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Abstract. The mixed-spin-relaxation rates of substitutional paramagnetic Fe'' (ID) ions in 
ZnCO,have beenexplicitlyevaluated between 10and35 K. These resuluarethencompared 
with the experimental data obtained earlier from the analysis of the MBssbauer magnetic 
h y p e h e  spectra of the above system at liquid-He temperature. It is found that at low 
temperatures the mixed-spin-relaxation process providesacompeting mode for the exchange 
of energy between electronic spins and phonons. 

1. Introduction 

The well resolved Mossbauer magnetic hyperfine spectra for paramagnetic Fe2+ ions in 
&CO, have been obtained by Price ef a1 (1977) down to liquid-helium temperature 
(4.2 K) owing to slow spin relaxation and the observed values of spin relaxation rates at 
varioustemperatures are available. The spin-lattice relaxation ratesarising from Raman 
and Orbach processes have also been calculated by Price et af on a simple magnetic 
relaxation model and they are found to be less by the order of 103-104 than the experi- 
mentally measured values. Therefore a mixed-spin-relaxation process has been pro- 
posed in which both the spinspin and spin-lattice (phonon) relaxation processes are 
jointly and simultaneously effective in completing a relaxation transition. The aim in 
the present paper is to discuss bow the relaxation between the two close ground states 
of paramagnetic Fe2* ions in ZnCO, proceeds via an excited state under the joint action 
of dipolar spin-spin and spin-lattice interactions. This type of relaxation mechanism has 
been conceived as a mixed-spin-relaxation process (Srivasaava and Singh 1980). It is 
found that mixed spin relaxation is a dominant relaxation process at low temperatures 
(below 35 K) for paramagnetic Fe2+ ions in ZnCO, as the calculated mixed-spin-relax- 
ation rates agree well with the experimental data of Price et al(l977). 

2. Interaction of Fe" ions 

2.1. Crystal-field interaction 

The substitutional Fe2+ ions in ZnCO, as well as in various other carbonates occupy 
trigonally distorted sites. The symmetry axis for such cases is along (111) or the body 
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diagonal of the cube. For such trigonal distortions, the cubic crystal-field interaction is 
given by Bleaney and Stevens (1953) and Ballhausen (1962): 

v, = B:[o!(L) - 20v30!(L)]. (1) 

As a result of this cubic field the eigenstates of a free Fe2+ ion is split into an excited 
doublet 5Eg and ground triplet 5TZg, separated by an energy 1180891 = 10000 cm-’ 
(Ingalls 1964). As the energy separation between the 5Ta and 5T, states is very high, 
any mixture between them by a small trigonal field component is expected to be very 
small and hence can be neglected. This is because, at all ordinary working temperatures, 
the Boltzmann population of the E, states (excited doublet) is almost negligible, and 
therefore its contribution may be neglected in deciding any physical property of the 
system. The 5TZg wavefunctions may be written as 

These triplet orbital states become the orbital basis states for dealing with further 
perturbing interactions which are small in comparison with the cubic crystal-field inter- 
action. 

The perturbing Hamiltonian to be considered here is given by 

H = BgO;(L) + dL 3 S (3) 
where the first term in equation (3) represents the trigonal field distortion and the second 
term the spin-orbit coupling between the total spin and the orbital angular momentum. 
The trigonalcrystalfield V~gsplitsthe5T2gorbitalsintoasingletQ,andagrounddoublet 
@+,, the energy separation being equal to 9lB41. The magnitude of the trigonal field 
splitting in carbonates such as MnCO, is known to be of the order of 1200 cm-I as shown 
in figure 1, and the sign of E: determines whether the singlet QOor the doublet is 
lower in energy. The Mossbauerquadrupole splittingdata (Ok 1969, Forester and Koon 
1969) indicates that the doublet at, is the ground state in FeCO,, and similar results 
have been obtained for Fe2+ in ZnC03, MgC03, CaC0, and CdCO, (Price and 
Srivastava 1976, Price eta[ 1977). 
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Table 1. The wavefunctions and eigenvalues. 
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Eigenfunction 
Eigenvalue 
(cm-') 

