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Local electronic states of Fe2+ ions in orthopyroxene
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Institute of Mineralogy, University of Marburg, Meerwein StraBe, 3550 Marburg, Germany

Assrnlcr

Resonant absorption spectra (Mdssbauer effect) of 5?Fe in two synthetic orthopyroxenes
with compositions Fe'ztl(Fe'?* * Mg) : x: 0.80 (opx6) and x : 0'51 (opx4) were studied
at temperatures between 7 and 293 K. Opx6 showed a transition to a magrretic phase, the
N6el point being ?"* : 28 K. Opx4 did not reveal a 2". Instead, gradually increasing
magnetic line broadening occurred below Z : 12 K because of paramagrretic relaxation.

The temperature dependencies of the nuclear quadrupole splittings, AEo, of Fe'* at both
Ml and M2 sites were determined. They are interpreted in terms of crystal field theory
using the strong field scheme. Spin-orbit coupling and fourth-order terms were included
in the calculation. For Fe2* at M2, a pseudosymmetry of mm2 was assumed. Using the
covalency factor a2, ze2\r21, and ze2\ra) as adjustable parameters to fit the LEodata, a
frequency of 817 cm-r was obtained for the 'A,-'A, transition. The calculation predicts a
positive sign for the A,Eo, in agreement with the sign experimentally determined by Wie-

denmann et al. (1986).
For Fe2* at Ml, an effective axial crystal field was assumed. By adopting the experi-

mentally known positive sign of V= in the AEo for M I , a pseudotetragonal distortion can

be predicted. The ground-state sptitting A was used as an adjustable parameter, yielding

A : 480 cm I. The fitted covalency factor was d2 : 0.72 for Ml as well as M2.
The isomer shifts of Fe,*(Ml) and Fe'?*(M2) at 0 K were determined using the Debye

approximation. The estimated Debye temperatures, do, for Ml and M2 are 325 + 25 K

and 225 ! 25 K, respectively.

INrRooucuoN

The local electronic states ofFe2* ions in orthopyrox-
ene, (Fe,Mg)SiOr, and related properties have been the
subject of several studies. The space group of orthopy-
roxene is Pbca. Generally, Fe and Mg are distributed over
two nonequivalent, octahedrally coordinated positions of
equal multiplicity, Ml and M2, with Fe exhibiting some
preference for M2. The point symmetry of Ml and M2
is  l .

Runciman et al. (1973) explained the spin-allowed
spectrum by assuming a pseudosymmetry of mm2 (Cr")
for the crystal field seen by the Fe'z* ion at the M2 site.
With reference to their observation of a band in the in-
frared region near 2350 cm ', Goldman and Rossman
(1977) reexamined this problem using the same model,
but included the fourth-order terms of the crystal field
potential, which had been neglected by Runciman et al.
(1973). They assigned the three observedbands at I 1000,
5400, and 2350 cm-' to the transitions sA,-5A', tA'-tB,,

and 5A,-5Br, respectively.
A frequency of 354 cm-' for the transition from the

electronic ground state sA, to the first excited state, 5A2,
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was predicted. Although this assignment is now generally

accepted, there is some disagreement about that of the
bands caused by Fe2* at Ml (cf. Burns, 1970; Goldman
and Rossman, 1979; Steffen et al., 1988; and references
therein). Recently, Steffen et al. (1988) studied the elec-
tronic spectra of a series of synthetic orthopyroxene sam-
ples to clarify the situation. By assuming an approximate
symmetry of 4/mmm (Do) for the Ml octahedron, they
assigned the bands at I 1000 and 8500 cm ' to the 5B',-
5A,, and tBrr-'B,, transitions, respectively.

