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PHASE TRANSITIONS IN THE SERIES BORACITE — TREMBATHITE ~ CONGOLITE:
AN INFRARED SPECTROSCOPIC STUDY
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ABSTRACT

The marine-evaporite-hosted borate deposits at Sussex, New Brunswick, contain boracite-group minerals of the solid-solution
series Mg3B7013Cl — FesB7013Cl. At 25°C the orthorhombic structure (Pca2;) is stable for compositions from Mg3zB7013Cl to
(Mgi1.9Fe1.1)B7013C], and the thombohedral structure (R3c) occurs for compositions ranging from: (Mg1.9Fe1,1)B7013Cl to
Fe3B7013Cl. At temperatures greater than 330°C, crystals of all compositions have the cubic boracite structure (F43c). Cooling
results in a first-order phase transition to the orthorhombic structure, and specimens with more than 36 mol.% FesB7013Cl
undergo a further first-order phase transition to the rhombohedral structure. Samples of boracite, trembathite and congolite have
been examined using both mid- and far-infrared absorption spectroscopy at 25°C and at high temperatures. This study suggests
the existence of a previously unknown boracite-type phase in samples with Mg =~ Fe over the temperature interval ~90 to 210°C.
Phonons in the mid-infrared range are insensitive to composition, assuming that no phase transition has occurred, indicating that
they are mainly due to vibrations in the borate framework. The far-infrared spectra vary considerably with composition, thus the
modes are largely due to vibrations of the metal atoms. Phase transitions are readily discernible in either middle- or far-infrared
spectra. The peak that occurs at ~1350 cm! is associated with an antisymmetric stretching mode of the BOs triangles; this peak
is observed in all samples at all temperatures, demonstrating that the BOs triangles persist even in the cubic structure. As
X-ray-diffraction studies indicate that the cubic structure contains BO4 tetrahedra but not BO3 triangles, the presence of the modes
due to BO3 triangles in the spectra corresponding to material with the cubic structure may be due to a dynamic disorder of boron
and oxygen atoms, such that the average structure, as determined by X-ray diffraction, contains only BO4 tetrahedra.
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SOMMAIRE

Les gisements de borate que contiennent les séquences évaporitiques marines 2 Sussex, au Nouveau-Brunswick, contiennent
des minéraux du groupe de la boracite, membres de la solution solide Mg;B7013C1 — FesB;013CL. A 25°C, la structure
orthorhombique (Pca21) est stable pour les compositions allant de MgzB7013Cl & (Mg; oFe;.1)B7013Cl, tandis que la structure
rhomboédrique (R3c) est adoptée par les compositions allant de (Mg gFe; 1)B7013C1 & FesB7013Cl A des températures
supérieures & 330°C, les cristaux de n’importe quelle composition adoptent la structure de la boracite cubique (F43c). Un
refroidissement méne 2 une inversion de premier ordre 2 la structure orthorhombique, et les échantillons contenant plus de 36%
(base molaire) de Fe3B7013Cl font preuve d’une inversion supplémentaire de premier ordre 2 une structure rhomboédrique. Nous
avons examiné les échantillons de boracite, trembathite et congolite par spectroscopie d’absorption dans I’infra-rouge moyen et
lointain 2 25°C et 2 température élevée. Nous avons décelé I’existence d’une structure jusqu’ici méconnue dans le cas
d’échantillons contenant des proportions 2 peu prés équivalentes de Mg et de Fe sur un intervalle de température compris entre
environ 90 et 210°C. Les phonons dans I’infra-rouge moyen semblent insensibles 2 la composition, si 1’on suppose qu’aucune
inversion n’a eu lieu, indication qu’ils sont surtout dus aux vibrations dans les groupes borate de la trame. Dans I’ infra-rouge
lointain, les spectres varient considérablement avec la composition, et les modes sont donc surtout attribuables aux vibrations des
cations. Les inversions sont facilement repérables dans I’infra-rouge moyen ou lointain. Le pic que nous observons 2 environ
1350 cm-! est associé 2 un mode d’étirement anti-symétrique des groupes triangulaires BOs; ce pic est présent dans tous les
échantillons et A toutes les températures, démontrant que ces groupes persistent méme dans la structure cubique. Considérant que
les études par diffraction X indiquent la présence de tétraddres BO, dans la structure cubique, et non de triangles BOj, la présence
des modes attribués aux triangles BO; dans les spectres correspondant aux matériaux ayant la structure cubique pourrait bien
témoigner d’un désordre dynamique du bore et des atomes d’oxygéne, de sorte que la structure moyenne, telle que révélée par
diffraction X, contient uniquement que des tétraddres BOy,.

