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Ligand-field splitting of Fe2¿ in distorted octahedral sites of the magnesium-rich
orthopyroxenes FexMg1ÀxSiO3: Correlation of magnetic susceptibility, Mössbauer, and

optical absorption spectra
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Orthopyroxenes, FexMg12xSiO3, ranging in composition between the Fe and Mg end members, represent an
interesting system from the physical point of view because of the strong site preference of Fe21 for one of the
two octahedral sites in the crystal structure. For Mg-rich samples withx,0.5, a major portion of the Fe21 ions
reside in the distorted octahedralM2 site and the magnetic susceptibility and optical absorption spectra are
dominated by the effects of Fe21 in this site. Two natural orthopyroxenes withx50.12 and 0.20 have been
investigated by magnetic susceptibility measurements and Mo¨ssbauer spectroscopy. The thermal characteristics
of the observed mean magnetic susceptibilityx̄ and the quadrupole splittingDEQ were analyzed using ligand-
field theory. A minimum number of approximations were made to modify the Hamiltonian for Fe21 in the
distorted octahedralM2 site. The electronic energy-level pattern and the corresponding wave functions were
obtained from a best fitting of the experimental results with the corresponding theoretical values. These results
were used to calculate the thermal characteristics of the crystalline magnetic susceptibilitiesxa , xb , andxc ,
arising from Fe21 in the M1 andM2 sites in the ratio of their occupancies. The directional magnetic suscep-
tibilities xb.xc.xa are in agreement with the corresponding values in orthopyroxenes with higher concen-
tration of Fe21. The energy-level diagram of Fe21 at theM2 site agrees well with the optical absorption spectra
resulting mainly from Fe21 at theM2 site. There is very little variation inDEQ for Fe21 at theM2 site as a
function of temperature compared with that in the regular octahedralM1 site which shows a large variation.
The DEQ of Fe21 at the M2 site and the magnetic susceptibility show very little variation with chemical
composition. Our analysis also suggests considerable overlap of the molecular orbitals of the ligand electrons
with those of the Fe21 ions.

DOI: 10.1103/PhysRevB.64.144413 PACS number~s!: 75.50.Bb, 76.80.1y
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I. INTRODUCTION

Orthopyroxenes, FexMg12xSiO3, are important rock-
forming ferromagnesian silicates representing a comp
solid solution between the Mg end member~MgSiO3, ensta-
tite, En! and the iron end member~FeSiO3, ferrosilite, Fs!.
Because of the very strong site preference of the Fe21 ion for
one of the two octahedral sites in the crystal structure, ort
pyroxenes~OPX! represent an interesting system from t
physical point of view. For Mg-rich samples withx,0.5, a
major portion of the Fe21 ions reside in the distorted octah
dral M2 site and the magnetic susceptibility and the opti
absorption spectra are dominated by the effects of the F21

ions in this site. Only for Fe-rich compositions withx.0.5
do the effects of the Fe21 ions in the regular octahedral sit
M1 begin to be discernible. In the present paper, we re
the results of Mo¨ssbauer spectroscopy~MS! experiments and
magnetic susceptibility measurements on two natu
magnesium-rich orthopyroxene samples withx50.12 (En88)
and 0.20 (En80), known as enstatites. Mo¨ssbauer spectros
copy has been widely used for the determination of the
occupancies of Fe21 and Mg21 ions in different crystallo-
graphic sites and Mg21-Fe21 order-disorder in ferromagne
sian silicates.1–6 Although measurements of MS~Refs. 2–5
and 7–9! and magnetic susceptibilities of OPX with high
concentrations of Fe21 have been reported,9,10 there are no
previous reports of magnetic and MS studies on ensta
0163-1829/2001/64~14!/144413~9!/$20.00 64 1444
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with low Fe21 concentrations. Crystallographic structure d
terminations and optical absorption spectra in the infra
and visible regions of enstatites with lower values ofx have
been reported.11–14 These results can be used to analyze
magnetic and MS results as well as the optical absorp
spectra within the context of the ligand-field~LF! theory
using a minimum number of approximations.

