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Orthopyroxenes, E&1g, _,SiOs;, 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 preferenée ébrF@ne of the
two octahedral sites in the crystal structure. For Mg-rich samplesxith.5, a major portion of the Eé ions
reside in the distorted octaheddl2 site and the magnetic susceptibility and optical absorption spectra are
dominated by the effects of Fein this site. Two natural orthopyroxenes with=0.12 and 0.20 have been
investigated by magnetic susceptibility measurements argshuier spectroscopy. The thermal characteristics
of the observed mean magnetic susceptibjfitgnd the quadrupole splittin§E, were analyzed using ligand-
field theory. A minimum number of approximations were made to modify the Hamiltonian for iiethe
distorted octahedral12 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 susceptihilitigs, and x.,
arising from F&" in theM1 andM2 sites in the ratio of their occupancies. The directional magnetic suscep-
tibilities xp> x> xa are in agreement with the corresponding values in orthopyroxenes with higher concen-
tration of Fé*. The energy-level diagram of Feat theM 2 site agrees well with the optical absorption spectra
resulting mainly from F&" at theM2 site. There is very little variation iA Eq for Fe* at theM2 site as a
function of temperature compared with that in the regular octahddfakite which shows a large variation.
The AEq of F&' at theM2 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 F& ions.

DOI: 10.1103/PhysRevB.64.144413 PACS nuntder75.50.Bb, 76.80ty

. INTRODUCTION with low Fe?* concentrations. Crystallographic structure de-
terminations and optical absorption spectra in the infrared
Orthopyroxenes, k&g, ,SiO;, are important rock- and visible regions of enstatites with lower valuescdfave
forming ferromagnesian silicates representing a completgeen reported: =4 These results can be used to analyze our
solid solution between the Mg end memiyrgSiO;, ensta-  magnetic and MS results as well as the optical absorption
tite, En and the iron end membéFeSiQ, ferrosilite, F$.  spectra within the context of the ligand-fieltlF) theory
Because of the very strong site preference of the Fan for using a minimum number of approximations.
one of the two octahedral sites in the crystal structure, ortho- In orthopyroxenes, Fé exists as the high-spin specfes.
pyroxenes(OPX) represent an interesting system from theThe crystal structure of orthopyroxef@rthorhombic, space
physical point of view. For Mg-rich samples with<0.5, a  groupPbca consists of single silicate chains (S)Q, held
major portion of the F&" ions reside in the distorted octahe- together by divalent Fe and Mg cations in octahedral coordi-
dral M2 site and the magnetic susceptibility and the opticalnation with six oxygen ligands from the silicate grodpg®
absorption spectra are dominated by the effects of tfé Fe There are two nonequivalent crystallographic octahedral
ions in this site. Only for Fe-rich compositions wi#>0.5  sitesM1 andM2. TheM2 site is more distorted due to the
do the effects of the P& ions in the regular octahedral site fact that each of the two ligand oxygens is shared with two
M1 begin to be discernible. In the present paper, we repouilicon atoms resulting in longev - O distances compared to
the results of Mesbauer spectroscoy!S) experiments and the other four oxygen atoms bonded to one silicon atom
magnetic susceptibility measurements on two naturabach®~’ [Fig. 1(a)]. M1 lies in the interior of the double
magnesium-rich orthopyroxene samples with0.12 (Enyg) octahedral band anMi2 lies exterior to it, giving rise to a
and 0.20 (Egy), known as enstatites. Mebauer spectros- zigzag pattern of the Bé, Mg?" cation arrangement in the
copy has been widely used for the determination of the sitstructuré® [Figs. 1b) and Xc)]. It has been known that in a
occupancies of P& and M@ ions in different crystallo- crystal structure, when the octahedral sites are distorted to
graphic sites and Mg-Fe&" order-disorder in ferromagne- different degrees from octahedral symmetry? Féons ex-
sian silicates~® Although measurements of M@Refs. 2-5  hibit a tendency to enrich in the more distorted $f&%?°In
and 7—-9 and magnetic susceptibilities of OPX with higher the case of orthopyroxenes, #eenrichment takes place at
concentrations of P& have been reportetf® there are no the M2 site as evidenced from earlier single-crystal x-ray
previous reports of magnetic and MS studies on enstatitediffraction'® and MS studies>"~%as well as from studies of
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FIG. 2. Occupancy of Fé at M1 andM2 sites in OPX with
different concentrations of (occupancy ratios of Eg and Eng in
M1 andM2 sites are indicated by and @).

wished to determine the dependence of different thermo-
physical properties on the occupancy of Fat the two dif-
ferent sites in OPX samples with different valuesxoby
investigating the near end members, i.e., magnesium-rich
and iron-rich OPX samplest® The results of our investiga-
tions on the iron-rich samples of OPX will be reported in a
separate paper.