(Traduit par la Rédaction)

Mots-clés: boracite, trembathite, congolite, inversion, spectroscopie dans 1’infra-rouge, solution solide, physique des minéraux.
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INTRODUCTION

Boracite-type phases, with the general formula
M;3B,0,5X (M?* = Mg, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd;
X = Cl, Br, I), have been extensively studied, owing to
the ferroelastic, ferroelectric and magnetic properties of
the crystals (Nelmes 1974). These materials have struc-
tures with cubic symmetry at high temperatures, but
upon cooling, most undergo phase transitions to ferro-
elastic and ferroelectric structures with lower symme-
try. Most crystals of boracite-group minerals show
complex twinning and anomalous optical properties
that are due to the phase transitions. Five minerals
belong to the boracite group (Table 1); all have Cl as
the halogen, and four contain Mg and Fe as the divalent
metal. However, Burns & Carpenter (1996) have dem-
onstrated that, of these four, ericaite does not occur at
room temperature.

The Penobsquis evaporite deposit, located at Sussex,
New Brunswick, contains an extensive suite of borate
minerals (Roulston & Waugh 1981, Rachlin ef al. 1986,
Mandarino et al. 1990, Burns ef al. 1992, Roberts et al.
1993, Grice et al. 1994), which includes the boracite-
group minerals boracite, trembathite and congolite in the
series Mg3B7013C1 - F%B7013C1. The structure of bo-
racite [MgzB;0,3Cl] has orthorhombic symmetry (Pca2;)
at 25°C, whereas the structures of both trembathite
[(Mg,Fe);B;015C1] and congolite [(Fe,Mg);B;0:5Cl]
have rhombohedral symmetry (R3c) at 25°C.

Burns & Carpenter (1996) have examined the phase
relations in the solid solution Mg;B;0;C1 —
Fe;B,013Cl at 25°C and higher temperatures, using
optical microscopy and X-ray powder-diffraction tech-
niques; the results are summarized in Figure 1. At
temperatures greater than 330°C, all specimens exam-
ined have the cubic boracite structure (F43c¢), and cool-
ing results in a first-order phase tramsition to the
orthorhombic structure. Specimens with more than
36 mol.% FesB;03Cl undergo a further first-order
phase transition to the rhombohedral structure. Burns &
Carpenter (1996) found that the thermodynamic char-
acter of the phase transitions and the volume strain
associated with it are dependent on a specimen’s com-
position. Samples rich in Mg undergo a strongly first-
order phase transition with the greatest volume strain,

TABLE 1. CELYL DIMENSIONS OF BORACITE-GROUP MINERALS

Space @ A) b(4) c(A)  Ref
Group
Boracite MgsB;0,,Cl Pea2; 8.577(6) 8.553(8) 1209(1) 1
ericaite (Fe,Mg);B:0;C1  Pea2; 8.58 8.65 12.17 2
trembathite (Mg Fe)sB/OiCl R3¢ 8.574(2) 20991 3
congolite (FeMg):B;01,C1 R3¢ 8.622(1) 21.054(5) 4
chambersite  Mn;B/01;Cl Pea2;  8.68(1) 8.68(1) 1226(1) S

References: (1) Burns (1995); (2) Kiihn & Schaacke (1955); (3) Burns et al. (1992); (4)
‘Wendling ef al. (1972); (5) Honea & Beck (1962).
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whereas increasing Fe results in a trend toward tricriti-
cal or second-order character, and coincides with a
decrease in the absolute value of the volume strain due
to the phase transition. In addition, the X-ray-diffraction
data of Burns & Carpenter (1996) suggest that there
may be an additional, unexpected phase transition to a
previously unknown structure in material with roughly
equivalent amounts of Mg and Fe.

Hard-mode spectroscopy has been shown to be a
useful technique for the study of phase transitions (Bis-
mayer 1988, Giittler 1990, Salje 1992). The vibrational
spectra of numerous boracite-type phases have been
reported, primarily from Raman spectroscopy (Lock-
wood 1974, 1976a, b, 1978, Lockwood & Murray
1978, Lockwood & Syme 1978, Arakelian & Hart
1987); Moopenn & Coleman (1990) reported an infra-
red spectroscopic study of the phase transitions in
NizB;013Br and Cu3B;0;3;Cl boracite. Both of these
phases undergo first-order phase transitions from the
FA43c structure to the Pca2; structure upon cooling. The
cubic and orthorhombic boracite structures have 19 and
213 infrared-active vibrational modes, respectively
(Moopenn & Coleman 1990). This huge increase in the
number of modes at the phase transition makes the
infrared spectra highly sensitive to the phase transitions
in boracite-type phases. Here we present a reconnais-
sance infrared spectroscopic study of the F43c >
Pca2, and Pca2, <> R3¢ phase transitions in the series
Mg3B7013C1 —_ Fe3B7013C1.
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CRYSTAL STRUCTURE

