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The Mossbauer quadrupole splitting of substitutional “’Fe?+(3d%, °D) ions in MgCO; decreases
linearly with temperature from 77 to 300 K. This temperature dependence cannot be explained on
the basis of a static crystal-field interaction only, which usually gives the electronic eigenstates and
the resulting quadrupole splitting of the ferrous ion. In this paper the effect of the orbit-lattice in-
teraction (or vibronic coupling) on electronic states has been included, and then it is found that the
observed temperature dependence of quadrupole splitting can be explained quite satisfactorily. It
leads to the conclusion that the orbit-lattice interaction might be an important factor which affects
the temperature variation of other Mdssbauer parameters as well and hence its effect should be duly

considered in Mdssbauer 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 éspecially 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 experiments.! Similarly the vibronic coupling with
excited states has been considered important while deter-
mining the magnetic hyperfine coupling constant of S-
state ions.> This interaction is also expected to affect
Mossbauer spectra as the nuclear energy levels are 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 Mdssbauer 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-
perature dependence of the quadrupole splitting of Fe?+
in [N(CH;),], (FeCly). Similarly Bacci®® has included the
effects of vibronic coupling while analyzing the
Mossbauer  quadrupole  splitting and  magnetic-
susceptibility data of Fe’* in deoxyhemoglobin and de-
oxymyoglobin. The strength of this interaction has been
considered extremely important for the observation and
interpretation of MGdssbauer spin-relaxation spectra of
Fe?t jons in various systems.”® Recently, Price’ has also
exploited the concept of vibronic coupling to explain the
observed temperature dependence of Fe’* quadrupole
splitting in FeCQO; 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 Fe?’* in carbonates
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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-
teraction in Mossbauer studies.

II. ELECTRONIC STATES AND
QUADRUPOLE SPLITTING

In a carbonate crystal the substitutional Fe?* ions oc-
cupy trigonally distorted cubic sites and experience a
strong crystal-field potential given by’ °

H.=B(03—20v20;%+BJ03 , (M

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 T,
and an excited doublet 5Eg with energy separation
| 180BY | ~10* cm~'.!213 At ordinary temperatures the
Boltzmann population of the doublet E, is almost negligi-
ble and hence its effect is neglected. A small trigonal-
distortion potential B0 splits the T, states further into
a lower doublet °E, and an upper singlet °4, with energy
separation A= | 9B9 | ~1000 cm 1.1~ The appropriate
electronic eigenstates are,''* for °4,,,

¢0= Y(Z) ’

and for °E,
¢1= —(%)I/ZY;Z _(%)1/2yi ,
$_1=(HV (" 2)

Each of these electronic states (or crystal-field states) pro-
duces its own electric field gradient (EFG) at the Fe nu-
cleus giving rise to a quadrupole splitting. Since this is a
case of axial symmetry the quadrupole splitting is pro-
duced by the thermal average of the z component of the
EFG only, which is given by!%!
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FIG. 1. Energy-level scheme of Fe’* in MgCO,;.
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Va=(3)|e| (r3)L}—+L(L+1)],
(V) i1=($s1| V| 621> =(F) e [ (r72), 4)
(Vado={do| Vaz | o) =—(F)|e [ {r3) .

Since the sign of (¥ ), is opposite to that of (¥, )+, the
thermal average of the EFG should decrease with increas-
ing temperature. However, for A~10°> cm™! (which is
very high) the value of (¥, ), and hence the quadrupole
splitting, remains almost unchanged from 4.2 to 300 K.
This is quite contrary to experimental data for Fe’* in
MgCO; (Ref. 18) and FeCO:.!° In paramagnetic
Fe’*:MgCO; 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
FeCOs;, 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 Néel 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.

]

(¢17nk IHol '¢O’nli >

V=4 ||dn >+

[A+#wy (ng + )] — [k (ng + 7))

where A is the normalization constant. The operator H
contains a linear combination of @; and af, and hence the
matrix can have a nonzero values only when ny —n;, = =+1.
Then it may be explicitly written that

(1, | Hy | dopn+1)
A+hwk

+ <¢1,nk lHol I¢O’nk_
A—7iog

V=4 ||dy,ne)+ [ o,np +1)

1)
|¢0’nk'_—l) ’ (8)

4891

III. EFFECT OF ORBIT-LATTICE INTERACTION

Since 4, 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-
tahedral complex (or molecule) are 4 g, E,z, and T5;. Now
it can be seen that the electronic states E, and 4, are
coupled through the E, vibrational mode only because the
product (A, |E,|E,) contains A;; and hence it is
nonzero. ~ It is easy to see that

<Alg|Alg’Eg>=<A1g|T23|Eg>=0

because these products do not contain 4,. Therefore, the
Fe’™ quadrupole splitting may show a significant tem-
perature variation if the coupling to the E, vibrational
mode is strong.