Earlier worker$'~** studied the optical spectra of a
bronzite, Egs, and a hypersthene, fs, observing bands
around 11000, 5400, and 3100 ¢hin the «, B, and y
spectra taken along the a, andc axes of the crystal, respec-
tively. These bands were assigned to different transitions be-

w2 tween the energy levels arising from the ground té&in of
the 3d°® configuration of the F& ion placed at the noncen-
trosymmetric distorted2 site, which is subjected to differ-
ent perturbations like spin-orbit coupling and considerable
distortion from the regular octahedral symmetry. The spectra
c from F&' at theM1 site was not observed as it was much

weaker and may have been overlapped by the stronger ab-
P sorption lines due to the former. Later, Goldman and
¢ b

Rossmatf studied the spectra of a bronzite,ggnand found
a band at 2350 cit instead of 3100 cm' as reported
FIG. 1. Crystallographic structure of orthopyroxe(@PX). (a) earlier™**They also analyzed the spectra of Fat theM 2

Configuration of theM1 and M2 octahedra.(b) The double- Sité consideringC,, symmetry using the crystal-fiel(CF)
octahedral band formed by edge sharid@ andM2 octahedra(c) ~ theory based on a point charge model appropriate for an
Arrangement of the & and Mdf* cations in orthopyroxene. Open ionic System and neglected the spin-orbit interaction as well
circles:M1 site. Solid circlesM2 site. as the covalency effect. In contrast, we have applied the

more relevant LF theory, since it is well knoftn?*that LF
optical absorption spectra*and neutron diffractio.The  |evels of F&* ions can be determined from a fitting of the
dependence of the occupancy of Fat M1 andM2 sites  thermal characteristics of the quadrupole splitting measured
with different values ok are shown by the two curves in F|g from the Mossbauer Spectra and magnetic Suscepnbmty re-
2, the data points of which have been collected from a surve¥ts that can be cross-checked with the available optical
of earlier studie$:>*>"~"Since the occupancy factors of¥e  aphsorption spectra.
atoms atM1 andM2 sites forx<<0.25 have been reported
for very few samples, we wanted to find out whether the Il. EXPERIMENTAL RESULTS
occupancy factors determined from chemical analysis and
MS studies of the two samples, fgnand Enry with X
=0.12 andx=0.20, respectively, follow the same curves for Enstatites, Eg and Enr, with x=0.12 and 0.20,
M1 and M2 site occupancies shown in Fig. 2. We alsowere separated from a chromite pyroxenite from the

A. Chemical analysis of the samples
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TABLE I. Mossbauer parameters for enstatitBssg and ERg). AEq: quadrupole splitings:  isomer
shift. T: linewidth. OF: fractional intensity. E&-OF: Fé&" occupancy factor.

Temperature  AEq ) r OF F&* AEq s r OF Fé&*
(K) (mm/g  (mm/s (mm/s (%) (OF Mmm/s Mmm/s (Mmm/s (%) (0P
Engg M1 M2
300 2.091 1237 0.3304 12.0 0.028 1.853 1.112 0.228 88.0 0.2026
80 2.601 1273 04562 12.0 0.028 2.004 1.138 0.261 88.0 0.2026
Engo M1 M2
300 2212 1201 03234 10.6 0.044 1871 1.141 0.3017 89.4 0.3698
80 2.90 1.252 0.4503 10.6 0.044 2.027 1.177 0.3453 89.4 0.3698

Kondapalli region(16° 37 N, 80° 32 E) in Eastern Ghats, contain F&". Rad* reported that the orthopyroxenes from
Andhra Pradesh, India. Powder x-ray diffraction linesthis region have compositions rich in enstatite with En be-
confirmed that the samples belong to the enstatiteween 78 and 90. From wet chemical analyses, the chemical
region with compositions, &g and Eg, and are free of compositions for the samples frand Erg were found as
any inclusions of augite or diopside that also follows:

sample (Engy):  (Cay 015MMNo.006AMT0. 7505 @ 1056 Tio.00Al0.02201.0(Slo 957 0.04231.003.

sample {Engg): (Cao.ooﬁvlno.001d\/|go.869d:%.11312+-“o.001e°\|0.00691.0(3i0.9624°\|o.03791.003-