The cubic boracite structure (Ito ef al. 1951, Sueno
et al. 1973) consists of a framework of corner-sharing
BO, tetrabedra, with metal and halogen atoms located
in cavities in the borate framework. The structure is
very unusual because it contains an oxygen atom [O(1)
using the notation of Sueno et al. (1973)] that bonds to
four boron atoms. This arrangement occurs only in the
structure of cubic boracite-type phases. Presumably to
prevent overbonding at the oxygen atom position, the
four B(2)-0(1) bond-lengths are 1.69 A (Sueno et al.
1973). Significant anisotropic thermal motion of the
B(2) and O(1) atoms is observed. The structure reported
by Sueno et al. (1973) pertains to the cubic form of
Mg;B,03Cl. These authors argued that the refined
atomic-displacement parameters are consistent with
disorder of the Mg and Cl atoms in the cavities of the
borate framework. However, Nelmes & Thornley
(1973) provided a refinement of the cubic structure of
Cr3B7045Cl, and argued that there is no evidence for
any kind of disorder in any of the cubic phases of
boracite for which structures have been reported. In-
stead, they concluded that significant thermal motion of
the metal and halogen atoms occurs about a single
potential minimum in each crystallographic site. Later
structure refinements for cubic Cu3;B;0,3Cl (Thornley
et al. 1976a), NizB,0;31 (Thornley et al. 1976b, Nelmes
& Thornley 1976), Cu3B;0,3Br (Nelmes & Hay 1981),
Cu3B-;0;31 (Nelmes & Hay 1981), CuzB,0,5Cl (Berset
et al. 1985) and Cr;B,0;3Cl (Monnier et al. 1987)
support the conclusions of Nelmes & Thornley (1973).

In the low-temperature structures, the O(1) atom is
bonded to only three boron atoms, and the borate
framework contains both BO; triangles and BO, tetra-
hedra. At 25°C, the structure of boracite, Mgz;B-043Cl,
has orthorhombic symmetry, space group Pca2,
(Dowty & Clark 1973), whereas the structures of con-
golite and trembathite have thombohedral symmetry,
space group R3c (Schmid 1970, Mendoza-Alvarez ez
al. 1985, Burns et al. 1992). In each case, the coordina-
tion geometry of the metal atom is significantly dis-
torted from the arrangement in the cubic structure, and
the Pca2,and R3c structures contain three and one
symmetry-distinct metal sites, respectively. The struc-
tures also differ in the orientation of the BOj; triangles.
In the rhombohedral structure, the BOj triangles are
coplanar and perpendicular to the three-fold axes,
whereas in the orthorhombic structure, they are not
coplanar, which explains why crystals with the thom-
bohedral structure have an optical birefringence that is
large relative to that of crystals with the orthorhombic
structure.

One important distinction between cubic and lower-
symmetry boracite-type structures is that the high-sym-
metry structure contains only BO, tetrahedra, whereas
the lower-symmetry structures contain both BO; trian-
gles and BO, tetrahedra. Infrared and Raman spectro-

191

scopic measurements are sensitive to the presence of
BO; groups. Where BO; triangles are present in a bo-
racite-type structure, they give rise to an antisymmetric
stretch mode at ~ 1350 cm!, and a weaker mode at
~1400 cm! that is due to the presence of 19B, whose
natural isotopic ratio to !B is 18:82 (Moopenn & Cole-
man 1990). Thus, it is possible to detect the persistence
of BO; triangles in the cubic phase using spectroscopy.
Moopenn & Coleman (1990) presented spectra for cu-.
bic NizB;0;3Br and CusB,05Cl; the mode due to the
antisymmetric stretching of the BOj; triangle is not pre-
sent in the spectrum of cubic NizB;013Cl, whereas it is
a dominant feature in the lower-temperature spectra of
the orthorhombic phase. In contrast, they found that the
antisymmetric stretching mode of the BO; triangle is
readily apparent in the spectrum of cubic CuzB,01;5Cl,
although the peaks are of much lower intensity than in
the spectra for the orthorhombic phase. In addition,
with heating of the orthorhombic structures of
Ni3B;03Br and Cu;B;015Cl, the full-width at half-
maximum (FWHM) of the mode at ~1350 crlis
strongly temperature-dependent, suggesting a large an-
harmonic motion within the BO; group (Moopenn &
Coleman 1990).

