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Effect of the orbit-lattice interaction in Mossbauer studies:
Quadrupole splitting of 57Fe (II) in MgCO3
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Thc Mossbaucl qURdrupolc spllttlng of substltutloQR1 Fc (3d, B) lons ln MgC03 dccrcascs
linearly with temperature from 77 to 300 K. This temperature dependence cannot be explained on
thc basis of R static crystal-field lntcractlon only, which Usually glvcs thc clcctronic cigcnstatcs and

the resulting quadrupole splitting of the ferrous ion. In this paper the effect of the orbit-lattice in-

teraction (or vlbI'onic coupling) on clcctlonlc stRtcs has bccn included, and then lt ls foUnd that thc
observed temperature «lcpcndcncc of quadrupole spllttlng can bc cxplMncd quite satisfactorily. It
leads to the conclusion that the orbit-lattice interaction might be an important factor which affects
the temperature variation of other Mossbauer parameters as mell and hence its effect should be duly

considered in Mossbauer studies.

I. INTRODUCTION

The orbit-lattice interaction (or vibronic coupling) is
considered to be an important factor in producing the
temperature dependence of electronic observables of mag-
netic ions. It is especially important in ESR studies,
where small energy changes in electronic states can be ac-
curately measured. For example, the orbit-lattice interac-
tion has been utilized to explain the temperature depen-
dence of spin-Hamiltonian parameters measured from
ESR cxpcnmcnts. Similarly t11c vibronic coupling With

cxcltcd states 1l.as bccQ considered iHlportant while deter-
mining the magnetic hyperfine coupling constant of S-
state ions. This interaction is also expected to affect
MossbaucI' spcctlR Rs t11c QuclcRr cQcI'gy levels arc mainly
produced by means of magnetic and electrostatic interac-
tions with the ion's own electronic charge cloud, which by
itself can be modulated by lattice vibrations. In fact
Shrivastava has shown that the Mossbauer isomer shift
can change significantly in the presence of orbit-lattice in-
teraction. The importance of vibronic interaction in
Mossbauer studies has been qualitatively underlined by
Gibb, Greenwood, and Sastry4 while interpreting the tem-
pci'Rtiiic dcpciidcIicc of tlic qilRdrllpolc splittiIig of Fc
in [N(CH3)4]2 (FCC14). Similarly Bacci ' has included the
effects of vibronic coupling while analyzing the
Mossbauer quadrupole spllttlQg Rnd IQRgnctlc-
susceptibility data of Fe + in deoxyhemoglobin and de-
oxymyoglobin. The strength of this interaction has been
considered cxti'cIIicly iiriportant foi' tlic obscrvRtion Rild

interpretation of Mossbauer spin-relaxation spectra of
Fe + ions iQ various systems. ' Recently, Price has also
exploited the concept of vibronic coupling to explain the
observed temperature dependence of Fe+ quadrupole
splitting in FcC03 because the experimental results cannot
be explained on the basis of a static lattice. His theoreti-
cally calculated values do not show a reasonable agree-
ment with experimental data and hence the problem needs
a fresh investigation. In the following sections the vibron-
ically perturbed electronic states of' FC2+ in carbonates

will be obtained and then the value of quadrupole splitting
as a function of temperature will be explicitly calculated
and compared with the experimental data. Such a study is
expected to elucidate the importance of orbit-lattice in-
tcIaction 1n Mossbauer stu«bcs.

In a carbonate crystal the substitutional Fe + ions oc-
cupy trigonally distorted cubic sltcs and cxpcricncc 8
strong crystal-field potential given by '

a„=B',(Oo —2Ov Z O;")+B'2O'2,

where B„and O„(n =2, 4, and m =0, +3) are the static
crystal-field parameters and Steven's equivalent opera-
tors' compiled by Orbach. " The strong cubic field splits
the D state of a free Fe + ion into a ground triplet T2s
Rnd RQ cxcitcd doublet Eg % ltd encl gy scpRratlon

~

18084
~
=10 cm '.' ' At ordinary temperatures the

Boltzmann population of the doublet Es is almost negligi-
ble and hence its effect is neglected. A small trigonal-
distortion potential 82Oz splits the T2s states further into
8 lovfer doublet Eg Rnd RQ Uppcl' slnglct 31 with cncrgy
separation b, =

~
982

~

=1000 cm '.' ' The appropriate
electronic eigenstates are, ' ' for His,
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Each of these electronic states (or crystal-field states) pro-
duces its own electric field gradient (EFG) at the Fe nu-
clcUs glvlng risc to 8 quadrupole spllttlng. Since t111s ls 8
case of anal symmetry the quadrupole splitting is pro-
duced by the thermal average of the z component of the
EFG only, which ls given by
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III. EFFECT OF ORBIT-LATTICE INTERACTION