Yr,,=0.12914,, -1)+0.98314D,,0)+0.129[4.,, 1) 
VI4 =O.l4l l4 , ,0)  +0.984140, 1)+0.098[4., ,2) 
VE = 0.09814L, -2) + 0.98414G, -1) + 0.14114-,,0) 

VL =0.98914,. -2) t 0.14012914.,, -1 )  
= 0.140[4,, 1) + 0.989140, 2) 

1432.0 
1425.0 
1425.0 
1404.3 
1404.3 
416.0 
416.0 
297.7 
297.7 
193.0 
193.0 
115.0 
71.0 
0.0 
0.0 

2.2. Spin-orbit coupling 

The spin-rbit interaction may be written as 

The coupling constant A = &lo where A,, = - 103 cm-' for the free ion and the factor cy2 
accounts for the decrease in its magnitude due to covalency effects. S, are the raising 
and lowering operators for the spin and L are those for the orbital angular momentum. 
The value of 2 lies between 0.60and0.90 for Fe2+ in various ferrouscompounds (Ingalls 
1964, Okiji and Kanamori 1964, Kanamori 1958). Prinz ef nl(1973) have used the value 
of A = - 105 cm-' in the analysis of far-infrared spectra of FeC03 and Meshcheryakov 
ef al( 1974) have used the value of A = - 100 cm-' to explain the paramagnetic resonance 
linesofFe2+inCaC03. HencearepresentativevalueofA hasbeentakentobe -100 cm-' 
for Fe2+ in ZnCO,. 

When the net spin of Fe2+ is taken into account, the 5T2, wavefunctions are 15-fold 
degenerate. These 15 spin-orbitals can be represented by 1 @ l, Mg), where i = 0, +I and 
Mg = 0, -1, + 2  are the five spin states of S = 2.  Then for these IS basic states the 
eigenvalue and the eigenfunction of the perturbing Hamiltonian in equation (3) are 
calculated. The wavefunctions and eigenvalues are listed in table 1. 

and q2 degenerate in energy. 
These states have extremely anisotropic magnetic properties (81 = 10, g, = 0) and it is 
between these two states that the FeZt ion relaxes at low temperatures. The two states 
of the ground doublet (ql, q2) will produce equal but opposite magnetic field at the Fe 
nucleus. For the first excited state qs, one obtains (S,) = (SA) = 0 and (L,) = (L,) = 0. 
Hence this state is completely non-magnetic, i.e. it cannot produce any magnetic field 
at the nucleus. At low temperatures the ground doublet is most dominant in deciding 
the nature of the Mossbauer spectrum. The ion can relax between the states ql and q2 
and the effective magnetic hyperfine interaction will depend upon the rate of spin 

The spin-orbit coupling leaves the ground doublet 
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fluctuations between these states. Therefore our aim is to calculate the spin relaxation 
rate between V I  and qz. 

It may be further noted that (VllS.lyJ = 0, which means that between these 
states themselves the spin-spin relaxation cannot proceed at all, irrespective of the 
concentration of Fez’ ions. Therefore, in the case of Fez+ in ZnCO, at low temperatures, 
the dominant relaxation mechanism can be expected to arise from the spin-lattice (or 
spin-phonon) interaction only. The spin-lattice relaxation proceeds mainly through the 
indirect Raman and Orbach processes, except at extremely low temperatures when the 
direct one-phonon process may be more important. The spin relaxation rate of Fezt in 
ZnCO, shows a strong temperature dependence (Price et a1 1977) as the fully resolved 
magnetic hyperfine spectrum at 4.2 K completely collapses into a quadrupole doublet 
at about 50 K. From the changing pattern of the hyperfine spectrum, Price et a1 (1977) 
have measured the experimental values of the spin relaxation rate by using the stochastic 
methodofsimulatingthe Mossbauer lineshape in the presence of a time-dependent axial 
magnetic field given by Blume and Tjon (1968). They have further calculated the spin 
relaxation rates for the Raman and Orbach processes and then fitted them with the 
experimental data. They have used the simple phenomenological model of Orbach for 
the orbit-lattice interaction and their calculations are no doubt subject to the accuracy 
of the simple model for orbit-lattice interaction. It is found that their calculated spin- 
lattice relaxation rates and the observed values (Price et al 1977) differ by a factor of 
l@-104 over the temperature range of measurement. 