At present, however, our knowledge about the elec-
tronic states of Fe2* in orthopyroxene is still incomplete
because the energy intervals between the electronic ground

states and first excited states of both Fe'z*(Ml) and
Fe'*(M2) have never been determined experimentally.
Since such information is important for the understand-
ing of the magnetic properties and 5'Fe hyperfine inter-
actions in orthopyroxene, which have been investigated
in some detail by Wiedenmann et al. (1986) and Stanek
and Hafner (1988), it is desirable to define more precisely

the crystal field experienced by Fe2' at Ml and M2, as
well as the electronic states.

We have therefore measured the Mtissbauer effect of
s?Fe in two synthetic samples of orthopyroxene between
7 atd293 K to obtain the temperature dependence of the
hyperfine data. These have been interpreted in terms of
crystal field theory by assuming a pseudosymmetry of
mm2for M2 and an efective axial symmetry for Ml.
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TABLE 1. Chemical composition, lattice parameters, and unit-
cell volume of orthopyroxenes Opx6, Fe/(Fe + Mg):
0.80, and Opx4, Fel(Fe + Mg) : 0.51

a b c V
Sample x' (A) (A) (A) (A")

Opx6
Opx4

0.80 18.372(5) I 009(3)
0.51 18.328(3) 8.94s(2)

5.229(3) 865 41
5.218(21 855.36

Note.' Standard deviations of the lattice parameters are given in paren-
theses.

. x: Fe(Fe + Mg).

ExpnmvrBNr.lr

Two Fe-rich orthopyroxene samples, Opx6
(FeoroMgoroSiO.) and Opx4 (Feo'M&4rSiO3) were syn-
thesized at 900 "C and 3 GPa by use of a 3000-ton mul-
tianvil press. Cu tubes were loaded with spectroscopically
pure MgO, SiOr, FerOr, and metallic Fe powder in ap-
propriate proportions (Peng et al., 1986). Scanning elec-
tron microscope photographs revealed very small amounts
of quartz present after synthesis (less than 10/o by vol-
ume). The cell dimensions were determined from l6 un-
ambiguously identified X-ray reflections by the least-
squares method. Chemical compositions determined by
wet chemical analyses and lattice parameters are pre-
sented in Table l.

The 57Fe resonant absorption spectra were recorded by
a conventional method: an electromechanical Doppler
velocity system operated at constant acceleration using a
symmetrical velocity wave fornr, in conjunction with a
1024 channel analyzer. Approximately 0.5 x 106 counts
per channel were accumulated for each spectrum. A sTCo

source of nominally 40 mCi in Rh, kept at 293 K for all
experiments, was used. The Doppler velocity scale was
calibrated with spectra of a metallic Fe foil (thickness
0.03 mm). The orthopyroxene absorbers were prepared
by mixing the sample with sugar and pressing the mixture
into Cu rings with an inner diameter of 7 mm (absorber
area 0.4 cm'z). Their concentration was approximately 5
mg natural Fe per cm2. For temperature control, a gas-
flow cryostat operated with liquified He at temperatures
below 78 K and liquified N, at temperatures between 78
and 293 K was used. The absorber temperatures were
measured with C or Pt resistors mounted at the Cu ring.
The temperature was determined with a precision of + I
K between 7 and 120 K, and +3 K between 120 and
293K.

The symmetrical spectra were folded to 512 channels
with a program based on the least-squares technique for
determination of the point of zero velocity. The folded
spectra were fitted assuming four Lorentzian peaks with-
out constraints.

RBsur-rs

The sTFe quadrupole splitting, AEo

The sTFe resonant absorption spectra oforthopyroxene
between 7 and 293 K ofthis study correspond, in prin-
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Fig. l. The 5'Fe spectrum ofthe paramagnetic phase ofsyn-

thetic orthopyroxene Fe'z*/(Fe'?+ + Mg2+) : 0.80 (Opx6). Upper
spectrum: absorber at 293 K; lower spectrurn: absorber at 44.5
K. The two outer lines are due to Fe'?* at position Ml;the two
inner lines are due to Fe'?* at position M2.

ciple, to those described first by Virgo and Hafner (1968)
and Shenoy et al. (1969). A typical spectrum is shown in
Figure l. The quadrupole splittings, AEo, of the Ml and
M2 doublets exhibit different temperature dependencies.
Whereas A.Ea (Ml) significantly increases with decreasing
temperature below 293 K, AEa (M2) remains more or less
independent of temperature. This distinct behavior yields
an apparently different resolution ofthe two partly over-
lapping doublets at different temperatures.

