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A method free of systematic errors is proposed for the measurement of the intensity of elastic and inelastic 
scattering of Mossbauer y quanta in substances that do not contain resonant nuclei and can be in 
arbitrary aggregate states. The method was used to measure the intensity of elastic and inelastic 
scattering of 14.4 keV Miissbauer radiation along the profile of the (002) Bragg reflection and at the 
maxima of the reflections (004), (006), and (008) in a crystal of highly oriented pyrolytic graphite. It is 
shown that the existing theory of elastic scattering of x rays in mosaic crystals, as well as the theory of 
thermal diffuse and Compton scattering, can describe satisfactorily the experimental results. The shear 
modulus c4, and the law governing the mosaic distribution are determined, and the dimensions of the 
coherently scattering blocks are estimated. 

PACS numbers: 76.80. + y. 

INTRODUCTION main structural units of this graphite a r e  planar atomic 

Among the widely known methods of investigating the 
structure of matter and elementary excitations, such a s  
elastic and inelastic scattering of x rays and thermal 
neutrons, a special place is occupied by the study of the 
scattering of Mlssbauer y radiation in a subtance that 
contains no resonant nuclei, owing to the high resolution 
of this method e ~ ) .  The main idea underlying 
such experiments is that the MBssbauer radiation scat- 
tered from the sample is analyzed by a resonant ab- 
sorber placed ahead of the dete~tor."~ 

grids in which the hydrogen atoms a re  located at the 
corners of regular hexagons. These grids a r e  arranged 
in an ABABAB.. . . sequence a s  in natural graphite, 
forming stacks turned randomly relative to one another 
in the planes of the grids. Despite the considerable 
progress in the production of PG, it has been impossible 
to grow sizable artificial single crystals. It is  there- 
fore very important to accumulate experimental data on 
such important physical characteristics of graphite a s  
the thickness of the stacks with regular packing and the 
elastic constants, particularly c, (the shear modulus, 

Despite the simplicity and elegance of the d e ~ c r i b e d " ~  which determines the critical fracture s t ress  perpen- 
methods, a number of questions remain unanswered. dicular to the c axis). In fact, the dimensions of the 
These involve the allowance for the systematic e r r o r s  stacks with regular packing and their degree of dis- 
when the background i s  determined and the calculation orientation determine the angle widths of the elastic- 
of the instrumental errors.  The latter occur mainly scattering reflections, while the elastic constants can 
because the luminosity of the instrument must be in- be determined by measuring the intensity of the thermal 
creased, and this leads to deviation from Bragg focus- diffuse scattering (TDS) in Bragg reflections. 
ing in the Massbauer diff ractometer. This question was Nondestructive control methods such a s  x-ray and y- 
analyzed in detail in Ref. 4, where modifications of the ray scattering a r e  particularly attractive. Traditional 
procedures of Refs. 1-3 were proposed, aimed a t  elim- measurements of the elastic constants by ultrasonic 
inating the systematic e r ro r s  in the determination of and static methods require samples of appreciable size 
the background. and of special shape. whereas the method proposed by - ,  - - 

In the present study we have measured by the pro- us is free of these limitations. As to the purely scien- 
cedure of Ref. 4 the intensities of the elastic and in- tific problems, the study of graphite is of interest from 
elastic scattering of 14.4-keV Miissbauer y quanta in a the point of view of checking on the present theories 
highly oriented pyrolytic graphite (PG) crystal. The of secondary extinction in TDS, inasmuch a s  the ex- 

572 Sov. Phys. JETP 49(3), March 1979 0038-5646/79/030572-05$02.40 O 1979 American Institute of Physics 572 



tinction attenuation in graphite exceeds the photoelectric 
absorption, and this must also be taken into account 
in the calculation of the inelastic-scattering intensity 
near the Bragg maxima; graphite i s  characterized by 
an appreciable anisotropy of the force constants. The 

region of applicability of our method is not confined to 
the solution of the problems indicated above, and it can 
be used to measure elastic and inelastic scattering in- 
tensities in other substances in arbitrary aggregate 
states. 

