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The Mossbauer spectrum of a metmyoglobin single crystal in a "stabilizing" magnetic field 
H, ~ 2 0 0  G is investigated for temperatures in the 4.2-57 K range. The influence of spin-lattice 
relaxation on the hyperfine structure of the Mossbauer spectrum of the 57Fe3+ ion in an axial 
crystal field is analyzed for the first time in a complete manner. A four-level model for the 
electron shell of the Fe3+ ion is used to find the temperature dependence of the relaxation 
parameters y,  and y,. The dependence points to a single-phonon relaxation mechanism and 
indicates that the vibrations of the paramagnetic complex are strongly anisotropic. 

1. INTRODUCTION 

The Mossbauer spectra for paramagnetic ions in dia- 
magnetic crystal lattices show a well-resolved hyperfine 
structure at low concentrations and temperatures, because 
the electron spin relaxes quite slowly. As the temperature 
increases the lattice vibrations modulate the frequencies of 
the nuclear transitions, and the resulting spectral broaden- 
ing depends both on the nature of the spin-lattice relaxation 
and on the phonon spectrum of the crystal. The form of the 
relaxation Mossbauer spectrum and its temperature depen- 
dence can be used in principle to deduce the relaxation 
mechanism and to determine the vibrational structure of the 
paramagnetic ion/ligand complex. 

In spite of the great diversity of the theoretical methods, 
however, almost all ofthe available experimental data on the 
effects of electron relaxation on Mossbauer hyperfine struc- 
ture have so far been interpreted using a single very simple 
model in which a single parameter, the effective relaxation 
rate y, describes the transitions among the sublevels of the 
fine structure (see, e.g., Ref. 1).  I t  is clear that such a model 
can yield only qualitative information about the relaxation 
process, since in general the relaxation must be described by 
several constants y, whose number depends on symmetry 
 consideration^.^.^ 

One reason for this state of affairs is the difficulty in 
mathematically analyzing the relaxation spectra; matrices of 
large rank must be inverted in order to solve the secular 
equation. Another difficulty stems from the way the para- 
magnetic hyperfine structure is formed in real crystals. The 
electron Zeeman energy Rz in a magnetic field may be 
comparable to the hyperfine interaction energy ZHF, so 
that a mixed electron-nuclear system of levels is produced. 
In addition to the state of the nucleus, the state of the elec- 
tron shell may then also change during the Mossbauer tran- 
sitions, with some of the energy of the nuclear transition 
being provided by the electron Zeeman energy. For the case 
of the 57Fe3+ ion, e.g., the hyperfine spectra are therefore 
extremely sensitive to the weak random magnetic fields 
H, - 10 G generated by the magnetic moments of nearby 
nuclei and paramagnetic ions.3 If in addition the hyperfine 
interaction is only slightly anisotropic, these fields will 
greatly broaden the Mossbauer spectrum even when the re- 
laxation process occurs slowly. To restore a well-resolved 
hyperfine structure, one must ensure that 2, is much larg- 

er than ZHF by adding a stabilizing external field He - 10' 
G; the Mossbauer transitions will then be purely nuclear., 

These are several reasons why myoglobin macromole- 
cules5 are particularly well suited for detecting a dependence 
of the spin-lattice relaxation process on more than one pa- 
rameter. First, spin-spin interactions have little influence on 
the relaxation owing to the large distance (30-A) between 
adjacent Fe3+ ions in myoglobin crystals. Second, the crys- 
tal field produced by the nearest neighbors at an Fe3+ ion is 
so strong that the Stark splitting of the ground state ap- 
proaches the maximum splitting yet reported for the high- 
spin Fe3+ ion; therefore, only the doublet + 1/2) is appre- 
ciably populated at liquid helium temperatures, which 
makes the Mossbauer spectra much easier to analyze. Final- 
ly, the theoretical analysis in Ref. 6 shows that because the 
crystal field In myoglobin is axisymmetric, only two param- 
eters y ,  and y, are needed to describe the diverse eKects of 
relaxation on the Mossbauer spectra. 

In this paper we investigate how the electron spin-lat- 
tice relaxation and the random magnetic field affect the 
paramagnetic hyperfine structure in Mossbauer spectra for 
57Fe3+ ions in a metmyoglobin single crystal M b ( H 2 0 ) .  

