni atom.

The zero field splitting (D) of the Ni** in the A, state
in the axially distorted environment will lead to a singlet
and a doublet state. Obviously, then the doublet should be
the groundstate in Ni-Cl (effective spin 1/2) with a singlet
state at higher energy E = 2|D| (D < 0). However, in order
to reproduce the experimental magnetic entropy Smag(7)
for Ni-Cl the splitting would be extremely large (see, e.g.,
Refs. [163,170]) and is thus unlikely to explain the magnetic
specific heat of Ni-Cl.

Since the entropy is averaged over the three different Ni
atoms of the Ni-Cl boracite structure [129] and RIn2 ~
%Rln3 one may speculate that only two of the three Ni**
ions order magnetically. In a neutron diffraction study on a
powder sample of Ni-Cl [169], the magnetic structure below
Ty was determined at 1.5 K and refined in magnetic space
group Pc’a2}. In this structure all three nonequivalent Ni**
sites are bearing ordered moments, however, the moment of the
Ni(2) and Ni(3) are only 0.79 g, while for Ni(1) 1.65 up are
found. Thus two sites show a magnetic moment well below
the expected value of ~gS. These observations are in line
with the low value of the magnetic entropy at Ty . The ratio of
magnetic diffuse and Bragg scattering observed in Ref. [169]
seems, however, not that large as expected for such a ground
state. An inelastic neutron diffraction investigation could help
to clarify this issue.

B. Ni3B70]3BI‘

Ni-Br boracite undergoes the same phase transformations
as Ni-Cl, but the orthorhombic FE/FEla/FM phase Pc’a2]
undergoes a further second-order magnetic PT to the lowest
possible triclinic symmetry (point group 1):

F43c1'(43m1’) < (398 K) [84] 394.8(1.0) K —
Pca2,1'(mm21") < (29 K) [117] 29.5(2) K —
Pc'a2i(m'm2’) < (21 K) [117] 21.42) K — 1.

Detailed magnetization data on a FE/FEla/FM single
domain crystal showed that the orientation of the spon-
taneous magnetization assumes a general crystallographic
direction at 5 K [167]. The present data on a polydo-
main sample [Fig. 12(a)] are consistent with these data
(M oy = 0.0025 pp/f.u.). The two magnetic PTs are marked
by sharp peaks in the specific heat at Ty; = 21.4 K and
Tny = 29.5 K, respectively [Fig. 12(b)], in agreement with
the temperatures derived from measurements of spontaneous
birefringence [117]. The triclinic phase, originally not rec-
ognized as such [171,172], was confirmed by ME and
magnetooptical measurements [117], FM domain and domain
wall studies [173], and by magnetization data [167]. Only
an average orthorhombic magnetic structure determination by
neutron diffraction on a powder sample was so far possible in
the triclinic phase [151]. While the magnetization study [167]
showed clear changes of the weak FM moment vector, no
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change of the underlying AFM structure could be resolved at
Tn» by neutron diffraction [151].

In contrast to the specific heat of Ni-Cl, the magnetic
ordering peaks in Ni-Br are more of lambda-type, however,
with a significant contribution of ¢y (T') above Ty indicating
the importance of short-range ordering in Ni-X boracites.
Between 11 and 19 K ¢y, (T') varies approximately «T3. The
magnetic entropy (Fig. 14) at Ty is 69% of R In 2 per Ni atom
(0.48 R), that at Ty is less than half of this value (0.22 R). As
for Ni-Cl, Sy per Ni atom at 80 K is only 2/3 of the expected
RIn3 =~ RIn2. In conjunction with the neutron diffraction
results [151], which resulted in finite ordered moments for
the Ni(2) and Ni(3) sites and zero ordered moment for Ni(1)
(in Ni-Br chains along the orthorhombic ¢ direction), the
reduced entropy may be motivated. Therefore, for both Ni-Cl
and Ni-Br, the question arises whether there exists a partially
disordered phase. More detailed investigations on the magnetic
structure and the spin fluctuations in Ni-Cl and Ni-Br are
needed.

C. NizB;04;31

Nickel iodine boracite is of particular interest because
(1) it was the first material in which in the year 1966 the
simultaneous occurrence of FE and (weak) FM in the same
phase, i.e., a multiferroic state, was discovered [23], and (2)
it is so far the only boracite in which these two properties,
together with ferroelasticity, set on at the same temperature in
a single PT from cubic to monoclinic symmetry:

F43c1'(43m1’") < (61.5 K) [45,106] 60.7 — 64.7 K — m'.

The monoclinic magnetic point group m’ was estab-
lished [45,106] on the basis of polarized light microscopic
and ME studies, whereas initially [23] the orthorhombic
symmetry m’m2’ was mimicked due to unrecognized layers
of monoclinic domains, and the too low triclinic symmetry 1
was found by neutron diffraction [174] due to incompletely
poled single crystals. The spontaneous magnetization is small;
0.0009 wp/fu. for our polydomain crystal. The onset of
the spontaneous magnetization (see Fig. 15) is broadened
(61-64 K), even in fields as low as 20 Oe. The rounded
maximum of x(7) around 125 K (Fig. 15), together with the
large 6p = —214 K in comparison to Ty, signal the severe
frustration of the magnetic exchange interactions in the cubic
phase (cf. Sec. XI).

The specific heat anomaly associated with this PT (Fig. 13)
is characterized by a broad step with an extended falling flank
between 60.7 and 64.7 K. In a measurement (not shown) using
the DISC calorimeter on a set of five crystals a two-step
structure on the falling flank could be observed, however,
no latent heat was detected. This type of anomaly has to
be compared with the sharp lambda-type peaks at the Néel
points of most other boracites. We conclude that the PT in
Ni-l is of magnetostructural type [105]. as discussed below in
detail in the section on chromium boracites (Sec. XI). Here, the
absence of detectable latent heat at the PT allows only for weak
structural displacements, albeit they should be larger than in
boracites showing lambda-type PTs. The structural coupling
of the magnetic transition is corroborated by the observation
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FIG. 15. (Color online) Magnetic susceptibility of Ni-I boracite
in various magnetic fields. The inset shows a magnification around
the PT temperature.

that Ty is very little influenced by a magnetic field of 90 kOe
(Fig. 13 inset).

Moreover, the broadening of the PT is probably caused by
differences in Ty for different growth sectors, as explained in
the section I1J of Ref. [72]. The euhedral Ni-I crystal measured
on the PPMS calorimeter (Fig. 13) showed surface areas of 1/3
of 111 and 2/3 of (111) facets. Using samples prepared from
(100) growth sectors only, the measurement of the spontaneous
polarization, permittivity, linear ME effect and piezoelectric
effect [45,106,175] showed the PT to be sharp and of second
order.