1. EXPERIMENTAL PROCEDURE 

The experimental setup for the measurements of the 
elastic and inelastic scattering intensity is based on the 
GUR-4 goniometer. The primary gamma beam had 
horizontal and vertical divergences 0.78" and 0.95" re- 
spectively. The detector solid angle was AS2 =8.62 
x10-3 sr. A 57Co (Pd) source was used in the experi- 
ment. The resonant absorber was iron foil 6 p m  thick, 
enriched to 80% of "Fe. 

The measurement procedure was the following. We 
first  determined the intensity of the primary beam, us- 
ing the setup a shown in the figure. T o  this end we 
measured the intensities I,(O) and I,(O) of the radiation 
in the case when the source velocity v relative to the 
absorber was equal to the resonant value (v = r )  and to 
the nonresonant one (v =n), respectively. In this experi- 
ment the intensity of the primary beam was taken to be 
the difference 

where I, is the intensity of the y radiation of the Mbss- 
bauer transition with energy E,; f, is  the probability of 
the MBssbauer effect in the source; q =exp(- k x ) ,  and 
similarly q, =exp(- I,%), where p and p, a r e  the lin- 
e a r  coefficients of the photoelectric absorption of the 
MBssbauer y radiation and of the background emission 
I, coming from a source of energy E and falling in the 
detector pass band; x i s  the thickness of the resonant 
absorber, and cp, =exp(- p s), where p, is the linear 
coefficient of the resonant absorption. 

The experiment was next performed in accordance 
with setups b and c in the figure. If the source velocity 
relative to the absorber is u, then in the case b the de- 
tector registers an intensity 

and in case c 

I,, (28) = ( I -  f,) qbolo+cpnq b ~ f ~ f o + q ~ b ~ I ~ + f ~ ' f  1'; (3 
here b, and b, a r e  the reflection coefficients of Y quanta 
of energy E, and E respectively at a scattering angle 
23, p i s  the ratio of the elastic-scattering intensity of 
the MBssbauer radiation to the total scattering intensity 
of this radiation at the angle 29, I' is  the intensity of 
the false signals in the electric circuits of the setup and 
of the cosmic background, and I: and I: a re  the counting 
rates resulting from the y radiation of the impurities in 
the resonant absorber. 

Measurements of the counting rates a t  resonance and 
off-resonance in cases b and c yield 

FIG. 1. Experimental setups for the investigation of elastic 
and inelastic scattering of y quanta in crystals by the M6ss- 
bauer effect. V-electrodynamic vibrator, S-source of y 
quanta, D-detector, Ci -collimator, S1-receiving slit of 
detector, Sa-investigated sample, A-resonant absorber, 
G-vertical axis of goniometer. 

The sought quantities bop and b,(l -p)  a r e  thus respec- 
tively equal to I,/Zm and (I, - I,)/Zm. 

The proposed procedure is superior to that of Refs. 
1-3 since there i s  no need here  to measure the back- 
ground intensity in the primary and reflected beams 
I, and bd,, o r  the intensities If, I; and I:, nor is it 
necessary to estimate q, qE, cpn, qr, fs, andI,, al l  of 
which must be done according to Refs. 1-3; it is neces- 
sary,  just a s  there, to take into account the finite half- 
life of the source. The greatest difficulties in the pro- 
cedures of Refs. 1-3 ar ise  in the measurements of I, 
and bd,, and especially in the estimate of their e r ro r s ,  
since the source background radiation is not mono- 
energetic, and this leads to systematic e r r o r s  that have 
not been estimated. Additional e r r o r s  ar ise  also in the 
measurements of the remaining parameters. 