Since A &~ and E& group theoretical irreducible represen-
tations correspond to symmetric electronic wave functions
they can be coupled only through some symmetric vibra-
tional mode as required from parity considerations. ' It
is known that the symmetric modes of vibration of an oc-

, I'0»" k) tahedral complex (or molecule) are A tg, Eg, and T2g. Now
it can be seen that the electronic states E~ and A&z are
coupled through the Ez vibrational mode only because the
product &A ig I Eg I Eg & contains A ig and hence it is
nonzero. ' lt is easy to see that

FIG. 1. Energy-level scheme of Fe + in MgCO3. &wi, lang IEg&=&~ig I T2g IEg&=o

«.&, +& V.&,+«.&..
V T —— —6/k~ T1+1+e
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because these products do not contain A tg. Therefore, the
Fe + quadrupole splitting may show a significant tem-
perature variation if the coupling to the Eg vibrational
mode is strong.

The orbit-lattice interaction (which represents the vibra-
tional coupling) under long-phonon-wavelength approxi-
mation is given by"

Since the sign of & V &o is opposite to that of & V~ &+i the
thermal average of the EFG should decrease with increas-
ing temperature. However, for b.=10 cm ' (which is
very high) the value of & V & T, and hence the quadrupole
splitting, remains almost unchanged from 4.2 to 300 K.
This is quite contrary to experimental data for Fe + in
MgCO3 (Ref. 18) and FeCO3. ' In paramagnetic
Fe +:MgCO3 the quadrupole splitting decreases very
slightly from 2.02 to 2.01 mm/sec as the temperature in-
creases from 4.2 to 77 K; but it shows a considerable
linear decrease over the temperature range 77—300 K. In
FeCO3, which is antiferromagnetic at low temperatures,
the quadrupole splitting initially increases from 2.02 to
2.09 mm/sec as the temperature increases from 4.2 to 43.8
K (which is close to its Neel temperature 38.3 K), but in
the paramagnetic state the quadrupole splitting again
shows a linear decrease over the temperature range 60 to
200 K. It is this observed linear and substantial decrease
of quadrupole splitting that cannot be explained by the ex-
isting concept of static lattice.

where ak and ak are phonon annihilation and creation
operators, '

cok is the frequency of phonons with wave
vector k, V„(L) is the crystal-field potential with dynamic
parameters, and M is the mass of the crystal. As one
must consider both electronic and lattice vibrational iri-

teractions, the basis states may be represented in the form
of a Born-Oppenheimer product of electron and phonon
states, such as

I p„nk &. A phonon state of the lattice is
expressed in terms of a phonon occupation number nk,
which is given by the Bose-Einstein distribution function.
The energy of a noninteracting electron-phonon state is
given by

E + 2~k(nk+ 2 )
k

which is equal to the sum of the electronic and vibrational
energies (see Fig. 1).

Now the vibronically perturbed states may be obtained
by using the first-order perturbation method. This im-
mediately yields

4i nk IH.|I go nk

l ~+~k( nk + ~ )j—[~k ( nk + —,
'

)]

where A is the normalization constant. The operator H, &

contains a linear combination of ak and ak, and hence the
matrix can have a nonzero values only when nk —nk ——+1.
Then it may be explicitly written that

&0i nk l~o& I do, nk+1&
I A nk &+

I A nk+I&6+6 COk

&4'I nk
I ~oi I

0'oink —1 &+ ~ ~ lgo nk —I&
k

or

'p& =~(
I ki.nk &+a

I do nk+1&+0
I 4o nk —1&)

where

(9)

(10a)

(lob)
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+2 ( 1+~2+p2) —( (10c)

In terms of phonon frequency the expression (13) takes the

For the vibronically perturbed eigenstate (1I(, the expecta-
tion value of the EFG operator V is now given as

& V &(=~'[&6
I

V I(t(&+«'+P')&A
I

V
I ko&]

(after dropping the identical phonon state assignments).
Similarly,

&V & (=~'[&0 il V 14 (&+(~'+p')&{(ol V IPo&]

(1 lb}

& V. &o=~2[&yol V. Iyo&+(~2+p2)&(()+,
I
V. Iy+, &].

(1 lc}

The EFG remains axially symmetric even after vibronic
coupling. The temperature dependence of the EFG (or
quadrupole splitting) arises due to the variation of
(a +P ) and A with temperature.

Now with the use of the properties of phonon annihila-
tloQ RIll crcatloQ operators onc obta1ns that

~2+p2
2M')k

k (nk+1) k nk

(4+ficok ) (4—iri(uk }2

~'+0'= 4, (6 X~. 4o)

3 3

X +
(uk«k+1} (uknk

(5+iruuk) (b, ficok)—
d(uk, 15)

where p is the density of the crystal, u( =culk ) is the velo-
city of acoustic phonons in the crystal, and (uD is the De-
byc fl cqUcncy.

