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Diffraction of 14.4-keV Mossbauer y radiation in a 57Fe,B06 single crystal was investigated in the 
Laue geometry. An analysis was made of how a spin-reorientation phase transition in a crystal 
affected the interference of resonance nuclear scattering of y radiation by 57Fe nuclei occupying 
crystallographically inequivalent 4c and 8d positions. Reflection spectra of the (001) and (Ok 0)  
types were determined experimentally both for purely nuclear y scattering and in the presence of 
interference between resonant nuclear and Rayleigh electron scattering of y photons. Resonance 
peaks due to a hyperfine combined interaction in Fe,B06 were observed in (001 ) and (003) 
reflection spectra. In the case of destructive interference of the scattering by the 57 Fe nuclei at the 
4c and 8d positions the intensity of the diffracted beam could be enhanced by interference 
(interference bleaching of the crystal). The experimental spectra were in agreement with the 
results of numerical calculations carried out for a perfect crystal. 

1. INTRODUCTION 
Interference effects which occur in the course of diffrac- 

tion of Mossbauer y radiation in crystals can have a consid- 
erable influence on the diffraction pattern, particularly on 
the nature of the energy spectra of the diffracted y radiation 
(see, for example, Refs. 1-3). They include interference 
between resonance nuclear and Rayleigh electron scattering 
of y photons, interference in scattering via different transi- 
tions between the Zeeman sublevels of the ground and excit- 
ed states of the nuclei, etc. 

Studies of interference effects in diffraction scattering 
of Mossbauer gamma radiation in crystals, in which resonat- 
ing nuclei occupy crystallographically inequivalent posi- 
tions in a unit cell, are of great current interest. For example, 
Refs. 4 and 5 report investigations of interference of Moss- 
bauer gamma radiation scattered by 57Fe nuclei located at 4c 
special and 8d general positions in a 57Fe,B06 crystal (inter- 
ference between c and d resonance lines). It was found that, 
depending on the signs of the structure factors of the iron 
nuclei at the 4c and 8d positions, interference could be con- 
structive or destructive, and it was demonstrated that inter- 
ference narrowing of a resonance line was possible and also 
that the interference pattern was highly sensitive to details of 
the magnetic structure of a crystal. 

An analysis of the influence of interference between the 
c and d lines on the spectra of the Bragg scattering of Moss- 
bauer y radiation was analyzed in Refs. 4 and 5. It would be 
of considerable interest to study diffraction of Mossbauer 
radiation by a Fe3B0, crystal in the Laue geometry because 
the spectra should be influenced significantly by interfer- 
ence, as well as by resonance absorption of y photons in a 
crystal, and also by the suppression of inelastic channels of 
nuclear reactions (the Kagan-Afanas'ev effect). lzG8 

An important feature which distinguishes a Fe3B06 
crystal from other objects used in Mossbauer diffraction ex- 
periments is the presence of magnetic and inhomogeneous 
electric hyperfine fields at the crystal lattice sites and, since 
the energies of the interaction of these fields with the reson- 

ating nuclei are comparable, qualitatively new results may 
be obtained for diffraction scattering of Mossbauer y radi- 
ati~n.~.'O 

A Fe,B06 crystal belongs to the ~ : 6 ,  (Pnma) space 
group and is a two-sublattice antiferromagnet exhibiting 
weak ferromagnetism; the NCel point is TN = 508 K .  A 
number of studies has been made (for a bibliography see Ref. 
5) of the crystal and magnetic structures of this compound, 
and of the structure formed by electric field gradients 
(EFGs) at the Mossbauer nuclei. At a temperature 
T,,  = 415 K a spin reorientation phase transition takes 
place in this crystal; in the range T <  TsR the antiferromag- 
netic axis is oriented along [001] and the weak ferromagne- 
tic moment is along [ 1001 whereas at T >  TsR the antiferro- 
magnetic axis is along [loo] and the weak ferromagnetic 
moment along [OOl]. The first investigations of the Laue 
diffraction of Mossbauer radiation in a Fe,B06 crystal" 
demonstrated that the diffraction spectra are very sensitive 
to spin reorientation in this crystal and revealed resonance 
peaks in the spectrum due to a combined hyperfine interac- 
tion. 