Sample Opx6 (Feo,oMgo roSiO.) exhibited a sharp N6el
point, Z^, at 28 K (onset of magnetic hyperfine splitting),
in agreement with Shenoy et al. (1969). It was possible
to fit the two partly overlapping doublets between 28 and
293 K with good precision. Below 28 K, fitting is complex
because of the magnetic splitting into 16 lines. It was
difficult to obtain precise fits because of the rapidly
changing magnetization over a small range of tempera-
tures (strong overlap of most of the magnetic lines be-
tween 7 and 28 K). The A-Eo values (including the signs
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F\g.2. The 5'Fe spectrum of synthetic orthopyroxene Fe2*/
(Fe'?* + Mg*) : 0.51 (Opx4). Upper spectrum: absorber at 12.5
K (paramagnetic phase); lower spectrum: absorber at 7.5 K (su-
perparamagnetic phase).

of the electric field gradients) and center shifts of the mag-
netic phase of FeSiO, orthopyroxene aI 4.2 K were de-
termined by Wiedenmann et al. (1986). The somewhat
increased line widths of Opx6 at 28 K are interpreted in
terms of some heterogeneous chemical or temperature
distribution over the absorber at an average temperature
immediately above ?"". The line widths of the four-line
fit of the spectrum at 293 K were also found to be slightly
increased, probably because of the shoulder effect (cf.
Opx4, next paragraph below).

Sample Opx4 (Feo'MgonSiOr) showed a gradual in-
crease of the line widths for both doublets when cooled
between 20 and 7 K because of paramagnetic relaxation
effects (Fig. 2), but no N6el point was observed. This
behavior is in agreement with Shenoy et al. (1969). The
A,Eo and the center position, 6, of the doublets could
therefore be studied with precision only between 12.5 K
and 175 K. Above 175 K, the overlap of the two doublets
is significant, with the result that simple Lorentzian fits
do not provide line positions with sufficient precision.
Because of its low intensity in orthopyroxenes with higher

Mg contents, the Ml doublet occurs as a rather weak
shoulder of the intense M2 doublet. The non-Lorentzian
character of the M2 curve shape may, therefore, produce
a large systematic error in the fitted value of A-E'.(M1).
Fitting the spectrum with the transmission integral
would probably yield more adequate data, but this was
not attempted.

Both samples (Opx6 and Opx4) exhibited a very small
resonant absorption line near *0.8 mm/s because of
paramagrretic Fe3* ions, probably located at the Ml po-
sition. This was not accounted for in our fourline fits.

The Ml and M2 doublets generally displayed some-
what asymmetric intensities for the high- and low-energy
peaks, as is typically observed in spectra of polycrystal-
line pyroxene absorbers. For chemical compositions sim-
ilar to that of Opx6, the asymmetry effect could be stud-
ied over a larger temperature range with precision. Our
count rates were not high enough to allow a quantitative
analysis of the effect, although the asymmetry was found
to be quite independent of temperature, indicating some
texture in the absorber. For our determination of the line
positions, the effect was negligible.

The s?Fe isomer shift

The center shift, D(Z,P), of the rTFe spectrum (in our
case Ml or M2 doublet) is often designated as "isomer
shift". Here Z is the temperature and P the pressure. In
the following we want to consider mainly the dependence
of 6 on the temperature at ambient pressure in more de-
tail; 6(Z) at constant pressure may be written:

6( I ) :60 + 6. (Z)  *  0,"" (7) .  ( l )

In Equation l, Do : ap(O) is the intrinsic isomer shift
at 0 K, with p(0) being the electron density at the atomic
radius r : 0 and a a nuclear constant with a negative sign
for 57Fe. The temperature-dependent part of the intrinsic
isomer shift is 6"(Z), and the second-order Doppler shift
is Droo. There are two contributions that mainly make up
6.:

6.(I): Dt(Z) + 6"(Z). (2)

The value 6(7) is the contribution to p(0) due to changes
in the polyhedral volume and ligand bonding because of
thermal lattice expansion. The contribution due to ther-
mal population of the spin-orbit states is d., which may
change 4s and 3d populations.