B. Mossbauer experiment The linewidths from F& in M1 and M2 on cooling
rincrease by 39.2% and 14.6% for dgiand 38.2% and 14.4%
for Engg, which is an indication for relaxation effects found

1 | d-fi ) liquid-ni generallylln dllut.e silicate _mlnerals \{Vlﬂﬂ<0.4. The dif-
000 model and a cold-finger-type liquid-nitrogen cryostat ferences in the isomer shifts for £ein the two crystallo-

for measurements down to 80 R’Co in a Rh matrix was e o &
used as the radiation source, and the isomer shift refers to tl faphic S|te§ of Eg an_d Efgg |n_d|cate cova!ency effect.
symmetry shift of the six-line magnetic pattern from the € smal!er ISomer shift for ¢ in the M2 site suggests a

. > comparatively higher degree of covalency. From isomer
a-Fe foil. The data were collected in 512 channels. The av'shift, Ingall$* reported the covalency factor for FeSBH,0
erage counts recorded at room and low temperatures were
~8 and~3x 10, respectively. M1 Site i

Enstatites exhibit two overlapping quadrupole-split dou- 32 L L

blets with asymmetric peaks from ferrous-ionic states at the i

Mossbauer experiments were carried out on a conve
tional spectrometer with a constant-velocity drig@/issel

M1 andM?2 sites. The spectra were analyzed and fitted by a 30 L Fs,,
least-squares prografwithout constraints. The quadrupole 28 7
splitting AEq, isomer shiftss, linewidthT', and the intensity & 26l Eng, E
ratios for the two samples are shown in Table I. 3
On cooling the sample, quadrupole splittiag  of Fet E 24 En,
in M1 increased by 24.4% and 31.1%, whereas fdr Fe 5 . y
gq 22r M2 Site R

the M2 site,AE increased by 9.5% and 9.6% for fgrand I
Eng, respectively. The stronger temperature variation of 20f
AEq for Fe* in the M1 site reflects a small separation of 18
the lowest crystalline field states and the weak temperature
dependence of that in thd Zésite is an indication of unusu- 18 00 200 200 200
ally large separation of the'T,, level as also noted by

others!~® AEqg vs T curves obtgined for Bé at both the Temperature ()

sites for the two enstatite samples are shown in Fig. 3 along FIG. 3. The thermal characteristi¢experimental points and
with those reported earlig? for samples with different val-  theoretical curvesof AEq vs T curves for Egg, Engy, Fs7 and
ues ofx; the inset shows thAEg values at 77 K for samples  Fs;oyand the inset shows theE values of different compositions
with different values ok. of x.

(=]
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to be 0.85 and Tofiefd established that thd electrons are indicates that F& is enriched in theM2 site in the
delocalized in silicate minerals. The fact that the iron endratio of 8.4:1 and 7.3:1 compared with thell site.
member, ferrosilite (FeSi{), undergoes a paramagnetic to The interlsi.ty ratio between.the quadrupole'—split doublets
antiferromagnetic transition at 40 K is also an indication offom FE' in M1 and M2 is 1:8, M2 having greater

. - intensity>®° The occupancy factors for Ee in different
gﬁgjgi:;ﬂ%: |Sgttrho?mij(il\;)g;;i?g?gi_lZz)e_CFaeu(T?eefsz)t]hgel_ong crystallographic sites are the products of the fractional inten-

) 7 sity observed from MS and the total atomic ratio
tween two octahedral bands ofe(the spins of which are 2F&*/(Fé*+Mg) obtained from the chemical analygis.

antiferggmagnetically order¢dseparated by the silicate The site occupancy factors and the actual chemical compo-
chains: sitions for the enstatites determined by standard méthod
Analysis of the Maesbauer spectra of Enand Epg  are as follows:

sample |[Eng(Mgo s Si0s)]:  4.5% Fé" and 95.5% M§' in M, site; 36.8% F& and 63.2% M§" in M, site,

sample Il [Engg(Mgo e 15105 3% F&' and 97% MJ" at M, site; 20% Fé&' and 80% MJ" at M, site.

The actual chemical compositions of the two samples are
sample (Engg):  (MNg 0:Ca 0 & 25> Mo 611 0(Al 0.08Ti0.08 € 04> Mo 891 o(Si.92Al 0.08)2. 6

sample 1{Engg): (Mg 0:Ca 01F€ 26 " MGo 79)1.0(Al.01Ti0.0F .05 " MJo.98)1.o(Si1 927l 0,092,006

The occupancy factors for ggand ERg are shown in Fig. 2.  different electric-field gradientEFG) tensors at the nuclear
Inspection shows that these points lie on the curve drawmpositions, resulting in the characterisi&q vs T curves for
through the points for higher values wfand the origin. F&' at theM1 andM?2 sites(Fig. 3.

