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The magnetic disorder—order transition in the Rh-Fe alloy is studied by conversion electron
Moéssbauer spectroscopy. The drastic increase of the area under the Mossbauer spectrum at the
transition from the paramagnetic to the magnetic state could be explained by diminishing the
internal conversion coefficient. Thus our experimental results directly confirm the theory of the
collective effect in the system of radiating nuclei developed by Yukalov [11].
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I. INTRODUCTION

There were many experiments in which a strong in-
crease of the area under the Mossbauer spectrum be-
low the transition temperature from the paramagnetic
to the magnetic state was observed [1-3]. After a correc-
tion due to the saturation effect the increase of the area
under Mossbauer spectrum below the Curie point 7, as
compared to the spectrum area in paramagnetic state
reached 20 = 50%. They attempted to find the explana-
tion of this phenomenon in the abrupt changes of the
phonon characteristics (a strong increase of the Debye
temperature and thus of the Debye-Waller factor) when
the material passes to the magnetic order state. This
explanation however contradicts other experiments such
as neutron scattering, sound velocity measurements, etc.
where no lattice anomalies have been observed passing
from a paramagnetic to a magnetic state.

It should be noticed that the area change under the
Mossbauer spectrum was observed only in the so called
absorption experiment when the investigated material
represented the absorber in the Mossbauer absorption
geometry or a scatterer in the scattering geometry. Very
interesting results were obtained in the paper of Babikova
et al. [4] in which two Mossbauer experiments were de-
scribed on a Ni®Fe sample in the range of the Curie
point (T, = 625K). In these experiments the tem-
perature dependence of the Mossbauer spectrum area
was measured in two ways: by using Ni®“Fe sample
(1.2 at %°7Fe) as an absorber (the single line source
>7CoCr was at room temperature) and by using a °*CoNi
(1.2 at % Co) as a source while the single line stainless
steel absorber was at room temperature (source experi-
ment).

It should be noticed that the first experiment showed
a sharp increase of the area under the spectrum below
Curie point while at the second experiment when a ra-
dioactive source was incorporated into the Ni material
no magnetic anomalies were observed. This second ex-
periment casts doubt on the reason that such magnetic
anomaly could be found in the drastic change of the
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phonon characteristics of the samples. Of course there is
some difference between the two samples: the Mossbauer
absorber Ni®"Fe (1.2 at %°"Fe) and the source Ni®"Co
(1.2 at % Co), but it is most unlikely that the phonon
characteristics of the sample depends on the impurity
element (Fe or Co) so strongly.

That is why the authors of ref. [4] proposed that the
drastic change of the Mossbauer spectrum area below the
Curie point was not related to the change of the Debye—
Waller factor f’, but to a change of the resonance cross
section o through the change of the conversion coeffi-
cient, because the conversion coefficient is the only quan-
tity in the expression of ¢y which could depend on the
behavior of the electrons during a magnetic transition.

Later, Kolk et al. [5] carried out a research on tem-
perature dependence of the recoilless fraction near the
Curie point for a sample of °’Co in a matrix of 100%
6Fe (source experiment). The authors did not observe
any abrupt change of the spectrum area (respectively of
the Debye-Waller factor of the source f;) at T, but a
small deflection of df;/dT at this point was observed.
It should be noticed however, that two different meth-
ods have been used to measure the f;(7T) dependence
below and above Curie point respectively. On the other
hand the experimental errors in the f;(T) dependence
were rather high, so the observed deflection at the Curie
point is not evident.

Dvoretski et al. [6] did not observe any temperature de-
pendence jump of the 3"CoNi Mdssbauer emission spec-
trum area at the passage through the Curie point as
well. In addition they had measured the X-ray and ~—
radiation energy spectrum of a ®*"CoNi for the tempera-
tures above and below the Curie point. The relative peak
intensities of the X-rays and y-radiation did not change
more than 1% at the Curie point. That means the con-
version coefficient, of the 14.4 keV y-radiation of a °"Fe
nucleus does not change at the magnetic transition ei-
ther.

Summarizing the above mentioned experiments, one
can say: the area under Mossbauer spectrum changes
when one passes trough Curie point only in an absorp-
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tion experiment. As the area depends both on the recoil-
less fraction and on the resonance cross—section of the
absorber it is not possible to determine only from the
experiment which quantity is changed f’ or . There
is not any area change when passing through the Curie
point in the source experiment. That means the recoil-
less fraction does not change because the area in this case
depends only on f; (op is related to the absorber). On
the other hand confusing circumstance is the constancy
of the conversion coefficient when a radioactive source
passes from a paramagnetic to a magnetic order state.

Standing on neutron scattering experiments, sound ve-
locity measurements, etc., Yukalov [11] has shown that
the Debye—Waller factor and the Mossbauer effect proba-
bility did not change more than 1% due to the magnetic
transition. So, no magnetic anomalies of the spectrum
area are to be expected due to the changing of this quan-
tity.