Due to the high Ty it is difficult to calculate the magnetic
specific heat. The curves cpag(7) in Fig. 14(a) were obtained
as cnit — f X czap using f = 1 and f = 0.96, the latter
yielding only positive cyag below 310 K. Spae(T) is between
0.45 R and 0.51 R per Ni atom (depending on the choice
of f), which again is well below the expected entropy of
R1In3 per Ni atom for a full three-dimensional long-range
order of all Ni atoms. The PT peak sits on top of a broad
magnetic contribution [see Fig. 14(a)] due to short-range
correlation, which contributes significantly to the magnetic
entropy above Ty. This is consistent with the high (absolute)
Weiss temperature 0p of Ni-I. In addition, a broad hump at
around 35 K (&Ty/2) is visible, which may originate in a
(continuous) spin reorientation. Such a reorientation may be
linked with a symmetry allowed rotation of the spontaneous
magnetization vector in the monoclinic m’ plane.

VIII. COBALT BORACITES

The magnetic susceptibilities of the Co-X boracites
(Fig. 16) at high T roughly follow the Curie-Weiss law,
but those for Co-Cl and Co-Br are much better fitted
when including a temperature-independent (paramagnetic)
term xo = Xdia + xTip- The results of the fits above 80
K are: Co-Cl, xo = 4+2.12(5) x 1073 emu mol™', pir/Co
atom = 5.01 pp, 0p = —23.6(2) K; Co-Br, xo = +0.91(8) x
1073 emu mol ', WUest/Co atom = 5.37 up,0p = —-31.7(3) K;

184411-11



WALTER SCHNELLE AND HANS SCHMID

P
[ Co4B,0,5C1
L =or CoyB,0,,Br
30 eoe CO3B7O13I .“5)_
~"L 32
I:, | i
153 L 4
A - 24
22or ]
s [ 16
} L 600"0 i
10F - & 0.8
L. o J
L I&e% 01 J
f B oo To 4
0 10 20 30 40 50 60 H (kOe)-
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 100 200 300 400

Temperature (K)

FIG. 16. (Color online) Inverse magnetic susceptibility of Co-Cl,
Co-Br, and Co-I boracite for H = 10 kOe. The full lines are modified
Curie-Weiss fits, the dashed lines show the extrapolations to 7 = 0.
Inset: isothermal high-field magnetization curves M(H) at 2.0 K.
Curve parts with full symbols were taken with increasing field after
zero-field cooling.

Co-l, fit excluding the structural PT region, per/Co atom =
5.62 ug, 0p = —86.8(5) K.

As observed before [164,166], the . per Co atom are all
larger than 5.0 5. Values for Co”* (in octahedral environment
47-5.2 pp) are typically well above the spin-only value
(3.87 wp) [163,170], while full L—S coupling would result
in 6.63 wp. The weg values for Co-Br and Co-I indicate
extraordinarily strong orbital contributions, in line with our
observations on Ni-X boracites.

The temperature dependence of the magnetization can
be taken from Fig. 17 and the Ty are listed in Table IIL
The spontaneous FM moments M, at 1.8 K are in fair
agreement with those determined in Ref. [164] for 4.2 K
(values in parentheses): Co-C10.52 (0.78) p g /f.u.; Co-Br 0.84
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FIG. 17. (Color online) Selected low-field magnetization M (T')
data for Co-Cl, Co-Br, and Co-I boracites. Curves with open symbols
were measured in field-cooling at H = 400 Oe, those with full
symbols (connected by a line) in 100 Oe in heating after zero-field
cooling. The data for Co-I are enlarged by a factor of 4.
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0.92) pup/fu; Co-10.19 (0.18) pp/fu. M; of Co-1is well
below that of Co-Cl and Co-Br. Remarkably, M (T') of all three
Co compounds increases with decreasing 7" in two broad steps.

Isothermal M (H) loops (inset of Fig. 16) at 2.0 K indicate
the same sequence of the remanent magnetization M, as
observed for M, (coercive field H; in parentheses): Co-C10.67
(1.8), Co-Br 0.86 (4.6), Co-1 0.12 pp/fu. (6.6 kOe). These
values are different from those reported in Ref. [164], however,
the present samples were magnetized in fields up to 70 kOe.
For fields above the closing of the hysteresis, M (H ) increases
linearly with H. Between 24 and 34 kOe Co-Cl shows a sharp
transition to a spin configuration with higher magnetization
(spin flop). In this spin state, M (H) increases with almost the
same slope as in the low-moment state. Similarly, M(H) of
Co-Cl displays a rounded step starting at ~40 kOe and for Co-I
a deviation from the linear behavior is seen above 60 kOe.

The specific heat of Co-X boracites is shown in Fig. 18 (data
published earlier [125] showed large scatter). A characteristic
feature of cpae(T) of Co-X boracites are shoulder or hump-
type (“Schottky-like” [125]) anomalies below Ty. These
anomalies are also reflected in other physical properties, for
which we compile data in Table III. Neutron diffraction has
been performed on !'B enriched polycrystalline samples of
Co-Cl1[180], Co-Br [181], and Co-I [149].

A. Co3B;04:Cl1
Co-Cl1 boracite shows the phase sequence
F43c1'(43m1’) < (623 K) [84,86] > 590(5) K —
Pca2,1'(mm21’) < (=538 K) [86] —
ml’ < (~468 K) [86] —
R3c1’'(3m1’) < (=12 K) [86]11.6 K — Cc(m),

which differs strongly from that of Co-Br and Co-I. The
paramagnetic thombohedral FE/FEla phase R3cl’ (3ml’),
which has only one kind of cobalt site, undergoes a spin
ordering to a monoclinic, fully FE/fully FEla and partially
weakly FM phase of magnetic point group m [41,46,86].
Using neutron diffraction, the magnetic structure of that phase
has been determined at 1.5 K and refined in the monoclinic
space group Cc [180], in agreement with group-theoretical
predictions [105].

Figure 19 shows the specific heat results. In zero magnetic
field, a sharp transition (lambda-type at the high-temperature
flank) is observed at 11.6 K, however, a broad shoulder is
observed around 9.3 K. Ty as well as the temperature of the
shoulder (Ty,) lower with increasing H. For H = 30 kOe, we
find Ty = 11.4Kand Ty, = 8.3 K. For H = 60kOe, transitions
are observed at 10.0 K and at ~2.1 K and for 90 kOe only one
at 5.5 K. For H = 30 kOe, the peak, which can be assigned to
Ty, appears broad, but the anomaly at 10.0 K for H = 60 kOe
appears again sharper. For the latter field, the high-moment
phase is seen in the M (H) curve at 2.0 K.

The magnetoelectrically induced polarization P, measured
at a dc magnetic field of 500 Oe, indicated Ty ~ 12 K and
showed a sharp shoulder-type anomaly at about 11.3 K,
connected with a change of slope of the coefficient a3,(7T')
of the linear ME effect [86]. Such a change in slope was
also found at ~10 K for the spontaneous Faraday rotation,
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TABLE III. Néel temperatures 7 and temperatures (in K) of anomalies of various physical properties of Co-X boracites, possibly related
to the shoulder or hump-type anomalies in the magnetic specific heat below Ty .