In orthopyroxenes, Fe21 exists as the high-spin species2

The crystal structure of orthopyroxene~orthorhombic, space
groupPbca! consists of single silicate chains (SiO3)` , held
together by divalent Fe and Mg cations in octahedral coo
nation with six oxygen ligands from the silicate groups.15,16

There are two nonequivalent crystallographic octahed
sitesM1 andM2. TheM2 site is more distorted due to th
fact that each of the two ligand oxygens is shared with t
silicon atoms resulting in longerM -O distances compared t
the other four oxygen atoms bonded to one silicon at
each15–17 @Fig. 1~a!#. M1 lies in the interior of the double
octahedral band andM2 lies exterior to it, giving rise to a
zigzag pattern of the Fe21, Mg21 cation arrangement in the
structure18 @Figs. 1~b! and 1~c!#. It has been known that in a
crystal structure, when the octahedral sites are distorte
different degrees from octahedral symmetry, Fe21 ions ex-
hibit a tendency to enrich in the more distorted site.16,19,20In
the case of orthopyroxenes, Fe21 enrichment takes place a
the M2 site as evidenced from earlier single-crystal x-r
diffraction16 and MS studies2–5,7–9as well as from studies o
©2001 The American Physical Society13-1
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optical absorption spectra11–14 and neutron diffraction.9 The
dependence of the occupancy of Fe21 at M1 andM2 sites
with different values ofx are shown by the two curves in Fig
2, the data points of which have been collected from a sur
of earlier studies.2,3,5,7–9Since the occupancy factors of Fe21

atoms atM1 andM2 sites forx,0.25 have been reporte
for very few samples, we wanted to find out whether t
occupancy factors determined from chemical analysis
MS studies of the two samples, En88 and En80 with x
50.12 andx50.20, respectively, follow the same curves f
M1 and M2 site occupancies shown in Fig. 2. We al

FIG. 1. Crystallographic structure of orthopyroxene~OPX!. ~a!
Configuration of theM1 and M2 octahedra.~b! The double-
octahedral band formed by edge sharingM1 andM2 octahedra.~c!
Arrangement of the Fe21 and Mg21 cations in orthopyroxene. Ope
circles:M1 site. Solid circles:M2 site.
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wished to determine the dependence of different therm
physical properties on the occupancy of Fe21 at the two dif-
ferent sites in OPX samples with different values ofx by
investigating the near end members, i.e., magnesium-
and iron-rich OPX samples.9,10 The results of our investiga
tions on the iron-rich samples of OPX will be reported in
separate paper.

Earlier workers11–14 studied the optical spectra of
bronzite, En85, and a hypersthene, Fs39.5, observing bands
around 11 000, 5400, and 3100 cm21 in the a, b, and g
spectra taken along theb, a, andc axes of the crystal, respec
tively. These bands were assigned to different transitions
tween the energy levels arising from the ground term5D of
the 3d6 configuration of the Fe21 ion placed at the noncen
trosymmetric distortedM2 site, which is subjected to differ
ent perturbations like spin-orbit coupling and considera
distortion from the regular octahedral symmetry. The spec
from Fe21 at theM1 site was not observed as it was mu
weaker and may have been overlapped by the stronger
sorption lines due to the former. Later, Goldman a
Rossman14 studied the spectra of a bronzite, En85, and found
a band at 2350 cm21 instead of 3100 cm21 as reported
earlier.11,13They also analyzed the spectra of Fe21 at theM2
site consideringC2v symmetry using the crystal-field~CF!
theory based on a point charge model appropriate for
ionic system and neglected the spin-orbit interaction as w
as the covalency effect. In contrast, we have applied
more relevant LF theory, since it is well known21–23 that LF
levels of Fe21 ions can be determined from a fitting of th
thermal characteristics of the quadrupole splitting measu
from the Mössbauer spectra and magnetic susceptibility
sults that can be cross-checked with the available opt
absorption spectra.

II. EXPERIMENTAL RESULTS

A. Chemical analysis of the samples

Enstatites, En88 and En80 with x50.12 and 0.20,
were separated from a chromite pyroxenite from t

FIG. 2. Occupancy of Fe21 at M1 andM2 sites in OPX with
different concentrations ofx ~occupancy ratios of En88 and En80 in
M1 andM2 sites are indicated byf andd” !.
3-2
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TABLE I. Mössbauer parameters for enstatites~En88 and En80!. DEQ : quadrupole spliting.d: isomer
shift. G: linewidth. OF: fractional intensity. Fe21-OF: Fe21 occupancy factor.