2. THEORY 

The monoclinic unit cell of myoglobin (space group 
2,,, lattice parameters7 a = 64.6 A, b = 3 1.1 A, c = 34.8 
., ,8 = 105.5") contains two molecules which are inter- 

changed by a 180" rotation about the unique symmetry axis 
[b] .  Each molecule contains a heme complex with an octa- 
hedrally coordinated Fe"+ ion. The angle between the z-axes 
of the complexes (between the normals n ,  and n, to the 
hemes, Fig. 1 ) is 8 = 44". The two positions of the Fe3+ ion 
are thus magnetically inequivalent, and each gives rise to a 
partial spectrum. 

To first order the crystal field has the tetragonal sym- 
metry C,, , and its Hamiltonian is expressible in the axisym- 
metric form 

Here we have omitted the small rhombic distortion param- 
eters; S is the nuclear spin, and D is the crystal field param- 
eter. The Hamiltonian RCF splits the ground term 'S,,, of 
the Fe3+ ion into three Kramers doublets (Fig. 2a). Only 
the 1 + 1/2) doublet is appreciably populated at helium tem- 
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interaction is describable in terms of the effective hyperfine 
field1': 

FIG. 1 .  Experimental geometry. The external magnetic field He makes 
the angles e,, 8, with the heme normals n, ,  n,, which coincide with thez, 
and z, axes of the axisymmetric magnetically inequivalent Fe3+ ion com- 
plexes. The angle between n, and n, is e = 44"; [ b ]  is the two-fold symme- 
try axis; k, is the direction of the gamma-photon beam. 

peratures; all the components of its g-tensor are nonzero, 
which explains its sensitivity to the magnitude and direction 
of the magnetic field. Since the doublets I + 3/2) and I + 5/ 
2) are separated by A = 2 D z  20 K and 3A -- 60 K, respec- 
tively, from the lowest doublet, the hyperfine structure can 
be analyzed for the temperature range of interest by using a 
four-level electron system consisting of the doublet I + 1/2) 
in the ground state and the doublet I f 3/2) in the excited 
state. 

The two doublets can be regarded as independent for 
weak magnetic fields, and they are characterized by their 
Zeeman and hyperfine interactions. The structure of their 
electron-nuclear levels can be described in terms of the effec- 
tive spin S '  = 1/2 by using the Hamiltonian9 

z e r e X Q  is the Hamiltonian for the quadrupole interaction, 
A is the hyperfine interaction tensor, V,, is the electric field 
gradient tensor at the nucleus, Q is the nuclear quadrupole 
moment, I is the nuclear spin, H = He + H, , and the super- 

script i = 1, 2 labels the doublets, which have the following 
parameters (A is the hyperfine interaction constant) : 

In an external magnetic field He - lo2 G we have 
Xz S F H F ,  X e ,  and in this case the magnetic hyperfine 

FIG. 2. a )  Splitting of the ground-state term6S,,, of the Fe3+ ion into 
three Kramers doublets in an axisymmetric crystal field; b) relaxation 
transitions between the doublets I f 1/2) and I + 3/2), assuming a four- 
level model for the Fe3+ electron shell. 

In the axisymmetric case, H:: depends only on the angle 
between the magnetic field H and the z axis of the complex 
and is determined by its two projections 

1 All2 cos 0 ~ ~ i : ~ ~  = + - 
2png, (Al l z  cos2 0 + ~ ~ '  sinZ 0 )  '' ' 

1 H~;;; = * - A,' sin 0 
2p,g, (AllZ cos2 O+ALZ sinz 0 )  '" ' (5 

where A ,  = A  22 = A  :;),A,,  = A 
We see from (3)  and (5)  that the doublet / + 3/2) is 

insensitive to the magnitude and direction of the magnetic 
field, i.e., its wave functions do not change so long as 
X z  4 X C F  : 

whereas an applied magnetic field transforms the wave func- 
tions for the doublet I + 1/2) into 

where 

a , ,  , = [  ( w k c o s  0 ) / 2 w ] ' " ,  w2=cos2 0+9 sinZO. (8 )  

The lattice vibrations produce fluctuations in the crystal 
field acting on the paramagnetic ion Fe3+ and give rise to a 
spin relaxation of its electron shell. The general theory" 
gives the following expression for the Mossbauer absorption 
spectrum in a system with relaxation: 

Herep is the density matrix for the initial state of the Moss- 
bauer ion, w is the frequency of the resonance y-photon, r is 
the sum of the source and absorber linewidths, the nuclear 
current density operator J,  describes transitions with polar- 
ization a between tke ground and excited nuclear states, the 
Liouville operator L ,  for the static hyperfine interaction 
determine? the positions of the lines in the absence of relaxa- 
tion, and R is the relaxation operator. 