S N Choudhary et a1 

3. Evaluation of mixed-spin-relaxation rate 

The electronic spin relaxation properties of any paramagnetic ion depend mainly on the 
nature of its low-energy electronic eigenstates. However, the calculation of the spin 
relaxation rate also requires the knowledge of various excited eigenstates of the ion, 
the vibrational states of the lattice and the dynamical crystal-field parameters. The 
calculation of the mixed-spin-relaxation rate will require the knowledge of the ground 
doublet ($,, V a )  or (a, 6 )  and the excited states (vg, V4) or (c ,  d )  apart from the 
dynamical crystal-field parameters, the velocity of sound in the crystal and the Debye 
temperature of the crystal. The contribution of higher excited states will be small and 
hence can be neglected. 

The dynamic crystal-field parameters are usually unknown and different approxi- 
mations have been used to estimate them from a knowledge of the static crystal-field 
parameters. Huaug has suggested that the dynamic parameters are greater than the 
static parameters by a factor of P, which is equal to n + 1. In Orbach’s (1961) view the 
dynamic and static crystal-field parameters are very similar and the different parameters 
for the same value of n are roughly equal. This is especially true for transition-metal 
ions. Scott and Jeffries (1962) have also commented on this aspect and they agree more 
or less with Orbach’s proposition. Price et a1 (1977) have used the same approximation 
while calculating the spin-lattice relaxation rates of Fe2+ in ZnCO,. 

Inview ofthese comments, the dynamicalcrystal-fieldparametersforFeZ’ in ZnCO, 
may be reasonably taken as I By I = I B!i’ I = 100 cm-’, the values used by Price et al 
(1977). 
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V; I tp3) can exist only between those basis states 
which have identical spin values. Hence the orbit-lattice interaction part can be cal- 
culated as follows: 

Matrix elements such as 

- {(0.089)(0.179)(@-1 IBZO: + B:O! ~CJO)] (5)  
(dropping the identical spin parts). Substituting the values of the wavefunctions a0 and 

and using the tables of Buckmaster (1962) and Abragam and Bleaney (1970), one 
finally obtains 

{vJX ~ ; / ~ ~ ) = ~ . l c m - ~  
n m  

and similarly 

(V3IE V;IV1)=25.1cm-' 
n.m 

Hence 

{Vllx V;ltp3)(V31z V;IW1)=63O.01cin-'. 
n,m n.m 

The matrix elements over spin operators such as ( I # ~ ~ S ~ ~ V ~ )  can exist only between 
those basis states I @;, MJ which have identical angular momentum parts (Q1) but diKer 
in their spin values by 1. Thus the spin-spin interaction part can also be evaluated as 

{VslS- IV2) = 0.061{-llS- 10) + O.O19(0IS- 11) + 0.686(11S- 12) = 1.57 

(dropping the identical mi parts). Similarly 

(Vz IS+ IVg) = 1.57. 

Thus 

(V3 IS- I Vz)(VzIS+ I t p ~ )  = (1.57)' = 2.46. 
The calculation of the mixed-spin-relaxation rate (Srivastava and Singh 1980) also needs 
an estimate of various other parameters for the experimental lattice. For a ZnCO,: 20% 
FeZ+ Mossbauer sample (Price et al1977), the separation (RJ between the jth and Ith 
paramagnetic Fe2+ ions is of the order of 30 8, and here this value is found to be 25 A. 
The effect of next-nearest neighbours on the relaxation rate will be small because 
{Rjj3) will be sufficiently reduced. The velocity of acoustic phonons in ZnC03:Fe2+ 
sample has been estimated as o = 4 X lo5 cm 5-l from the Debye temperature measured 
by the Mossbauer method (Price et a1 1977) and p = 4.4 g ~ m - ~ .  