Here we report the results of a systematic investigation 
of diffraction of Mossbauer y radiation by a Fe,B06 crystal 
in the Laue geometry. In Sec. 2 we consider theoretically the 
influence of interference between the c and d lines on the 
intensity of the reflected radiation in the case of perfect and 
mosaic crystals. We describe the experimental method in 
Sec. 3 and provide details of a thermal chamber ensuring 
stabilization of the temperature of a crystal in the vicinity of 
T,,  . The results of experimental investigations of the energy 
spectra of the Laue reflections (001 ), (003), (002), and 
(080) above and below the spin reorientation point T,,  are 
given and discussed in Sec. 4. We analyze the constructive 
and destructive interference between the c and d lines and of 
the combined hyperfine interaction in a Fe,B06 crystal on 
the nature of the diffracted radiation spectra. We compare 
the experimental spectra with those calculated theoretically 
for perfect and mosaic crystals. 
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2.SCATTERlNG OF MOSSBAUER RADIATION IN A FesBO, 
CRYSTAL; MODELS OF PERFECT AND MOSAIC CRYSTALS 

We consider diffraction of Mossbauer y radiation by a 
Fe3B06 crystal in the Laue geometry and determine how the 
interference between the processes of scattering by nuclei at 
inequivalent positions affects the nature of the angular and 
energy dependences of the diffracted beam intensity. We 
carry out this theoretical analysis allowing only for the mag- 
netic structure of the crystal because the structure of EFGs 
is not yet known accurately (the results of Ref. 12 do not 
agree with the results of a symmetry analysis). The influence 
of this restriction on the agreement between the theoretical 
and experimental results will be discussed later. 

The reflection coefficient of Mossbauer y radiation inci- 
dent on a perfect crystal in the form of a plane-parallel plate 
in the case of separable polarizations, which applies to all the 
experimental investigations reported in the present paper, is 
given by1 

Here, 

where the rest of the notation is the same as in Ref. 13. 
The amplitude Fg of coherent scattering of Mossbauer 

y radiation by a unit cell in a Fe3B06 crystal is 

where F I;;; and F :$,"I; are the amplitudes of the resonance 
scattering by the iron nuclei located at the 4c and 8d posi- 
tions, respectively; F$,ii is the Rayleigh amplitude of the 
scattering by atomic electrons; and S,, is the Kronecker del- 
ta. The explicit form of the amplitudes F I $ $  and F $;;can 
be found'in Ref. 5, whereas the amplitude F$,ii is identical 
with the well-known amplitude for the scattering of x rays 
(see, for example, Ref. 14). 

The expression ( 1 ) describes the dependence of the re- 
flection coefficient R 9 on the angle of incidence on a crystal 
(parameter a). The corresponding angular dependence has 
been investigated in detail for the diffraction of x rays by 
weakly absorbing crystals. In the case of the diffraction of 
Mossbauer y photons by a Fe3B06 crystal the reflection co- 
efficient R, ,  considered as a function of a ,  is influenced 
strongly by the interference between the c and d lines, as well 
as by the resonant nuclear absorption of y rays in the crystal. 

We shall illustrate the dependence of R ,  on a given by 
Eq. ( 1 ) using the results of numerical calculations. Figure 1 
shows the reflection curves of Mossbauer y radiation of ener- 
gy 14.4 keV for a Fe3B06 crystal in the case of scattering into 
the purely nuclear magnetic maximum (001). For this re- 
flection the amplitude of the scattering at the Bragg angle 
FgYs governed by a sum of the first two terms in Eq. (2) ,  
since the Rayleigh amplitude F",')ii (i#j) vanishes for rea- 

FIG. 1.  Dependence of R ,  on a for the (001) reflection of Mossbauer 
radiation by a Fe3B0, crystal in the case of the following y-photon ener- 
gies:l)E=E~-5r;2)E=E:+5r;3)E=E:.Thethicknessofthe 
crystal is 15 pm. 

sons of symmetry. The geometry of the scattering and the 
orientation of the antiferromagnetic axis in a crystal relative 
to the vectors k, and k, are given in Fig. 2. The structure 
factors F:,, and F;, for the "Fe nuclei at the 4c and 8d 
positions, respectively, are given in Table I. In the case of the 
(001 ) reflection the signs of F :, and F :, are identical, con- 
structive interference takes place4*' and its influence on the 
form of RD (a) depends on the y radiation energy E, i.e., on 
the position of E relative to the resonance values E F and E 4 
for the c and d lines (here, the index i = 1,2, . .. ,6  labels the 
resonance lines in the spectrum of 57Fe,B06). 