For an axisymmetric crystal field, the spin-lattice relax- 
ation can be described by two parameters y, and y, (Ref. 6),  
and the relaxation operator is of the form 

where a and b are normalization factors, S, = S, +is,, 
and the square brackets denote quantum-mechanical com- 
mutators. The parameters yl (y,) give the probability that a 
transition in which the electron spin projection changes by 
I ASz 1 = 1 ( I ASzl = 2) will occur from one of the sublevels of 
the doublet / f 1/2) to a sublevel of the I + 3/2) doublet 
(Fig. 2b). 

The total probability for a transition to a fixed sublevel 
of the excited doublet is equal to y = y, + y,, while accord- 
ing to the principle of detailed balance, the probabilities for 
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the reverse processes are related to y ,  by: 

In an applied magnetic field the wave functions of the 
electron states transform according to Eqs. (6) and (7 ) ,  and 
the corresponding probabilities for transitions between sub- 
levels of the states 11" ') and 12'' ' become 

It is clear from expressions (8)  and ( 12) that due to the 
strong dependence of the coefficients a,  and a, on the angle 
8, the relaxation Mossbauer spectrum is very sensitive to the 
angle between H and the symmetry axis z. For example, if 
H l z  (8 = 90") it follows from (8) ,  (12) that T ,  = I', = y/  
2, i.e., a single parameter suffices to describe the relaxation. 
However, if Hllz ( 8  = 0") we have T I  = y,, r2 = yZ, and 
two parameters are necessary. The two-parameter nature of 
the spin-lattice relaxation can therefore be observed only 
when the external magnetic field is nearly parallel to the axis 
of symmetry. 

3. EXPERIMENTAL METHOD, 

Metmyoglobin single crystals measuring 2X 1 X0.5 
mm3 and enriched to 90% with the isotope 57Fe were grown 
by the technique used in Ref. 7. The crystals were preserved 
in a saturated ammonium sulfate buffer solution prior to the 
measurements to prevent them from denaturing. The mea- 
surements were carried out in a helium cryostat equipped 
with a vacuum fitting, which enabled us to vary the crystal 
temperature from 4.5 to 300 K. A droplet of buffer solution 
containing a crystal was mounted on a brass holder, on 
which two resistance thermometers and two heaters were 
mounted. For rapid cooling, the holder was immersed in 
liquid nitrogen and enclosed in a Teflon-sealed cup. The 

FIG. 3. Mossbauer spectra for metmyoglobin at T = 4.2 K in a "stabiliz- 
ing" external magnetic field He = 196 G: a ) e ,  = 0,=:90' ( H , l [ b ] ,  n,,, ); 
b) 0 ,  = 0,0,  = 44" ( H e  Iln,). 1,2) partialspectrafromFe3+ ionsat sites 1 
and 2, respectively. The solid curves show the results obtained by simulat- 
ing the spectra 1 and 2 using the static Hamiltonian ( 2 )  with a random 
magnetic field. 

vacuum fitting was then rapidly evacuated and inserted into 
a cryostat containing liquid helium. 

The external magnetic field was produced by two pairs 
of permanent ring magnets in the horizontal plane and by 
one magnet in the vertical plane. By changing the distance 
between the magnets, we were able to vary the magnitude 
and orientation of the external magnetic field relative to the 
crystal within certain limits. Owing to the small crystal size, 
the magnetic field at the crystals was uniform to within 
-2%. 

The Mossbauer spectra were recorded by a standard 
spectrometer operating at constant gain; the 57 Co(Cr) 
source was 4 mm in diameter and had an initial activity of 
-250 PC; a proportional counter containing a krypton- 
neon-methane mixture waspsed. The instrument linewidth 
was found to be I', ~ 0 . 3 8  mm/s by calibration using a stan- 
dard a-Fe absorber (the source linewidth was T, ~ 0 . 1 8  
mm/s) . 

We carried out independent measurements without a 
crystal in order to find the contribution to the spectrum from 
iron impurities present in the beryllium windows of the 
cryostat and vacuum fitting. We found that the impurities 
gave rise to a slightly unsymmetric doublet with relative in- 
tensity ~ 0 . 5 % ,  shift 8 ~ 0 . 4  mm/s, and splitting ~ ~ 0 . 6  
mm/s; we corrected for this when analyzing the metmyoglo- 
bin spectra. 