Temperature
~K!

DEQ

~mm/s!
d

~mm/s!
G

~mm/s!
OF
~%!

Fe21

~OF!
DEQ

~mm/s!
d

~mm/s!
G

~mm/s!
OF
~%!

Fe21

~OF!

En88 M1 M2

300 2.091 1.237 0.3304 12.0 0.028 1.853 1.112 0.228 88.0 0.2
80 2.601 1.273 0.4562 12.0 0.028 2.004 1.138 0.261 88.0 0.2

En80 M1 M2

300 2.212 1.201 0.3234 10.6 0.044 1.871 1.141 0.3017 89.4 0.3
80 2.90 1.252 0.4503 10.6 0.044 2.027 1.177 0.3453 89.4 0.3
,
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Kondapalli region~16° 378 N, 80° 328 E! in Eastern Ghats
Andhra Pradesh, India. Powder x-ray diffraction lin
confirmed that the samples belong to the ensta
region with compositions, En80 and En88, and are free of
any inclusions of augite or diopside that al
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contain Fe21. Rao24 reported that the orthopyroxenes fro
this region have compositions rich in enstatite with En b
tween 78 and 90. From wet chemical analyses, the chem
compositions for the samples En80 and En88 were found as
follows:
sample I~En80!: ~Ca0.0152Mn0.0064Mg0.7502Fe0.1956
21Ti0.01Al0.0226!1.0~Si0.9577Al0.0423!1.0O3,

sample II~En88!: ~Ca0.0072Mn0.0015Mg0.8698Fe0.1131
21Ti0.0016Al0.0068!1.0~Si0.9624Al0.0376!1.0O3.
d

er
B. Mössbauer experiment

Mössbauer experiments were carried out on a conv
tional spectrometer with a constant-velocity drive~Wissel
1000 model! and a cold-finger-type liquid-nitrogen cryost
for measurements down to 80 K.57Co in a Rh matrix was
used as the radiation source, and the isomer shift refers to
symmetry shift of the six-line magnetic pattern from t
a-Fe foil. The data were collected in 512 channels. The
erage counts recorded at room and low temperatures w
;8 and;33105, respectively.

Enstatites exhibit two overlapping quadrupole-split do
blets with asymmetric peaks from ferrous-ionic states at
M1 andM2 sites. The spectra were analyzed and fitted b
least-squares program25 without constraints. The quadrupo
splitting DEQ , isomer shiftsd, linewidthG, and the intensity
ratios for the two samples are shown in Table I.

On cooling the sample, quadrupole splittingDEQ of Fe21

in M1 increased by 24.4% and 31.1%, whereas for Fe21 in
the M2 site,DEQ increased by 9.5% and 9.6% for En88 and
En80, respectively. The stronger temperature variation
DEQ for Fe21 in the M1 site reflects a small separation
the lowest crystalline field states and the weak tempera
dependence of that in theM2 site is an indication of unusu
ally large separation of the5T2g level as also noted by
others.7–9 DEQ vs T curves obtained for Fe21 at both the
sites for the two enstatite samples are shown in Fig. 3 al
with those reported earlier8,9 for samples with different val-
ues ofx; the inset shows theDEQ values at 77 K for sample
with different values ofx.
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The linewidths from Fe21 in M1 and M2 on cooling
increase by 39.2% and 14.6% for En80 and 38.2% and 14.4%
for En88, which is an indication for relaxation effects foun
generally in dilute silicate minerals withx,0.4.7,8 The dif-
ferences in the isomer shifts for Fe21 in the two crystallo-
graphic sites of En88 and En80 indicate covalency effect.26

The smaller isomer shift for Fe21 in the M2 site suggests a
comparatively higher degree of covalency. From isom
shift, Ingalls21 reported the covalency factor for FeSiF6 6H2O