Boracite Co-X Co-Cl Co-Br Co-1 references
Ty [peak in c,(T') / spont. moment] 11.6/11.9 17.1/17.3 36.5/37.005) this work
Tiwn [shoulder or hump in ¢,(T)] ~10 ~8 ~22 [125]
spont. birefringence An,(T) ~10 (min. An,, g) 20 £2 (min. An,, g) [176]

~228 (min. An, ) [113]
ME-effect coefficient oy 11.4 (anomaly of a3;) ~10 (max. a3y) ~30 (min. o3;) [86,114,177]
spont. magnetization M,(T') ~29 (change of slope) [178]
spont. Faraday rotation © z(T') ~10 (change of slope) [179]

whereas spontaneous polarization and dielectric permittivity
were not sensitive to that anomaly [179]. From these data, it
is not clear whether the shoulder-type anomaly is connected
with a change in magnetic symmetry or not. Most probably
the anomaly indicates a continuous spin reorientation in the
ordered phase. Interestingly, the anomaly of magnetic field-
induced polarization was absent at a field of 10 kOe, letting
presume that the phase below 11.3 K can already be induced
above 11.3 K by means of a magnetic field. Detailed studies
will be required to elucidate the complex T — H phase diagram.
The magnetic entropy Smae(7) (see Fig. 18) just above Ty
is RIn2 per Co atom for Co-Cl (as well as for Co-Br and
Co-I). Thus the ground state is a doublet (effective spin 1/2)
at these low temperatures, as usually found for Co®" with
strong spin-orbit coupling [163,170,182,183]. At higher T,
the spin 3/2 magnetism of the populated levels of the *T;
state is recovered (cf. the R In 3 level in Fig. 18). Judged from
the development of Sya(7) and from the small [0p|/ Ty the
magnetic ordering in Co-Cl is essentially three-dimensional.

B. C03B7013Br

The phase sequence of Co-Br is
F43c1'(43m1’) < (466 K) [84,113] 462.2(1.0) K —

Pca2,1'(mm21") < (17.5K) [113] 17.1 K —
Pc'a2|(m'm2'),
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FIG. 18. (Color online) Molar heat capacity of Co-Cl, Co-Br, and
Co-I boracite (right axis) and magnetic entropy S, (7") per Co atom
(left axis).

which is analogous to that of Co-l, i.e., the cubic phase
transforms to a paramagnetic, FE/FEla orthorhombic phase,
which undergoes a PT to a weakly FM phase.

Neutron diffraction studies on Cos !'B;03Br [181] re-
vealed a two-step onset of magnetic ordering, starting at
the second-order PT at T)y = 17.5 K and followed below
about 7 = 10.5 K by a smooth transformation to a three-
dimensionally canted magnetic structure of space group
Pc’a2). The transformation coincides with a minimum of
magnetic birefringence An, g(T) at ~10 K and with a
maximum of the ME coefficient a3, at 10 K [177].

The zero-field specific heat of Co-Br (Fig. 20) shows a sharp
lambda peak at Ty = 17.1(1) K. A very pronounced hump is
seen at 7, = 8.0 K and a corresponding minimum around
11.5 K. This anomaly obviously coincides with the above-
described smooth magnetic transformation. The magnetic
entropy (see Fig. 18) removed at 12 K is 1.9 x RIn2 if
calculated per f.u. (3 Co atoms). The neutron diffraction data
at 12 K and 1.5 K show structures with a three-dimensionally
canted spin arrangement on the three cobalt sites, without
involving a change in magnetic space group Pc’a2}. There
is no paramagnetic Co sublattice below Ty as for Co-I (see
below), i.e., all Co carry a sizable ordered moment.

With increasing magnetic field the humplike transition
gradually decreases in size and shifts to lower 7. As seen
from the M(H) isotherm at 2.0 K (Fig. 16 inset) the high-
moment phase is entered around 60 kOe. We therefore assign

Co,B,0,5C1
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FIG. 19. (Color online) Molar heat capacity of Co-Cl boracite in
various magnetic fields. The dashed line is the heat capacity cy, of
Zn-Cl boracite.
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FIG. 20. (Color online) Molar heat capacity of Co-Br boracite in
various magnetic fields. The dashed line is the heat capacity c,, of
Zn-Br boracite.

the interval between T}, and Ty to the high-moment phase.
Measurements on an oriented crystal are required to establish
a phase diagram.

C. Co3B,031
For Co-I boracite the sequence is analogous to Co-Br:
F43c1'(43m1’) < (~194) K[84,114] —
Pca2,1'(mm21") < (37.5K) [114]36.5 K —
Pc'a2i(m'm2').

Neutron diffraction studies of the canted AFM structure of
Co-I at 31 and 9 K have revealed a magnetic ordering in
two steps, without any change in the magnetic symmetry of
the weakly FM orthorhombic phase (Pc’a2; m'm2’) [149].
Among the three crystallographically nonequivalent cobalt
ions of the paramagnetic phase Pca2,1’, only the Col and
Co2 sublattices are magnetically ordered at 31 K (Col 3.43 up,
Co2 1.23 up), whereas that of Co3 is ordered at 9 K also (Col
4.19 up, Co23.28 up, Co3 1.8 up) [149].

The magnetic specific heat for Co-I is shown in Fig. 21.
This Néel transition is not a sharp lambda anomaly but two
peaks are discernable at Ty; = 36.4 K and Ty, = 354 K, in
spite of that the measurement was performed on one single
crystal (measurements with heat-pulse calorimeters on several
crystals resulted in the same splitting). One may speculate that
the PT at Ty, is due to the ordering of the Co2 sublattice for
which a low ordered moment was observed at 31 K [149].

A humplike anomaly with maximum at 20.0 K is observed
in cmag(T). Interestingly, a bend of An, g(T) at ~20 K and
a negative peak of the derivative dAn,, g/dT of the magnetic
contribution to spontaneous birefringence [176] correspond
to this hump. However, the change in slope of spontaneous
magnetization My(T) (cf. Fig. 16 inset), at ~29 K and initially
interpreted as a PT [178], coincides with a smooth minimum
of the ME coefficient a3y at ~30 K and the minimum of
spontaneous birefringence An, , at ~28 K [113]. These
temperatures merely coincide with the upper end of the hump
in Cpag. Both characteristic temperatures seem to be related
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FIG. 21. (Color online) Molar heat capacity c,/T of Co-I bo-
racite in zero (o; connected by a line) and 90 kOe (A) magnetic field.
The magnetic specific heat c¢pn,g/ T was obtained by subtracting the
data of Zn-I boracite (dashed line).

with the stepwise ordering of the three Co sites. We speculate
that the anomalies at ~20 K are due to the buildup of magnetic
moment on the Co3 site.

It was suggested by Jahn and Dachs [184] for AFM,
optically uniaxial rutile-type fluorides that a one-to-one
correspondence exists between the temperature derivative of
the magnetic contribution to spontaneous birefringence and
the magnetic heat capacity. In the case of the orthorhombic
m’m?2’ phases of boracites, the situation is more complicated,
because of the three-dimensional spin arrangement and the
three birefringence principal sections to be considered. A
thorough theoretical treatment would be required in this case
(compare, e.g., Ref. [185]), in order to correlate c,(T) and
dAn/dT on the three orthorhombic principal sections.

