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Abstract. A theory describing the time evolution of coherent scattering of a synchrotron
radiation pulse by a nuclear ensemble in a crystal subjected to acoustic vibrations is presented
for the case where the nuclei are vibrated in unison. A general multiple-diffraction scattering is
considered which involves scattering in the forward direction as well as the two-beam Bragg or
Laue diffraction as particular cases. The vibrations cause only the phase shift of the resonantly
scattered radiation field which depends on the positions of nuclei at the moments of excitation
and de-excitation. The time evolution as a resuit turns out to be insensitive to vibrations, It is
shown that the time evolution of scattering from two vibrating crystals contains information on
their relative motion.

1. Intreduction

Mossbauer energy spectra are known to be very sensitive to nuclear motions. Harmonic
vibrations with a frequency f result in satellite lines which are spaced out with the period
2 fh [1] (see e.g. the review [2] and references therein). The small natural width of the
nuclear y-resonance I'g and the short wavelength of the Missbauer radiation Xy define the
scale of frequency and amplitude sensitivity of the Mdossbauer spectra to vibrations. For
example, in the case of 14.413 keV y-resonance of *'Fe nuclei the corresponding values are
[o = 7.068 x 105 s~ and Ay = 0.861 A. The different aspects of the effect of vibrations
on Mdssbaver energy absorption and diffraction spectra were considered theoretically in
[3-10].

The influence of vibrations on the Mdossbauer time spectra was investigated
experimentally recently in {11]. The effect of vibrations in the important particular case,
where the nuclei were vibrating in unison, on the time evolution of the nuclear Bragg
diffraction in a perfect ’FeBQ; crystal was studied. The time spectra were measured
by exciting the nuclei in the crystal by synchrotron radiation pulses (for reviews on the
Mdssbauer spectroscopy in the time domain see e.g. [12-14]). The influence of vibrations
in the same sample on the diffraction energy spectra was investigated earlier in [IQ]. It
was shown that unlike the energy spectra the time specira are not affected by the vibrations
excited in the ¥FeBO; crystal. This result was explained in [11] by the fact that after the
excitation by 2 synchrotron radiation pulse the nuclei vibrating in unison cause only the
phase modulation of the scattered radiation. Installation of the resonant nuclear absorber—
the second VFeBO3 crystal—downstream from the vibrating crystal revealed an effect of
vibrations in the time spectra of scattering from both crystals.
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We present a theory which was developed to describe the results of the experiment [11]
and was used there to fit the data. The theory is more general than the case investigated
experimentally. The influence of nuclear vibrations on the coherent nuclear scattering is
considered in a general multiple-diffraction case which includes the forward scattering as
well as the two-beam Bragg or Laue diffraction as particular cases, The theory is restricted
to the unison mode of nuclear vibrations which corresponds for instance to ultrasound
vibrations with the wavelength exceeding dimensions of the effective coherent scattering
volume in a crystal. The time dependence of nuclear coherent scattering from ultrasound
with short wavelength or from phonons is quite different and will be treated elsewhere.

In section 2 we derive general formulae useful for calculating the Mssbauer time spectra
of inelastic coherent scaltering, The dynamic equations for the multiple diffraction in the
vibrating crystal are derived in section 3. The solutions of these equations in general form
are obtained in section 4. The theory confirms the experimentally observed insensitivity of
Mossbauer time spectra to the unison vibrations of nuclei. This result is generalized to any
type of coherent scattering and to any form of unison vibrations.

In section 5 of the paper general equations for calculating the time spectra of the
successive scattering from two or more vibrating crystals are presented. Two particular
examples are discussed. The first one is the scattering from the vibrating Bragg reflector
and the absorber moving with constant velocity. The second example is the nuclear
forward scattering from two resonance absorbers. It is shown that the time spectra contain
information on the relative motion of the samples even if in that case the vibrations are not
synchronized with the synchrotron radiation pulse.