EXPERIMENTAL

Sample description

Four specimens were selected for study. Three of
these are from sample suites from the Potash Company
of Saskatchewan mine workings in the Penobsquis eva-
porite deposit at Sussex, New Brunswick. These sample
suites are currently housed at the Canadian Museum of
Nature (CMN) in Ottawa, Ontario. Each sample suite
contains one or more sections of diamond-drill core
from the Upper Halite Member (Roulston & Waugh
1983). Associated minerals are halite, hilgardite, hy-
droboracite, and the boracite-group minerals. Optical
and X-ray-diffraction data collected at 25°C and at high
temperatures, together with results of electron-micro-
probe analyses, are presented elsewhere (Burns & Car-
penter 1996). The sample designated here as S4-IR is
from CMN suite F93-20-4 and is a crystal selected
from the same section of drill core as were samples S4A
and S4B studied by Burns & Carpenter (1996). CMN
suite F93-20-8 contains three sections of drill core;
samples S8A-IR and S8E-IR were selected from two
of these. Sample S8A-IR is from the same section of
drill core as samples S8A and S8B studied by Burns &
Carpenter (1996), whereas sample SSE-IR comes from
the same section of drill core as samples S8D and S8E
of Burns & Carpenter (1996). The fourth sample se-
lected for study is near-end-member boracite from an
unknown English locality. The sample, designated
EB-IR, is from the same hand specimen as the sample
EB studied by Burns & Carpenter (1996).
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In each case, an inclusion-free crystal about 3 mm in
diameter was selected for study. Each crystal was bro-
ken, and a portion was set aside for chemical analysis
using an electron microprobe; the remainder was pre-
pared for infrared absorption spectroscopy.

Infrared spectra

For infrared measurement, the crystals were ground
by hand for approximately five minutes using an agate
mortar and pestle. For mid-infrared absorption experi-
ments, the standard pellet technique was used. Pellets
were prepared by diluting the samples in KBr in ratios
~1:500. For far-infrared absorption experiments, the
Si-wafer technique was used. The sample was prepared
by gently pressing ~2.5 mg of sample onto a Si wafer
using the back of a spatula, giving a sample area of
~1 cm?,

The infrared absorption spectra were collected under
vacuum using a Fourier transformation infrared spec-
trometer (Bruker IFS 113v). A liquid-nitrogen-cooled
MCT detector was used for the mid-infrared range, and
a room-temperature DTGS detector was used for the
far-infrared range. A total of 350 scans were collected
for each experiment. At the beginning of each day of
experiments, reference spectra were collected for a
blank KBr pellet or a Si wafer at all temperatures for
which sample spectra were collected on that day. The
sample was positioned in the middle of a cylindrical
platinum-wound furnace in the sample compartment,
and the temperature was permitted to stabilize for ten
minutes before collecting each spectrum, The tempera-
ture was measured using a Pt-Rh thermocouple held in
contact with the pellet. The temperature was controlled
using a Eurotherm temperature-control system to a sta-
bility of + 2°C. Under these experimental conditions,
there is no possibility that a large thermal gradient
exists across the pellet. On the basis of studies of the
phase transitions in quartz and cristobalite, the tempera-
ture of the sample is accurate to within +5°C. The
spectral resolution was set to 2 cm! for mid-infrared
and to 4 ¢! for far-infrared ranges, respectively. The
zero filling factor for the Fourier transform algorithm
was 4 in order to enhance spectra features. It is possible
that some Br <> Cl exchange between the KBr and the
specimen occurred during the experiments. To mini-
mize this possible effect, spectra were collected imme-
diately after the pellets were prepared. Spectra collected
at 25°C both before and after heating experiments were
indistinguishable; thus, Br <> Cl exchange during the
experiments was not detectable.

Electron-microprobe analysis
Crystal fragments were mounted in epoxy, polished,

and coated with carbon for electron-microprobe analy-
sis. Compositions were determined using a Cameca
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SX50 probe operated in wavelength-dispersion mode.
The acceleration voltage was 20 kV, and the beam
current was 15 nA; the samples were found to be stable
under these conditions. The following standards were
used: MgO (Mg), Fe metal (Fe), NaCl (Cl), Mn metal
(Mn) and wollastonite (Ca). Multiple points were ana-
lyzed for each crystal; average values for each sample,
along with the corresponding standard deviation, are
reported in Table 2. The proportion of boron was calcu-
lated from stoichiometry.