If E is close to the energy of an ith transition and the 
inequality E >  max(E ;, E 4) or E < min(E T, E f )  is 
obeyed, the real parts of the scattering amplitudes for the 
resonant nuclei at the 4c and 8d positions F and Fiz)ii 
add up, which enhances the diffraction reflection (curve 1 in 
Fig. 1 ) . In this case the reflection coefficient R ,  , considered 
as a function of a ,  has a strong central peak reaching its 
maximum at a = 0 and its wings have clear side maxima 
(pendellosung beats with respect to the angle of inci- 
dence14). In the range of energies between the resonance 
values of E T and E f the real parts of F i2,ii and F I$)ii have 
opposite signs, which reduces the resultant scattering ampli- 

FIG. 2. Geometry of the scattering of Mossbauer radiation in a Fe3B0, 
crystal: a )  (001) reflection; b) (Ok 0 )  reflection at temperatures T, < T,? 
and T, > T,,  . Here, H( Ti ) describes the orientations of the magnet~c 
fields at the iron nuclei. The ( k , ,  k,)  plane is perpendicular to the plane of 
the figure. 
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TABLE I. Structure factors F;, and F& reduced to one nucleus. 

Reflection 

looil I IOU21 ( I0031 I ( O N 1  

F:, 

Fir 

tude and weakens the intensity of the reflected radiation 
(Fig. 2). The intensities of the central and side maxima are 
found to be considerably smaller than in the former case. 

The influence of y ray absorption on the nature of the 
dependence R ,  ( a )  was studied by calculations at the exact 
resonance when E = E z  (curve 3). They show that in this 
case the value of R ,  , considered as a function of a, exhibits a 
single peak of width greater than the width of the central 
peaks of curves 1 and 2, but of smaller amplitude. The pen- 
dellosung beats were absent from curve 3 because of the 
strong resonance absorption of y photons in a crystal. It 
should be pointed out that the intensity integrated over the 
angle, governed by the area under the reflection curve, is 
stronger in case 3 than in case 2, but weaker than in case 1. A 
similar analysis of the dependence of RD on a can be carried 
out for the case of destructive interference, when F :,, and ... 

Ff,, have opposite signs. Then the diffraction scattering is 
enhanced in the region between E T and E and weakened 
outside it. 

The results of this analysis apply in the case of ideal 
collimation of the incident beam. If the divergence of the 
beam exceeds the angular dimensions of the diffraction re- 
flection region, the experimental intensity must be described 
by integrating Eq. ( 1 ) with respect to a. Then, the charac- 
teristic features of the RD due to the interference between 
the c and d lines will be manifested in the energy dependence 
of the reflection coefficient integrated over the angle. 

We shall now consider diffraction of Mossbauer y radi- 
ation in a mosaic crystal. We shall assume, as usual, that this 
crystal consists of a large number of slightly misoriented 
blocks (crystallites), which scatter noncoherently, and that 
attenuation of the incident beam by the scattering and ab- 
sorption in a single block is slight. The reflection coefficient 
of a mosaic crystal can be derived by analogy with Refs. 15 
and 16 and in the Laue case it is described by 

s s ' a  exp (D:" t )  - exp (D,"' t )  
R, =p, 

yl (D;'"DD",' ' (3) 

where 

p; = x Im(F;) is the linear absorption coefficient of y radi- 
ation with the s polarization in the course of propagation 
along a direction k,; pp = x If,l2Fy;F:; is the coefficient 
representing the attenuation of the beam because of diffrac- 

tion scattering; the factor If,lz depends on the size of the 
crystallites, their shape, and orientation. The bar denotes 
averaging of If,lz over the ensemble of the crystallites; for 
specific models we can calculate lf,12 explicitly. 

We shall consider the case of weak secondary extinction 
when the attenuation of a beam due to absorption in a crystal 
considerably exceeds the attenuation caused by diffraction 
scattering, i.e., @',"p; ,pz and we shall also assume that 
the inequality p"&" ty,,, 4 1 is obeyed. In this case the reflec- 
tion coefficient of Eq. (3)  for the symmetric diffraction ge- 
ometry (y, = yZ = y) reduces to 

"' 
~2~ pd ~ t ' + ~ r "  

I L ~ ~ ' - P ~  a [ex" -l;-) t]sh( pfzl' t ) .  

We shall point out that in Eq. (4) the reflection coefficient 
7 R  2 is proportional to pS&S and, consequently, to If, 1 . This 

means that the dependence of R  2 on details of the mosaic 
can be ignored in comparing the theoretical and experimen- 
tal spectra. 

