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We calculate the Mossbauer effect for nuclei in samples containing two-level tunneling systems
and compare the phonon contribution to the Mossbauer effect with the contribution of two-
level tunneling systems. We find that at low temperatures the latter is dominates, which leads to
a special temperature dependence for the probability of the Mossbauer effect. © 1994

American Institute of Physics.

As is well known, the Mossbauer effect is the ability of
a nucleus bound in a solid to emit or absorb gamma-photons
in gamma-transitions without loss of energy through nuclear
recoil. The emission and absorption spectra exhibit unshifted
lines with an energy exactly equal to that of the gamma-
transition, and the width of these lines is equal to, or close to,
the natural linewidth. In this case the emission and absorp-
tion lines overlap, which makes it possible to observe reso-
nant absorption of gamma-photons.’

It has been established that the probability of the Moss-
bauer effect can be expressed in terms of the normalized
density of phonon states. At low temperatures, primarily
low-frequency acoustic phonons are excited. Since the den-
sity of states of these phonons is low, the probability of the
Mossbauer effect grows as the temperature lowers.

The dynamic and kinetic properties of disordered sys-
tems at low temperatures (T<1K) are determined by two-
level tunneling systems (TLTS),” whose density of states is
energy independent. As noted by Phillips,’ violation of order
in a small volume is sufficient for the occurrence of TLTS.
Hence the nucleus that emits or absorbs gamma-photons can
usually be expected to be in TLTS.

Since the density of states of TLTS is energy-
independent and since at low temperatures primarily low-
frequency acoustic phonons and low-energy two-level sys-
tems are excited, the Mossbauer effect for a nucleus in TLTS
may be determined by the two-level systems.

The aim of the present work is to study the Mossbauer
effect for a nucleus in TLTS.

A TLTS constitutes an atom or group of atoms that can
be in two almost equivalent equilibrium positions. Transition
from one position to the other is achieved through tunneling.
The main characteristics of a TLTS are the asymmetry en-
ergy A, the separation a of the two equilibrium position, the
height V of the potential barrier, and the tunneling energy
A0=the"‘, where A=+2mV a/h, m is the mass of the
atom, and wp is the Debye frequency.

The TLTS Hamiltonian is
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where s? and s* are Pauli matrices.
Transformation to the representation in which the TLTS
Hamiltonian is diagonal is achieved by introducing the uni-
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tary operator U= exp{igs”}, where tanp=A /A, and s” is the
y-projection of the pseudospin. In this representation the
TLTS Hamiltonian assumes the form

H=¢gs?,

where £= A%+ A% is the TLTS energy. The probability of
the Mossbauer effect is given by the following formula:!

f=exp{—kXx?)}, 1)

where k is the wave vector of the gamma-photon, and (x?)
the mean-square deviation from an equilibrium position.
Bearing in mind that a TLTS can be in two almost equivalent
equilibrium positions, we can write x =x,+ as’, where x is
the deviation from an equilibrium position.

In the diagonal TLTS representation for x we can write
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Substituting (2) into (1) and replacing s* with the respective
fluctuation, for a TLTS we obtain
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where p is the energy-density of states of TLTS, where
p=~1/exIn(Rema/€Aom)s Aom is the minimum tunneling
energy, and £ and &p,, are the minimum and maximum
TLTS energies, respectively.

Calculations in the approximation in which kgT, Agp,
and &, are much smaller than &, yield
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The first term inside the braces gives the phonon contribution
to the total probability of the recoilless process, and for T<<6
in the Debye model we have*
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where R is the recoil energy, 6 is the Debye temperature, and
kg is the Boltzmann constant.

The second term inside the braces in (3) gives the TLTS
contribution to the total probability of the recoilless process,
with a temperature dependence weaker than that provided by
the kz(xf)) term. This suggests that at low temperatures the
temperature part of the second term inside the braces in (3) is
dominates. Hence the temperature dependence of the prob-
ability of the recoilless process at low temperatures is deter-
mined by TLTS. Let us compare the phonon and TLTS con-
tributions to the total probability of the recoilless process for
Ir'?, Au'®’, and Eu'> nuclei present as impurities in solids
with a Debye temperature #~1000 K. The values of the en-
ergy of the gamma-photons and the recoil energy are taken
from Ref. 4 and are, respectively, 73 keV and 1.5X 1075 keV,
77.3 keV and 1.6x107° keV, and 97.4keV and 3.3X107°
keV.

In view of this, we have for the phonon contribution

fon(I''??)~exp{—0.26-0.17x1075T%},
fon(Au'®?)~exp{—0.28—0.18 10 °T?},
fon(Eu'3)~exp{—0.57-0.38x10~°T%}.

To estimate the TLTS contribution to the total probabil-
ity of the recoilless process, for the values of the parameters

Emaxs Aom, and a we take those for dielectric glasses:’
Emax~10°K, Ag,~1072K, and a~10""'m.
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For the TLTS contribution in the temperature interval
£9<T<egp,x We have

Frirs(Ir'?®)~exp{—0.35—0.7x 10 2T},
frirs(Au'®”)~exp{—0.4—0.8 X 10 2T},

frirs(Eu'®¥)~exp{—0.63-0.13X107'T}.

Since the total probability is the product of f,, and
f1irs, one can easily see that the dominant exponential func-
tion is the one with the greater exponent. From this we con-
clude that the temperature dependence of the recoilless pro-
cess in disordered systems containing TLTS in the
temperature interval £,<T<10¥ is determined by the two-
level systems.
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