Within the Debye approximatiotr, 6roo may be for-
mulated as

. '.!

Dsoo:-  #W+r(r /D) (3)

where

roD/r
f (T /0 ) :3 ( ' r /0J  

Jo  
x3(er  -  l ) - '  dx  (4 )

is the Debye function. Inserting the values for the Boltz-
mann constant, k, the velocity of light, c, and the s?Fe
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Trele 2. Hyperfine parameters of orthopyroxenes Opx6, Fe/(Fe + Mg) : 0.80, and Opx6, Fe : 0.51

AEo'.

M2
(mm/s)(K)

M 1
(mm/s)

M 1
(mm/s)

M2
(mm/s)

Line widthst

(mm/s) (mm/s) (mm/s) (mm/s)

28
45
79

120
1 - t  4

215
293

1 2
20
45
7a

100
203

1.306
1.307
1.299
1.283
1.253'1.226
1 . 1 8 0

1.296
1.299
1 296
1.295
1.290
1.237

1 .276
1.275
1.264
1.245
1.211
1 .184
1 .139

't 278
't 278
1.277
1 270
1 263
1 202

3.131
3.135
3 123
3.083
2.948
2  8 1 0
2.496

3.048
3.060
o . u / c

3.068
3.053
2.758

Opx6
2.047
2 043
2.O35
2.028
2.016
2.003
1.971
Opx4

2 099
2.094
2.086
2 077
2.074
2.053

0.298
0.2s3
0 253
0.254
0.2s8
0 265
0.285

0.373
0.343
0.290
o.284
0.282
0.305

0.278
0.272
0.274
0.278
0.281
0.284
0.2s8

0.354
0.324
0.302
0.275
0.272
0.305

0.289
o.270
0.268
0.271
0.276
0.280
0.250

o.372
0.331
0.302
0.274
o.273
0.278

o.254
0.254
0.258
o.254
0.258
o.277
o.279

0.339
0.30s
0.288
0.278
0.273
0.253

- Referred to a metallic Fe absorber at 293 K; standard deviations +0 001 mm/s, total error +0.005 mm/s.
.t Standard deviations +0.002 mm/s, total error +0.005 mm/s.
t Standard deviations +0.005 mm/s, total error +0 020 mm/s.

nuclear mass, M into Equation 3, the relation for Droo
may be written (Wegener, 1966; Shenoy et al., 1978):

0.oo(7): -2.74.10 4dD - 7.30.10-Tf(T/0"). (5)

In Equation 5, D.oo is in mm/s, and f in K. In the
temperature range of our data, 6.oo provides the primary
contribution to the total thermal shift of D. It has a quasi-
linear dependency on the temperature, especially at
temperatures higher than about 120 K (cf. Fig. 3). At
temperatures much lower than do, the dependency is pre-
dicted to be significantly reduced, according to Equation
5. With the assumption that 0o at Ml and M2 in ortho-
pyroxene is higher than 120 K, 6.(I) must also have a
linear dependence on the temperature above 120 K, as

inspection of Figure 3 shows. It may be written approx-
imately

6cQ): CT. (6)

The function 6(Z) was fitted to the data of Table 2 by
solving Equations l, 5, and 6 and using Do, C and do as
fitting parameters. This was carried out by iteration on
the basis of the least-squares principle. For the Debye
function (Eq. 4) values of Beattie (1926) were used. The
most probable values for do, C and 0o obtained for M1
and M2 in sample Opx6 are presented in Table 3, and
the final functions, d(Z), plotted in Figure 3. For sample
Opx4, the data were not sumcient to compute fits.