We investigated the influence of the interference 
between the c and d lines on the Laue diffraction spectra by 
numerical calculation of the spectra of Mossbauer y radi- 
ation reflection by a system of (001) planes in a Fe,BO, 
crystal using the models of perfect and mosaic crystals. The 
results of the calculations carried out using Eqs. ( 1 ) and 
(4),  averaged over the profile of the line of the source of y 
rays, over the parameter a ,  and over the polarization of y 
rays are plotted in Fig. 3. The spectra in this figure have a 
number of properties in common and these reflect the char- 
acteristic features of the diffraction of y rays in crystals in 

R, arb. units 

FIG. 3. Spectra of the (001 ) Laue reflection of Mossbauer y radiation by 
Fe,BO, calculated for the models of perfect (continuous curve) and mo- 
saic (dashed curve) crystals. 
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which the Mossbauer nuclei are at inequivalent positions, 
but the nature of the spectra is quite different for perfect and 
pnosaic crystals. 

The resonance peaks in the spectra in Fig. 3 are broad- 
ened and split, which is a consequence of the constructive 
interference of the c and d lines and of the resonance absorp- 
tion of y photons in a crystal. Moreover, in the case of a 
perfect crystal the broadening of the peaks and the presence 
of dips in the resonances can also be due to a suppression 
effect,,v7 because F :tr and F:, for the same nucleus are close 
to unity for the (001) reflection (Table I) .  Splitting of the 
resonance peaks appears most clearly for the sixth line in the 
spectrum when A, = I E - E amounts to 12r .  The reso- 
nance peak for the sixth line is in the form of three well- 
resolved dips, two of which coincide in position with the 
resonant values of Ez  and E:, with the third located 
between the other two. The dip between the resonances is 
due to constructive interference between the c and d lines 
and is deepest for a given crystal thickness. In the case of the 
first, third, and fourth lines in the spectra of Fig. 3 the inter- 
ference dips and the dips of the resonances cannot be re- 
solved because Ai is small ( 5 6 r ) .  

The width of the resonance peaks in the (001) reflec- 
tion spectrum and the magnitude of the splitting of these 
peaks in the case of a perfect crystal are significantly greater 
than for a mosaic crystal. The ratio of the intensities of the 
outer and inner lines in the spectrum is quite different for 
different models of a crystal: for a perfect crystal it is approx- 
imately twice as large. Moreover, the scattering intensity in 
the range of energies between the outer and inner resonance 
peaks of a perfect crystal is fairly high, whereas for a mosaic 
crystal it is close to zero. These differences between the spec- 
tra are due to the collective nature of the interaction of Moss- 
bauer y rays with a regular system of resonating nuclei'.6 and 
can be used to obtain information on the degree of perfection 
of a given crystal when the theoretical and experimental 
spectra are compared. 

3. EXPERIMENTAL METHOD 

Interference effects in Laue diffraction were observed 
and the influence of a spin reorientation phase transition on 
the nature of the spectrum of reflected y radiation was inves- 
tigated using the apparatus shown schematically in Fig. 4. A 
beam of y rays of 0.5" divergence emerging from a 57Co(Cr) 
Mossbauer source 1, attached to a rod of an electrodynamic 
vibrator 2, reached a 57Fe,B06 single crystal 3 placed in a 
reflecting position. The activity of the source was =: 101° Bq 
and the energy width of the line was T, = 2 r .  The crystal 

was in a thermal chamber 4 attached to a goniometer 5 and 
the scattered radiation was recorded using an Si:Li semicon- 
ductor detection unit 6. The background was minimized by a 
system of collimation slits 7. 

The temperature in the chamber was maintained con- 
stant to within 0.01 K and the temperature drop across a 
sample was less than 0.1 K. These parameters were achieved 
as follows. The Fe3B06 crystal was placed in a beryllium 
capsule and attached at just one point to the capsule (in 
order to reduce deformation during heating) by a viscous 
contact paste (consisting of zinc oxide and silicone oil). This 
attachment method ensured reliable maintenance of the re- 
flecting position of the crystal when the temperature in the 
chamber was increased from 293 to 520 K and, moreover, 
allowed us to minimize elastic stresses in the sample. The 
beryllium capsule with the crystal was attached to the wall of 
the chamber and was placed inside a heating element sur- 
rounded by thermal screening screens made of aluminum 
foil. The temperature in the chamber was maintained by a 
VRT-2 controller and two KhK,, thermocouples. One ther- 
mocouple was placed alongside the heating element and it 
was included in the feedback loop of the VRT-2 controller, 
whereas the second thermocouple performed the monitoring 
function and was inside the capsule with the crystal. The 
second thermocouple was connected to a digital voltmeter 
with a printer output. 