In the case of an axidD,, distortion at theM 1 site, we
have shown earlier for ilvaifé?’ that the method of
Abragam and Pryc# which uses the structural isomorphism

Magnetic Susceptibilities of the pOlyCI’yStalline natural between thestg and 5P |eve|s’ was very useful in calcu-
samples were measured between 400 and 77 K in an electr%mng the thermal characteristics gfand AE in terms of

dynamically controlled Curie-type balance using the Faradaynly a few parameters appearing in the appropriate Hamil-
method. The susceptibility increased by about 453% foEn tonijan,

and 452% for Egg, respectively, at the lowest temperature.
The Curie temperatureg, were found to be 36.5 and 35.8 H=A(1—l;2)—§|‘(I;sz)—a(l;sx+l§sy). 1)
K, and the corresponding Curie consta@ts were 3.13 and
3.18 for Enpg and EnR,, respectively. The average effective whereA is the splitting between the degenerate orbital levels
magnetic moments at 400 and 80 K are 57 5.31u,  |*1) and the orbital singlet0) level of the ground state
and 5.53u4, 5.26u4 for Eng, and Eng, respectively. A °Toq, caused by the axiaD,y, field. Conventionally® the
sharp increase of the susceptibility values below 200 K indi-sign of A is considered to be positive when the orbital dou-
cated large orbital contributions, as also obsetvdor  blet |=1) lies energetically lower than the singli) and
higher concentration of ferrous iron witt>0.8(Fs;7). negative when the pattern is reversedl’=1) is the effec-
tive orbital angular moments of th%ng state, and; is the
Z component of. TheX andY components are, respectively,
I andlj . Each of these orbital states has fivefold spin de-
When the free-ion 8° state of F&" is acted upon by a LF  generacy, and,, Sy, ands;, are theX, Y, andZ components
with octahedral Q) symmetry, the fivefold degeneracy of of spin angular momentum. Due to the covalency effect, the
the °D state is lifted, resulting in éng ground level and  orbital angular moments;, Iy, andl; of the ground mani-
5Eg excited level at~10000 cm™. The contribution from fold are expressed as/,, k,ly, or k ly, wherek,, k,, and
the excited5Eg level is negligible to the magnetic suscepti- x, are covalency reduction factorsFor Dy, «,=«; and
bility and MS properties even at room temperature. Due tac,=k,=«, . For similar reasons the spin-orbit coupling
the spin-orbit coupling interaction and a distortion fré@y  constant(—104+1 cm %) is reduced tof, and £, . The
symmetry as is the case in enstatite, the groﬁl'hg, levelis  values of«’s and {'s are determined from data fitting.
completely mixed and splits into 9 levels fBr,, symmetry In the case of F¢ at theM2 site where the LF haS,,
present at thé/1 site and into 15 levels faC,, symmetry at  symmetry, we assumef}~ ¢, to keep the number of param-
the M2 site!* The corresponding set of eigenfunctiopigs  eters to a minimum for a meaningful interpretation of the
and eigenvalueg,’s for F&" at M1 andM?2 sites produce experimental results and also because the bond distances do

C. Magnetic susceptibility measurements

Ill. THEORY
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not differ much in theX and directions'® Furthermore, we parameters and the isotropic reduction faafdo be nearly
assumed the magnetic molecu¥arY, andZ axes to coincide 90% as reported by Goldman and Rossrifsand the ratios

with the optic axes identified by the optical examinattén? A/ and A1/Z were found to be 21.7 and 27.5, respectively.
For the distortion due to the orthorhomb,, symmetry, However, since these parameters could not generate the ob-
|+1) and |-1) states are no longer degenerate. Hence weervedAE, pattern for F&" at the M2 site even with a
defined the separation betwepnl) and|0) states as\ and  reasonable variation af, (wherei =x,y,z), we were forced

the separation betwegn 1) and|—-1) states a\1. The ma- {5 yary A andA1 in order to fitA Eq and the optical spectra.
trices corresponding tm, =0, =1, =2, and+3 were solved \yg tried to maintain the ratiod/¢ and A1/¢ as close as

as in the case oD,, symmetry to obtain the 15 singlet ,qgjple to the starting ratios. During the process of variation
energy levels and their corresponding eigenfunctions wergy parameters, it was observed that a change in the sign