RESULTS

Owing to the very large number of modes in the
low-symmetry phases, no normal mode analysis has
been attempted. However, considerable insight into the
phase relations in the series Mg;B-0;3Cl — Fe;B70,3Cl
may be obtained by systematic comparisons of the
spectra collected for each specimen. In general, the
spectra are featureless at wave numbers above
1500 em™1. According to Moopenn & Coleman (1990),
internal vibrational modes of the borate framework
occur at wavenumbers above 200 cm!, whereas the
modes below 200 cm! are mainly due to oscillations of
the metal and halogen atoms.

Comparison of spectra collected for different
specimens

As shown in Figure 1, all compositions should have
a structure with cubic symmetry at temperatures above
330°C. The mid-infrared spectra collected at 400°C for
each specimen are compared in Figure 2a. The spectra
are very similar in appearance, and each contains about
nine discernible peaks, with only minor variations in
peak position and intensity apparent. This is entirely
consistent with the conclusion of Burns & Carpenter

TABLE 2. CHEMICAL COMPOSITION OF

BORACITE-GROUP MINERALS*
EBIR S4IR SSA-IR SSE-IR
# Points 36 30 40 39
FeOwt%  3.24(34)  1240029)  24.70098)  34.85(1.74)
MnO 0.033)  0.90(5) 0.27(6) 0.75(10)
MgO 30.52(48) 22.16(46)  14.21(63)  6.49(1.26)
cl 825(40)  8.47(6) 7.87(16) 7.65(8)
B0, 6521 59.71 56.86 53.33
Cl=0 -1.86 -1.91 -L78 -L73
Total 105.39 101.73 102.13 101.35
Fé* 0.17(2) 0.70(2) 1.47(6) 222(13)
M 0.0022) 0.052(3)  0.016(d) 0.048(7)
Mg 2832) 22400 1.51(6) 0.73(13)
a 087(5)  0.97(1) 0.95(2) 0.99(1)
*B,0; calculated from stoichiometry; formula cal assume Mg
+Fo+Mn = 3. Data obtained by el icrop lysi
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FIG. 2. Middle-infrared absorption spectra for samples: 1: EB-IR [M = (Mg, sFeq 7)), 20 S4IR [M = (Mg, 2Fey0Mng o5)], 3:
S8A-IR [M = Mg s,Fe; #Mng )], 4: SSE-IR [M = (Fe, Mgy 7sMilys)]. (a) Collected at 400°C, corresponding to the cubic
structure, (b) Collected at 250°C (240°C in the case of sample EB-IR), corresponding to the orthorhombic structure. (c)
Collected at 25°C, corresponding to the orthorhombic structure. (d) Collected at 25°C, corresponding to the thombohedral

structure. The absorbance is given in arbitrary units.
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Fie. 3. Middle-infrared absorption spectra collected for sample EB-IR with M =
(Mg, 33Feq.17). The absorbance is given in arbitrary units.

(1996) that phases in the series MgsB,0,5C1 —
Fe3B;013Cl have a cubic structure at high temperatures.
From Figure 1, it is also evident that each specimen
should have orthorhombic symmetry at 250°C. Their
middle-infrared spectra collected at this temperature
(240°C in the case of sample EB-IR) are compared in
Figure 2b. As expected, the spectra contain consider-
ably more peaks than those for the cubic structure (Fig,
2a). The effect of composition appears only to be evi-
dent in details of peak position and intensity. On the
basis of spectra shown in Figure 2b, it may be con-
cluded that each sample has the same structure at
250°C.

At 25°C, samples with less than 36 mol.%
Fe;B,043Cl have the orthorhombic structure (EB-IR,
S4-1IR), whereas those with more than 36 mol.%
Fe;B043Cl have the thombohedral structure (SSA-IR,
S8E-IR). The middle-infrared spectra collected at 25°C

for samples EB-IR and S4-IR are compared in Figure
2c. They each contain about thirty-five distinguishable
peaks, and the two spectra differ only in minor vari-
ations of the peak positions and intensities, confirming
that the two samples have the same structure. They may
be compared to the middle-infrared spectra of samples
S8A-IR and S8E-IR, collected at 25°C and shown in
Figure 2d. The spectra for the phases with rhombohe-
dral symmetry (Fig. 2d) have about twenty-two dis-
cernable peaks, and the two spectra are very similar,
except for minor variations in peak positions and inten-
sities, which confirms that the samples are isostructural.
At 25°C, the middle-infrared spectra of phases with
orthorhombic (Fig. 2c) and rhombobedral (Fig. 2d)
symmetry have the same general appearance, but close
examination reveals that they differ significantly in
terms of the number of peaks, their positions and rela-
tive intensities.
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Comparison of spectra collected at different
temperatures

Mid-infrared spectra were collected for each speci-
men over the temperature range 25°C to 400°C; in each
figure, the spectra taken closest to the temperature of
the phase transition (obtained using optical microscopy:
Burns & Carpenter 1996) are indicated by dotted lines.