Measurements were made at two temperatures near the 
spin reorientation phase transition: TI  = 410 K and 
T, = 420 K; a 57Fe3B06 single crystal of thickness 15 pm 
was used. Heating of this crystal from TI to T, resulted in the 
rotation by 90" of the antiferromagnetic axis in the crystal, as 
described before, and it also altered the positions of the c and 
d resonance lines.I7 As shown later, these factors had a 
strong influence on the nature of the spectra of the diffracted 
y radiation. 

The nature of the spectrum of the Laue-diffracted radi- 
ation depended also on the value of the product p, t for a 
crystal, where p, is a resonance absorption coefficient of y 
radiation by the nuclei. The values of p,t for the sample 
used in our experiments were calculated for the n and u 
polarizations of y photons and are given in Table I1 for the 
( - 3/2)-( - 1/2) and ( - 1/2)-( - 1/2) transitions rep- 
resenting the first and second resonance lines in the spec- 
trum when the antiferromagnetic axis had the orientations 
corresponding to the temperatures TI  and T,. The maximum 
values of pN t given in Table I1 were of the order of 10, indi- 
cating that the investigated crystal was intermediate 
between "thin" (p,t<l) and "thick" (p,ts 10) samples. 
In the case of such a crystal the suppression effect was less 

FIG. 4. Schematic diagram of the apparatus (explanations in text) 
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strong than it would have been in the case of a thick crystal 
and, moreover, the diffracted radiation passed through the 
crystal even in the absence of the suppression effect. 

4. RESULTS OF EXPERIMENTAL INVESTIGATIONS: 
DISCUSSION 
a) Spectra of purely nuclear reflections. Constructive 
interference 

In an experimental study of the influence of the interfer- 
ence between the c and d lines on the nature of the Laue- 
diffraction energy spectra of the Fe,BO, crystal we selected 
the purely nuclear reflections (001 ) and (003). These reflec- 
tions corresponded to the symmetric geometry of the diffrac- 
tion experiment and the absence of the contribution of the 
Rayleigh scattering made it possible to investigate the inter- 
ference between the c and d lines in its clearest form. 

The selected reflections corresponded to the construc- 
tive interference between the c and d lines; the influence of 
this interference on the nature of the spectrum was discussed 
in detail above. Let us consider the nature of the spectra 
determined at the temperature T, (Fig. 5) .  The resonance 
lines in the experimental spectra are broadened and split, 
which is manifested particularly strongly in the case of the 
first and sixth lines and, as pointed out, it may be a conse- 
quence of several factors: the interference between the c and 
d lines, the suppression of the inelastic channels, and the 
resonance absorption of y radiation. In the case of the sixth 
line in both spectra (representing the 3/2-1/2) transition 
the split peak has three separate dips the deepest of which is 
the central one due to the interference attenuation of the 
beam intensity. 

When we go over from the (001) to the (003) reflec- 
tion, we find that the ratio of the intensities at the peak and in 
the dip of the split lines in the spectrum decreases, which is 
manifested most clearly in the case of the outer lines. This 
result is not evident a priori because an increase in the effec- 
tive thickness of the crystal for higher reflection orders 
would seem to deepen the dips representing the absorption of 
y rays. However, a reduction in the structure factors for the 
(003) reflection compared with the (001 ) case and the asso- 

N, pulses160 rnin 

ciated attenuation of the scattering and interference between 
the c and d lines has a stronger influence on the profile of the 
resonance line and reduces the relative depth of the dip. 

It should be pointed out that the (001 ) reflection spec- 
trum does not have resonance dips for the transitions 
Am = 0 typical of the nuclear magnetic maxima (second 
and fifth lines in the spectrum); here, Am is the difference 
between the magnetic quantum numbers for the ground and 
excited states of a nucleus." The absence of these dips is due 
to the fact that the absorption coefficient pN for the transi- 
tion with Am = 0 is proportional to sin28, in the selected 
geometry and it is small. The resonance dips for these transi- 
tions are clearly visible in the (003) reflection spectrum be- 
cause in this case the value of pN for the transitions with 
Am = 0 is almost an order of magnitude greater than for the 
(001 ) reflection. 

The experimental spectra of the (001 ) and (003) reflec- 
tions measured at the temperature T2 are in good agreement 
with the theoretical spectra calculated for a perfect crystal. 
The slight difference between the theory and experiment 
(the dips are deeper at the resonances for the first and sixth 
lines in the experimental spectra compared with the corre- 
sponding dips in the theoretical spectra) is clearly due to the 
residual absorption of y rays by the nuclei associated with 
imperfections of the investigated sample. 