FIG. 3. The thermal characteristics~experimental points and
theoretical curves! of DEQ vs T curves for En88, En80, Fs87, and
Fs100 and the inset shows theDEQ values of different compositions
of x.
3-3
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to be 0.85 and Tofield26 established that thed electrons are
delocalized in silicate minerals. The fact that the iron e
member, ferrosilite (FeSiO3), undergoes a paramagnetic
antiferromagnetic transition at 40 K is also an indication
considerabled-electron delocalization because of the lo
superexchange path involved@Fe21-O-Si-O-Fe~Ref. 2!# be-
tween two octahedral bands of Fe21 ~the spins of which are
antiferromagnetically ordered! separated by the silicat
chains.10

Analysis of the Mo¨ssbauer spectra of En80 and En88
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indicates that Fe21 is enriched in theM2 site in the
ratio of 8.4:1 and 7.3:1 compared with theM1 site.
The intensity ratio between the quadrupole-split doubl
from Fe21 in M1 and M2 is 1:8, M2 having greater
intensity.2,8,9 The occupancy factors for Fe21 in different
crystallographic sites are the products of the fractional int
sity observed from MS and the total atomic rat
2Fe21/~Fe211Mg! obtained from the chemical analysis.3,5

The site occupancy factors and the actual chemical com
sitions for the enstatites determined by standard metho3,5

are as follows:
,
sample I @En80~Mg0.80Fe0.20SiO3!#: 4.5% Fe21 and 95.5% Mg21 in M1 site; 36.8% Fe21 and 63.2% Mg21 in M2 site

sample II @En88~Mg0.88Fe0.12SiO3!#: 3% Fe21 and 97% Mg21 at M1 site; 20% Fe21 and 80% Mg21 at M2 site.

The actual chemical compositions of the two samples are

sample I~En80!: ~Mn0.01Ca0.03Fe0.35
21Mg0.61!1.0~Al0.05Ti0.02Fe0.04

21Mg0.89!1.0~Si1.92Al0.08!2.0O6,

sample II~En88!: ~Mn0.01Ca0.01Fe0.20
21Mg0.78!1.0~Al0.01Ti0.0Fe0.03

21Mg0.95!1.0~Si1.92Al0.08!2.0O6.
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The occupancy factors for En88 and En80 are shown in Fig. 2.
Inspection shows that these points lie on the curve dra
through the points for higher values ofx and the origin.

C. Magnetic susceptibility measurements

Magnetic susceptibilities of the polycrystalline natur
samples were measured between 400 and 77 K in an ele
dynamically controlled Curie-type balance using the Fara
method. The susceptibility increased by about 453% for E80
and 452% for En88, respectively, at the lowest temperatur
The Curie temperaturesup were found to be 36.5 and 35.
K, and the corresponding Curie constantsCm were 3.13 and
3.18 for En88 and En80, respectively. The average effectiv
magnetic moments at 400 and 80 K are 5.57mb , 5.31mb
and 5.53mb , 5.26mb for En80 and En88, respectively. A
sharp increase of the susceptibility values below 200 K in
cated large orbital contributions, as also observed9,10 for
higher concentration of ferrous iron withx.0.8~Fs87!.

III. THEORY

When the free-ion 3d6 state of Fe21 is acted upon by a LF
with octahedral (Oh) symmetry, the fivefold degeneracy o
the 5D state is lifted, resulting in a5T2g ground level and
5Eg excited level at;10 000 cm21. The contribution from
the excited5Eg level is negligible to the magnetic suscep
bility and MS properties even at room temperature. Due
the spin-orbit coupling interaction and a distortion fromOh
symmetry as is the case in enstatite, the ground5T2g level is
completely mixed and splits into 9 levels forD4h symmetry
present at theM1 site and into 15 levels forC2v symmetry at
the M2 site.14 The corresponding set of eigenfunctionscn’s
and eigenvaluesEn’s for Fe21 at M1 andM2 sites produce
n

l
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different electric-field gradient~EFG! tensors at the nuclea
positions, resulting in the characteristicDEQ vs T curves for
Fe21 at theM1 andM2 sites~Fig. 3!.