2. General formulae

To describe the time evolution of the coherent scattering of the synchrotron radiation pulse
from a nuclear ensemble in a crystal we shall follow the general procedure proposed in
[15] which has exploited the formalism of response functions. The method of [15] was
developed to describe elastic coherent scattering, namely, a spatially coherent scattering
without the change of the radiation frequency. We shall generalize the formalism to the
cases of inelastic coherent scattering, a spatially coherent process with the change of the
frequency. This type of scattering may occur due to nuclear vibrations, time-dependent
hyperfine interactions, etc.

We shall specify the type of inelastic scattering in the next section. Here we shall
consider the inelastic scattering in a general way by introducing a time~dependent scattering
amplitude R*Y(z, @) which is the response of a scatterer on the monochromatic wave of
frequency w and polarization . Inelastic scattering due to nuclear vibrations [3, 6,9, 16] or
time-dependent hyperfine interactions [17, 18] results in the appearance of new frequency
components in the spectrum of the scattered radiation. Therefore the inelastic scattering
amplitude unlike the elastic one (cf. [15]) is time dependent. We shall assume also that the
scatterer can change the state of polarization of the radiation from s’ to s.

It is convenient to proceed from the coherent incident radiation field of general form
Ein(t)., The actual properties of the synchrotron radiation field will be taken into account
later.

The electric field of scattered radiation then equals

g , _
ES() = _/: ) SR (1, ) Efy () exp(—ior) o

1

where Ej (w) is the Fourier transform of Ef (t). The formula (1) takes into account in an



Scattering by nuclei in vibrating crystals 7501

explicit form the phase relation between the incident and the scattered waves. It provides
the general procedure of calculating the time dependence of the coherently scattered field
via the Fourier transformation of the incident field.

The incident and scattered fields can be related directly with the help of the response
function G*°' (¢, #") which is defined as

55’ ’ * dw 55" : ’
G¥(t,t)= — R (¢, ) exp[—iw(t — t')]. @)
—oa 2T

The most general property of the scattering amplitude R (¢, @) is its analyticity in the
upper half of the plane of complex w values. As a result, the function G*'(¢,¢') is the
delaying function which equals zero at ¢’ > 7.

The expression for the time dependence of the scattered radiation field can be rewritten
now as a matrix product (or a generalized convolution) of the incident radiation with the

response function:
E'(t) = f dr'G** (1, 1) ES(1"). (3)
-0

From this relation it is clear that ¢/ represents the time instant of excitation while ¢ is the
time instant of de-excitation.

Let us now specify the incident radiation field. In our case it is a synchrotron radiation
pulse. The synchrotron radiation pulses have a duration T, typically ~ 1071° 5, which
is defined mainly by the linear size of the electron (positron) bunches in the storagz ring.
The synchrotron radiation pulse itself is a sum of many elementary radiation pulses, each
arising from an individual electron (positron) in the bunch. We associate the previously
defined incident radiation field Ej (1) with one of these elementary radiation pulses. The
individual duration of each elementary pulse, typically ~ 10~!! s, is shorter than T and
much shorter than the characteristic times of the nuclear scattering system, which are usually
> 1078 5. Therefore Ej;(') can be represented with a good accuracy by the delta function:
E (1) o« 8(¢' — tp). Elementary pulses arising from the different electrons are incoherent.
Thus the intensity of the scattered radiation I(s’, £) o |E°(#)|? should be averaged over the
to—the arrival time of each elementary pulse. As a result we obtain the general formula
for the time dependence of inelastic coherent scattering of the synchrotron radiation pulse
of duration T in the &' polarization state from a nuclear ensemble

No [T ,
160 =22 fc dio Y16 (1, o) @

with Ny being the number of photons in the unit frequency band per synchrotron radiation
pulse. The intensity given by (4) is summed over the final polarization states s of the
scattered radiation. In many practically important cases ¢ » T and we have simply

I, 6) = No ) |1G* (¢, ). ®)

Thus the problem of calculating the time evolution of scattering from the nuclear
ensemble is reduced to seeking the scattering amplitude R*'(¢, w) or the response function
G*' (¢, ) of the scatterer.

