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P. N. Stetsenko, V. V. Surikov, and

Nuclear spin echo and magnetic diffuse scattering of neutrons by Mn** nuclei in quasibinary
(Fe,_,Mn,); Al alloys are investigated. Three regions of resonant absorption corresponding to three
different positions of the Mn ions in the Fe;Al lattice are observed. The moments of Mn at various sites

- are determined from the magnetic moments obtained by neutron diffraction and averaged over the lattice.
The NMR and neutron-diffraction data indicate that Mn atoms with an antiferromagnetic orientation of
the local magnetic moments appear when the Mn concentration in the alloy increases.

PACS numbers: 76.60.—k, 61.12.Fy

Fe-Mn-Al alloys, just as Fe-Cr-Al alloys, have
high electric resistivity (p=1.5-2 ©-mm?/m) at rela-
tively high magnetization. The anomalies observed in
the temperature dependence of the resistivity, particu-
larly the presence of smeared out minima of p in wide
temperature ranges, 11 can be due to the specific char-
acter of the electronic structure of these alloys and to
singularities of the behavior of the local magnetic mo-
ments in them. The most important circumstance is
that in these systems exchange interactions of both the
ferro- and anti-ferromagnetic type take place, and leads
to appreciable changes in the local characteristics when
the atomic environment is varied.

Aparticularly acuteproblem is the determination of the
local magnetic moments of the manganese and iron atoms
(£(Mn) and p(Fe)) in these alloys. However, neutron-
diffraction methods yield only local magnetic moments
of all the alloy components averaged over the lattice,
and do not make it possible to investigate the distribu-
tion of the moments over the non-equivalent lattice sites.
and to ascertain the role of the atomic environment.

At the same time, methods of investigating hyperfine
interactions, and especially methods of measuring the
nuclear spin echo, have exceptionally high resolving
power and measurement accuracy, but it is quite diffi-
cult or impossible to determine the absolute values of
the local magnetic moments. Naturally, optimal re-
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sults can be obtained by combining these methods.

We have investigated the magnetic diffuse scattering
of neutrons and nuclear spin echo on the nuclei Mn®*® in
the quasi-binary alloys (Fe;-, Mn,);Al. The neutron-dif-
fraction investigations were carried out at the Central
Institute of the Solid State Physics and Metallurgy and
the Central Institute for Nuclear Research of the Acad-
emy of Sciences of the German Democratic Republic
in Dresden, while the nuclear spin echo was investi-
gated at the Moscow State University. The samples for
the measurements were smelted in an induction furnace
with strong cooling. The quenched ingots were reduced
in ball grinders to a powder with particle dimensions
not larger than 50 um. The concentrations of the man-
ganese and the aluminum in the investigated samples
are listed in Table I.

The nuclear spin echo on the Mn®*® nuclei was mea-
sured with a spectrometer operating in a wide frequency
band, using pulses of 1 psec duration and with 15 usec

TABLE 1.
za:ple C(Mn), at% | C(AD), at.% & kg i (Fe), bp | B (Mn), g
1 34 244 1.37 20 2.0
2 7.0 249 1.18 1.7 1.7
3 9.4 249 1.06 1.7 0.7
4 139 25.5 0.89 1.5 0.7
Copyright © 1977 American Institute of Physics 800
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FIG. 1. Nuclear spin-echo spectra of the system (Fe;.,Mn,),Al
at T=4.2°K (Ig,—intensity of spin echo, normalized scale; v—
resonance frequency, designated f in the text).

pauses between them. The measurements were per-
formed mainly at 4. 2°K, although some measurements
were made also at 1.5 and 80°K. Figure 1 shows .
spectra of the nuclear spin echo on Mn® in the investi-
gated alloys. A characteristic feature of these spectra
is the presence in them of three regions of resonant ab-
sorption at the frequencies f; = (172+2) MHz, f,=(219+ 2)
MHz, f;=(252+2) MHz., These resonances correspond to
three values of the effective magnetic field at the Mn®®;
Hy=-164+2 kG, Hy=-208%2 kG, and Hy=—240z2 kG.
The sign of the effective field was not determined in our
measurements, but the data for the Fe—Mn binary al-
loysm and the general laws governing the behavior of
the effective fields'! allow us to regard the fields at the
Mn® nuclei in the alloys (Fe,.,Mn,);Al to be negative.
The frequency of the resonance lines is not shifted with
changing concentration of the alloys, but an appreciable
change is noticed here in the relative intensity of the
resonance lines.