CnYsr.ll- FrELD ANALYSIS

Hyperfine data for pyroxenes may be obtained theo-
retically using ab initio computations of the electron and
spin-density distributions of atomic clusters. Here, how-
ever, we want to use crystal field theory mainly to focus
on the external point charge and valence electron contri-
bution to the electric field gradient (EFG). In the present
work the term "electric field gradient" is used for the
positive second derivative, V, (i, j : x, y, z) of the elec-
trostatic potential Z. Spin-orbit coupling will be included
in our calculation. Runciman et al. (1973) computed
crystal field energies by means of the weak field scheme,
taking into account second-order terms only. They did

Trele 3. Fitted values of 60, C, and do for Fe'?* in orthopyroxene
Opx6,  Fe/(Fe + Mg):0.80

do* c 0"
Atom site 1mm/s) (10 5 mm/s K) (K)

+37 + 2.0 325 + 25
+ 7 0 + 1 . 8  2 2 5 + 2 5

* Refers to a metallic Fe absorber at 293 K. The estimated total error is
+0.005 mm/s.

L30

1.25
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150
T {KI

Fig. 3. Dependence of the isomer shift (d) of orthopyroxene
on temperature, T. Circles: Fe'?*/(Fe'?* * Mg'*) : 0.80 (Opx6),
Z" : 28 K. Below 7", accurate determination of 6 from the 16-
line magnetic spectrum was not possible. Triangles: Fe'?+/(Fe'?+
* Mg'*) : 0.51 (Opx4), no sharp 7"; below 12.5 K superpara-
magnetic (cf., Fig. 1). The solid lines were fitted by use of Eqs.
l ,  5,6, and the data ofTable 3.

1.1001
10050 200 300

M1 1.395
M2 1.337
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Fig. 4. Geometry of the distorted coordination octahedron
M2: R. : Vz(2.161 + 2.130) : 2.146 A, Ro : t/z(2.444 + 2.576)
:  2.510 A,  R" :  t /z( t .997 + 2.035) :  2 .016 4,0 :  35.8,  0 '  :
41 .4'. The parameters were used to compute the terms l*, of Eq.
7; interatomic distances from Burnham et al. (1971).

account for the spin-orbit contribution, but their assign-
ment of the band at 3100 cm ' was incorrect. Goldman
and Rossman (1977) employed the operator-equivalent
method, including fourth-order terms, but they did not
consider spin-orbit coupling.

The geometry of the M2 octahedron is shown in Figure
4, which illustrates the significant distortion. Runciman
et al. (1973) noticed that the major distortion of M2 is
due to the elongation of the M2-O3A and M2-O3B bonds
and the reduced O3A-M2-O3B angle (atomic designa-
tions after Burnham et al., 1971). Hence the appropriate
pseudosymmetry of the M2 octahedronis mm2, the qua-
si-twofold axis being the bisector of the O3A-M2-O3B
angle. That direction was taken to be the z axis of the
crystal field at the M2 site. The y axis was assumed to be
in the plane formed by M2-O2B and z.

For Fe2* at the Ml position, an effective crystal field
of axial symmetry was assumed. Both tetragonally and
trigonally distorted crystal fields yield the same relation-
ship between A-Eo and temperature, but the signs of the
EFG (signs of the maximum eigenvalue V' of V,,) dlffer.