Consider first the spectra collected for samples
EB-IR and S4-IR (Figs. 3, 4). Each of these specimens
has an orthorhombic structure at 25°C, and upon heat-
ing, each undergoes a first-order transition to the cubic
structure, with a reduction in the number of distinguish-
able peaks in the middle-infrared spectra (Figs. 3, 4).
Many peaks are common to both structure types.
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As noted above, the presence of BO; triangles gives
rise to an antisymmetric stretch mode at ~1350 cm,
and a weaker mode at ~1400 cm!, due to the presence
of 19B, Both modes are clearly visible in the lower-tem-
perature spectra for samples EB-IR and S4-IR (Figs. 3,
4), and it is also apparent that they persist into the cubic
phase, even to 400°C. The variation of the position,
FWHM and area of the peak at 1350 cm™ in spectra
taken for sample EB-IR is given in Figure 5. The
frequency of the peak decreases continuously and line-
arly with increasing temperature in the orthorhombic
phase, and there is an abrupt reduction of the frequency
of the peak at the orthorhombic-to-cubic transition. The
FWHM increases steadily as a function of temperature
in the orthorhombic phase, and it abruptly increases at
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Fie. 4. Middle-infrared absorption spectra collected for sample S4-IR with M =
(Mg, 24Feq70Mng g5). The absorbance is given in arbitrary units.
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FIG. 5. The variation of the position, full-width at half-maximum
(FWHM) and area of the peak at ~1350 cr! in spectra taken
for sample EB-IR with M = (Mg, gFe, ;). This peak is due
to an antisymmetric stretch mode of the BO; triangles. The
units of area are arbitrary. The expected phase transition
(from Fig. 1) is indicated by the broken line.

the onset of the cubic structure. The area of the peak
decreases with increasing temperature, with an inflec-
tion point at the phase transition. All of these features
are consistent with a first-order phase transition, as
expected from previous work (Burns & Carptenter
1996, Schmid & Tippmann 1978, Dvofdk & Petzelt
1971). The significant increase of the FWHM of the
peak is indicative of strong anharmonic motion within
the BO; triangle, which increases with increasing tem-
perature. The very definite presence of this peak in the
spectra corresponding to cubic structures indicates that
BO; triangles do persist in the cubic phase of both of these
specimens. This is inconsistent with the structural interpre-
tations derived from X-ray-diffraction experiments.
Consider next the spectra collected for sample
S8E-IR (Fig. 6). This specimen is thombohedral at
25°C, and undergoes a first-order transition to the or-
thorhombic structure at ~205°C (from Fig. 1), and an-
other first-order transition to the cubic structure at
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~320°C. On cooling, the cubic-to-orthorhombic phase
transition results in a significant increase in the number
of peaks in the spectra (Fig. 6), whereas the phase
transition from the orthorhombic to the rhombohedral
structure is accompanied by a reduction of the number
of peaks (Fig. 6). This is especially apparent in the
region 900 cm! to 1000 cm!, which is shown enlarged
in Figure 7.

The modes at ~1350 and ~1400 cm™!, due to the
antisymmetric stretch mode of the BO;triangle, are
dominant features of spectra collected at all tempera-
tures for sample S8E-IR. The dependence of the
1350 co ! peak position, FWHM and area upon tem-
perature are given in Figure 8. The frequency of the
peak gradually decreases with increasing temperature
in both the rhombohedral and orthorhombic phases,
with no significant discontinuity at the rhombohedral-
to-orthorhombic transition. However, there is a signifi-
cant decrease in the peak frequency at the onset of the
cubic phase, and this first appears ~10°C below the
phase transition (Fig. 8). The peak FWHM increases
gradually from room temperature to ~300°C, and the
trend shows an inflection point at the thombohedral-to-
orthorhombic transition. Above ~300°C, the FWHM
begins to increase rapidly, and this continues once the
structure has become cubic. The peak area decreases
with increasing temperature, and shows a significant
discontinuity at the rhombohedral-to-orthorhombic
transition. The peak area decreases rapidly as the or-
thorhombic structure is heated, but becomes essentially
constant with the onset of the cubic structure.