4. EXPERIMENTAL RESULTS 

Mossbauer spectroscopy was previously employed in 
Refs. 12, 13 to study metmyoglobin in frozen solution. In- 
vestigations of single-crystal specimens revealed5.I4 that the 
positions of the metmyoglobin spectral lines at helium tem- 
peratures depend strongly on the angles 8, between the ex- 
ernal field He and the heme axes n, ( a  = 1, 2, Fig. 1 ) .  This 
dependence is steepest for angles 8, 5 10"; according to Eq. 
( 5 ) ,  the quantity He, (8)  decreases by a factor of three when 
8 decreases from 90 to 0". 

The angular dependence He, (8) can be used not only 
to distinguish the contribution of the partial spectra from the 
inequivalent Fe3+ sites to the total spectrum of the crystal, 
but also to obtain an independent method for finding the 
orientation of the n, axes (Ref. 5).  Since the orientation of 
the crystal axes (except for the [ b ]  symmetry axis) was not 
known in advance, we used this method to determine the 
orientation for our crystal. The result is shown in Fig. 3, 
which presents spectra recorded in an external "stabilizing" 
magnetic field. The magnetic inequivalence of the Fe3+ sites 
disappears when H, 1 [ b ] ,  and their partial spectra coincide 
(Fig. 3a). A least-squares analysis of this spectrum yielded 
the following values for the hyperfine splitting parameters: 
the effective field at the nucleus was He, = 497 I ~ I  2 kG and 
the quadrupole splitting was eQV,/2 = 1.12 + 0.03 mm/s. 
These values correspond to the case when He is nearly per- 
pendicular to n, and n,. By rotating the vector He and de- 
ducing the angles e l ,  8 2  in each case from the corresponding 
spectrum, it is possible to align He parallel to one of the 
heme axes, e.g., n, (Fig. 3b). This was confirmed both by 
test spectra, recorded when He deviated by ~ 2 "  in either 
direction from the axis found by the above procedure, and by 
computer-simulated spectra calculated using the static 
Hamiltonian (2) .  The error in using this technique to deter- 
mine the orientation of the symmetry axis of paramagnetic 
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complexes in biomolecules containing Fe3+ in the high-spin 
state was estimated by direct x-ray analysis to be =: 1" (Ref. 
5 1. 

Figure 3b further shows that the splitting and linewidth 
for the partial spectrum from Fe3+ ions at the sites 2, for 
which 8,=44", are similar to the corresponding values for 
the spectrum in Fig. 3a, whereas the lines in the partial spec- 
trum for the ions at sites 1 are broadened by the random 
fields. Setting H = H, in the Hamiltonian (2)  and using the 
chi-square test to compare the experimental spectrum, re- 
corded without an external field,5 with the calculated spec- 
tra obtained by numerically averaging over H, for different 
values of the variance g,, one obtains the estimate 
2, = 13 + 3 G for an isotropic Gaussian distribution. l5  We 
used the same random magnetic field (RMF) model to cal- 
culate both the static and the relaxation spectra in a "stabi- 
lizing" field; the average local variation in the orientation of 
the resultant field H = He + H ,  deduced from these spectra 
was found to be 8 ~ 6 " .  The RMF has little effect on the Fe3+ 
ions at the sites 2, for which He deviates substantially from 
n,; this is not true, however, for the ions at the sites 1, where 
they greatly distort the form of the spectrum. 

The experimental Mossbauer spectra for a metmyoglo- 
bin single crystal in an external magnetic field H e  = 196 G 
(He /Inl) are shown in Fig. 4 ( T <  A) and Figs. 5 and 6 
( TR A ) .  We see that the lines become broader and shift ap- 
preciably upon heating; this is because the spin-lattice relax- 
ation rate increases. The extent of the broadening depends 
on the partial spectrum to which the lines belong and is de- 
termined by the angle between He and the symmetry axes n, 
of the complexes. For example, it is clear from Fig. 4 that the 
broadening for the outermost lines in the spectrum, which lie 
at V=: - 4.5 mm/s and V=: 5 mm/s and belong to the partial 
spectrum from the Fe3+ complexes at sites 2, is much greater 
than for the lines in the partial spectrum from the ion com- 
plexes at sites 1 (compare, e.g., the line at Vz3.0 mm/s). 

N. arb. un. 

FIG. 4. Mossbauer spectra for metmyoglobin (slow-relaxation case, 
T <  lOK)forH,Iln, (8, = 0,0,  =44",He'196G) forT'6.8 (a),7.55 (b),  
and 10.5 K (c ) .  Traces 1 and 2 are the same as in Fig. 3. The solid curves 
give simulated results in which perturbation theory ( 13), ( 14) is used to 
treat the effects of the relaxation on the spectrum. 