3. Wave equation

Let us consider a vibrating crystal in the form of a plate of thickness L in the z-direction.
Let the wavelength of the vibrations be so long that all the scattering parts of the crystal
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are vibrating in unison, i.e. the displacement () does not depend on the space coordinate.
To calculate the coherent electric field £(v, ¢} of the radiation scattered by nuclei in the
vibrating crystal we shali use Maxwell’s wave equation

1 d? 4mr d .

where (v, t) is the induced current density which is a2 quantum mechanical average of the
current density operator. To find the scattering amplitude we consider a monochromatic
incident plane wave with frequency o and wave vector kg:

E(r,t) = & explike - v — iwt). o

Taking into account the periodicity of the crystal lattice we represent the field inside the
crystal as the Bloch wave

E(r,1) =) En(z, 1) exp(iky - 7 — iwt) (8)

which is a sum of plane wave components with wave vectors &k, = ko <+ h,,. This sum
involves zll the reciprocal lattice vectors hy, of the crystal. If the nuclei of the erystal are
vibrating then the amplitudes E,(z, ) depend on time. The amplitudes depend as well on
the coordinate z due to refraction. Because of the same factors and within the framework
of the linear response theory the induced current density is also the Bloch wave

Fr )= Gz, 1) explikn + 7 — iwt). ©)

Since the refraction effect is small due to nuclear resonant and electronic scattering, the
z-dependence of the quantities E,(z,2) and jn(z,t) varies slowly as compared to the
fast oscillations of the exponential functions (this is the so-called slowly varying envelope
approximation)., We shall also consider the cases where the frequency of vibrations § is
much less than the frequency of the radiation w. These approximations allow us to reduce
the second-order Maxwell equation to a first-order differential equation for the quantities
En(z,1) and j,,(z, t) (see also [9,17,19])

d K 2
(’ymg + I-Edm) E,z, )= “T.?m(za 1) (10
where
oy = (k% — K¥)/K® Vi = kmz/ K K =wjc=2x/A. (11)

In the linear approximation one can derive the following general expression for the
components of the induced current density:

. iw Lol ) ; 3
Ja@ 1y = == D LB (6 DERE ™) + X Frant (0 Ene (2,1)] (12)
mis’
where the first term describes the nuciear current by means of the causal integral operator
while the second term corresponds to instantaneous electronic scattering. The integral
operator has the following form provided the nuclei are vibrating in unison:

~ i H
BSEY, = =5Tofu(®) > pin.(ge) f dr e{w — Wge, t — ) FA(TVESAZ, T) (13)
ge -
where

e(w, t) = expli(w +i'/2)t} Ju(t) = exp{—iky, - u(t}} (14)
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and
PE(Ee) = = S gl Bl el S} (—Rmle)
mm @?(2o+ 1)Volg &= 17 P
x exp{iChn — kim) - 1 — $1ZiCk) + Zilm)]}. (15)

The derivation of this expression and notations are given in the appendix.

The second term in (12) comresponds to the potential electronic scattering. The latter
cannot influence the time spectrum of the scattered radiation directly but in combination
with nuclear scattering it can be of importance, In (12) x5, is the Fourier transform
of the complex electronic polarizability of the crystal at rest; Fpuw () = fn(2) f.(2) is a
displacement phase factor.

The number of equations in (10) is equal to the number of amplitudes E,, which should
be considered. The latter is determined by the number of parameters «,, having values close
to zero. In other words it is equal to the number of reciprocal lattice points which lie near
the Ewald sphere ([k,,| =~ K) and obey the Bragg law.

We shall consider the general case of multiple diffraction in a perfect crystal. The
boundary conditions for the set of equations (10)-(12) then have the following form:

Ey(0, 1) =& {(forward beam)
E,0,)=0 ify,>0 (Lauve reflected beams) (16)
E (L, t)=0 ify, <0 (Bragg reflected beam).