IX. IRON BORACITES

The boracites Fe-Cl and Fe-I have the same sequence of
phases as Co-Cl, i.e.,

Fe-Cl: FA3c1'(@3m1’) < (609 K) [84] 611.2(1.0) K —
Pca2, 1 (mm21) < (543 K) [84] 548.2(1.0) K —
ml’ < (528 K) [84] 530.4(1.0) K —

3ml < (11.5K) [112] 11.85(10) K — m,

Fe-I: F43c1'(43m1’) < (349 K) [84] 352.3(1.0) K —
Pca2,1'(mm21") < 200.9(1.0) K —
ml’ < 183.0(1.0) K —
3ml’ < (31 K) [112] 32.3(2) K — m,
but in Fe-Br the monoclinic phase m 1’ is lacking:
F43c1'(43m1’) < (495 K) [84] 500.6(1.0) K —
Pca2,1'(mm?21") < (405 K) [84] 409.4(1.0) K —
3ml’ <« (18.5 K) [112] 18.25(20) K — m.
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FIG. 22. (Color online) Inverse magnetic susceptibility of Fe-Cl,
Fe-Br and Fe-I boracites in H = 10 kOe and modified Curie-Weiss
fits (lines). Inset: magnetization curves at 7 = 1.8 K for increasing
(full) and decreasing field (open symbols).

Whereas the magnetic point group m is well established for
Fe-I by means of polarized-light optical-domain studies and
domain-switching experiments [186,187] that symmetry is
postulated as probable for Fe-Cl and Fe-Br.

The magnetic susceptibilities of the Fe-Cl and Fe-Br
boracites (Fig. 22) at high temperatures are well described
by the modified Curie-Weiss law including a 7-independent
term xo (which is the sum of diamagnetism x4, and a
paramagnetic contribution xrp). The resulting parameters
are for Fe-Cl: range of fit 40400 K, xo=+1.51(4) x
1073 emu mol™!, pes/Fe atom = 5.38 g, 0p = —15.2(1H K. A
similar value of 5.39 g is observed for Fe-OH boracite [20].
For Fe-Br we find: range 40400 K, xo = +1.06(6) x
1073 emu mol™!, peg/Fe atom = 5.51 ug, 0p = —33.9(1) K.
For Fe-I, the analysis is limited to the range 100-170 K due to
the low-lying structural PTs, which show up as weak kinks in
1/x(T). No significant term o was observed. We find: peq/Fe
atom = 6.08 g, 0p = —124(1) K. A Curie-Weiss fit in the
range 100—-400 K results in similar values.

The pesr of Fe-Cl and Fe-Br are within the range for
high-spin Fe?* ions. For Fe-I a clearly larger value is observed,
in agreement with literature (u.q/Fe atom = 6.16 up) [164].
For the three Fe-X boracites [189] as well as for Fe-OH
boracite [190] MoBbauer spectroscopy proofs that all Fe
atoms are in the high-spin 2+ state and the presence of Fe**
species can be excluded. Thus u.s is significantly enhanced
by orbital moments, as already discussed for the Ni-X and
Co-X boracites. The Néel temperatures of the Fe-X boracites
determined in the present study are compared with published
data in Table IV. As observed for Co-X and Mn-X boracites,
the AFM exchange as indicated by 6p get stronger within the
sequence Cl-Br-I. The ratio |6p|/ Ty is small for Fe-Cl and
Fe-Br boracites, only for Fe-I it attains the value of 3.72.

A. Fe3B7013 Cl

The low-field magnetization M(T) of Fe-Cl boracite
(Fig. 23) shows a weak FM transition at Ty = 12.05(10) K.
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TABLE IV. Comparison of Fe-X boracite Néel temperatures Ty
obtained from the specific heat peak (see Figs. 24, 26, 27) and the
vanishing of the spontaneous magnetization (H = 100 Oe, see Fig. 23)
and derived by other techniques.

Ty (K)

Fe-Cl Fe-Br Fe-1 studied property and reference
11.90 18.25 323 specific heat peak c,(T') this work
12.05 18.5 32.8 magnetization M(T) this work
11.5 15 30 magnetic susceptibility x (7) [164]
10.5 18.4/18 30 MoBbauer effect [105,188]

31 spont. birefringence An, [186]
11.5 18.5 31 spont. magnetization M, [112]

31 dielectric permittivity €, [187]

A spontaneous moment of 0.29 pp is measured at 1.8 K. The
zero-field specific heat (Figs. 24 and 25) is characterized by
a sharp peak at Ty = 11.9 K and a weak shoulder closely
below. The shoulder may be due to anomalies analogous to the
ones observed on the Co boracites, however, M (T') increases
in the usual manner with decreasing 7 . For the Co-X boracites
these anomalies also show up in the ME effect (cf. Sec. VIII).
Because of difficulties in preparing good single crystals and
FE/FEla single domains (very high FE coercive fields) [142],
no high-resolution ME effect measurements on Fe-Cl and
Fe-Br are available.

The magnetic contribution ¢y,g of Fe-Cl does not follow a
clear power law below T: while ¢pag T3 is found above
0.5 Ty a dependence ocT* is seen below 0.4 Ty. This behavior
is observed for all Fe-X boracites. The magnetic entropies
Smag(T) well above Ty of the Fe-X boracites (Fig. 24) are
close to R In5/Fe atom, as expected for the high-spin S = 2
state of the d° ion Fe?t. At Tn, 56%—64% of the limiting
entropy is reached, which is quite low for three-dimensional
ordering [163,170].

The sharp peak at T is smeared out in a field of 40 kOe,
however, for 90 kOe a sharp step-like transition at 11.9 K
and a broad hump around 5.5 K are seen (cf. Fig. 25). M(H)
shows a change of slope at ~60 kOe for increasing field and at
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FIG. 23. (Color online) Magnetization of Fe-Cl, Fe-Br and Fe-I
boracites measured during cooling in low fields.
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FIG. 24. (Color online) Molar heat capacity c,(T) of Fe-Cl,
Fe-Br, and Fe-I boracite crystals (right axis) and magnetic entropy
Smag(T') per Fe atom (left axis).

~50 kOe for decreasing field. These data suggest the existence
of two field-induced phases.

B. FC3B7013BI'

The spontaneous magnetization of Fe-Br boracite increases
below the weak FM transition at Ty = 18.5(1) K in the usual
manner and saturates at a value of 0.43up (Fig. 23). The
specific heat for selected magnetic fields is shown in Fig. 26.
In zero field a sharp peak marks the Néel point at 18.25(10) K.
Also for Fe-Br a shoulder is observed slightly below Ty,
similar to Fe-Cl. With increasing magnetic field both features
are rapidly smeared out and give place to a rounded maximum
which decreases in T with increasing H. In the curve for
50 kOe (not shown) a very small rounded peak appears, which
gets more pronounced and decreases in T with increasing H.
For H =70 kOe (Fig. 26), it is located at ~13.6 K. With
further increasing field this anomaly gets sharper and finally
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FIG. 25. (Color online) Molar heat capacity c¢,/T of Fe-ClI bo-
racite in different magnetic fields. The dashed line is the lattice
contribution (Zn-Cl data scaled by f = 0.98).
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FIG. 26. (Color online) Molar heat capacity c,/T of Fe-Br bo-
racite in selected magnetic fields. The dashed line is the lattice
contribution estimated from the Zn-Br data (f = 0.98).

develops to a lambda peak at 11.6 K for fields of 80-90 kOe.
This anomaly indicates the crossing of a phase boundary to a
field-induced phase. Interestingly, the M(H) curve at 1.8 K is
almost linear up to the maximum field (70 kOe). High-field
studies (in and above this field range) on oriented crystals
are required for the construction of a T—H phase diagram.
The magnetic entropy was already discussed in the previous
section.