; it 22,29
computed _after d|agonal|zat!8ﬁ. - of A andA1 from the above values changed the values of the
For deriving the expression for quadrupole splitting forenergy levels, the spectra, and th&q, vs T curves very

the 3d° electron system, the Hamiltonian representing thesi nificantly. A similar behavior was also found when chang-
quadrupole interactiohl, was taken from Golding? 9 Y- 9

ing the sign ofA for the case of axial symmetfy:>® The
e’Q(r3) , 1 parameters\, Al, and{; were varied exhaustively with the
Q:mEi (li-D7+ 5 (-h =21 +1)}, help of a computer program to obtain the closest match be-
7) tween the calculated and experimental results.
) o For the best fitting, we found/{ andA1/{ to be 20.1 and
_and the resulting average nuclear quadrupole splithkg,  34.8 for Eng (x=0.12) and 21.9 and 35.5 for En(x

IS =0.20). The total splitting of thé T, level for Engis 3955
15 cm ! and for ERg is 3908 cm, and the energy-level pat-
AEQ=3.7[1+(7;2/3)]1’22 S,/D,, (3) terns are almost identical for both samples. The best-fitted
n=1

LF parameters, energy-level patterns, and the corresponding
eigenfunctions for thé/2 sites of Egg and Engy are shown

in Tables I(a) and Ii(b), respectively, and the fitted curves
are incorporated with the observed results in Fig. 3. Inspec-
tion of the tables shows thdt's are nearly isotropically re-
duced and the values indicate appreciable overlap between
the orbitals of the ligand electrons and those at ttfé Bies,

samples. . : ; )
Using the same eigenvalues and eigenfunctions, expreSOnsistent with the results of the neutron diffraction sttfdy.
' We could also fit the observedEq vs T curves for the

sions for the principal orthorhombic tensor susceptibilitieshigher concentrations of £ using the same methoig
, , or emu/mol/atonm were obtained by using Van . - )
Xz Xxs OF X ( il y using 3), and the ground splitting was found to be 3754 ¢rfor

Vleck's®® formula, )
Fss7 (x=0.87) and 3740 cit for Fsoo (x=1) (to be pub-

where 7 is the asymmetry factof5, are the matrix elements
obtained by perturbing the 15 eigenstates of ‘Fby the
quadrupolar HamiltonianHg), andD,, are the exponential
energy values of the above Hamiltoni#rf> The value ofy
was reported to be~0.6 by earlier workers’ for OPX

g°NB? lished.
Xi=—> > [(EM)ZKT—2E(? Jexp — E{*/KT), We noted that the splitting of théT,, level increases
: @ with a decrease of ferrous iron concentration as reported ear-
lier from optical studied’~**in which it was observed that

where x;=xz, xx, Of xv, and the average susceptibilities with the increase of Fé at theM?2 site there is a shift in
x=(xz+xx+t xy,)/3 for the M2 site andA=(x,+x.)/3  energy of the spectra to longer wavelengthie., to lower-

for theM1 site, where th®,, andC,, axes were as defined energy values.

by Goldman and RossmafZ is the partition functiong(®, The major contributions td\Eq at 400 K are from the
E®  andE®? are, respectively, the zeroth; first, and secondlowest and successive excited levels,, Eq, E;, andE”,
order perturbed Zeeman energilds the Avogadro number, and E,, which were, respectively, 35.8%, 25.1%, 17.8%,
andk is the Boltzmann constant. The above expressions aré?.7%, and 12.3% for Eg Similarly for Eny, the corre-
functions ofA, ¢,, andZ, in the case oD, symmetry and sponding percentages were 35.9%, 25.1%, 17.7%, 17.6%,
of A, A1, Iy, ¢y, and{, in the case oC,, symmetry, which and 12.2%, respectively. Thus it is seen that there are only
were considered as variables during fitting of the experimensmall variations for enstatites at the higher-temperature re-

tal results of optical spectra, the thermal variation\&,,  9ion. However, at 20 K the contributions from the ground
and the magnetic susceptibilitias x., xp, and x. of the level and the first excited level are nearly 99.92% and 0.08%,
OPX samples. respectively, for the two samples.