The spectra collected for sample S8A-IR are shown
in Figure 9. This specimen is thombohedral at 25°C,
and a phase transition to a structure with a much lower
optical birefringence occurs at ~90°C (Burns & Car-
penter 1996). Although the phase stable above 90°C
was designated orthorhombic by Burns & Carpenter
(1996), they also noted, on the basis of a discontinuity
in the unit-cell volume, that another phase transition
may occur at ~200°C in specimens of this composition;
thus there is uncertainty as to the symmetry of this
phase. The structure becomes cubic at ~310°C. It was
shown above (Fig. 2b) that all samples are isostructural
at 250°C; on the basis of knowledge of the behavior of
near-end-member boracite (EB-IR), we can unambigu-
ously identify these spectra as corresponding to the
orthorhombic structure. Examination of the spectra
shown in Figure 9, and especially in the range 800 to
1100 cm! (Fig. 10), strongly supports the presence of
a phase transition in this material at ~200°C. In particu-
lar, the single broad peak present in the spectra below
210°C at ~940 cmlcollapses into several weaker
modes at the transition. The presence of this transition
is in accord with the discontinuity in unit-cell volume
observed by Burns & Carpenter (1996), and requires
the designation of a new phase in the temperature inter-
val 90 to 210°C in samples with Mg = Fe. This phase is
provisionally designated phase A.
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Fic. 6. Middle-infrared absorption spectra collected for sample SS8E-IR with M =
(Mg 7sFe; My o5). The absorbance is given in arbitrary units.

Figure 11 shows the variation of the 1350 cm-! peak
position, FWHM, and area with temperature for sample
S8A-IR. The peak frequency decreases continuously
and smoothly with increasing temperature, with only a
small discontinuity present at the transition from the
orthorhombic to the cubic structure. The peak FWHM
increases smoothly to ~300°C, with an increase in slope
and a discontinuity at the onset of the cubic structure.
The peak area decreases continuously, with an inflec-
tion point and change in slope at the orthorhombic-to-
cubic transition. The rhombohedral - to - phase A and
phase A - to - orthorhombic phase transitions are not
evident in the trends for the peak at 1350 cm?.

The middle-infrared spectra for sample S8A-IR dis-
play only minor changes at the tramsition from the
thombohedral structure to phase A. There are slight
variations in peak intensities and positions in general,
and the peaks at 980 and 1140 cm! seem to be the most
sensitive to this transition. However, it will not gener-

ally be possible to distinguish between the rhombohe-
dral structure and phase A using mid-infrared spectra
alone.

Far-infrared spectra

Spectra in the far-infrared region were collected for
samples S8A-IR and SS8E-IR over the temperature in-
terval 25°C to 330°C. Consider first sample S8A-IR
(Fig. 12). This sample has the rhombohedral structure
from 25°C to the onset of phase A at ~90°C. The
structure becomes orthorhombic at ~210°C, and cubic
by ~310°C. The spectra are very complex, with at least
fifteen different peaks. The phase transition from the
rhombohedral structure to phase A is marked by several
significant changes. A new peak appears at ~155 cm!
and becomes more intense with increasing temperature.
Also, peaks at ~355 and ~375 cm! vanish at the transi-
tion, whereas the frequency of the peak at ~398 cm™,
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which was essentially invariant in spectra for the rhom-
bohedral structure, begins to decrease significantly at
the transition to phase A (Fig. 13).

The phase transition from phase A to the orthorhom-
bic structure in sample S8A-IR is also readily detected
using far-infrared spectroscopy. As can be seen in Fig-
ure 12, several abrupt changes occur in the spectra at
~210°C. The peak at ~165 cm™, which had been a
dominant feature in the lower-temperature spectra, is
greatly reduced in intensity by 210°C, and is no longer
present in spectra collected for temperatures above
210°C. The two peaks present at ~220 and ~250 cm!
merge into one broad peak, and new peaks appear at
~355 and ~465 cm™!; the peak at ~398 cm~! becomes
very broad, and vanishes by 290°C.