Now the problem is formulated completely.

4. Scattering amplitude and response function

The problem, formulated in the previous section, can be solved by performing the following
two operations. First we eliminate the time-dependent factors f,(¢) from the equations
{10)—(13) by the substitution

E,(z,t) = fult)Bu(z, £) (17
where B, (z, t) are new unknown functions. The boundary conditions for By,(z, ¢} are time
dependent:

By(0, 1) = & explikg - u(h)}

Bn(0,) =0 ify =0 (18)

By(L,ty=0 ify, <O.
Henceforth we shall confine curselves to the case of harmonic vibrations with amplitude d,
frequency 2 and initial phase ¢

u(t) = dsin(82t + ¢). (19
In this particular case the boundary condition for By(0, t) takes the following form after
substitution of equation (19) in (18):

By(0, 1) = Epexplibosin(Qt + @)} = €0 Y Ju(bo) explin(Qt + )} (20)

n==0C

where J,(bg) is the Bessel function of integer index n; b, = kn - d is a dimensionless
amplitude of vibrations in the direction of the wave vector k,,, which is called the modulation
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index. In equation (20) a well known expansion of the exp{ibo sin(227 + ¢)} function was
used [20].

The evidence of the second operation follows from the next observation. The integral
over time in (13) could be calculated explicitly if B,,{z, t) were the monochromatic wave.
However the boundary conditions (18,20) do not allow this kind of solution. Instead we
can find the solution for By {z, t) as a sum of monochromatic waves

Bn(z.t)= Y, B explin(Qt + ¢)). 1)

n=—co

Since the equations are [inear with respect to the functions B,, their form is conserved for
each spectral component B as well. But now the time integral over time in (13) can
be calculated explicitly because the functions B¢ do not depend on time. As a result we
obtain the following set of equation for the amplitudes of monochromatic components B¢

d X K '
(}’m'&z‘ + 1—2—a,,,) B (z) = iz Y g5 Ao — Qn) B (@) (22)
m's*

where

58 _ p-:::n‘ (gB) FD/Z 58
gmm-‘(w) = ; (CU _ w&e + il-./z) + Xmm" (23)

The boundary conditions for B (z) take the form

B{(0) = EoJn(bo)
BB0)=0 if yw >0 (24)
BM(Ly=0 if ym <0.
The equations (22) with the boundary conditions (24) represent the standard problem of
y-ray diffraction in a crystal at rest. Such a problem was solved earlier in many particular

cases. For example in the case of forward scattering (one-beam diffraction) the solution
involving no polarization state mixing is obtained from (19) directly

J{R . KZ L F 3 J7
Bi™(z) = exp [l-z—ggm(m - Qn)] B™(0). (25)

In the Bragg and Laue cases of two-beam y-ray diffraction the solutions were given in
[21-24]. The case of multiple diffraction was considered recently in [23]. Therefore we
shall assume that the functions B{"(z) are known. The nth component of the scattering
amplitude is then equal to

B:;(n)(zau.')
Bg'(")(o)
where z,,; = L for the forward-scattered and for the Laue-reflected beams (3, > 0), and
Zour = 0 for the Bragg-reflected beams (3, < 0). As a result the total scattering amplitude

Rf,f(',(t, @) of the vibrating crystal can be expressed through the scattering amplitude of the
crystal at restt

RS, @) = ful®) Y Risp(e — Q) J, (By) explin(21 + ¢))}. 27

R (w0 — Q) = (26)

1 We denote hereafter the quantities for the crystal at rest by calligraphic symbols.
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The substitution of this expression in (2) results in the general formula for the response
function of the vibrating crystal

G“J o(. 1) = ful®) A"o(t - 1) fo (t) (28)
where
) = d ,
() = f_ - %Rﬁ,(m) exp(—iwt). 2%

Equation (28) shows that acoustic vibrations iead only to the phase modulation of the
response function for the crystal at rest through the factor

Tt} fo (¢') = exp{—ikm - u(®) + iko - u(t')} €y

which arises from the difference in positions of the nuclens at the moments of excitation
and de-excitation. However, this phase factor disappears in the time spectrum—(4), (28).
It is for this reason the time spectra for the vibrating crystal measured in [11] turned out to
be the same as for the crystal at rest.