Tables I(a) and l(b) show two groups of excited states,
one lying between 2175 and 2221 chand another between
3474 and 3955 cm' for Engg. For Eny the corresponding

Since the optical levels for Bé at the M2 site of a  groups lie within 2375-2420 cnt and 3575-3908 ciit.
bronzite k=0.15) sample are known, we attempted to fit Because of relaxation effects and strong vibronic excitations
AEq vs T curves for Fé' at this site for both samples by in ferromagnesian silicates, quite broad absorption bands
substitutingA =2000cm* and A1=2350cm ! as starting have been observed in tle B, andy transitions:>~'* some

IV. LIGAND-FIELD ANALYSIS
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TABLE II. (a) Ligand-field parameters for Fe at theM2 site (x=0.12, Egg): A=1990cm?, A1=3450cm?, /,=—100cm?,
{ixey)=—99Ccm Y, k,=0.80, andxk_,y=0.80. (b) Ligand-field parameters for Fé at theM2 site (x=0.20, Epy): A=2190cm*,

A1=3550cm?, {,=

—100cm Y, {x-yy=—99cm %, k,=0.80, andxky_,)=0.80.

3955
3769

3588

—a 3474

(@)

2221

2207
4519
2185

2175

193
100

3908
3871
3690

—a 3575

2420

2408
47395
2385

2375

B 1.0000/-1-2)

E'2 0.9961|-1-1) +0.0887] 0,~2)

E'y 0.9848|-L1) +0.0085|1,-1) +0.1734| 0,0)
' 0.9848|-11) +0.0523|10) +0.0202| 1,2

E1 0.9944[0,-1) +0.0629|1,-2) +0.0846| —1,0)
E’; 0.9973]0,2) +0.0734[L1)

E”1 0.9960(0.1) +0.0858|1,0) +0.0247| -1.2)
E_; -0.9961|0,-2) +0.0887|-1-1)

E”y 0.9890/0,0) +0.0821(1,-1) - 0.1226]-11)

E; 1.0000]12)

E; 0.9973|L1) - 0.0734|0,2)

E”, -0.9948 k—l,O) +0.0614[1,-2) + 0'080% 0,-1)
Ei -0.9963]10% +0.0854/0.13 +0.0033] -1,

Eo -0.9989|L~1) +0.0474| 0,0) - 0.0023]-1L1)

E_; 0.9961]1-2) - 0.0678] 0.~1) +0,0560] — 1,0

E; 1.0000/-1-2)

E’2 0.9955|-1~1) +0.0946] 0,-2)

E'y 0.9834|-L1) +0.0086/1,~1) +0.1813|0,0)
E't 0.9967]0,1) +0.0781]1,0) +0.0235] -1,2)

E'; 0.9953]0,-1) +0.0578]1-2) +0.0772| - 1,0)
E’ 0.9977)02) +0.0665L.1)

E”1 0.9967|0.1) +0.0781|1,0) +0.0235| -1.2)
E. -0.9955]0.-2) +0.0946|-1-1)

E”y 0.9884]0,0) +0.0747|L-1) - 0.1320|-11)

E; 1.0000|1.2)

E: 0.9977|L1) - 0.0665] 0,2)

E”; - 0.9957L—1,0) +0.0553|1,=2) +0.0739] 0,-1)
E: -0.9967I10) +0.077910,1y +0.0029] ~1,2)

Eo -0.9989]1-1) +0.0462| 0,0) - 0.0022|~11)

E_ 0.9967]1-2) - 0.0618| 0,-1) +0.0508| —L0)
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TABLE lil. (a) Ligand-field parameters for Ee at theM1 site (x=0.12, ERg): A=-384cm?, {(=—80cm %, {, =—101cm?
x;=1.00, andx, =1.00. (b) Ligand-field parameters for Ee at the M1 site (x=0.20, ERg: A=—417cni?, {=—69cm?,
¢, =-89cm?, k,=1.00, andk, =1.00.

664 Es 1.0000|il,ir2>

654 En 0.6815/0,0) +0.5174[1,~1) +0.5174]-1.1)
624 E, 0.9622|£1,£1) +0.2724] 0,12
584 E/; 0.8815/+10) +0.4061|0,+1) +0.2410/F1,22)

383 B 0.8991|F122) - 0.3603] £1,0) +0.2483| 0,+1)

256 E%  0.7071

1-1) +0.7071|-1})