2. EXPERIMENTAL RESULTS AND 
DISCUSSION 

a) Elastic scattering. We used a highly oriented PG 
sample measuring 20X20X 3.5 mm. The x-ray diffrac- 
tion analysis was performed with an URS-50 diffracto- 
meter in CuK, radiation, with monochromatic reflec- 
tion from the 10i1  planes of ideal quartz. Registration 
was with an SSS single-channel analyzer and an SRS-1.0 
detector. 

The investigations have shown that the sample con- 
tains an axial structure whose axis is parallel to the c 
axis and whose upit cell is hexago@ with parameters 
a =2.461* 0.002 A, c =6.708* 0.006 A. The e r r o r s  cited 
here and hereafter a r e  the variances of the measure- 
ment results. The same installation was used to obtain 
by the o method the rocking curve of the (002) reflec- 
tion. The scanning region was k1.5; the width of the 
curve a t  half maximum was & , ,= 54' i 2', and the inte- 
grated reflection coefficient was R,,, = (4.70* 0.08). 
Pr ior  to the measurements of the elastic and inelastic 
scattering intensities we determined the linear coef- 
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ficient p =1.783* 0.002 cm-' of the photoelectric ab- 
sorption of 14.4-keV y quanta in the investigated sample 
from the absorption of resonant y radiation monochrom- 
atized beforehand by reflection from the (002) planes 
of the PG. 

The integrated coefficient of elastic (002) scattering 
of the y quanta was determined by the procedure (1)-(4) 
described above using the standard o-scanning scheme. 
The scanning region was *2', the scanning step was lo',  
and the width of the curve a t  half maximum was 1.79 
The measured value was Rc, = (6.99 * 0.07). The 
elastic scattering was measured also a t  the maxima of 
the Bragg reflections (004), (006), and (008). The ex- 
perimental results normalized to the intensity I, a re  
listed-in Table I. In the calculation we took into account, 
in accord with Ref. 4, the instrumental e r r o r s  resulting 
from non-Bragg focusing. 

In the symmetrical Bragg case, the reflection coef- 
ficient K(E ) (E is the deviation from the exact Bragg 
angle 8,) was calculated using the approach developed 
in Ref. 5. The distribution of the normals to the re- 
flecting planes of the mosaic blocks was assumed Gaus- 
sian. Next, following Ref. 4, the instrumental e r r o r s  
were taken into account. 

In practice i t  is frequently customary to use two ap- 
proximations: 1) the case when secondary extinction 
can be neglected (kinematic approximation), i.e., o/p  
<<I, where a(&) i s  the reflectivity of the crystal  per unit 
length5; 2) the thick-crystal approximation, when 
pl,/sin9,>> 1, where 1, is  the sample thickness. The 
corresponding reflection coefficients will be designated 
Kl (6 ) and K,(& ). The exact solution with account taken 
of the secondary extinction and of the finite crystal 
thickness will be designated for convenience K3(&). The 
integrated reflection coefficients in the very same ap- 
proximation is equal to R ,  = S Kt(& M E ,  where the in- 
tegration limits a r e  determined by the scanning region. 
The values of K,  and R, will hereafter be compared with 
the experimental results. 

For a more correct  interpretation of the results ob- 
tained with y rays, we have analyzed beforehand the 
data on the intensity of elastic scattering of CuK, radia- 
tion, since the intensity of inelastic scattering of the 
(002) Bragg reflection has been shown by experiments 
with '?Co Y radiation to be less than the measurement 
e r r o r s  (see Table 11). An analysis of the exact expres- 
sion for K,(E ) shows that secondary extinction makes 
the width of the rocking curve larger than the width of 
the true distribution of the mosaic blocks. In fact, a 

TABLE I. Elastic-scattering coefficients at 
the maxima of the Bragg reflections (001) of 
PG using Mijssbauer y radiation of co5'(Pd). 
K~ and ue are the experimental results and the 
variance. 