The result obtained can be explained in another way too. Let us transfer from the
laboratory reference system, where the crystal is vibrating, to the one attached to the crystal.
This transformation leads to the situation where the crystal is at rest and all other objects
(the source of radiation and the detector) are vibrating. In the new reference system we
obtain (28) directly. The crystal at rest is described by the response function gf;(;(t —t")
while the function (30) takes into account the phase shifts due to the displacement of the
source and the detector. It is also worth noting that this result is valid not only for the
harmonic vibrations given by equation (19). It can be generalized to any form of unison
motion u{t).

5. Scattering by two crystals

5.1. General consideration

As was shown in [11] to reveal the vibrations in the time spectrum an additional nuclear
resonance scatterer should be introduced. For this reason we shall generalize the problem
and consider cases of successive scattering of the synchrotron radiation pulse from two
crystals where both of the crystals (or one of them) are vibrating.

The radiation scattered by the first crystal is the incident radiation for the second crystal.
Taking this into account and using (3) we obtain immediately that the response function
for the system of two vibrating crystals is a convolution of the response functions of these
crystals

Gult, 1) = Galt, ") @ 611", 1) (1)
where the hat symbol denotes a matrix and the symbol & stands for

ff '

(Bt ® A", LS, = f dr” BSS, . (t, tNASE (27, 1)

=f§18)(t)lz.[ dt” mm" H)f(B)*(tH)f(A) (r”)Af-:s:n (tﬂ .f)}f"(;f)* (tf)-
(32)

Index m” denotes here the direction of the beam between the two crystals.
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From these formulae one can observe that the time spectrum 73; () o [Ga1 (2, 0)2 will

be affected by the relative motion of the scatterer through the factor

Fat(t") = fu" (") £ (¢") = explikens + [ (") — w* (¢} (33)
in equation {32). It is also worth noting that the procedure presented by the (31)-(32) allows
us to consider successive scattering from any number of scatterers.

In the derivation presented above we have assumed that the distances from the source
to the first crystal L;, between the crystals L. and from the second crystal to the detector
Ly are small enough that the condition Awl;/c « 1 is fulfilled. Here x = 5, d, ¢ and
Aw is the characteristic frequency interval of resonant scattering which is typically about
1000g/%. If this condition is not fulfiled, for example the distance between the crystals
L. is large, then equation (31) should be revised by taking into account retardation effects.
This will be accounted for by a response function of the empty space.

It is clear that the scattering amplitude of the empty space with the length L, is
Ry(w) = exp(iK L,) = exp(iwt,) where ¢, = L,/c with x = s, d, ¢. The quantities ¢, 4
and 2, represent the time of flight of the light through the empty space. The substitution of
this function in (2) results in the response function G, (f, ") =8( —#; — ).

The resultant response function of the successive scattering from two crystals which
takes the propagation in the empty spaces into account should be a convolution of five
response functions instead of two in equation (31). Two of them are response functions of
the crystals themselves while the other three are the response functions of the empty spaces
around the crystals, which are simply delta functions. Performing explicitly the convolution
with the delta functions we finally obtain the following formula instead of (31):

G, 1) = Galt — 10, " + 1)@ G 1", +15). (34)

This formula describes the successive scattering from two crystals with allowance for the
retardation effect due to the finite light velocity. The manifestation of this effect in the
energy Mossbauer spectra was discussed in [7,26]. This effect may play an important role
provided 7. is comparable with the nuclear lifetime 7y = 2/ I'g. In the case of the 14.4 keV
nuclear resonance in *’Fe this comesponds to the distance L. between the scatterers of a
few tens of metres. These are special conditions. For the sake of simplicity we shall neglect
this effect in the consideration of the following particular cases of double-crystal scattering.