The far-infrared spectra collected for sample SSE-IR
also contain about fifteen distinguishable peaks (Fig.
14). This sample has a rhombohedral structure from
25°C to ~210°C, which is the onset of the orthorhombic
structure. The phase transition is readily detected in the

mum (FWHM) and area of the peak at ~1350 cm! in
spectra taken for sample S8E-IR with M =
(Mgy.73Fe; »Mng os). This peak is due to an antisymmetric
stretch mode of the BO; triangles. The units of area are
arbitrary. Expected phase transitions (from Fig. 1) are
indicated by broken lines.

spectra. At the onset of the orthorhombic structure,
peaks at ~165 and 375 cm! vanish, peaks at ~230 and
~250 cm merge into a single broad peak, as do the
peaks at ~430 and ~450 cml, the peak at ~355 cm-!
vanishes, a new peak appears at ~365 cm™!, the peak at
~400 cm-! becomes very broad and rapidly decreases in
frequency, and a new peak appears at ~475 cm,

DIsCUSSION

The infrared spectra, especially in the far-infrared
region, are quite sensitive to the phase transitions in the
series Mg;B,013C1 — Fe3;B,013Cl. At 25°C, samples of
the series Mg3;B;03Cl — Fe;B;013C1 have either an
orthorhombic or thombohedral structure, and these po-
lymorphs may be readily distinguished on the basis of
spectra in either the mid- or far-infrared region. Com-
parison of spectra collected for samples with different
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Fic. 9. Middle-infrared absorption spectra collected for sample S8A-IR with M =
(Mgl siFe; 4Mng o). The absorbance is given in arbitl'ary units.

compositions, but at the same temperature, shows that
the mid-infrared region is not significantly affected by
Mg <> Fe substitution, in the absence of a phase transi-
tion. This is consistent with the fact that the modes in
this region are due mainly to vibrations within the
borate framework. The spectra in the far-infrared region
do vary significantly with composition, as the modes
associated with the metal and halogen atoms are found
in this region.

The persistence of BOs triangles at temperatures well
above the cubic-to-orthorhombic phase transition has
been indicated by the presence of peaks at ~1350 and
~1400 cm™! in the infrared spectra. This result is at odds
with X-ray-diffraction studies, which give a cubic
structure containing BO, tetrahedra but not BO; trian-
gles. Note, however, that a structure refinement has not
been reported for a cubic phase of intermediate compo-
sition in the series Mg;B;0,3Cl — Fe;B;,03Cl. Also, it

is common for boracite-type crystals to remain weakly
anisotropic, even in the cubic phase (Nelmes 1974).
Optical examination of the crystals studied here has
shown them to be weakly anisotropic to temperatures
exceeding 500°C.

The presence of the antisymmetric stretch mode of
the BOstriangle at ~1350 and ~1400 cm in spectra
collected for phases with the cubic structure supports a
model that involves a dynamic disorder of the B(2) and
O(1) atoms. Such disorder is reflected by the very
substantial broadening of these peaks with increasing
temperature. The peaks begin to broaden well below the
onset of the cubic phase, indicating that the dynamic
motion of these atoms becomes significant in the stabil-
ity field of the orthorhombic structure. X-ray-diffrac-
tion studies of the cubic structure of Mg;B;0,5ClL
(Sueno et al. 1973) give large anisotropic displacement
parameters for both the B(2) and O(1) atoms, and this
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(Mg, 5, Fe; 4sMng ). The absorbance is given in arbitrary
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1100

is also the case for other cubic boracite-type structures.
This disorder must occur in such a way that BO; trian-
gles occur locally in the structure.

The existence of a new structure, phase A, in samples
with Mg = Fe over the temperature interval ~90 to
~210°C, is consistent with the systematic variations
shown by the spectra. In the mid-infrared range, the
spectra of the new phase are very similar to those of
specimens with the rhombohedral structure, indicating
that the borate framework of the structure of phase A
must be quite similar to that of the rhombohedral struc-
ture. However, the lower optical birefringence of phase
A relative to crystals with the rhombohedral structure
suggests that the BO; triangles are not all coplanar in
the structure of phase A, whereas they are so in the
thombohedral structure. Most differences between the
spectra of phase A and the spectra for the rhombohedral
material are in the far-infrared region, which is largely
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arbitrary. Expected phase tramsitions (from Fig. 1) are
indicated by broken lines.

due to vibrations of the metal and halogen atoms
(Moopenn & Coleman 1990). Phase A is presumably
distinct because of a new arrangement of metal atoms
in the structure, therefore, and this is in some way
related to the apparent requirement of Mg = Fe.
Samples with different intermediate compositions
are needed to define the stability field of this struc-
tural variant. It does not extend as far as

(Mg 24Feg70Mng g5)B7013C1 (the composition of
S4-IR), however.
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