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

Holzg 2

n,m

172

% KV™L)ag+al) , 5)

2Ma)k

where a; and a; are phonon annihilation and creation
operators,?! w; 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 in-
teractions, the basis states may be represented in the form
of a Born-Oppenheimer product of electron and phonon
states, such as |d¢,, n;). A phonon state of the lattice is
expressed in terms of a phonon occupation number ny,
which is given by the Bose-Einstein distribution function.
The energy of a noninteracting electron-phonon state is
given by

E=E, + 3 fior(me+3), )
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

, ¢0’ nllc > ’ (7)

l
or

Wi=A(|d,n ) +a | doni+1)+B| do,ne—1)) , 9)
where

e (d1.ni | Hoy | popnz+1)
A-+7io ’

_ {uni | Ha | gomi—1)
= N ,

(10a)

B (10b)
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and
A*=(1+a*+p)"1.

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

(Va1 =A[{$1 |V |$1) +(a®+B)do| V2 | $0)] (11a)

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

(V) 1=AM{b_1| Vi | d_1) +(a®>+B)do | Vez | d0) 1,
(11b)

(10c)

and
(Ve )o=A[{$o| Viz | $0) + (> +B) 11| Ve | 511 .
(11¢)

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®+8°) and A4? with temperature.

Now with the use of the properties of phonon annihila-
tion and creation operators®! one obtains that

2 2 __ # < m > 2
a‘+p —g Moy, ¢1 n’ZmVn ¢0
kX (ng+1) K2
ng+ . Ny . (12)
(A +#icwy) (A —Fiwy)

It may be assumed that the phonon spectrum of the crys-
tal is Debye-type and isotropic so that

2, P2 # < m > 2
a +B——f Moy o g,nVn bo
kX ng+1) k*n;
k)dk |
17w’ T (At |EF
(13)

where the density of phonon states for a crystal of volume
V is given by
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In terms of phonon frequency the expression (13) takes the

form
@ +8= |2 ||(6| = virfoo) |
4rpv® ! il
3 3
())) wk(nk+l) [ 7%
dog , (15
x<J, Atsor? T (A—tiog? |7 1D

where p is the density of the crystal, v(=w/k) is the velo-
city of acoustic phonons in the crystal, and wp is the De-
bye frequency.

For FeCO;, MgCO;, and ZnCOj; crystals, the Debye
temperature”'® ®,~300 K, and hence A >>#iw; for all
possible phonons. Therefore, in the denominator of ex-
pression (15) #iw; may be neglected compared to A and
then the expression reduces to

o)

. (d’x 'gn 144

47pv° 7 A?

2

o +p= [

fmp w3[exp(ﬁa)/k3 T)+1]
0 exp(fiw/kpT)—1

do , (16)

where the phonon occupation number
n=[exp(#iw/kgT)—1]~'. With the use of the substitu-
tion x =#w/kgT, the expression (16) may be expressed in
a convenient form such as

@+ B =al(T)T*, (17a)
where
2
‘<¢1 SV ¢o> .
# mm B
= B am
¢ 4mpv® A? #i {170
and
®,/T 3(,x
= [ 7 2etldx (170)

Y (e*—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

—A/kgT
(18)

g(k)dk =(V /27*)k2dk . (14)
]

v _Delr™) [2[1-2al(D) T4 +[~2+al(D)T*]e
=T~ \tan(T)T* 2o AT

The quadrupole splitting is proportional to (¥, ). At T =0 there is no vibronic coupling and the EFG is produced by

the electronic states (¢4,) only. Therefore, one finds that

(AEg),

2[1—2al(T)T*+[—2+al(T)T*]e

—A/kgT
) (19)

(AEg)r=

1+aI(T)T4 2+e—A/kBT

where (AEg )7 and (AEg), are the quadrupole splitting at temperature 7" and absolute zero, respectively. This is the gen-
eral expression for the variation of quadrupole splitting with temperature.

Case I: Low temperatures (T <®p). For T <®p (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(—A/kgT) can be neglected. It is easy to see that the quadrupole splitting is a maximum at 7=0 and it de-

creases for higher values of T.

Case II: High temperatures (T >®p). In the limit of the high temperatures T > ®), (or x < 1) the integral I(T) ap-

proximates to

3

(0] ®
1N~ |22 3= 20
With the use of this result in expression (17a) one finds that
a?+B*=bT+c , (21a)
where
2 1
=—3—a®2’,, c=za®‘}) . (21b)
Finally expression (19) yields that
(AE.) BB [ 2(1-2bT—2¢)+( —24bT+c)e Ve 22
Q'T (14+bT +c) 2+e_A/kBT

Although the variation of AEy with T is represented by a
complicated formula it is apparent that AE, decreases
with increasing temperature.