5.2, Specific case considered in [11]

Let us consider the case of scattering by two crystals (figure 1(a)) where the first one is the
vibrating Bragg reflector () and the second one is the resonance absorber (72;) moving
with constant velocity v. This case was studied experimentally in [11].

The motion with constant velocity is a particular case of vibrations, namely with zero
frequency. Under these conditions the phase factor (14) is reduced to f,{r) = exp(~i@wu,#)
with @y, = k,, - v which is the Doppler frequency shift in the direction of the wave vector
K.

According to the general equation (31) and by (14), (19}, (23), (28), (29) we obtain

Gult, 1) = 5@ Y Julbm) exp{—in(Qt + @G5 ¢ — 1) (35)
where

() de 5 5 :

600 = [ 52 Ratw + O — o @) xp(=icn) (36)

Here index m’ denotes the direction of the beam between the two crystals,
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Figure 1. Double-crystal scatiering arrangements. (a} The vibrating Bragg reflector (R;) and
the resonance absorber (2} moving with constant velocity. (b} The same as before, but with
the opposite sequence of the scatterers.

If the absorber is the first and the reflector is the second (figure 1(b)) then a similar
calculation leads to the different result

Gt 1) = fu(®) Y, Jnlbm) explin(Qf + )10 ¢t — 1) (37)
where
G}?(z) = f gﬁa(w)ﬁl(w + Qn — w,y) exp(—iwt). (38)

In the following we shall assume that the synchrotron radiation pulses are not locked in
phase with crystal vibrations. Therefore in calculating the intensity we have to average
equation (5) additionally over the phase ¢. As a result we obtain for the time spectrum

1() = No y_ WGP 0 (39)

where W, = J2(b,).

In practice it is difficult to excite vibrations with the amplitudes homogeneous over the
whole volume of the crystal. However, if the amplitudes are homogeneous in sufficiently
farge volumes with linear dimensions about 10 um (see e.g. the discussion in [10,11])
then (39) is still applicable but with the weights W, averaged over a distrtbution of the
amplitudes or correspondingly over the modulation index. The Rayleigh function is known
to be the distribution that gives a good agreement with experimental results

P(b) = (b/2b%) exp(—b/b3). (40)

Here by is the most probable value of the modulation index. As a result of the averaging
procedure we have to replace W, = J2(b) by

W, = f oodb]f(b)P(b) = exp(—b% /)1, (b3/2). (41)
0

Here I,(x) is the modified Bessel function of integer index.

The scattering scheme considered in the present section can be used for measurements
of the quasispectral characteristics of the radiation scattered from the vibrated crystal (as
was performed e.g. in [11]). In this case the crystal moving with constant velocity is used
as a resonance analyser. Experimentally the velocity dependence of the intensity integrated
over the time region between successive synchrotron radiation pulses with exclusion of a
short time window 0 < ¢ < #,, just after the synchrotron radiation pulse is measured. This
dependence is described by the following expression

iy =N X W, [ adfnr, @
n tuw
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5.3. Forward scattering

In this section we shall consider a special arrangement of forward scattering by two identical
crystals containing the resonant nuclei, The first crystal is vibrating while the second one is
at rest (ws = 0). Each crystal is characterized by the same scattering amplitude R{w) and
response function G{¢#). We assume again no phase locking with the synchrotron radiation
pulses. In this case we may use (35), (36) and (39) for calculating the time spectrum.