In what follows we shall describe an absorption exper-
tment in which the abrupt increase of the spectrum area
below the Curie point could be explained directly by a
change of the resonance cross—section (conversion coef-
ficient) without turning to any theoretical consideration
or other sort of experiments.

II. THE EXPERIMENT

To avoid thickness saturation effect a conversion back—
scattering electron Mossbauer spectroscopy was used. In
this case the surface and the layers in the immediate
vicinity of the surface should work.

For the 14.4 keV resonance line of ®"Fe, the K-shell
conversion electrons of 7.3 keV with the subsequent
5.6 keV Auger electrons give the main contribution to
the back—scattered resonance spectrum. The contribu-
tion of the L, M shells conversion electrons with the en-
ergy 13.56 keV and 14.32 keV respectively is only 6% of
the K—shell group. Concerning the L-M M Auger elec-
trons, due to their small energy (0.5-0.6 keV), they could
be neglected.

The range of the K—shell group of electrons in iron is
not more than 2000 A, but due to multiple scattering
and nearly isotropic angular distribution actually 90%
of them emerge from a surface layer of a thickness not
greater than 1000-1200 A [12]. Registering conversion
electrons with definite energy, one could make depth se-
lective analysis of the surface layer. It is obvious that the
higher the energy of conversion electrons the more close
to surface they are emitted. Thus we could select a very
thin layer of the sample less than 300 A to avoid any
thickness effect.

A Rh-30 at %°"Fe sample was chosen to study the
area change under the electron conversion Mossbauer
spectrum when the sample passes from a paramagnetic
to an antiferromagnetic state. In fig. 1 one can see the
lower part of a helium cryostat together with a propor-
tional counter for the conversion electrons working in
back—scattering geometry. A gas chamber made of stain-
less steel, in the bottom of which are mounted, first the

sample and then the proportional counter, is attached to
the helium vessel of the cryostat.

The proportional counter has the form of a cylinder
10 mm high and 56 mm in diameter. It is a multiwire
system consisting of two cathode and one anode grids.
The grids are stretched over washers of a foiled fibre glass
reinforced plastic. Both the anode grid and the cathode
grids are made of a gold—plated tungsten wire, 20 ym for
the anode and 50 pm for the cathode. The number of an-
ode wires 1s two or three. The distance between the two
adjacent cathode wires is 2 mm. The assembled counter
is placed before the sample and the distance between the
counter and the sample is 3 mm. By this means it is pos-
sible to i1solate electrically the proportional counter from
the body of the gas chamber and from the sample. The
gas chamber is filled with the He of 99.98% purity to
1 atm pressure at room temperature. If one applies to
the cathode grids several tens of volts of negative po-
tential with respect to the body of the gas chamber, the
anode—cathode potential difference and hence, the gas

gain will increase.
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Fig. 1. Proportional counter set up: 1 — gas chamber, 2
— 77K copper shield, 3 — aluminized Mylar window, 4 —
anode grid, 5 — cathode grids, 6 — anode high voltage sup-
ply, 7 — cathode voltage supply, 8 — teflon counter body, 9
— sample, 10 — temperature control, 11 — lucite window,
12 — lead shielding and collimator, 13 — v -source.

It was theoretically demonstrated that a rather large
part of the emitted resonant and non—-resonant electrons
had the energy under 50 ¢V [13]. Obviously these elec-
trons will be stopped by cathode grids at an appropriate
negative potential. Of course, the 3 mm He layer between
the sample and the counter will additionally slow down
the electrons emitted from the sample. The mean en-
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ergy lost of an electron in this gas layer is about 4 keV.
Usually, when lowering the temperature the gas ampli-
fication of the proportional counter decreases. So, only
the conversion electrons which are emitted from a very
thin layer at the surface of the sample contribute to the
conversion electron Mossbauer spectrum in the case. Our
evaluation of the thickness of this layer is less than 300 A.

Variation of the gas amplification leads to a change of
the resonance effect and of the area under the resonance
curve [14]. That is why a reference Mdossbauer scatterer
(an iron foil enriched with 90% °7Fe) was placed near the
Rh—Fe sample. In the temperature interval 77 K-58 K the
recoilless fraction for a metallic iron practically does not
change [15]. There is no magnetic transition for this tem-
perature interval too, so if there i1s some change of the
area under Mossbauer spectrum of the reference scatterer
it will be only due to the change of the gas amplification.
Using the ratio of the area of the Rh—Fe spectrum to the
area of an iron spectrum we could eliminate the impact
of the gas amplification variation.

130 1
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Velocity [mm/s]

Fig. 2. Conversion electron Mossbauer spectra of Rh—Fe
sample + reference Fe scatterer: a) ' = 77K, b) T = 58 K.