In the case of an axialD4h distortion at theM1 site, we
have shown earlier for ilvaite22,27 that the method of
Abragam and Pryce,28 which uses the structural isomorphis
between the5T2g and 5P levels, was very useful in calcu
lating the thermal characteristics ofx̄ andDEQ in terms of
only a few parameters appearing in the appropriate Ham
tonian,

H5D~12 l z8
2!2z i~ l z8sz!2z'~ l x8sx1 l y8sy!, ~1!

whereD is the splitting between the degenerate orbital lev
u61& and the orbital singletu0& level of the ground state
5T2g , caused by the axialD4h field. Conventionally23 the
sign of D is considered to be positive when the orbital do
blet u61& lies energetically lower than the singletu0& and
negative when the pattern is reversed.l 8( l 851) is the effec-
tive orbital angular moments of the5T2g state, andl z8 is the
Z component ofl. TheX andY components are, respectivel
l x8 and l y8 . Each of these orbital states has fivefold spin d
generacy, andsx , sy , andsz are theX, Y, andZ components
of spin angular momentum. Due to the covalency effect,
orbital angular momentsl z8 , l x8 , and l y8 of the ground mani-
fold are expressed askzl z , kxl x , or kyl y , wherekz , kx , and
ky are covalency reduction factors.22 For D4h , kz5k i and
ky5kx5k' . For similar reasons the spin-orbit couplin
constantz(210461 cm21! is reduced toz i and z' . The
values ofk’s andz’s are determined from data fitting.

In the case of Fe21 at theM2 site where the LF hasC2v
symmetry, we assumedzx'zy to keep the number of param
eters to a minimum for a meaningful interpretation of t
experimental results and also because the bond distance
3-4
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LIGAND-FIELD SPLITTING OF Fe21 IN DISTORTED . . . PHYSICAL REVIEW B 64 144413
not differ much in theX andY directions.16 Furthermore, we
assumed the magnetic molecularX, Y, andZ axes to coincide
with the optic axes identified by the optical examination.12,14

For the distortion due to the orthorhombicC2v symmetry,
u11& and u21& states are no longer degenerate. Hence
defined the separation betweenu11& and u0& states asD and
the separation betweenu11& and u21& states asD1. The ma-
trices corresponding tomJ50, 61, 62, and63 were solved
as in the case ofD4h symmetry to obtain the 15 single
energy levels and their corresponding eigenfunctions w
computed after diagonalization.22,29

For deriving the expression for quadrupole splitting f
the 3d6 electron system, the Hamiltonian representing
quadrupole interactionHQ was taken from Golding:23

HQ5
e2Q^r 23&
7I ~2I 21! (i

H ~ l i•I !21
1

2
~ l i•I !22I ~ I 11!J ,

~2!

and the resulting average nuclear quadrupole splittingDEQ
is

DEQ53.7@11~h2/3!#1/2(
n51

15

Sn /Dn , ~3!

whereh is the asymmetry factor,Sn are the matrix element
obtained by perturbing the 15 eigenstates of Fe21 by the
quadrupolar Hamiltonian (HQ), andDn are the exponentia
energy values of the above Hamiltonian.22,23 The value ofh
was reported to be;0.6 by earlier workers3,7 for OPX
samples.

Using the same eigenvalues and eigenfunctions, exp
sions for the principal orthorhombic tensor susceptibilit
xZ , xX , or xY ~emu/mol/atom! were obtained by using Van
Vleck’s30 formula,

xJ5
gJ

2Nb2

Z (
i

@~Ei
~1!!2/kT22Ei

~2!#exp~2Ei
~0!/kT!,

~4!

wherexJ5xZ , xX , or xY , and the average susceptibilitie
x̄5(xZ1xX1xY ,)/3 for the M2 site andD5(x i1x')/3
for theM1 site, where theD4h andC2v axes were as define
by Goldman and Rossman.14 Z is the partition function,Ei

(0) ,
Ei

(1) , andEi
(2) are, respectively, the zeroth; first, and secon

order perturbed Zeeman energies,N is the Avogadro number
andk is the Boltzmann constant. The above expressions
functions ofD, z i , andz' in the case ofD4h symmetry and
of D, D1, zx , zy , andzz in the case ofC2v symmetry, which
were considered as variables during fitting of the experim
tal results of optical spectra, the thermal variations ofDEQ ,
and the magnetic susceptibilitiesx̄, xa , xb , andxc of the
OPX samples.