We shall now analyze the spectra measured at the tem- 
perature T, (Fig. 6). In this case the positions of the reso- 
nance lines for the iron nuclei at the 4c and 8d positions is 
such that A, 5 6 r ,  so that in the case of the split outer lines in 
the spectrum there is only one dip and the inner lines are not 
split. The spectra of the (001 ) and (003) reflections near the 
resonance transitions characterized by Am = f 1 are in 
good agreement with the numerical calculations carried out 
for a perfect crystal. However, near the Am = 0 transitions 
there is a qualitative difference between the theory and ex- 
periment. The theoretical spectra calculated allowing only 
for the magnetic structure have dips near these transitions, 
due to the absorption of y rays, whereas the experimental 
spectra have clear peaks which, as shown in Ref. 11, are due 
to the combined hyperfine interaction in the Fe,BO, crystal 

FIG. 5. Spectra of the (001 ) and (003) reflections of Mossbauer y radi- 
ation by a Fe,BO, crystal determined at T, = 420 K. The continuous 
curves are the theoretical spectra calculated for the model of a perfect 
crystal; the Bragg angle 0, was 5.54"for the (001 ) reflection and 16.8'for 
the (003) reflection. 
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(combined peaks). In general, the combined structure of the 
hyperfine fields influences all the transitions between the 
Zeeman sublevels of the ground and excited states of a nu- 
cleus and in this sense all the resonance peaks in the spectra 
of Figs. 5 and 6 are combined, but we shall restrict the term 
"combined" only to the peaks corresponding to the second 
and fifth resonance lines, because in their case the combined 
nature of the hyperfine interactions is manifested most clear- 
ly. 

Such peaks can occur as a result of the scattering of 
Mossbauer radiation in crystals in which the structures due 
to the magnetic and electric fields are of different symmetry, 
as predicted in Ref. 9. The physical reason for the appear- 
ance of these peaks in the case of purely nuclear reflection of 
Mossbauer radiation is as follows: when the Mossbauer nu- 
clei are subject to a magnetic field H and to a nonaxisymme- 
tric EFG tensor, the principal axes of which do not coincide 
with H, the eigenvectors of the hyperfine interaction Hamil- 
tonian are not pure states with a specific value of m but are 
superpositions of these states. Moreover, the appearance of 
combined peaks may result from the difference between the 
orientations of the EFG axes at nuclei with the antiparallel 
orientation of H at each of the inequivalent positions. For 
these reasons the amplitudes of the scattering by the Moss- 
bauer nuclei with the antiparallel orientations of H are not 
equal, which is the reason for the appearance of the peaks in 
the case of the second and fifth lines in the spectra of purely 
nuclear magnetic reflections. 

The intensity of the combined peaks depends on the 
magnetic and quadrupole interactions, and also on the mu- 
tual orientation of the magnetic fields, the principal axes of 
the EFG tensor, and the vectors k,  and k,. In the case when 
the structure of hyperfine fields in a crystal is not known, the 
energy spectra of purely nuclear reflections containing reso- 
nance peaks due to transitions characterized by Am = 0 can 
be calculated numerically as was done, for example, in the 
case of an yttrium iron garnet crystal in Ref. 18. 

An analysis of the spectra shown in Fig. 6 demonstrates 
that the intensities of the peaks due to the transitions with 
Am = 0 are less for the (003) reflection than for the (001 ) 
case, and in both spectra the peak for the fifth line is clearer 
than for the second, which is obviously due to the character- 

FIG. 6 .  Spectra of the (001) and (003) reflections measured at T, = 410 
K. 

istic features of the interference between the c and d lines. 
The presence of combined resonance peaks in the spec- 

tra determined at T < T,, and their absence (within the lim- 
its of the experimental error) at T> TsR may be due to the 
orientational dependence of the intensities of the combined 
peaks discussed above. The reason for the reduction in the 
intensity of these peaks in the (003) reflection spectrum, 
compared with the (001 ) spectrum, may be due to a differ- 
ence between the angles separating the axes of the hyperfine 
interactions in the investigated crystals from the vectors k, 
and k, for these two reflections, and it may also be due to 
changes in the corresponding structure factors. 

b) Interference between nuclear and Rayleigh scattering 

We considered earlier the interference between the c 
and d lines in the scattering of Mossbauer y radiation by a 
Fe,BO, crystal into purely nuclear diffraction maxima for 
which the electron component of the scattering amplitude 
FT;,ij ( i+ j )  of Eq. ( 2 )  vanishes. However, in the case of an 
arbitrary (hk l )  direction the amplitude of the scattering by 
electrons does not vanish so that in discussing resonant scat- 
tering of y radiation in this crystal we must consider not only 
the interference between the c and d lines, but also the inter- 
ference between the radiation scattered by the nuclei and by 
the electrons, which can alter significantly the spectra of the 
diffracted y radiation compared with the case of pure nu- 
clear scattering. In this section we shall consider the influ- 
ence of the interference between nuclear and Rayleigh (elec- 
tron) scattering processes on the Laue diffraction spectra in 
the case of the (002) reflection. The results of the measure- 
ments are presented in Fig. 7. 