In fig. 2 two Mossbauer spectra of the investigated
sample and the reference scatterer are shown — at 77K
and 58 K respectively. The central line in fig. 2a cor-
responds to Rh—Fe sample in paramagnetic state. The
other six—lines spectrum corresponds to the reference
iron scatterer. In fig. 2b, below the Curie point the Rh—Fe
spectrum appears as a not completely resolved six—lines
spectrum.
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III. EXPERIMENTAL RESULTS AND
DISCUSSION

For a thin scattering layer the area under Mossbauer
spectrum could be written as

!

/
A = const ﬁ (1)

where f’ is the recoilless fraction of the scatterer sample
and « is the conversion coefficient. The obtained ratio of
the normalized Rh—Fe Mssbauer spectrum areas (to the
reference absorber) below and above the Curie point is

Ar=
AT—758K: 1.8440.10 (2)
T=7TTK

The question is whether this drastic change of the area
under Mossbauer spectrum below the Curie point could
be assigned to the change of recoilless fraction or res-
onance cross—section (conversion coefficient) ? The ex-
perimental value of f for °"Co-5"*Fe impurity atoms in
Rh at room temperature is 0.78 and at 4.2K — 0.87
[15]. For 77K we obtain f = 0.85 [15]. For metallic iron
(source experiment) the experimental value for f at 77K
is 0.8 = 0.9, so for the alloy Rh-30 at % ®"Fe we could ac-
cept f' = 0.85 too. If we assume that the change of the
area is produced by the change of the recoilless fraction
we should accept that in a magnetic order state f’ grows
up to 1.7 which is impossible as the recoilless fraction
is a probability, so 1t can not be more than unity. Then
the next explanation should be sought in a change of the
conversion coefficient.

The value of the conversion coefficient in the paramag-
netic state is 8.2 [15]. Taking into account the constancy
of f, from equations (1) and (2) we obtain for the con-
version coefficient in a magnetic order state the value 3.2.
Thereby, we have shown directly without assuming any
theoretical considerations that in the absorption (scat-
tering) Mossbauer experiment the abrupt change of the
spectrum area below the Curie point has to be assigned
to the change of the conversion coefficient.

In ref. [11] Yukalov has theoretically considered the
possibility of a change of the conversion coefficient when
the “resonance atoms” in the absorber pass from a para-
magnetic to a magnetic order state. The basic idea is as
follows: the system of Mossbauer nuclei in a resonance ex-
citing field (incident and reemitted y—quantum) is equiv-
alent to an ensemble of two level emitters. These emit-
ters interact with each other through a virtual photon
exchange. The strong hyperfine field in the case of mag-
netic order aligns the ”magnetic dipoles” (emitters), as
a result a coherent state is formed, producing a coherent
~-resonance radiation.

This phenomena of coherent radiation is analogous to
the so called superfluorescence first described theoreti-
cally by Dicke [7]. Such a phenomena was carefully inves-
tigated, both theoretically and experimentally in the op-
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tical range of energies Ey, ~ 1 eV =100 €V (see, e.g., the
reviews [8,9]), in which case the wave length A, is much
greater than the average distance between the emitters
a~ 1078 cm.

In the energy range of the X— and ~-rays the situa-
tion is opposite: Ay, < a. Nevertheless, in the presence of
a strong magnetic field (in the case of M1 transitions)
it was shown that the coherent state of emitters can be
formed as well [10].

When such a coherent radiation takes place in the sys-
tem of nuclei, the conversion coefficient of the single nu-
cleus (ap) transforms into a conversion coefficient of an
ensemble of nuclei (o) by the equation

ap

1+C

(3)

Qe =

where C'is the ratio of coherent to incoherent y-radiation
part

C = Icoh (4)
Iincoh

In our experiment the corresponding value of ratio (4) is
C ~ 1.56 assuming that all the effect of changing of the
spectrum area is due to the mechanism discussed. Such
value is in accordance with the theoretical estimations

[10,11].

The coherent state formation in the system of res-
onance nuclei is a collective effect which appears in a
Mossbauer absorption or scattering experiments. In the
case of a Mossbauer source experiment such a collective
phenomena is impossible. Indeed, the number of emit-
ters during the lifetime of the 14.4 keV °Fe exited state
which is of the order of 10=7 s is too small to realize the
coherent state, so the influence of hyperfine magnetic
field can cause only a negligible change of the conversion
coefficient of the order of 1075 to 1073 [11].

To conclude the discussion, we would like to stress that
the investigation of the collective effects in the X— and
~v—energy range is an open problem, both theoretically
and experimentally. In this respect a very promising tool
1s the Mossbauer spectroscopy as was demonstrated in
this paper. By an appropriate choice of the Mossbauer
isotope, of the corresponding matrix, and other param-
eters one can hope to increase essentially the coherence
coefficient C' (4) and this circumstance can be used in
the construction of a gamma-lasers.
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