IV. LIGAND-FIELD ANALYSIS

Since the optical levels for Fe21 at the M2 site of a
bronzite (x50.15) sample are known, we attempted to
DEQ vs T curves for Fe21 at this site for both samples b
substitutingD52000 cm21 and D152350 cm21 as starting
14441
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parameters and the isotropic reduction factorz to be nearly
90% as reported by Goldman and Rossman,14 and the ratios
D/z and D1/z were found to be 21.7 and 27.5, respective
However, since these parameters could not generate the
servedDEQ pattern for Fe21 at the M2 site even with a
reasonable variation ofz i ~wherei 5x,y,z), we were forced
to varyD andD1 in order to fitDEQ and the optical spectra
We tried to maintain the ratiosD/z and D1/z as close as
possible to the starting ratios. During the process of variat
of the parameters, it was observed that a change in the
of D andD1 from the above values changed the values of
energy levels, the spectra, and theDEQ vs T curves very
significantly. A similar behavior was also found when chan
ing the sign ofD for the case of axial symmetry.22,23 The
parametersD, D1, andz i were varied exhaustively with the
help of a computer program to obtain the closest match
tween the calculated and experimental results.

For the best fitting, we foundD/z andD1/z to be 20.1 and
34.8 for En88 (x50.12) and 21.9 and 35.5 for En80 (x
50.20). The total splitting of the5T2g level for En88 is 3955
cm21 and for En80 is 3908 cm21, and the energy-level pat
terns are almost identical for both samples. The best-fi
LF parameters, energy-level patterns, and the correspon
eigenfunctions for theM2 sites of En88 and En80 are shown
in Tables II~a! and II~b!, respectively, and the fitted curve
are incorporated with the observed results in Fig. 3. Insp
tion of the tables shows thatz i ’s are nearly isotropically re-
duced and the values indicate appreciable overlap betw
the orbitals of the ligand electrons and those at the Fe21 sites,
consistent with the results of the neutron diffraction study26

We could also fit the observedDEQ vs T curves for the
higher concentrations of Fe21 using the same method~Fig.
3!, and the ground splitting was found to be 3754 cm21 for
Fs87 (x50.87) and 3740 cm21 for Fs100 (x51) ~to be pub-
lished!.

We noted that the splitting of the5T2g level increases
with a decrease of ferrous iron concentration as reported
lier from optical studies,11–14 in which it was observed tha
with the increase of Fe21 at theM2 site there is a shift in
energy of the spectra to longer wavelengths,11 i.e., to lower-
energy values.

The major contributions toDEQ at 400 K are from the
lowest and successive excited levelsE21 , E0 , E1 , andE219
and E2 , which were, respectively, 35.8%, 25.1%, 17.8%
17.7%, and 12.3% for En88. Similarly for En80 the corre-
sponding percentages were 35.9%, 25.1%, 17.7%, 17.
and 12.2%, respectively. Thus it is seen that there are o
small variations for enstatites at the higher-temperature
gion. However, at 20 K the contributions from the grou
level and the first excited level are nearly 99.92% and 0.08
respectively, for the two samples.

Tables II~a! and II~b! show two groups of excited state
one lying between 2175 and 2221 cm21 and another between
3474 and 3955 cm21 for En88. For En80 the corresponding
groups lie within 2375–2420 cm21 and 3575–3908 cm21.
Because of relaxation effects and strong vibronic excitati
in ferromagnesian silicates, quite broad absorption ba
have been observed in thea, b, andg transitions,12–14some
3-5
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TABLE II. ~a! Ligand-field parameters for Fe21 at theM2 site ~x50.12, En88!: D51990 cm21, D153450 cm21, zz52100 cm21,
z (x5y)5299 cm21, kz50.80, andk (x5y)50.80. ~b! Ligand-field parameters for Fe21 at theM2 site ~x50.20, En80!: D52190 cm21,
D153550 cm21, zz52100 cm21, z (x5y)5299 cm21, kz50.80, andk (x5y)50.80.
144413-6