TABLE 11. Inelastic-scattering coefficients 
at the maxima of the Bragg reflections (001) 
of PG using M6ssbauer y radiation of C O ~ ~ ( P ~ ) .  
N and ue are the experimental results and var- 
iance. 

numerical solution of the equations K ,  (Ea/2) =0.5Ki(0) 
yielded the mosaic-distribution parameters g, =43, g, 
=g3 =51.2. The constants used in the calculations were 
taken from the tables of Ref. 6. 

The calculations show that it is impossible to obtain 
in the kinematic approximation agreement with the re-  
sults of measurements with CuK, radiation @, 
=7.78- whereas the profiles and integrated re- 
flection coefficients in case 2 and in the case of the ex- 
act solution agree with experiment @, = R ,  =4.7lS 
The fact that the last two approximations yield the same 
result is  not unexpected, since p =9.246 cm-' (Ref. 7) 
and pll/sinbo=14.08. We note that the relation f re-  
quently used in practice for K, of PG is incorrect, 
since the ratio a t  the maximum of the (002) Bragg re -  
flection is o(O)/p =1.275 for CuK, radiation. 

The preceding results were obtained under the as-  
sumption that the PG crystal is  of the first  type in the 
Z ~ h a r i a s e n  c la~si f ica t ion,~ i.e., 6 =gh/locos90 << 1, 
where h is the wavelength and 1, i s  the average thick- 
ness of the mosaic blocks. Starting from the experi- 
mental e r r o r s  in the determination of the K3 profile, 
this inequality can be made more accurate: 6 lo-,. 
Therefore, taking into account the experimentally de- 
termined g = 51.2, we find that the dimensions of the 
coherently scattering blocks along the c axis and in the 
perpendicular direc!ion can be estimated re%pectively 
at I,, = l,sinS, a 570 A and lo, = L,cosb, 5 4400 A. The 
lower limit of the c dimension of the crystallites was 
determined by the density of the stacking faults in the 
graphite, which lead a t  an appreciable density to turbo- 
stratified disorderi the fraction of the turbostratified 
planes a t  1,,2 570 A is therefore p i  5.9 in goad 
agreement with the value pl =calculated with Bacon's 
empirical formulas for our measured value of c. 

It follows from our experimental results on MBss- 
bauer radiation that the profiles of the (002) reflection, 
calculated for K2 and K,, agree with experiment. None- 
theless, for  the maxima of the remaining Bragg re- 
flections the K, profile is  in better agreement with ex- 
periment than K,, owing to the decrease of the effective 
sample thickness with increasing order of the reflection 
(see Table I). With increasing scattering angle, the 
disparity between theory and experiment increases, a 
fact explained by the increase of the contribution af the 
second-order terms which were not taken into account 
in the estimate of the instrumental e r ro r s .  The calcu- 
lated coefficients of the integrated (002) reflection 
agree satisfactorily with experiment both in the step- 
wise and in the continuous scann'ing approximation 
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Measurement of the intensities of elastic scattering of 
the y radiation of shows thus a satisfactory agree- 
ment between theory and experiment, and this allows 
us to draw the following conclusions: 1 )  The existing 
theory of secondary extinction describes adequately the 
experimental results on elastic scattering of x rays and 
gamma rays in PG. 2) The crystallites in tee investi- 
gated P S  sample a r e  quite sizable ( I , , ~  570 A, lo, 
2 4400 A), and their normals have a Gaussian distribu- 
tion with a width A =0.664/g3 =45' i 2 '  a t  half-maximum, 
with a center of gravity that coincides with the normal 
to the sample surface within i3', and with a fraction of 
turbostratification-disordered planes p, a 5.9. 

b) Inelastic scattering. The inelastic scattering in- 
tensity of the resonant y quanta in pyrolytic graphite 
was measured simultaneously with the elastic scattering 
by the procedure described above. Measurements were 
made along the profile of the (002) Bragg reflection and 
at the maxima of the reflections (004), (006), and (008). 
The experimental results normalized to the intensity 
I ,  are  given in Table 11. The intensity of the inelastic 
scattering at the Bragg peak (002) could not be regis- 
tered in the interval i2". 