For FcCQ3, MgCO3, and ZQCG3 crystals, the Debye
temperature ' OD=300 K, and hence h&&funk for all
possible phonons. Therefore, in the denominator of ex-
pression (15) freak may be neglected compared to b, and
then thc cxprcss1on fcdUccs to

~u tu [exp(fico/kit T)+1]x dQP ~0 exp( Iitu/ks T)—1

where the phonon occupation number
n=[exp{fia)/AT) —1] '. ~ith the use of the substitu-
tion x =fuu/kit T, the expression (16) may be expressed in
a convenient form such as

lt may be assumed that the phonon spectrum of the crys-
tal is Dcbye-type Rnd isotropic so that

~'+1' f~~ =((o X ~. 0o)

a +P =aI(T)T

(6 X ~. 4o)

(17a)

k2(nk+1) k nk
X +

(b, +ficok) {6—irituk)
gkdk,

where the density of phonon states for a crystal of volume
Vis given by

g(k)dk=(V/2' )k'dk .

I(T)= x 3(e"+ 1)dx
o (ex 1)

Finally with the help of expression (17), (11),and (3) it can
easily be seen that in the presence of vibronic coupling the
thermal average of the EFG at the nucleus is given by

&~ T= 2[1 2aI(T) T4]+[ 2—+aI(T)T']e "—""
1+aI(T)T —4/kg T (lg)

The quadrupole splitting is proportional to & V &2. At T =0 there is no vibronic coupling and the EFG is produced by
the electronic states ((|)+i) only. Therefore, one finds that

(EEg )o
(EEg)r ——

1+aI(T)T
2[1 2aI(T) T4]+[ 2+—aI(T)T ]e-

—h, /k~ T2+e
where (&Eg ) T and (b,Eg )o are the quadrupole splitting at temperature T and absolute zero, respectively. This is the gen-

eral expression for the variation of quadrupole splitting with temperature.
Case L Lo(u temperatures (T~GD). For T~Ou (or x & 1) the integral I(T) must be evaluated numerically at any

given temperature. As T increases, the value of the integral decreases. At low temperatures the term containing the fac-
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tor exp( —6/kIIT) can be neglected. It is easy to see that the quadrupole splitting is a maximum at T=O and it de-
creases for higher values of T.

Case II: High temperatures (T &8D). In the limit of the high temperatures T &8D (or x &1) the integral I(T) ap-
proximates to

2 ea I OaI(T)~— +
3 T 4 T

With the use of this result in expression (17a) one finds that

a +P =bT+c,

b= —aSD, c=—a8II .
1

3
' 4

Finally expression (19) yields that

(~Eg)o
(b,Rg }r-(1+bT+c)

2(1 2bT —2c)+(—2+bT—+c)e
—5/k& T2+e

Although the variation of b,E& with T is represented by a
complicated formula it is apparent that b,Eg decreases
vnth increasing temperature.

IV. CAI.CULATION OF (AE~),

Any explicit calculation of (b,E~}T needs a good esti-
mate of various parameters. From the study of the
Mossbauer recoilless fraction in Fe:ZnCO& (Ref. 7) and
the zero-point energy in Fe:MgCO3 (Ref. 18} the Debye
temperature of these systems has been estimated as
290+20 K. For FCCO3 the value of the Debye tempera-
ture will also be very similar in view of a similar structure,
density, and binding forces. Therefore, it is reasonable to
assume that for these carbonates 8&-300 K. This is sup-

ported by the low-energy (or acoustic) Es mode -phonon
spectrum of various carbonate crystals.

For this Dcbyc fcIIlpcl'atul"c tllc vcloclty of souIld la

u=3. 8&(10 cm/sec. This may change to some extent
from system to system because their densities are some-

what different. However, it will be quite appropriate to
take a representative value of u=4X10 cm/sec. It will

be assumed to be isotropic and independent of phonon fre-
quency and polarization effects if any. It may be noted
that the velocity of ultrasonic pulses in CaCO& crystals

+C4'Og ) ~go}, (23)

%vhcl c O~ aI c thc Orbach opcratoI's, and C~ aI c thc
dynamic crystal-field interaction parameters. However, as
the vibronic coupling between /+I(ES) and pp(Alg) states
is made possible by a symmetric mode of vibration, only
those components of the interaction should be retained in

along various directions of propagation has been found to
lie between 2.6)&10 and 7.2)&10 cm/sec and the same
may be applicable (with slight modifications) for other
isomorphous carbonates. Therefore, a mean value of
u=4&&10 cm/sec appears quite reasonable. The value of
quadrupo1e splitting at T=O K wi11 be assumed to be
equal to that at T=4.2 K because at such low tempera-
tures there are almost no vibrational effects.