‘We shall assume also that the frequency of vibrations £ is so large that the distributions
Ri{w) and R{w + Qn} practically do not overlap. In this case (36) can be calculated in an
analytical form for all values of # except £ =10

Gty = GO + exp(ian)] n#0. 43)

Substitution of this function in (39) leads to the following expression for the time
spectrum of the double-crystal system:

I1(r) = No [Wolggﬁ“ OF +4G@1P Y We cosz(ﬂn/z)]. (44)
n#D

If bz is small enough then according to (41) the coefficients W, decrease rapidly and we
come to an interesting result. Although the crystal vibrations are not synchronized with the
synchrotron radiation pulses the time spectrum has periodic modulation at the frequency of
the crystal vibration. This effect can be directly used for studying excitations in the crystals
caused by periodic perturbations.
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Appendix

To calculate the nuclear current density induced by an electromagnetic wave under multiple
diffraction in a vibrating crystal we shall follow the method previously used in [9] for the
similar calculations under the conditions of forward scattering.

It is convenient to start from the Fourier expansion of the nuclear current density in
terms of momentum

dk -
itr,0) = f Ty PR 1) Y exp(-ik ) e V). (B

Here the summation is performed over all nuclei of the crystal; ¥, (t) ts the time-dependent
wave function of the nucleus in the crystal site ¢ with position vector ry; _;-'a(k) is the
nuclear current density operator in &-space.

The current density for the individual nucleus in the first non-vanishing order of
perturbation theory is equal to

(Ya()lFa ()| Wal)) = ah +1)Z f dr exp{—i(wge — iTo/2)(t — T}

x{glda (B le) el Va (z)1g)- (A2)
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Here |g} and le} are the ground and excited state vectors of a nucleus respectively; I is
the nuclear spin in the ground state; wg, is the frequency of the corresponding resonance
transition; i?’a () is the time-dependent Hamiltonian of interaction of the ath nucleus with
the y-radiation. It is defined in a standard way

ﬁa(t) = ¢! fdr 5'.,('.1" —rg) - A(r, 1) (A3)

where A(r,t) is a vector potential. We shall consider the cases where the frequency
of the vibration €2 is much less than the frequency of the radiation w. Taking this into
account and using the Coulomb gauge with a zero scalar potential we have the relation
A(r,t) = —icw VE(r, ). Representing E(r, t} as a Bloch wave, equation (8), and using
the slowly varying envelope approximation we obtain afier simple transformations

Va(®) =i Ja(—kn) Bn (2. 1) explihon - 7o — w1)}. (A4)

The position vector of the ath nucleus 7, can be presented as a sum of the equilibrium
position vector R, and the displacement vector from this position 2,(z) duve to vibrations
(both thermal and externally induced), i.e. ¥, = R, + u,(z). The current density, given
by equation (A1), should be averaged over the initial state of the crystal, assuming its
thermal equilibrium. This will result in the appearance of the Lamb-Mdssbauver factors
exp[—Z,(k,.)] in the final expression for the current density. In the present paper we shall
neglect coherent inelastic scattering from phonons, therefore we shall assume henceforth
that u,(t) describes the vibrations induced only by an external force. The possibility of
inhomogeneous broadening of the nuclear resonance will be accounted for by replacing Fy
with I" (I 2 Tp). Substitution of (A4) in (A2) and then of (A2) in (Al) results in

dk X j; k j;.r _km’
P = [ explith-r - o) 33 3 SO Chllp

e m's' ge

X exp{—ik - u, (I)}f dre(w — wee, t — 7) exp{ikm»ua(r)}Ef,; (z, 7). (AS)

Here we use the notation (14) and
(gl (R)le) = (gl (k)le} exp{—ik - R, — $Z.(K)} (A6)
as a transition current between the states {g| and (e| at the ath site.

When all nuclei are vibrated in unison the vectors w4, do not depend on 4. Let us
represent the equilibrium position of nucleus as the sum R, =r; 4 p;,, where r; is a
position of the unit cell and p, is a position of nucleus inside the unit cell. Taking into
account the relation k,, - r; = 2mn and

Vo

3
S exp(—iks - 1) = ZE a0k — k) (A7)
j [

with V, as the unit cell volume we obtain finally after simple transformations (13)~(15).
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