C. Fe3B7013I

The specific heat anomaly at the Néel point of Fe-I boracite
(Ty =~ 32.3 K, Figs. 25 and 27) is less sharp than that of
Fe-Cl and Fe-Br and there is no further anomaly perceptible
below Ty . This suggests that the magnetic moments on all sites
order simultaneously, as found, e.g., for Mn-I [110]. However,

0 10 20 30 40
Temperature (K)

U
o

FIG. 27. (Color online) Molar heat capacity c¢,/T of Fe-I bo-
racite in different magnetic fields. The dashed line is the lattice
contribution (Zn-I data). The light circles (black) connected by a
line show zero-field data measured on a batch of four large crystals
on the Ge2 sample holder.
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the spontaneous magnetization (7y ~ 32.8 K) shows a clear
two-step behavior with the second step around 29 K (Fig. 23),
similar to Co-I (cf. Fig. 17). Also, both the spontaneous
birefringence Ang(7T) [186] and the spontaneous polarization
Py(T) [187] do show a change in slope at 18.5 K. By forming
the derivative d Ang/dT in the sense of Jahn and Dachs [184],
this would result in a peak of dAn;/dT which might also
show up in ¢,(T). However, since the magnetic phase of Fe-I
is monoclinic, i.e., optically biaxial, the relation between ¢, (T')
and the optical indicatrix may be more complex than in the case
of optically uniaxial compounds.

The curvature of H/M between Ty and ~100 K suggests
the presence of significant short-range order well above Ty in
Fe-1. This is mirrored in the magnetic specific heat cpag(7T)
which is sizable even for T > Ty (cf. background specific
heat data in Fig. 27). While there is no anomaly below Ty in
the ¢, (T') data (performed on one single crystal having mostly
octahedra facets), a small steplike anomaly is observed above
Ty . It coincides in temperature with a tiny step in the low-field
magnetization (not shown). This small anomaly is not observed
in a measurement on a larger mass of Fe-I crystals (four large
specimens) on an adiabatic calorimeter. In these data (Fig. 27),
the whole peak around T} is higher but there is no trace of the
feature above Tn. Measurements on better characterized and
oriented crystals are required to clarify this issue.

With increasing magnetic field the specific heat peak broad-
ens and for H = 90 kOe develops into two separate transitions,
indicating the existence of a field-induced phase. The M(H)
curve at 7 = 1.8 K does not show any magnetization steps
up to 70 kOe. The magnetic entropy for Fe-I was already
discussed in Sec. IX A.

X. MANGANESE BORACITES

The cubic phase of the Mn-Cl, Mn-Br, and Mn-I boracites
transforms into a paramagnetic FE /FEla orthorhombic phase.
Measurements of the spontaneous magnetization M (T) on
the powder samples used for the calorimetric experiments
gave the Néel temperatures 11.0(5) K, 14.0(5) K and 26.0(5)
K for Mn-Cl, Mn-Br, and Mn-I, respectively [110]. These
values compare well with 9.8, 14.1, and 26.1 K derived
from c¢,(T) in the present work (Fig. 28). The effective
magnetic moments per Mn atom (ue = 6.03 wp, 5.76 up,
5.92 wp) [110] are close to the spin-only value 5.92 up,
showing the absence of orbital contributions. The (absolute)
Weiss temperatures (—16.2, —26.7, —78.7 K) [110] are much
higher than the respective Ty, in the case of Mn-I by a factor
of 3.02.

The magnetic entropies Spy,g(7T) well above Tn of the
Mn-X boracites reach consistently values of R In 6/Mn atom,
corresponding to the S = 5/2 high-spin state of the three
Mn?* ions. The fraction of entropy reached at Ty is high and
ranges between 67% (Mn-I) to 77% (Mn-Cl) of the limiting
value. Also in the Mn-X boracites some short-range ordering
contributions to ¢yag(7) above Ty are present, but they are
less pronounced than in other M-X boracites. This may
be due to the essentially three-dimensional character of the
exchange interactions and the high (classical) spin of the Mn**
ions.
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FIG. 28. (Color online) Molar heat capacity of Mn-Cl, Mn-Br,
and Mn-I boracites. The dashed lines are the respective lattice
contributions (data of the corresponding Zn-X boracites).

A. MII3B7013C1 and Mn3B7013Br

For Mn-Cl and Mn-Br the symmetry and structure of the
weakly FM phase has not yet been determined. However,
because of the analogous cubic <> orthorhombic PT and the
similarity of the magnetic specific heats (Fig. 28), full analogy
with Mn-I can be expected:

Mn-Cl: F43¢1'(43m1")
<~ (683 K) [90,91] 690.3(1.0) K — Pca2,1'(mm21’)
< (11K) [110] 98K —  Pca2(m'm2)?
F43c1'(43m1’)
Pca2,1'(mm21")

Pc'a2\(m'm2')?

Mn-Br:
<« (548 K) [90,91] —
<~ (14K) [110] 142K —

For these two Mn-X boracites, single transition peaks
(displaying almost the typical lambda shape) are observed
in the zero-field specific heat (Fig. 29), at 9.8 K for Mn-Cl
and at 14.2 K for Mn-Br. Below Ty, there are no further
anomalies and cpae(7) does not follow a particular power law.
In amagnetic field of 60 kOe, the peak for Mn-Cl shifts to 9.1 K
and broadens significantly. A similar broadening and a shift to
12.6 K is observed for Mn-Br in a field of 120 kOe. At least
up to the measured fields, there seem to be no field-induced
phases in the 7—H phase diagram of these boracites. This
suggests, that the orbital moment of the Co®" and Fe*" ions is
involved in the field-induced transitions of these boracites.

B. Mn3;B;0;31
The phase sequence in Mn-I is
F43c1'(43m1")
< (404 K) [90,91] 407.4(1.0) K — Pca2;1'(mm21’)
< (26K) [111] 26.1(2) K —  Pc'a2|(m'm2).