LIGAND-FIELD SPLITTING OF Fe21 IN DISTORTED . . . PHYSICAL REVIEW B 64 144413
TABLE III. ~a! Ligand-field parameters for Fe21 at theM1 site ~x50.12, En88!: D52384 cm21, z i5280 cm21, z'52101 cm21,
k i51.00, andk'51.00. ~b! Ligand-field parameters for Fe21 at the M1 site ~x50.20, En80!: D52417 cm21, z i5269 cm21,
z'5289 cm21, k i51.00, andk'51.00.
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of which were identified with the transitions between t
5T2g components. If we assume the intrasystem transitio31

to obey the selection ruleDs50, D150, 61, we found the
prominent transition lines from the ground LF levels to t
first excited group of levels to lie between 1802 and 21
cm21 for En88 and between 2000 and 2385 cm21 in the case
of En80. Because of strong relaxation effects and therm
excitation, broad absorption maxima are formed contain
these lines, like the one observed around 2350 cm21 in a
bronzite (x50.15) by Goldman and Rossman.14 There are
also reports of spectral studies11–13 of enstaties showing
sharp absorption peaks appearing between 3100 and
cm21 which were attributed to vibronic excitation of the sil
cate frame.14 In the case of En88 and En80 studied reported
here, we found theoretically from Tables II~a! and II~b! that a
single prominent transition line from the ground to the s
ond group of excited LF levels is expected at 3474 and 3
cm21, respectively. These lines may merge with the vibro
peaks of this region. Thus the present ligand-field analy
explains the observed bronzite spectra, thereby removing
14441
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g

50

-
5

c
is
he

contradiction in the assignments of absorption lines by e
lier workers.11–14

With the same LF parameters, the thermal characteris
of xa , xb , andxc for Fe21 at theM2 site were calculated
using the direction cosines between the molecular and c
tallographic axes determined from the structural data.15–17

The average magnetic susceptibilityx̄ is the sum of the con-
tributions from the Fe21 molecular units atM1 andM2 sites
in the same ratio obtained from MS and chemical analy
for En88 and En80 as given above. The difference between t
observed magnetic susceptibilityx̄ and the calculated sus
ceptibility x̄(M2) gives the magnetic susceptibility contribu
tion of x̄ for Fe21 at theM1 site.

In the case of Fe21 with D4h symmetry as in theM1 site,
the thermal characteristics ofDEQ vs D/z curves for various
values of z/kT have been determined by us22,27 and
others.21,22 SinceDEQ values at different temperatures we
known for Fe21 at the M1 site for the OPX samples, w
obtained a reasonably good estimate ofD/z to lie between
4.5 and 5. To fit theDEQ and the magneticx̄ values for Fe21
3-7
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at theM1 site simultaneously, we variedD andz i ~i 5i or'!
values, keeping the ratio within the range of values giv
above. From the best-fitted parameters for Fe21 at theM1
site, the ratio ofD/z is found to be 4.3 and 5.3 for En88 and
En80, which is close to our starting ratio and within the ran
of values reported for ilvaite22,27 and for other ferrous iron
compounds.21 The total splitting of the5T2g level is found to
be 644 and 664 cm21, and the excited levels of En80 are less
separated than those of En88.

The major contributions toDEQ (M1) at 400 K is from
the ground and first two excited levels,E1 , E0 , and E2 ,
which are 53.5%, 3.5%, and 54.1% for En88 and 52.7%,
3.7%, and 52.6% for En80, respectively. All the other levels
contribute negatively to the total splitting. On cooling, t
excited levels become depopulated so that their nega
contributions decrease and the value ofDEQ increases rap-
idly on cooling. However, at 20 K, the major contribution
DEQ is from the ground level,E1 , being 98.3% and 99.6%
respectively for En88 and En80.

Tables III~a! and III~b! show the LF parameters, energ
levels, and the corresponding eigenfunctions for Fe21 at the
M1 site in En88 and En80 and the fitted MS data are shown
Fig. 3. These tables show that the values ofz in the parallel
and perpendicular directions are anisotropic forD4h symme-
try, suggesting a covalency effect. The value ofD for theD4h
is observed to be smaller than the cubic-field splitting as a
found in ilvaite22 and in other ferrous compounds b
Ingalls.21

The resultant values of the susceptibilitiesxa , xb , andxc
are obtained by adding the contributions from Fe21 atoms at
M1 andM2 sites in the same ratio of occurrence in the t
samples. These average susceptibilities (x̄) are also shown in
Fig. 4. The directional susceptibilities from the LF analy
are in the orderxb.xc.xa , indicatingb to be the easy axis
c the intermediate axis, anda the hard axis, as found earlie
from single-crystal magnetic susceptibility measuremen9