We found the relaxation parameters y, nd y, and their 
temperature dependence by using the theory discussed in 
Sec. 2 to numerically simulate the Mossbauer spectra for 
metmyoglobin. The spectra recorded at T = 4.5 K were used 
as a reference; at this temperature the doublet / _+ 3/2) is 
virtually unpopulated, and the relaxation can be neglected 
(Fig. 3 ). Under these conditions the hyperfine spectrum is 
static, and the width and position of the lines depend only on 
the angle 8. 

Perturbation theory can be used to treat the deforma- 
tion of the static Mossbauer spectrum when the relaxation is 
slow, i.e., for y &w,, where w ,  is the characteristic inter- 
val between the hyperfine sublevels. This condition holds for 
metmyoglobin if T 5  10 K (Fig. 4), for which the doublet 
1 + 3/2) is till essentially unpopulated. Neglecting terms 
a exp( - AT), we obtain 

for the spectral function in the slow-relaxation case. Here D, 
is the intensity of the I th line in the static spectrum, 

the w:" are the frequencies for the transitions between the 
sublevels of the static hyperfine structure for the ith doublet, 
and the R,, are the matrix elements of $e relaxation opera- 
tor in a basis diagonalizing the matrix L,. 

Since no small parameter is available for the case of 
intermediate relaxation ( T 2  A and y -aHF ), the Moss- 
bauer spectrum can be found only by an exact calculation 
usingAEq. (91. This amounts to inverting the matrix 
( W  -LHF +iR + i r /2 ) ,  which is ofrank N =  4(21e + 1) 
(21, + 1 ) = 32 (I, and I, are the nuclear spins in the excit- 
ed and ground states). It can be shown that the change of 
basis 

lp,,2)=2-"A{li(+', me)(mg,  iL+)l&li(-), -me)(-mg, i(-'l} 

(15) 
decomposes the above matrix into blocks of rank 16. In Eq. 
( 15), p,,, = 1,2, . . . , 16 labels the basis functions, the 
li'* ') are the wave functions for the Kramers doublet, and 
m, and m, are the projections of the nuclear spin on the 
symmetry axis in the ground and excited states, respectively. 
In this case the relaxation spectra were simulated numerical- 
ly by diagonalizing the two 16X 16 matrices and summing 
over their eigenvectors (see, e.g., Ref. 16). 

We used perturbation theory to allow for the small pop- 
ulation of the doublet / + 5/2), which begins to have an ef- 
fect when T> A; this gave small corrections to the line 
widths and positions. 

The solid traces in Fig. 5 show the calculated resultant 
spectra, together with the partial spectra from each type of 
complex; the results are seen to agree closely with experi- 
ment. The values of y ,  and y, were found for each recorded 
spectrum, and their temperature dependence deduced in this 
way is shown in Fig. 7. It agrees closely with the theoretical- 
ly predicted dependence9 for single-phonon processes: 

with constants C ,  = 5.4 + 0.2 mm/s and C, = 0.40 f 0.05 
mm/s. 
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pi, arb. un. 
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FIG. 5. Mossbauer spectra for metmyoglobin in the intermediate relaxa- 
tion case (TZ  A )  for He lln, at T =  14.3 (a),  30 (b),  and 40 K (c).  The 
solid traces show numerical calculations using the complete equation (9).  
Curves 1, 2 are as in Figs. 3 and 4. 

Analysis of a large body of experimental and theoretical 
work (see, e.g., Refs. 3 and 17) on the Fe3+ ion in the high- 
spin state indicates that there is a wide range of temperatures 
for which spin-lattice relaxation occurs via direct one- and 
two-phonon processes. The contribution from these pro- 
cesses is sensitive to the ratio @, /A, where @, is the Debye 
temperature and A is the characteristic spacing between the 
electron levels. For T 2  OD we have 

where P, and P, are the probabilities for one- and two- 
phonon transitions, respectively. For most crystals (particu- 
larly inorganic ones) that contain the Fe3+ ion, A/@, is - 10-2-10-4, so that two-phonon relaxation is much faster 
than one-phonon relaxation. 

For metmyoglobin, however, the large splitting A and 
small OD combine to make one-phonon transitions domi- 
nant for temperatures 4-60 K. For T above 60 K, (17) 
shows that two-phonon processes eventually dominate. 