The magnetic structure of Mn-I has been determined by
neutron diffraction on a powder sample at 1.5 K [110] and
refined in the magnetic space group Pc’a2). Magnetoelectric
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FIG. 29. (Color online) Magnetic field dependence of the molar
heat capacity of Mn-Cl and Mn-Br boracites. Mn-Cl in zero (e) and
60 kOe (o and line) magnetic field. Mn-Br in zero (m) and 120 kOe
(0 and line). The dashed lines are the respective lattice contributions.

measurements and data of the spontaneous magnetization
M(T) on an orthorhombic FE/FEla single domain confirmed
the neutron results, giving magnetic space group Pc’a2/,
i.e., with the spontaneous magnetization lying along the
orthorhombic b axis [111]. The magnetic moments of the three
nonequivalent Mn sites order in a two-dimensional canted spin
arrangement and the temperature dependence of the sublattice
moments suggests that the spins on all sites order at Ty.

The specific heat of Mn-I (Fig. 28) shows a sharp peak
at Ty = 26.1(2) K. Although there is a sizable short-range
ordering contribution extending to temperatures well above
Ty, the critical fluctuations directly above Ty appear to be
damped. The peak has not the typical lambda-shape but
appears more like a step. Another observation is that at 70 K
the magnetic entropy is still below R In6. This may indicate
a weakly coupled magnetostructural character of the PT. We
discuss this kind of PTs in Sec. XI B on Cr-Br and Cr-1.

A weak broad hump in ¢pee(7T) (not shown) at ~12 K
becomes visible in a plot of ¢mae/T. Such a hump is often
visible below T in the magnetic specific heat of compounds of
ions with highly degenerate ground states as, e.g., Gd>* [191],
but also Mn>". In agreement with this interpretation, there
are no hints for a change in the spin orientation below Ty in
magnetization data (H = 1 kOe) along the three orthorhombic
axes, nor by the dynamic ME effect [111], nor by the
temperature dependence of the intensity of magnetic Bragg
reflections [110].

XI. CHROMIUM BORACITES

Previous magnetic susceptibility data on powders of Cr-Cl,
Cr-Br, and Cr-I boracite did not reveal any magnetic PTs but
only broad maxima at low 7 [164]. Our data are plotted in
Figs. 30(a) and 30(b), both as M/H and H/M. All three
susceptibility curves show the smooth maxima, at about
26 K (Cr-CI; 27 K [164]), 48 K (Cr-Br; 50 K [164]), and
92 K (Cr-I; 92 K [164]). Only for high T the data can be
approximated by the Curie-Weiss law. Cr-Cl: range of fit
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FIG. 30. (Color online) Magnetic susceptibility of polycrys-
talline Cr-Cl, Cr-Br, and Cr-I boracites in the representations H /M (a)
and M/H (b). The Curie-Weiss fits (see text) and the extrapolations
are given as full and dashed lines, respectively. (c) Isothermal
magnetization curves taken in increasing field at 7 = 2.0 K.

100—400 K, per/Cr atom = 4.90 up, 0p = —36.0 K. Cr-Br:
range 200400 K, p/Cr atom = 4.89 g, 0p = —89 K. Cr-I:
range 350400 K, pe/Cr atom = 5.14 ug, 8p = —226 K.
The pegr for Cr-Cl and Cr-Br reproduce well the spin-only
value of 4.90 u g usually observed for octahedrally coordinated
Cr*" ions.

The large negative 8p signal strong AFM interactions and
the maxima in x(7") are the hallmark of sizable frustration
of these interactions. As reasoned in Sec. III, geometrical
frustration is especially strong in Cr boracites: Cr-Br and
Cr-I stay actually structurally cubic down to low 7 and the
distortions in the orthorhombic (and tetragonal) phase of Cr-Cl
are small [132], resulting in almost equal M-X bond distances
(cf. Fig. 4). The value of u.s appears to be too large for
Cr-I—even with the high-temperature range of the fit and
application of diamagnetic corrections. This is probably due to
the extraordinary strong AFM exchange interactions and their
sizable frustration, leading to such large deviations from the
Curie-Weiss law.

A close inspection of high-precision susceptibility data
in various fields (40 Oe-10 kOe) reveals magnetic order-
ing anomalies for all three Cr-X boracites. The cusps in
x(T) are unobtrusive, however, an excellent representation
is obtained in the derivative d(x T)/dT (‘“Fisher’s heat capac-
ity”) [Fig. 31(a)], which is similar to the magnetic specific
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FIG. 31. (Color online) (a) Derivative d(x T)/dT (‘“Fisher’s heat
capacity”) of the magnetic susceptibility for Cr-Cl, Cr-Br and Cr-I
boracite in H = 400 Oe. (b) Molar heat capacity (PPMS data) in
the same temperature range in zero field. The lines (long-dashed,
short-dashed, dash-dotted) show the estimated lattice contributions
for the Cr-X boracites.

heat [183,192]. This is indeed the case, as can be seen from
a comparison with the ¢,(T) data of the Cr-X boracites in
Fig. 31(b). The anomalies ind(x T)/d T do not vary in shape for
different applied fields. No FM component could be detected
in any of the magnetic phases of the Cr-X boracites, thus they
are purely AFM. Figure 30(c) shows isothermal magnetization
curves. Those of Cr-Br and Cr-I are linear up to the maximum
field while Cr-Cl shows a kink at ~40 kOe, eventually also
indicating the beginning of a spin-flop transition.

A. CI'3B7013C1

Cr-Clis the only chromium boracite in which both structural
and magnetic PTs occur (cf. Table I):

F43c1'(43m1)
<« 264K — P4A2;cl'2ml")
<« 160 K — Pca2;1'(mm21")

<~ (13.5K) [42] 133K —
<~ (9.7K) [42] 9.6 K —

mm?2
m'm'2.

The cubic phase transforms via a ferroelastic “antiferro-
electric” -like tetragonal phase into a paramagnetic FE/FEla
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FIG. 32. (Color online) Magnetic field dependence of the molar
heat capacity of Cr-Cl and Cr-Br boracites at the magnetic PTs. The
long-dashed line shows the lattice heat capacity for Cr-C1(0.935 x ¢,
[Zn-Cl1]), the short dashed line that for Cr-Br (0.95 x ¢, [Zn-Br]).

orthorhombic phase Pca2;1’, which undergoes a transition
at Ty; = 13.5 K to an AFM FE/FEla phase with magnetic
point group mm?2 (predicted magnetic space group: Pca2;)
and at Ty, = 9.7 K to a FE/FEla / weakly FM group m'm’2
(Pc’a’2;). These magnetic transitions were detected by means
of a dynamic magnetoelectric (ME)y method, using the
magnetic field induced polarization P(H) along the binary
axis 2 (coordinate 3) of the bilinear ME effect, P; = 333 H32
[42]. The two Néel temperatures coincide with the sharp peaks
in ¢,(T) (Figs. 31 and 32) at Ty, = 9.6 and Ty; = 13.3 K.
They are also reflected, although less clearly, by anomalies of
the magnetic torque [193]. In our magnetization measurements
we could not detect any FM component below Ty, i.e., also
this phase appear to be purely AFM.

The dependence of ¢,(T") on magnetic fields for Cr-Cl (and
Cr-Br) boracite is shown in Fig. 32. The large anomaly at
Ty1 is at H = 90 kOe clearly split into a step- and a peak-
like anomaly at 13.3 and 12.2 K, respectively, while for H =
40 kOe it is still similar to the zero-field result. For H =
40 kOe, the small peak at Ty, is already split: one component
remains at 9.6 K, while the other seems to be shifted to lower
temperature.