79  E; -0.9622|%1,%1) +0,2724] 0,12
57  E, 0.8287/0,0) - 0.3957|1,-1) - 0.3957|-L1)

0  E; -0.8794]0,£1) +0.3052] £1,0) +0.3651[F1,+2)

644 E; 1.0000[+1%2)

635 E% 0.6719]0,0) +0.5236/1,-1) +0.5236| L1
606 E, 0.9715/£L%1) +0.2366] 0,12

566 E’; 0.9083]| £L0) +0.3529] 0,£1) + 0.2244|F1,+2)

388 E”; 0.9237|F L2 - 0.3136| £1,0) +0.2198| 0,11

285 E%  0.7071|L-1) +0.7071| - Ll)

59 E, -0.9716/tLE1y +0,2367] 0,22
44  E, 0.8745| 0,0y - 0.3429|1,-1) - 0.3429|- L1
0 E, -0.9094]| 0,11y +0.2766] £1.0) +0.3103F1,£2)

of which were identified with the transitions between thecontradiction in the assignments of absorption lines by ear-
5T,4 components. If we assume the intrasystem transitfons lier workers™~**

to obey the selection rulAs=0, A1=0, =1, we found the With the same LF parameters, the thermal characteristics
prominent transition lines from the ground LF levels to theof xa, xp, andy, for F&* at theM2 site were calculated
first excited group of levels to lie between 1802 and 2185using the direction cosines between the molecular and crys-
cm* for Engg and between 2000 and 2385 cthin the case tallographic axes determined from the structural datd’

of Eng,. Because of strong relaxation effects and thermalThe average magnetic susceptibiliyis the sum of the con-
excitation, broad absorption maxima are formed containindributions from the F& molecular units aM1 andM 2 sites
these lines, like the one observed around 2350 a  in the same ratio obtained from MS and chemical analyses
bronzite =0.15) by Goldman and Rossm&hThere are for Enggand ERyas given above. The difference between the
also reports of spectral studiés'® of enstaties showing observed magnetic susceptibilify and the calculated sus-
sharp absorption peaks appearing between 3100 and 35%@ptibility x(M2) gives the magnetic susceptibility contribu-
cm™* which were attributed to vibronic excitation of the sili- tion of y for F&* at theM1 site.

cate framé? In the case of Eg and En, studied reported In the case of F& with D, symmetry as in thé11 site,
here, we found theoretically from Tablegdl and 1l(b) thata  the thermal characteristics &fEq vs A/{ curves for various
single prominent transition line from the ground to the secvalues of ¢{/kT have been determined by %€’ and

ond group of excited LF levels is expected at 3474 and 3575thers?*?? Since AE, values at different temperatures were
cm™ %, respectively. These lines may merge with the vibronicknown for Fé* at the M1 site for the OPX samples, we
peaks of this region. Thus the present ligand-field analysisbtained a reasonably good estimateAdf to lie between
explains the observed bronzite spectra, thereby removing th&5 and 5. To fit the\E and the magnetig values for Fé&"
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006 ¥ W ™ W s studies for F&"-diluted silicate¥? and in enstatites withx
%o 7 o L" e <0.3 even when studied down to 1.7 K by Sheraial.”
0os L s sl \ e 004 However, in the case of the higher e concentration
L\ 1 % sample Fg, magnetic ordering was observed at 26 K
ool A-\ N “1 2 this case, the usual Heisenberg exchange interaction can be
2 M ] °°"§ applied on the well-separated ground level using the standard
$ omf e = method andy,, x,. andy. characteristics can be simulated
5 T—n ooz (as shown in the inset of Fig.) 4y adjusting the exchange
= Lol ae, parameterd, where the exchange interaction is givenas
zg;;g;g&;;gl Hoor =3k6p/25(S+1), in which the constants have the usual
001 |- Eng, (x = 0.12) ” w”*"*”&“&:ze meanings.
. L . L . L . ' 000 As is clear from the above considerations, it was possible
° 10 0 0 g to explain quantitatively the different sets of experimental
Temperature (K) results like the changes in the thermal characteristics of the

FIG. 4. The thermal characteristics of the average magnetic sugh@gnetic susceptibilities and the quadrupole splitting and the
ceptibility and the directional susceptibilities for gnThe inset ~ blueshift in the optical spectra with the compositional varia-
shows the magnetic susceptibility forgrsSolid circle indicates the  tion in OPX samples by generating the corresponding elec-

experimental data and the lines indicate the LF fitting. tronic energy-level patterns using the ligand-field theory.
Even in the case of magnetic ordering in the OPX system,