The smallness of thd ratio y,/y, -0.07 is striking and at 
first glance would appear to indicate that only the single 
parameter y = y, is needed to describe the relaxation pro- 

FIG. 6. Mossbauer spectrum for metmyoglobin at T = 57 K for H, Iln, 
The traces show that the calculated relaxation spectra depend on the small 
relaxation parameter y, (y,  = 12 mm/s): a )  y2 = 0; y2 = 0.6 mm/s; c )  
y, = 1.5 mm/s. 

FIG. 7. Temperature dependence of the relaxation parameters for Fe3+ in 
metmyoglobin, shown on a logarithmic scale (the light and dark circles 
give y, and y,, respectively). The solid curves were calculated by Eq. ( 16) 
with constants C, = 5.4 mm/s and C2 = 0.40 mm/s; 1 mm/s corresponds 
to a relaxation frequency of 72.9 MHz. 

cess. However, our simulations show that the shape of the 
spectrum is very sensitive to the parameter y, (see Fig. 6 )  
and in fact can be used to deduce y, quite accurately. The 
marked difference in the values of y, and y, can be shown to 
imply that the thermal vibrations of the ligands in the Fe3+ 
paramagnetic complex must be strongly anisotropic. 

Because the nearest-neighbor structure for the Moss- 
bauer ion in metmyoglobin is nearly octahedral, to a first 
approximation the vibrations of the complex can be de- 
scribed in terms ofsix normal coordinates Q, Cf= 1, . . . , 6 )  
(Ref. 18). For single-phonon processes the crystal field po- 
tential V can be expanded as a power series in Q,; keeping 
only the linear terms, one obtains 

Expressing V, and (dV/dQ, ), in terms of the equiva- 
lent spin operators Si , we obtain the so-called dynamic spin 
Hamiltonian for the crystal field, for which an explicit 
expression has been given by Leushin.I9 The term V, then 
describes the static part of the Hamiltonian in ( 1 ), while the 

FIG. 8. Sketch showing the thermal vibrations of the nearest-neighbor 
atoms surrounding an Fe3+ ion in a metmyoglobin molecule for the fol- 
lowing normal modes of the octahedral complex: a )  Q,; b) Q,; c )  Q,; d )  
Q,. The arrows show the displacement vectors of the nitrogen atom in the 
planeofthe heme (ui ) and ofthenitrogen atom and water moleculeon the 
heme axis (v, ). The Fe3+ ion lies at the center, while the light and dark 
circles represent H,O and N, respectively. 
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other term describes the relaxation. One can show that the 
parameters y, are related to the normal vibrations Q, as fol- 
lows: 

where the constant E is expressible in terms of the electron 
energy levels of the paramagnetic ion. The relation y, ) y, 
and Eqs. (19) imply that in the specific case of myoglobin, 
the vibrations of the nitrogen atom in the heme plane, de- 
scribed by the modes Q, and Q,, are much weaker than the 
Q, and Q, vibrations in the plane passing through the heme 
axis (Fig. 8).  

5. CONCLUSIONS 

In terms of its influence on the Mossbauer spectra, the 
multiparametric nature of the spin-lattice relaxation process 
should show up most clearly when the effective hyperfine 
fields H:: for the electron sublevels involved in the relaxa- 
tion transitions are almost parallel. If the orientations of the 
H:; differ markedly, the relaxation transitions lead to 
strong mixing of the hyperfine sublevels and the relaxation is 
effectively averaged out over the sublevels. For the case of 
Fe3+ in myoglobin, the first situation occurs when the exter- 
nal field is parallel to the heme axis, while the second situa- 
tion occurs when it deviates markedly from the heme axis. 

An alternative multi-parametric description of spin-lat- 
tice relaxation was considered in Ref. 20, where Mossbauer 
spectra for Fe3+ in NH,Al (SO,),. 12H,O were studied for 
strong magnetic fields satisfying Rz )R,. However, the 
polycrystalline specimen used there made it impossible to 
observe the multi-parametric relaxation in the spectra, be- 
cause the parameters y, and y, depend on the direction of the 
external field relative to the crystallographic axes. This ap- 
parently also explains why, in the overwhelming majority of 
experiments on spin-lattice relaxation using Mossbauer 
spectroscopy, it has been possible to describe the tempera- 

ture dependence of the spin-lattice relaxation in a satisfac- 
tory way using only a single parameter. 

We are grateful to V. Ya. Goncharov for areat assis- - 
tance in designing the experiment. 
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