The magnetic entropy at 70 K is RIn5 as expected for
the S =2 groundstate of the three Cr*" ions [Fig. 33(b)].
Less than 40% of this value is attained at Ty since a large
magnetic contribution extends far above Ty ;. Thus, although
from the ratio |0p|/ Ty = 2.7 the magnetic system appears less
frustrated, the largest part of the magnetic entropy is released
in short-range correlations.

B. Cr;B;03Br and Cr;B;0;;1

Cr-Br and Cr-1 were initially considered to remain cubic
down to 4 K, because no FEla or FM domains could be
detected by means of polarized light microscopy [194].
However, our magnetic susceptibility and specific heat data
[Figs. 31(a), 31(b), and 32] on coarse crystalline powders
clearly reveal PTs at 14.5 K and 51.8 K for Cr-Br and
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FIG. 33. (Color online) (a) Magnetic specific heat for Cr-I bo-
racite. (b) Magnetic entropy Spqe(7)/Cr atom calculated for Cr-Cl,
Cr-Br, and Cr-I boracite. The expected entropy of R In 5 lies slightly
above the upper limit of the plot.

Cr-1, respectively. Polarized light microscopic observations
on a (100).-cut Cr-Br plate [195] confirmed the former
observations of the absence of a PT to a phase with FEla(/FE)
domains, but clearly showed a pronounced growth sector
structure well observable at room temperature with an optically
quasitetragonal symmetry, fully analogous to that observed in
Ni-I crystals [24,41].

As can be taken from the ratio |6p|/ Ty (6.1 for Cr-Br and
4.4 for Cr-I) the AFM interactions in the cubic Cr-Br and Cr-1
boracite appear to display a comparatively strong geometric
frustration of magnetic exchange. These ratios are the largest
among the investigated M-X boracites. For highly frus-
trated cubic chromium spinels [196] ZnCr,O4 and MgCr;QOy,
however, value |0p|/ Ty of 25-30 are encountered. In these
magnetic systems a breaking of the cubic symmetry accom-
panying the magnetic ordering at 12-13 K has been ob-
served [158,197]. In ZnCr, Oy the distorted phase is tetragonal
(space group I4m?2) with compressed c axis and displacements
of the Cr ions of £9 x 10~* or less [198]. These magnetic
transitions are weakly first order [198] and are accompanied
by sizable amounts of latent heat [165,199].

From the absence of FEla domains, it can be concluded
that the observed PTs in Cr-Br and Cr-I boracites are of
predominantly magnetic origin, i.e., any structural distortions
would have to be very small. It has to be noted that attempts
at detecting by x-ray diffraction a decrease of symmetry
from cubic on birefringent growth sectors of Ni-I boracite
failed [200]. We can expect an analogous behavior for Cr-Br
and Cr-I boracite, i.e., that the sector defect structure (Ref. [72],
Sec. I1J) does not profoundly alter the cubic structure. Taking
also into account the nonobservation of FEla domains, it
is plausible to attribute the specific heat peaks at 14.5 and
51.8 K to PTs from paramagnetic cubic to antiferromagnetic
cubic. Then the only possible magnetic point groups are 43m
and 4'3m’ [68]. They can in principle be distinguished by
ME measurements, because 43m allows the linear ME-effect
with the term of the thermodynamic potential EHH only,
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whereas 4'3m’ allows the terms EH, HEE, and EHH (see,
e.g., Ref. [201]). Cubic antiferromagnetic phases are rare
and of great interest, especially for their domain dynamics.
Point group 43m is particularly attractive since it allows an
isotropic linear ME effect (see Ref. [202], section 3.4.1.). With
a view to elucidating the true magnetic symmetry, further ME
experiments on Cr-Br and Cr-I boracite would be desirable.

In Cr-Br boracite the magnetic contribution to the specific
heat is very small below Ty, even compared to that for Cr-Cl
(see Fig. 32). The dominant magnetic contribution is a broad
hump with maximum around 32 K which also shows up clearly
in “Fisher’s heat capacity” [cf. Figs. 31(a) and 31(b)]. Thanks
to this hump the entropy Spag(7) reaches some 77% of the
expected RIn5 at 70 K, while it attains only 16% of this
value at Ty. Regarding cp,e/T or the magnetic entropy, the
magnetic contributions are again much smaller for Cr-I than
for Cr-Br [cf. Figs. 33(a) and 33(b)]. Here, only ~30% of
the expected entropy RIn5 (even much less than RIn2) is
found at 70 K. Our c,(T) data for the Cr-X boracites are
less accurate than those for most other compositions due to
the small sample masses (cf. Ref. [72], Table I). Together
with the fact that we have no suitable nonmagnetic reference
data, we are unable to analyze the development of Sy (7') to
higher temperatures, a situation observed for many systems
with magnetic contributions at high temperatures. It has to be
remarked that in “Fisher’s heat capacity” for Cr-1, however, the
maximum of the hump is passed already a few Kelvin above
Ty (at ~60 K).

Regarding the shape of the anomalies at Ty, Cr-I and,
to some extent, Cr-Br boracite show a remarkably sharp
decrease of cmag(7') on the high temperature flank, i.e., they are
not lambda-type transitions as observed for purely magnetic
transitions. The sharp decrease is due to the absence of the
usual critical divergence of the magnetic correlation length
when approaching Ty from above. It indicates that these
transitions are actually of coupled magnetostructural type. No
latent heat was observed at T for Cr-I boracite, however, the
calorimetric method used is not very sensitive for latent heat.

The magnetic field dependence of ¢,(T) was tested at a
few fields for both boracites. There is no appreciable change
of Ty (max. 0.2 K downwards) in a field of 100 kOe for the
Cr-I compound. For Cr-Br the results are shown in Fig. 32. In
a magnetic field of 140 kOe, the peak at Ty splits, the lower
flank shifts downwards by ~0.3 K, while the upper flank does
not shift. Some entropy shifts to lower T as expected for an
overall AFM interaction of the Cr** ions. The influence of
magnetic fields on Ty is much smaller than in other M-X
boracites, corroborating the magnetostructural character of the
PT. In a wide temperature interval below Ty the dependence
of Cmag(T) is T for Cr-Br (and for Cr-Cl), supporting the
AFM character of the ordering.

The findings on Cr-Br and Cr-I boracites classify these
magnetic systems as the strongest geometrically frustrated
ones among the M-X boracites. There exist not only short-
range magnetic correlations up to temperatures well above
Ty, but the PTs are of magnetostructural type, where the
strict geometric frustration is broken and long-range order
is established at temperatures well below those expected from
the exchange interactions. While |6p|/ Ty is larger for Cr-Br
than for Cr-I, the absolute energy scale is about twice in
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the iodine compound. This fact may lead to the pronounced
steplike shape of the ¢, anomaly at Ty and possibly to a more
distinct structural distortion. In contrast, since Cr-Cl orders
magnetically in a structurally orthorhombic phase (with small
displacements from the cubic prototype) the strict geometric
frustration is already broken. Therefore the PT at Ty; is
of lambda type, as typical for “magnetic ordering.” This
intriguing behavior of the Cr-X boracites deserves further
investigations.