IV. CALCULATION OF (AEp)r

Any explicit calculation of (AEg ) needs a good esti-
mate of various parameters. From the study of the
Mossbauer recoilless fraction in Fe:ZnCOj; (Ref. 7) and
the zero-point energy in Fe:MgCO; (Ref. 18) the Debye
temperature of these systems has been estimated as
290+20 K. For FeCOj; 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 ®,~300 K. This is sup-
ported by the low-energy (or acoustic) E;-mode phonon
spectrum of various carbonate crystals.?

For this Debye temperature the velocity of sound is
v~3.8%X10° 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 v~4X 10° 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 CaCOj crystals

r

along various directions of propagation has been found to
lie between 2.6 10° and 7.2 X 10° cm/sec?® and the same
may be applicable (with slight modifications) for other
isomorphous carbonates. Therefore, a mean value of
v~4X 10° cm/sec appears quite reasonable. The value of
quadrupole splitting at T=0 K will 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
form9,11

(e 3

#o) = (1] (CJoF! +.CloF* +Clof!

+CF207H) | do) » (23)

where O" are the Orbach operators,!! and C* are the
dynamic crystal-field interaction parameters. However, as
the vibronic coupling between ¢+,(E;) and @o(A4,,) states
is made possible by a symmetric mode of vibration, only
those components of the interaction should be retained in

TABLE L. (AEg)y=2.02 mm/sec, a=5.2x10"'2, and AE, is in mm/sec.

AE, AE,
AEy (observed in Fe:MgCO3;) (observed in FeCO;)
T(K) I(T) (calculated) Ref. 18 Ref. 15
77 67.60 1.95 2.01 2.05
100 26.76 1.94 1.99 2.03
150 6.83 191 1.95 1.97
200 2.74 1.88 1.90 1.92
250 1.26 1.86 1.85
300 0.75 1.82 1.80
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FIG. 2. Mdssbauer quadrupole splitting of Fe?t MgCO; as a

function of temperature. @ are the experimental values; + are
the calculated values.

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

(qsl Svr ¢o)=<¢1i<céo%2+cio%2>|¢o>

=2C3+6C3 (24)

using (2|03%|0)=v6 and (2|037%|0)=3v6, for
L =2 and my =0,%2. At this stage one must know the
strength of the dynamic crystal-field parameters, which
are often unknown. Orbach!! has opined that for
transition-metal ions the static and dynamic 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 greater than the static ones. It should be noted that
although these approximations are very crude they pro-
vide the starting point. Price et al.” have calculated the
electronic spin-lattice relaxation rate of >’Fe?* in ZnCO;
and compared the same with the experimental data (ob-
tained from a Mdssbauer 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:
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|C}|~|3BY|~3x112 (25)
and
| C3|~|5B% | ~5x%55 (26)

in units of cm~!. Utilizing all these estimated parameters
in expression (17b) and using p=3.0 g/cm? for Fe:MgCO;
one finds that a~5.2 10~ 12,

The integral I(T) has been numerically evaluated at
various temperatures as given in Table I. Once the values
of a, (AEp)o, and I(T) become available it is easy to cal-
culate (AEg )7 at various temperatures by using expression
(19). When this is done it is found that the quadrupole
splitting decreases linearly with temperature, which is
consistent with the experimentally observed behavior
despite some discrepancies between calculated and ob-
served data (Table I and Fig. 2).

V. CONCLUSIONS

The agreement between theoretical and experimental
values of quadrupole splitting in Fe’*:MgCOj; 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 FeCO,
(for T > 60 K) can also be explained provided some of the
parameters are slightly changed, which will be quite ex-
pected.

It is worth mentioning that the anomalous behavior of
Fe’* quadrupole splitting in antiferromagnetic FeCOj,
around its Néel 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-field parameters from the
static ones appears to be reasonable in the present case and
it may also be true in the case of other transition-metal
ions. In the present calculation the effect of spin-orbit
coupling has not been included because any additional
coupling introduced between E, and A4, states by means
of this interaction will be small and it will not be tempera-
ture dependent. In perspective the present study shows
that the observed linear temperature dependence of the
quadrupole splitting of Fe?* in MgCO; and FeCO, can be
quite reasonably explained in terms of a simple
phenomenological model of orbit-lattice interaction. This
interaction might be important in controlling the tempera-
ture dependence of other electronic observables as well.
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