Fe2+ at the M2 sites

Crystal field perturbation. The crystal-field potential
energy at the M2 sites may be written as

vc : {4o ze, 2 {r?Vq,ozro(0,,6) + AirzSrQt,o)l

* rflAooZoo(0,,0) + A"4rZ2r(0D0)

+ Azoz.4o(0b6)l) (l)

where ze is the effective charge of the ligands, Zo,(0,,Q,)
the tesseral harmonics, and r,,0,, f, the coordinates of the
ith electron. The expressions for the coefficienls A, in
Equation 7 as functions ofthe ligand coordinates can be
derived using the method described by Griffith (1961).
With the adoption of the equivalent hole formulation, the
wave functions f,(M.) (M": -2, - l, 0, l, 2), classified
according to the irreducible representations of the point
group mm2, are the following linear combinations of
Slater determinants:

B,i 6{2) : lq(|el

B, :  6 ,Q) :  l (oet l

A, i  g , (2)  :  l |e{q l

6,Q) : l , tn(l
A , :

6.Q) : l in(ol (8)

where f, q, !,0, and € represent one-electron wave func-
tions du,, d",, d,", d,:, and d,: ,:, respectively. One may
easily obtain Q o(M r) with M < 2 by applying the descend-
ing operator, L : L, - iL,, on 4* (2). The wave functions
correct to the first order obtained by diagonalizing the
crystal field perturbation matrix are

@* : (cos x) 0o + (sin x) @.,
d : (sin x) Qu - (cos x) Qu Qt, Q,, and 4, (9)

where x is defined by

tan(2x)  :  2<6,1V.10, t / (@,1V"|6, )  -  @,1V"10.) ) .  (10)

Spin-orbit coupling. We are now in a position to con-
sider the spin-orbit coupling. The corresponding Hamil-
tonian is

11: > €(r) 1,'S'. ( l  l )

Where {, and S, are the orbital momentum and spin op-
erators of the ith electron. Since the states 0, and d- lie
much higher in energy than the ground state, d*, they can
be safely neglected. The spin-orbit coupling matrix is
Hermitian, with the basis 4*(M.) (k: +, (, t; M": 0,
+1, +2). In order to transform it into a real matrix, a
unitary transformation may be performed according to

[x,(M "), x,(M.), x,(M ")]

The spin-orbit coupling matrix with the new basis is giv-
en in Appendix l.'

I Copies of Appendix Tables I and 2 may be ordered as Doc-
ument AM-93-516 from the Business Ofrce, Mineralogical So-
ciety of America, ll30 Seventeenth Street NW, Suite 330,
Washington, DC 20036, U.S.A. Please remit $5.00 in advance
for the microfiche.

:  r6*(M.), Q,(M")d,(M"n[t t  
_,].  

(r2)
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TABLE 4. Crystal field transition frequencies (cm 1) of Fe,*(M2) 3.2

3.0

2B

Obs

Transition Calct

l 3

i l*

,4,

"A,
5 A

uA,

G
E 2 6
E
o 2 Lur

uA"
s p

"8,,4,

2.2

2.0

2350
5400

1 0930
4910

,| 0700

817
2715
4936

1 0679

* Measured for Feo,oMgo""SiO. (Goldman and Rossman, 1977).
*'Measured for Feos6Mgo,4SiO. (Burns, 1970).
I With Ze2(r2) : -27 a u. and Ze2(r4) : -21.0 a.u. (this work).

Electric field gradient, electronic part. Because of the
spin-orbit interaction, the possible states of the system
are linear combinations of y,(M"):

l 5

' 1 ,  :  )  r .  l / r \
f  I  4 ' R t  l " l (13)

Here we designate y,(M.) as lk) for brevity. The expec-
tation value of the EFG operator, V;^!, in the state ry', is
given by

\v:1i ) ,= W)vx: l lV):  ? ? ckp,{k lvx: i l t )  (14)

where (kl Y:tlt) arcttr" -ut.l* elements of Z;prwith the
basis 1(M")( l  :  1 ,2,3;  M, :  0,  1,2) .  They are l is ted in
Appendix 2. Thus, the valence electron contribution to
the EFG is given by

/
(v:fti) * : ) \vx6'),exp(- E t/kr) 

f 2 exo! n,/kr)

(15)

where .Er is the energy of the state Pr.
Lattice field gradient. The lattice contribution to the

EFG may be obtained by differentiating the crystal field
potential V : -V"/e, i.e.,

vYi: l,ze(A,o - {3Ai,1

: \/Sa,(A,o - {3Ai)/e\r2)

Vfi: r/Sze@,o + {3Ai,)

: {ia,(A,o + {3Ai)/e\r,)

V'2: -lBzeAro: -\/5arAro/e\r' l  (18)

v ' # :o  ( o+  0 )

where a, : ze2\r2).