The experimentally determined ratio R of the in- 
tensity of the inelastic scattering to  the intensity of the 
primary beam can be represented a s  a sum of the con- 
tributions of the thermal diffuse scattering R, and of 
the Compton scattering R.. We estimate the latter scat- 
tering channel in the free-electron-gas approximation. 
If we neglect the instrumental e r r o r s  and the dependence 
of p on the energy of the scattered quanta, then 

A 

where n is the density of the free electrons (four elec- 
trons per atom) participating in the Compton scattering, 
a,  is the differential cross  section of the Compton scat- 
tering, and pe is the effective absorption coefficient and 
takes into account the attenuation of the primary beam 
by the secondary extinction. F a r  from the Bragg direc- 
tion we have a=O and p, =2p. On the other hand, if the 
Bragg condition holds. we have, say for  (002) reflection 
of "Co radiation, the ratio pe(0)/2p =1.6, s o  that the 
dependence of p, on 6 can lead a t  a small divergence of 
the primary beam to a dip in the inelastic-scattering 
intensity a t  the Bragg peak. With increasing order of 
the reflection, the corrections needed in (5) to account 
for a a re  small.'' 

The cross  section a, was calculated, with only the 
Fermi screening taken into account, by the procedure 
of Ref. 9, which yielded the upper bound of a,. Under 
the condition of our experiment, the scattering angles 9 
were not large enough to excite the Compton effect on K 
electron!, but for all 9 we had S = (4n/A)sin9> kcr , where 
k o  =1.4 A-' is the critical wave vector of plasmon ex- 
 ita at ion,^ s o  that the plasmons do not contribute to the 
inelastic-scattering intensity. 

When account is  taken of the primary beam-diver- 
gence, pe in (5) must be replaced by pi,  where I/& 
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is the convolution of 1 /pe(& ) with the instrumental func- 
tion. Since the horizontal and vertical beam divergences 
a8 (0.78") and ~ c p  (1.95") exceed the width G o  of the func- 
tion a(& ), i t  can be shown that 

where H =(co/2)(~9-' +acp"), C, =0.664/g. If, for ex- 
ample, the secondary extinction is negligibly small or  
E o  << A 9  and co << AcP, then (6) leads to the natural result 
@: =2p. The value of R given in Table I1 was calcu- 
lated with account taken of the instrumental e r r o r s  and 
of the dependence of p on the energy of the scattered 
quanta. 

The Debye-Waller factor exp(- 2M), which was used 
in the calculation of the elastic and inelastic scattering 
intensities, was determined by us by using the PG pho- 
non spectrum obtained in Ref. 10 within the framework 
of the Born-Karman theory. The value of M obtained 
for the reflections (001) in PG a t  T = 293 Kis  0.383 sin28/ 
A2. 

The value of R$' of single-phonon scattering by acous- 
tic vibrations with allowance for the anisotropy of the 
elastic constants was calculated by following mainly Ref. 
11. The reciprocal-space volume that contributes to  
the scattering" was approximated by an equivalent 
sphere of radius 7. When estimating the contribution of 
the optical vibrations to  the TDS intensity it must be 
noted that the dispersion of the optical branches whose 
polarization is parallel to the scattering vector is negli- 
gible inside the sphere of radius 7. In this case the 
ratio of the intensity of TDS by the optical vibration to 
the intensity of TDS by the acoustic ones is k, =o; /wg,  
where w, and w, a r e  respectively the frequencies cor- 
responding to LA phonons with wave-vector modulus 
7/2 and to TOL phonons in the center of the Brillouin 
zone, respe~t ively . '~  According to  Ref. 13, in the Ein- 
stein approximation, the ratio of the second- and first- 
order TDS intensities is  equal to M. Thus, R ,  = ~ $ ' k ,  
where k = (1 +k,)(l +M). 