Now the dipolar coupling constant G (Srivastava and Singh 1980) has a magnitude 
lying between -2 and 1. Any central Fe'+ ion will have several other surrounding Fe2+ 
ions as its nearest neighbours in different directions. The neighbouring ion for which 
1 - 3 cosz 0 , -  0 i.e. 0, = 55", does not make any significant contribution towards the 
net relaxation rate. It is seen that this term assumes the maximum positive value of the 
order of unity for the angular region 0 ,  = 90". Therefore it is assumed that 
1 - 3 cosz 0, = 1. Nowthelineshapefunction (orthedensityofstates)g(w)forthespin- 
spin transition depends upon the contribution of paramagnetic ions in the crystal and it 
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may be reasonable to assume thatg(w) = s. Using these estimated valuesof various 
parameters and Ac = 71 cm-I, the expression for the mixed-spin-relaxation rate (Sri- 
vastava and Singh 1980) is given as 

S N Choudhary et a1 

(1/Tmued)q3 = 3.769 x 106T4 [2exp(A,/kBT) + 11-' [sin(kRjf)]/kRij. (6) 
Thesecondexcitedstate [d)(i.e. 1y4) issituatedat anenergyAd = 115.4cm-'above the 
ground doublet. The spin relaxation can also proceed via this state whose rate is finally 
expressed as 

(1/TmWed)q4 = 2.4 X 1O6T4[2eXp(Ad/k,T) -t 1]-'[sin(kRii)]/kRj1. (7) 

1/Tmixed = (1/Tmwcd)q3 (1/Tmixed)q4. (8) 

Neglecting contributions from higher excited states one can write 

It may be noted that the function [sin(kRif)]/kRil also depends on temperature as 
the phonon wavelength (k = h / A )  depends on the temperature of the lattice. At a 
temperature T the acoustic phonons will have an energy hw = kBT ( k ,  is Boltzmann's 
constant) and, assuming that phonon wave velocity U = 4 X lo5 cm sec-', one obtains 
the phonon wavelength I = 200 8, at 10 K and A = 50 8, at 40 K. In the temperature 
range 10-35 K, it appears that A/2 > Rjl (for nearest Fez+ pairs) and hence the mixed- 
spin-relaxation process may be physically allowed (Srivastava and Singh 1980). The 
contribution to relaxation rates from the next-nearest neighbours should not be taken 
into account in view of the added fact that the condition A/2  > Rilbreaksdown at much 
lower temperatures. On the basis of these estimates, one finds that [~in(kR~~)]/kR,~ = 
0.90, 0.78, 0.64, 0.47, 0.29 and 0.14 at T=10K, 15K. 20K, 2SK, 30K and 35K, 
respectively, and using these values the relaxation rates can now be calculated from 
equations (6)-(8). The calculations indicate that the second term in equation (8) is less 
than one tenth of the first term. 

4. Results and discussion 

Using the Mossbauer method the electronic spin relaxation rates are measured by 
observing the broadening of the absorption peaks and for the "Fe isotope the relaxation 
rates can be measured within the range 106-10" s-' only, beyond which the absorption 
peaksassume thenaturallinewidth(Wickman1966).Thecalculatedvaluesofthemiued- 
spin-relaxation rateshave been compared with theexperimentally observed values given 
by Price et ai (1977) in figure 2. It is found that the calculated relaxation rates are about 
1.3-9 times that of the observed values. In view of the fact that various parameters had 
to be estimated, the agreement between the calculated and observed values must be 
regarded as reasonably good. In the derivation of the expression (Srivastava and Singh 
1980) for l/Tmucd the integral 

' 0  

(where x = ho/2k8T) has been considered for very low temperatures where effectively 
the upper limit of integration extends to infinity and the value of the integral approxi- 
mates to 3!. However, as the temperature increases, the value of the integral pro- 
gressively diminishes and, if this is taken into account, the calculated value ofspin 
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Figure 2. Mixed-spin-relaxation rate plotted against 
the inverse temperature. 

relaxation rate will also be decreasedaccordingly. This will bring about better agreement 
between the calculated and observed data. Apart from this a small adjustment in the 
valuesof the crucial parametersR,,, U andg(w) can also improve the agreement between 
the calculated and observed relaxation rates. It may be further noted that on a similar 
simple model of orbit-lattice interaction the calculated spin-lattice relaxation rates 
(Price et a[ 1977) for Raman and Orbach process were about 103-104 times smaller than 
the observed values. 

5. Conclusion 

On the basis of these observations and comments it can be said with confidence that at 
low temperatures the ‘mixed-spin-relaxation process’ is also a competing mode for the 
energy exchange between electronic spins and lattice vibrations. 
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