( le)

Nuclear quadrupole splittingo A,Eo. The principal val-
ues of the EFG tensor may be obtained by diagonalizing
the matrix (l - RXV:t)"" + 0 - t)l :;, where R and
1@ are the Sternheimer shielding and antishielding fac-
tors, respectively. If we label the principal axes (X, Y, Z)
of the EFG tensor in such a way thal Yr, - V*, - Vr",
the nuclear quadrupole interaction energy is formulat-
ed as

l R L""0 50 1m 150
T (K)

zffi 2g 3m

Fig. 5. Dependence of the 5?Fe quadrupole splitting (A-Eo) of
Fe'?* at Ml and M2 on temperature, ?", in orthopyroxene. Cir-
cles: Fe'?*/(Fe'?* + Mg'*) : 0.80 (Opx6). Triangles: Fe'z+/(Fe'?+ +
Mg'*):0.51 (Opx4). The solid lines are calculated by use of
crystal field analysis.

where Q is the nuclear quadrupole moment and q : (Vr*
- Vyy)/Vzz the asymmetry parameter. The values of Q,
(r'-), \r'), R, and y- used here are those ofthe free Fe2t
ion and the same as those used by Ingalls (1964), i.e., Q
:0 .29  ba rn ,  ( r 3  )  :  4 .8  a .u . ,  \ r 2 )  :  1 .4  a .u . ,  R :0 .32 ,
and "y- : - I l. The covalency factor, a2, may be intro-
duced to relate the spin-orbit coupling constant, \, ofFe2*
in the crystal to that of free Fe2*, tro: ), : a2tr0. IJsing a2,
a2: ze2(r2), and ao: ze'1\t') as adjustable parameters,
the A.Eo values of Fe2*(M2) were calculated. For this cal-
culation, bond distances and bond angles were taken from
Burnham et al. (1971). The best agreement with experi-
mental data was obtained with a'? : 0.725, az : -2.7

a.u. and ao: -21.0 a.u. The calculated crystal-field tran-
sition frequencies, together with those reported in the lit-
erature, are listed in Table 4. The calculated A-Eo values
for Fe'?*(M2) are shown in Figure 5.

Fe2* at the Ml sites

For the AEo of Fe'?*(Ml), the method of calculation is
essentially the same as that described for Fe'z*(M2), ex-
cept that instead of a, and ao, the ground-state splitting
of Fe'?*(Ml), A, was used as the fitting parameter. The
calculated A.Eo values for Fe'*(Ml) with a2 : 0.72 and A
: 480 cm-r, are also shown in Figure 5.

DrscussroN

Our crystal field calculations confirmed that the mm2
pseudosymmetry assumption for Fe2* ions at the M2 sites
used for explaining the optical absorption spectra (Run-
ciman et al., 1973: Goldman and Rossman, 1979) is also
a good model for the interpretation of the 57Fe resonant
absorption data oforthopyroxene (cf. Figs. 3, 5). The cal-
culated dependence of A-Eo on temperature between 4.2
and 300 K is in reasonably good agreement with that
observed. Moreover, the calculations predict a positive
sign for V.. at M2, in accordance with that determined

(16 )

(1 7)

o
rA

a . f

M1

M2

AEa : t/zev,.Q(l + n2/3)'/' (20)
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experimentally from the magnetic 57Fe spectrum of poly-
crystalline orthoferrosilite at 4.2 K (Wiedenmann et al.,
1986) and a single-crystal study of the paramagnetic 57Fe

spectrum of orthoenstatite at 300 K (Stanek and Hafner,
1988). The calculated value for the asymmetry parameter
at 300 K (4 : 0. 16) is somewhat smaller than the exper-
imental values of a : 0.35 in orthoferrosilite at 4.2 K
(Wiedenmann et al., 1986) and r : 0.20 + 0.07 in or-
thoenstatite at 300 K (Stanek and Hafner, 1988). It should
be noted, however, that the 57Fe spectrum is generally not
very sensitive to 4, and so the experimental determina-
tion of4 from 57Fe data is not very precise.