To reconcile the theory with experiment, we chose 
the varied parameter to  be the shear modulus c,, whose 
value, a s  shown by many measurements of the elastic 
constants and of the specific heat a t  low  temperature^,'^ 
depends strongly on the quality of the graphite. The 
other elastic constants remain practically unchanged 
on going from natural single-crystal graphite to PG 
with turbostratified disorder and their values in units 
of 10'' dyn/cm2 arer5 c,, =106*2, c,, =18*2, c13= 1.5 
i0.5,  c,, =44*2,c3,=3.65*0.10. 

Our experimental results have shown that c4, 
= (2.5 i 0.3). lo8 dyn/cm2, in agreement with the results 
obtained for  PG in Refs. 14 and 15. The.corresponding 
calculated values of R$', R ,,, , and k are  listed in 
Table 11. For other values of c,,, including all the sets 
of the elastic constants obtained in Ref. 16, the calcu- 
lated R,,, do not agree with experiment. 

In conclusion, we summarize the conclusions of Sec. 
2b. The existing theory of inelastic scattering with ac- 
count taken of the anisotropy of the elastic constants 
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permits a satisfactory description of the experimental 
results, the elastic constants calculated by using the 
model of the dynamics of the graphite model in the 
Born-Karman approximation agrees with experiment 
within the limits of errors, whereas the elastic con- 
stants obtained by the analytic-potential method16 do not 
agree with the experimental results. The use of the 
proposed procedure of inelastic scattering of Mbssbauer 
y radiation for the study of the properties of P G  has 
shown that this method is  effective2) when it comes to 
determining the shear modulus c, and by the same token 
the quality of the graphite. This method can be used 
equally well for the separation of the elastic and in- 
elastic components in scattering with high resolution 

eV), both in solids and in liquids o r  gases that 
do not contain Massbauer isotopes. 

')For 14.4-keV radiation, the ratios a(O)/p for the reflections 
(002), (OM), (006), and (008) are respectively 1.99, 0.32, 
0.1, and 0.06. 

2 ) ~ h e  method of scattering thermal neutrons is not effective for 
the measurement of elastic moduli 5 lo8 dyn/cm2, in view of 
the small energy resolution, - lo4 e ~ . ' ~  
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A quantized semimetal film in strong transverse magnetic fields H is considered. The thermodynamic 
characteristics of the system are calculated with allowance for the Coulomb interaction. Transitions to the 
excitonic phase are predicted for certain relationships between H and the band overlap E,, and the phase 
diagram of the system is calculated. Field-induced rearrangements in equilibrium quasi-twodimensional 
semiconductors are also studied. 

PAC3 numbers: 73.60.F~ 

Quasi-two-dimensional electron systems in strong separated e and h in strong fields.' 
transverse magnetic fields H are now an object of in- 
tensive theoretical and experimental study. The interest 
in them is stimulated by the complete discreteness of 
the electron spectrum, which gives rise to their highly 
unusual properties. The phase transitions in such sys- 
tems have been studied in a number of papers: the mag- 
netic-field-induced crystallization of electrons in in- 
version layers (see, e.g., Refs. 1-5), the formation of 
droplets of a nonequilibrium electron-hole (e - h)  liquid 
in quasi-two-dimensional semiconductors in strong 
fieldsV6 and the transition of an e- h plasma to an  exci- 

A special place amongst these "quasi-zero-dimen- 
sional" systems is  occupied by size-quantized semi- 
metal filmss in strong fields H: the properties of such 
systems have been studied experimentally in a whole 
series of papers (e.g., Refs. 10  and 11). For a syste- 
matic description of the kinetic properties of these sys- 
tems it is necessary f i r s t  of all to study the ground 
state and thermodynamics of the electron Fe rmi  liquid 
in the films. It i s  precisely these problems that are 
considered in the present paper. 

tonic phase in such semiconductors7 and in systems with We shall confine ourselves to a two-band model of the 
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