attheM1 site simultaneously, we variedand(; (i=IlorL)  the magnetic results can be explained by the same procedure.
values, keeping the ratio within the range of values given Finally, we wish to discuss the physical reasons for the
above. From the best-fitted parameters fof ‘Fat theM1  strong site preference of Eeover Mg for the distorted oc-
site, the ratio ofA/{ is found to be 4.3 and 5.3 for nand  tghedralM2 site, which has been controversial. Gh&se,
Engo, Which is close to our starting ratio and within the rangewho originally reported this strong site preference based on a
of values reported for ilvaifé" and for other ferrous iron  single-crystal x-ray structure refinement of an intermediate
compound§.1 The total Splitting of the5T29 level is found to Orthopyroxene, Suggested that the h|gher degree of cova-
be 644 and 664 cit, and the excited levels of gpare less lency of Fé" at theM 2 site as evidenced by two shdt-O

separated than those of ggn . bonds between Eé and two underbonded oxygens is the
The major contributions taEq (M1) at 400 K is from  driving force for the strong site preference. The relatively
the ground and first two excited level§;, Eq;, andE;,  higher degree of covalency for Feat theM?2 site versus

which are 53.5%, 3.5%, and 54.1% for ggrand 52.7%, M1 has been subsequently confirmed by the difference in the
3.7%, and 52.6% for kg, respectively. All the other levels isomer shifts measured by the MS spectra as mentioned ear-
contribute negatively to the total splitting. On cooling, thejier. Burng® calculated the crystal-field stabilization energy
excited levels become depopulated so that their negativeCFSE)~ 1/5(Dg), whereDy, is the cubic field separation of
contributions decrease and the valueAdi increases rap- the °D term, for bothM2 andM1 sites in an intermediate
idly on cooling. However, at 20 K, the major contribution to OPX to be 11.5 and 11.2 kcal, respectively, and suggested
AEg is from the ground levelE;, being 98.3% and 99.6%, the higher value of the CFSE at tiM2 site to account for
respectively for Egs and ERy. the site preference. It is interesting to note that no such

Tables 1l{a) and lli(b) show the LF parameters, energy strong site preference has been found in olivine
levels, and the corresponding eigenfunctions fofFat the (Mg, Fe),Si0,, which also has two different octahedral sites,
M1 site in ERgand Eng and the fitted MS data are shown in for which the difference in the CFSE values measured by
Fig. 3. These tables show that the valueg @f the parallel  Burns from optical absorption spectra is greater. To over-
and perpendicular directions are anisotropiclay, symme-  come this difficulty, Burn¥ suggested a greater degree of
try, suggesting a covalency effect. The value\dbr theD,,  covalency between Eé at the M2 site and the saturated
is observed to be smaller than the cubic-field splitting as alsexygens bonded to two silicons each in the OPX structure,
found in ilvait¢? and in other ferrous compounds by which is very unlikely. We would like to advance the view
Ingalls* that the strong site preference for’Fdor the M2 site origi-

The resultant values of the susceptibilities, x,, andy.  nates from the fact that all the degeneracies of the energy
are obtained by adding the contributions fronfFatoms at  |evels of the F&" ions at theM 2 site are lifted by the ligand-
M1 andM2 sites in the same ratio of occurrence in the twofield effect, resulting in greater stabilization arising from a
samples. These average susceptibilitigsgre also shown in  combination of the site distortion and the relatively greater
Fig. 4. The directional susceptibilities from the LF analysisdegree of covalency of the bonds betweeR'Fat the M2
are in the ordey,> x.> xa ., indicatingb to be the easy axis, site and the underbonded oxygens in the orthopyroxene crys-
c the intermediate axis, aralthe hard axis, as found earlier tal structure®>3®
from single-crystal magnetic susceptibility measurem@nts.

These curves shoyv _that there_is a genera! agreement of the V. CONCLUSIONS
crystalline susceptibility behavior of enstatites between 400
and 150 K with those of ferrosilite, FeSiO reported (1) Analysis of the experimental results of magnetic sus-

earlier’® Magnetic ordering has not been observed by MSceptibility and the MS studies reveal that there are small
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variations of eigenvalues and eigenfunctions with different

PHYSICAL REVIEW B 64 144413

(3) A similar type of LF analysis can be extended to the

Fe&* concentrations in the enstatite region. The ligand-fieldferrosilite (FeSiQ) end member of orthopyroxene, consider-

energy values increase with the dilution of’Fén the M2
site, which it strongly prefers.

ing exchange effect on the LF ground states.
(4) Ligand-field stabilization seems to be the reason for

(2) From the LF analysis, directional susceptibilities werethe strong preference of Fefor the distorted octahedrd 2

found in the ordetyp™> x> Xa-

site in orthopyroxene.
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