Our calculations show, however, that the frequency, A,,
of the transition from the ground state of Fe2*(M2) to its
first excited state is about 800 cm-' (Table 4), i.e., much
larger than that predicted previously (354 cm-') by Gold-
man and Rossman (19'17).

The experimentally observed AEo dependence of
Fe'?*(Ml) on the temperature can be reasonably well ac-
counted for, if an axially symmetric crystal field is as-
sumed. Adoption of a trigonal as well as a tetragonal
distortion yields similar relationships of AEo vs. temper-
ature, but the predicted sign for the A-Eo is opposite. Since
a tetragonal crystal field yields a positive sign, in agree-
ment with Wiedenmann et al. (1986), the crystal field at
Ml seen by Fe2* must be of a quasi-tetragonal symmetry.
The site occupancy of Fe2* at Ml in the orthoenstatite
studied by Stanek and Hafner (l 988) was not high enough
to allow an unambiguous determination of the sign at
that position.

The splitting of the ground state of Fe2* derived from
the temperature dependence of A-Eo is about 480 cm ',

i.e., more than three times gteater than the value of 150
cm 'proposed by Steffen et al. (1988).

Our determined values of 6o for the Fe2" isomer shift
at Ml and M2 are consistent with the local geometrical
configuration ofthe respective polyhedra. The Do data in
Table 3 may be compared, for example, with do : 1.612
(+0.09) mm/s (referred to metallic Fe) of l6rFsz+ in FeF,
(Reschke et al., 1977). Although the covalent participa-
tion in the Fe-O bonding ofchain silicates is significantly
greater than that in the Fe-F bonding of fluorides, the
Fe2* bonds in pyroxene are still primarily ionic.

Many data on 57Fe isomer shifts of silicates determined
at ambient temperature have been reported in the liter-
ature. A review of those values in terms of chemical
bonding is not possible, since precise information on the
thermal shifts between 4.2 and 300 K is needed in order
to determine the characteristic Debye temperatures, do,
and C parameters of the thermal contribution to the iso-
mer shift. Our present data on orthopyroxene confirm,
however, previous conclusions from studies at 78 K that
6o of Fe2* at M2 is somewhat smaller than do of Fe2* at
Ml, in accordance with the more distorted geometry and
the smaller M-O2B and M-O2A distances of the M2 oc-
tahedron compared with M-OIB and M-OIA distances
o f  M l .

Although more thermal data on 6 of Fe2* in chain sil-

icates with different chemical compositions, especially on
0o and C are highly desirable, it may be speculated that
the temperature dependence of 6, e.g., for octahedrally
coordinated Fe2'in chain silicates, may be rather similar.
Our values of 0D: 325 K for Ml and 0": 225 K for M2
(sample Opx6) are somewhat lower than the value 561 K
;' do > 484 K obtained for FeF by Reschke etal. (1977).
In spite ofthe rather large error ofthe fitted 0" (cf. Table
3), the small diference in the relationship of 6 vs. tem-
perature at Ml and M2 appears to be established, yield-
ing a somewhat higher 0o for Ml. The curvatures in the
temperature region below 20 K in Figure 3 should be
interpreted with caution for two reasons: (l) the transi-
tion to the magnetically ordered phase of sample Opx6,
and (2) approximations adopted in Equation 5. The total
error for the 6o values in Table 3 is estimated to be +0.005

mm/s.
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