These curves show that there is a general agreement o
crystalline susceptibility behavior of enstatites between 4
and 150 K with those of ferrosilite, FeSiO3, reported
earlier.9,10 Magnetic ordering has not been observed by M

FIG. 4. The thermal characteristics of the average magnetic
ceptibility and the directional susceptibilities for En88. The inset
shows the magnetic susceptibility for Fs87. Solid circle indicates the
experimental data and the lines indicate the LF fitting.
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studies for Fe21-diluted silicates32 and in enstatites withx
,0.3 even when studied down to 1.7 K by Shenoyet al.7

However, in the case of the higher Fe21 concentration
sample Fs87, magnetic ordering was observed at 26 K.9 In
this case, the usual Heisenberg exchange interaction ca
applied on the well-separated ground level using the stand
method andxa , xb , andxc characteristics can be simulate
~as shown in the inset of Fig. 4! by adjusting the exchang
parameterJ, where the exchange interaction is given asSJ
53kup/2S(S11), in which the constants have the usu
meanings.18

As is clear from the above considerations, it was poss
to explain quantitatively the different sets of experimen
results like the changes in the thermal characteristics of
magnetic susceptibilities and the quadrupole splitting and
blueshift in the optical spectra with the compositional var
tion in OPX samples by generating the corresponding e
tronic energy-level patterns using the ligand-field theo
Even in the case of magnetic ordering in the OPX syste
the magnetic results can be explained by the same proced

Finally, we wish to discuss the physical reasons for
strong site preference of Fe21 over Mg for the distorted oc-
tahedralM2 site, which has been controversial. Ghose16

who originally reported this strong site preference based o
single-crystal x-ray structure refinement of an intermedi
orthopyroxene, suggested that the higher degree of co
lency of Fe21 at theM2 site as evidenced by two shortM -O
bonds between Fe21 and two underbonded oxygens is th
driving force for the strong site preference. The relative
higher degree of covalency for Fe21 at theM2 site versus
M1 has been subsequently confirmed by the difference in
isomer shifts measured by the MS spectra as mentioned
lier. Burns19 calculated the crystal-field stabilization energ
(CFSE)'1/5(DQ), whereDQ is the cubic field separation o
the 5D term, for bothM2 andM1 sites in an intermediate
OPX to be 11.5 and 11.2 kcal, respectively, and sugge
the higher value of the CFSE at theM2 site to account for
the site preference. It is interesting to note that no su
strong site preference has been found in olivi
~Mg, Fe!2SiO4, which also has two different octahedral site
for which the difference in the CFSE values measured
Burns from optical absorption spectra is greater. To ov
come this difficulty, Burns19 suggested a greater degree
covalency between Fe21 at the M2 site and the saturate
oxygens bonded to two silicons each in the OPX structu
which is very unlikely. We would like to advance the vie
that the strong site preference for Fe21 for theM2 site origi-
nates from the fact that all the degeneracies of the ene
levels of the Fe21 ions at theM2 site are lifted by the ligand-
field effect, resulting in greater stabilization arising from
combination of the site distortion and the relatively grea
degree of covalency of the bonds between Fe21 at theM2
site and the underbonded oxygens in the orthopyroxene c
tal structure.33–36

V. CONCLUSIONS

~1! Analysis of the experimental results of magnetic su
ceptibility and the MS studies reveal that there are sm

s-
3-8
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variations of eigenvalues and eigenfunctions with differ
Fe21 concentrations in the enstatite region. The ligand-fi
energy values increase with the dilution of Fe21 in the M2
site, which it strongly prefers.

~2! From the LF analysis, directional susceptibilities we
found in the orderxb.xc.xa .
ns

v
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te

al.
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y
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~3! A similar type of LF analysis can be extended to t
ferrosilite (FeSiO3) end member of orthopyroxene, conside
ing exchange effect on the LF ground states.

~4! Ligand-field stabilization seems to be the reason
the strong preference of Fe21 for the distorted octahedralM2
site in orthopyroxene.
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