XII. MAGNETIC ORDERING AND CRYSTAL STRUCTURE
OF BORACITE PHASES

Several observations and tendencies for the Néel temper-
ature Ty, the character of the magnetic ordering, and the
magnetic exchange interactions in the M-X boracites can now
be correlated with features of the crystal structure, especially
with the bond distances M- X, the coordination of the magnetic
ion, and, especially, the degree of distortion of the environment
of the magnetic species. The major observations are the
following.

(1) Ty generally increases in the sequence M-Cl, M-Br,
M-1. Ty increases from M-Cl to M-Br by about a factor of
1.5 for M = Mn, Fe, Co, but for the quantum-spin systems of
Cu (S = 1/2)and Ni (§ = 1) different ratios are observed. All
chlorine boracites M-Cl have Ty around 10 K (8.6—-11.85 K).
These observations are easily rationalized from the increase of
the lattice volume (quasicubic lattice parameter a) and of the
average M-X bond distance (cf. Fig. 4) when going from M-Cl
via M-Br to M-I boracites. Simple relationships between the
average strength of the AFM exchange interactions (or the Ty)
of M-X boracites in a sequence X = (Cl — Br — I) may be
expected for M ions with classical (high) spins, however, not
for Cu and Ni ions.

(2) The three investigated Co-X boracites and—to a lesser
extent—the Fe-Cl, Fe-Br, and Ni-I boracites show humplike
anomalies below Ty . We have argued that these anomalies are
most probably due to continuous changes of the ordered spin
arrangement (reorientation). It is also the Mn and Fe boracites
where we observe several ordered phases induced by magnetic
fields (in the range up to 90-140 kOe covered by our study).
Obviously, orbital moment contributions are responsible for
these phenomena, since they are absent in the Mn-X boracites:
Mn?>* (d° high-spin) has the orbital state L = 0, in contrast to
d® and d’ ions which have high L.

(3) The magnetic specific heats of Cu-Cl, Cu-Br, and Ni-Cl
boracite show small ordering peaks at Ty and broad humplike
anomalies above Ty. The quantum-spin systems show quite
large ratios |0p|/Ty (3.63, 3.37, and 2.49, respectively)
indicating some frustration or low-dimensional character of
the AFM exchange interactions. The Pca2,1’ structure of
Ni-Cl—the exact structural parameters for Cu-Cl and Cu-Br
in this structure are not yet known—at room temperature is
depicted in Fig. 2. As discussed in Sec. III the Ni** (Cu*")
ions are coordinated in a distorted pyramid of 4 M-O bonds
and one short M-X bond. Three such compact units share a
common halogen ion (cf. Fig. 2). This way, three magnetic M
species form triangles with nearly equal M-M distances (in
Ni-Cl 3.8541, 3.7368, and 3.8658 A) magnetically interacting
via a common halogen ion. These quite isolated triangular
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structures may be the origin of the magnetic frustrations in
strongly distorted orthorhombic boracites (for the size of the
distortions see the analysis in Fig. 4).

(4) The specific heat anomalies at Ty of Ni-I, Mn-I,
Cr-Br, and especially of Cr-I boracite are not of the typical
lambda-type but show a sharp decrease at high-temperature
flank and a partial absence of critical magnetic fluctuations
above Ty. Moreover, the Ty of Ni-I and Cr-I are remarkably
higher than the Ty of corresponding bromine boracites or of
other M-I boracites. The magnetic ordering in these boracite
compounds takes place either in a cubic (Ni-I, Cr-Br, Cr-I;
cf. the cubic structure of Cu-Br boracite, Fig. 1) or in
very weakly distorted phases (examples: Mn-I, Cr-Cl). The
arrangement of the magnetic M2+ ions in the cubic phase leads
to sizable frustration for AFM superexchange interactions
via the halogen atoms. Breaking of this frustration leads to
magnetic ordering and (presumably very weak) structural
distortions via coupled magnetostructural PTs (Sec. XI B).
Since no latent heat could be observed at the PT's, the structural
distortions should be very small. The most sizable distortions
may be expected for Ni-I and Cr-I which display the strongest
AFM exchange interactions among the investigated boracites
(highest absolute Weiss temperatures |6p|). However, the
magnetostructural character of the transitions leads to the
above-mentioned characteristic shape of the ¢, anomalies of
these boracites.

XIII. SUMMARY AND OUTLOOK

The boracites of the 3d transition metals display a wealth of
structural ferroelectric/ferroelastic phases at elevated temper-
ature and magnetic ordering phenomena at low temperature
(see Table I and Ref. [76], Table III). The latter are determined
by the magnetic species and the details of the structure.
Frustration of magnetic superexchange interactions is weak
in boracites and originates from different structural features.
The investigated series of boracite compounds spans from the
quantum spin ions Cu>* and Ni** to classical spin systems
(Mn?* ion). They are type-I [65] multiferroic substances par
excellence, some of them permitting all four primary ferroic
properties.

Experimental access to the exact physical properties of
the multiferroic phases of the M-X boracites, however,
still faces extraordinary difficulties due to the formation of
ferroelectric/ferroelastic domains in the crystals. The here
presented results of heat capacity measurements give a more
integral view on the properties of the magnetically ordered
phases. Our specific heat data in magnetic fields indicate the
existence of several field-induced phases, especially in the Co
and Fe boracites, however, further investigation requires work
on single-domain crystals.

While the structural sequences for the M-X boracites with
M = Cr—Zn and X = (Cl, Br, I) appear to be settled by now
on the level of point groups, exact nuclear or magnetic spin
structures are known for only a few low-temperature phases.
We think that with the present study a comprehensive overview
on the magnetic and thermal properties of the investigated
M-X (X = Cl, Br, 1) boracites is reached, however, due to
the large number of compounds, several details could not
be addressed and numerous questions open up. For further
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experimental investigations, especially of the anisotropic
magnetic properties of noncubic boracites, single FE/FEla
domains of sufficient size are desirable. The preparation and
measurement of such specimens is essential for a meaningful
discussion of the magnetic phase diagrams in high magnetic
fields (most previous magnetooptical studies of magnetoelectic
effects on microscopic domains were limited to magnetic fields
of typically 10 kOe [43]).

Moreover, boracites compounds with F, OH, or NO;
anions [10,11,22,203-205], have been prepared, but not much
is known about the low-temperature structural transitions (and
nothing at all on the corresponding magnetic transitions and
phases). An exception is a recent magnetic properties study of a
new Fe-OH boracite [20,21]. Therefore, even several decades
after the first syntheses of transition-metal halogen (M-X)
boracite species and the first observation of the phenomenon
of multiferroic ordering in Ni-I boracite (in the year 1966), the
transition-metal boracites are a particulary wide and attractive
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subject for the exploration of multiferroic properties as well
as for studies in magnetic spin systems.
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