The (002) reflection is characterized by the construc- 
tive interference between the c and d lines, which broadens 
the resonance line in the spectrum. The Rayleigh scattering 
by electrons of amplitude which is not small compared with 
the nuclear process has the effect that the interference 
between the c and d lines is weaker than in the pure nuclear 
scattering case, in particular, it may result in the absence of 
interference attenuation of the intensity of the diffracted 
beam. The intensity of the reflected radiation considered as a 
function of the y-photon energy is of dispersive form, typical 
of interference between the nuclear and Rayleigh scattering 
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processes, reaching a minimum at the resonances (or to the 
left of them) and a maximum to the right of the resonances. 

When the orientation of the antiferromagnetic axis cor- 
responds to the temperature T,  (Fig. 7a), the spectrum in- 
cludes all the resonance lines and the strongest scattering 
occurs for the Am = 0 transitions. Above the phase transi- 
tion point TsR the orientation of the antiferromagnetic axis 
is such (Fig. 2a) that the strongest scattering is that due to 
the Am = f 1 transitions and the scattering due to the 
Am = 0 transitions is practically absent (Fig. 7b). 

c) Destructive interference of thecand dlines 

The experimental spectra discussed above correspond 
to constructive interference between the c and d lines. Figure 
8 shows the (080) reflection spectra corresponding to de- 
structive interference, determined at temperatures T,  and 
T2. 

We shall first consider the (080) reflection spectrum 
determined at T, (Fig. 8b). The orientation of the antiferro- 
magnetic axis in this case is such that the amplitude of the 
nuclear resonance scattering F(,, for the Am = + 1 transi- 
tions is high and it exceeds considerably the amplitude of the 
scattering by electrons F(:,,, , so that interference between the 
nuclear and Rayleigh processes of the scattering of y radi- 
ation has little influence on the nature of the spectrum and 

N, pulses/30 min 

FIG. 7. Spectra of the (002) reflection of Mossbauer y radiation by a 
Fe,BO, crystal determined at the following temperatures: a )  T =  T,;  b) 
T = T,; 8, = 1 1 . 1 "  The continuous curves are the theoretical spectra cal- 
culated in the model of a perfect crystal. 

L I I I I I I  I I  I I I I PIG.  8.  
T = T,; 

N, pulses1120 min ,, 

the interference between the c and d resonance lines plays the 
major role. The strongest peak in this spectrum is the reso- 
nance corresponding to the sixth line and the intensities of 
the other peaks are considerably less. Such a difference 
between the peak intensities is due to the fact that the sixth 
line corresponds to a larger width Ai manifesting a strong 
interference enhancement of the diffracted beam. In the case 
of the remaining Am = f 1 transitions the separation 
between the c and d lines is small, so that in their case the 
destructive interference effects result mainly in the weaken- 
ing of the resonance peak intensities. The amplitude of the 
resonant nuclear scattering via the Am = 0 transitions is 
proportional to the factor sin2f3, the value of which is 0.16 
for the (080) reflection, so that the intensities of the peaks 
are lowest for the second and fifth lines in the spectrum. 

It should be pointed out that in the case of the (080) 
reflection when the orientation of the antiferromagnetic axis 
corresponds to the temperature T,, we can expect almost 
complete suppression if we ignore the Rayleigh scattering in 
a crystal. In the case of the scattering as a result of the 
Am = + 1 transitions the suppression affects the T- and a- 
polarized y rays, whereas in the case of the Am = 0 transi- 
tions this is only true of the a-polarized rays (because the T- 

polarized y photons do not interact with nuclei in this 
transitions), which again weakens the resonance peaks cor- 
responding to the second and fifth lines. 

Spectra of 
8, = 23.8". 

the reflection determined at: a )  T =  T , ;  b) 
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The resonance peak for the sixth line is of "three- 
hump" nature with the strongest central maximum, and the 
dips between the humps correspond to the resonance ener- 
gies E and E 2 and are due to, as in the case of purely nu- 
clear scattering discussed earlier, the influence of a residual 
absorption in a crystal and of the suppression effect. The 
experimental spectrum shown in Fig. 8b is in good agree- 
ment with theoretical calculations for a perfect crystal. 