Now one has to calculate the matrix elements involved
in expression (17b). In a general case when both sym-
metric and antisymmetric vibrational modes are taken
into consideration the matrix element assumes the
form9'"

TA&LE &. (~Eg )0——2.02 mm/sec, a= 5,2X 10 ', and AE~ is in mm/sec.

77
100
150
200
250
300

67.60
26.76

6.83
2.74
1.26
0.75

AEg
(calcu1ated}

1.95
1.94
1.91
1.88
1.86
1.82

AEg
(observed in Fe:MgCQ3)

Ref'. 18

2.01
1.99
1.95
1.90
1.85
1.80

AEg
(observed in FeCQ3)

Ref. 15

2.05
2.03
1.97
1.92
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]
=5X55 (26)

in units of cm '. Utilizing all these estimated parameters
in expression (17b) and using p= 3.0 g/cm for Fe:MgCO3
onc f1Ilds that 0~5.2Q Io

The integral I(T) has been numerically evaluated at
various temperatures as given in Table I. Once the values
o«, (&Eg)0, and I(T) become avai. lable it is easy to cal-
culate (hE~ )I at various temperatures by using expression
(19). When this is done it is found that the quadrupole
splltt1Ilg decreases 11ncRI'ly w'1th temperature~ vvh1ch 1s
consistent with the experimentally observed behavior
despite some discrepancies between calculated and ob-
served data (Table I and»g 2).

V. CONCI, USIONS

FIG. 2. Mossbauer quadrupole splitting of Fe + MgC03 as a
function of temperature. 0 are the experimental values; + are
the calculated values.

calculation, which are symmetric functions of spatial
coordinates. Then the matrix element reduces to

4i X ~. 40)=&A I
~czoI'+&1&4') IPD&

using (2 )Oz )0)=~6 and (2 [
04- (0}=3~6, for

I =2 and &EL =0,+2. At this stage onc must know the
strength of the dynamic crystal-field parameters, which
are often unknown. Orbach" has opined that for
transItlon"metal 1ons thc static Rnd dynam1c crystal-field
parameters should be very similar. Scott and Jeffries
have also contributed to the same view. Huang has sug-
gested that the dynamic parameters should be about n + 1

times gr'eater than the static ones. It should be noted that
although these approximations are very crude they pro-
vide the starting point. Price et aI. have calculated the
clcctlolllc spill-1Rttlcc 1claxatloI1 I'atc of Fc 111 ZI1CO3
and compared the same with the experimental data (ob-
tained from a Mossbauer study at low temperatures) and
then they have concluded that the dynamic crystal-field
parameters should be substantially higher than the static
ones. In view of this evidence in a carbonate lattice, it will
be fairly reasonable to start with the Huang's model.
Then one can start with the following parameters:

The agreement between theoretical and experimental
values of quadrupole splitting in Fe +:MgCO& is fairly
reasonable as shown in Fig. 2. A significant difference to-
wards the low-temperature side may be due to a departure
of the phonon spectrum from its Debye-type nature.
Perhaps at low temperatures all vibrational modes are not
excited and. the vibronic coupling is weak. The linear tem-
perature variation of Fe + quadrupole splitting in FCCOI
(for T ~ 60 K) can also be explained provided some of the
pRraIQctcls RI'c slightly changed~ %'hlch %'1ll bc qultc cx-
pcctCd.

It is worth mentioning that the anomalous behavior of
Fc qllRdl'upolc sp11ftlllg 111 Rntlfcrromagnctlc FcCOI
around its Neel temperature has already drawn the atten-
tion of Price who has shown that it might be due to an
Orbach-type" resonant vibronic coupling (by phonons of
energy approximately less than 70 cm ') between the
exchange-split electronic ground doublet.

It might be appropriate to note that Huang's model of
estimating the dynamic crystal-fidd parameters from the
stat1c ones Rppcars to bc Icasonablc 1Q thc pI'cscnt CRsc and
it may also be true in the case of other transition-metal
ions. In the present calculation the effect of spin-orbit
coupl1Ilg has Qot bccn 1Qcludcd becaUsc any add1t10QR1
coupling introduced between Eg and A&~ states by means
of th1s 1nteract1on m111 be small and 1t veil not bc tempera-
ture dependent. In perspective the present study shows
that the observed linear temperature dependence of the
quadrupole splitting of Fe + in MgCO3 and FCCOI can be
quite reasonably explained in terms of a simple
phenomenological model of orbit-lattice interaction. This
interaction might bc important 1n controlling thc tcIIlpc1R-
ture dependence of other electronic observables as well.
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