It follows from the results obtained that in the case of 
diffraction of Mossbauer y radiation in a Fe,BO, crystal we 
can expect the destructive interference between the c and d 
lines to enhance the intensity of the diffracted y-photon 
beam and, consequently, to produce interference bleaching 
of a crystal for the resonant y radiation. It follows from nu- 
merical calculations that this result is not affected qualita- 
tively by an increase in the crystal thickness. The physical 
reason for the enhancement of the intensity of the diffracted 
beam is that, because of the interference between the c and d 
lines, the reflection and absorption maxima of resonance y 
photons occur at different values of the y-photon energy. It 
should be stressed that the interference enhancement of the 
intensity of a y-ray beam transmitted by a crystal under Laue 
diffraction conditions occurs not only in the case of a perfect 
crystal, but also in the case of a mosaic crystal. 

The (080) reflection spectrum determined at the tem- 
perature TI is shown in Fig. 8a. The orientation of the anti- 
ferromagnetic axis corresponding to this case is shown in 
Fig. 2b. The spectrum differs considerably from that deter- 
mined at the temperature T, and shown in Fig. 8b, and the 
difference is due to several factors. One of them is the change 
in the separation between the c and d lines as a result of the 
transition across the temperature TsR . Since at TI this sepa- 
ration is less than 6r, the interference enhancement of the 
intensity of the diffracted beam is manifested less strongly. 
The other factor is that in the selected geometry the suppres- 
sion effect applies only to the Am = 0 transitions (in the case 
of R-polarized y rays). These factors have the effect that the 
intensity of the resonance peaks in the spectrum is consider- 
ably less than in the spectrum of Fig. 8b. The (080) reflec- 
tion spectrum determined at the temperature T, is in agree- 
ment with the results of numerical calculations carried out 
using a model of a perfect crystal. By analogy with the (001 ) 
and (003) reflection spectra at temperatures T< TsR (Fig. 
5) ,  the difference between the theoretical and experimental 
results may be due to the dependence of the amplitude of Eq. 
(2) on the EFG, which is ignored in the calculations. 

5. CONCLUSIONS 

The results obtained in the present study reveal a num- 
ber of interesting and important properties of diffraction 
scattering of Mossbauer y radiation in a Fe3B0, crystal and, 
in a more general sense, in crystals in which the resonant 
nuclei occupy crystallographically inequivalent positions. It 
is shown that the interference between the c and d resonance 
lines alters greatly the energy spectrum of the Laue-diffract- 
ed radiation compared with the case when the Mossbauer 
nuclei occupy equivalent positions in a crystal and, depend- 
ing on the nature of the interference process, we can expect 
interference attenuation or enhancement of the intensity of 
the diffracted beam. Our study of the influence of the Ray- 
leigh scattering of y photons on the interference between the 
c and d lines demonstrated in particular that the Rayleigh 

scattering may result in "smearing" of the interference pat- 
tern of the spectrum due to the scattering by nuclei. 

Experimental investigations were made of combined 
peaks in the diffracted radiation spectrum due to the exis- 
tence of a combined hyperfine interaction in a Fe,BO, crys- 
tal and an analysis was carried out of the possible reasons for 
changes in the intensity of these peaks as a result of changes 
in the orientation of the antiferromagnetic axis in a crystal, 
and also due to a change from one reflection to another. It 
should be pointed out that the presence of combined peaks in 
the diffraction spectrum is a specific feature of the scattering 
of Mossbauer y radiation and has no analogs in the scatter- 
ing of other radiations. Moreover, the interference enhance- 
ment of the intensity of the diffracted beam as a result of the 
destructive interference of the c and d lines (interference 
bleaching of a crystal), discovered for the first time in the 
present study, is also important. I t  should be pointed out 
that this effect increases the transparency of crystals and it is 
particularly interesting in the case of mosaic samples which 
do not exhibit the suppression effect. 

The results of the present study can be used in investiga- 
tions of the structure of crystals by Mossbauer diffraction, 
particularly in determination of the structure of the EFGs in 
a Fe3B0, crystal, and also in studies of spin-reorientation 
phase transitions, including the structure in the direct vicini- 
ty of TsR . The differences between the interference patterns 
of perfect and mosaic crystals can, in principle, be used to 
study the degree of perfection of crystals. 
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