It should be noted that the very broad frequency band
in which resonance on Mn®® is observed (~ 100 MHz) in-
dicates that the change of H; of these alloys cannot be
due to the influence of the atomic environment alone,
and points to appreciable changes in u(Mn) over the alloy
lattice sites. When the resonance lines of the spectrum
are indexed, it is natural to relate them with three
types of sites in the FezAl crystal. It is known that in
the lattice of the ordered binary alloy FezAl the iron
atoms occupy vertices of cubes (Fe;) and centers of
small cubes (Feyr), while the aluminum atoms occupy
centers of the large cube centers (Al). According to
structure -investigation data, 14 pe_Mn-Al alloys con-
taining not more than 20 at. % manganese are solid solu-
tions that become ordered in the FejAl pattern. The
manganese atoms occupy predominantly the sites Fe;
and Fer;, and their number in Al sites is negligible.
Consequently, the peak with the minimum intensity (f;
=172 MHz) can be compared with the manganese atoms
occupying the Al sites. Next, the number of Fe;; sites
is double the number of Fe; sites, and consequently,
the peak with the maximum intensity (fs;=252 MHz) must
be set in correspondence with the Fey; sites. Thus, the
central line (f,=219 MHz) corresponds to manganese
atoms situated in the Fe; sites. A decrease in the rel-
ative intensity of the f3=252 MHz line for samples 3 and
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4 containing the maximum amount of manganese is due,
as will be shown below, to the fact that the orientation
of a certain part of u(Mn) reverses orientation and be-
comes antiparallel (relative to the direction of the aver-
age moment). The integrated intensity of the resonance
lines was used to calculate the parameters P;, that de-
termine the relative content of the manganese atoms in
the i-th sites of the j-th sample.

The table lists the values of the local moments of
manganese and iron, averaged over the volume, and de-
termined by a neutron-diffraction method for the same
alloys in which the spin-echo spectra were measured. ts3
The measurements of the magnetic diffuse scattering of
the neutrons were made in an external magnetic field of
4,5 kOe. The calculated effective cross sections were
corrected to take into account the multiple scattering,
the thermal diffuse scattering, and the absorption. The
determination of u(Fe) and u(Mn) was carried out under
the assumption that u(Al)=0, and that the delocalized
magnetic moment of the alloy is due mainly to the pres-
ence of the iron and amounts to -0. 12 uy per atom,

The table lists also the alloy magnetizations measured
by a ballistic method. These data, jointly with the ex-
perimental results of measurements of the spin echo,
have made it possible to construct the system of equa-
tions

Y Pan=n. apctbn=H, ¢
1

where the subscripts i=1, 2, 3 correspond to the crys-
tallographic positions of the lattice sites, while j=1, 2,
3, 4 corresponds to the given sample (see the table).
The solution of the system (1) has made it possible to
determine the local magnetic moments of the manganese
for the three types of sites: u(Mn)=0.4 pp, 1.6 pg,
and 2.4 pg for Al, Fe;, and Feq;, respectively. These
values of u!(Mn) are determined by the configuration of
the environment typical of the given type of site, and do
not change with changing concentration of the alloy.

The decrease of the average moment of the manganese
takes place as a result of the change of its concentration
in various sites and as a result of the change in the di-
rection of the moments for part of the manganese atoms
situated at the Fe; sites. The variation of u(Mn) as a
function of the type of site is determined to a consider-
able degree by the presence of iron atoms in the nearest
coordination spheres. As shown earlier, " in Fe~Mn-~
Ni alloys the increase of the number of iron atoms in
the nearest environment of the manganese leads to an
appreciable decrease of u(Mn). The same regularity
appears also in Fe-Mn~Al alloys. For the Fe;; sites in
the first coordination sphere, there are 4 aluminum
atoms and 4 iron atoms; for the Fe; sites the first co-
ordination sphere is completely filled with iron atoms,
while the second sphere is filled with aluminum atoms.
For the Al sites, the first and second coordination
spheres are completely filled with iron atoms.

The physical mechanism of variation of pf(Mn) may
be connected with the change of the interaction energy,
for example, the energy of the intra-atomic Coulomb
interaction, and also the change of the local density of
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the electronic states with changing number of neighbor-
ing iron atoms. In addition, pf(Mn) can be greatly in-
fluenced by the delocalized.spin density, the spatial dis-
tribution of which has a complicated character and de-
pends to a considerable degree on the type and the dis-
tribution of the neighboring atoms.

The solution of the system (1) has made it possible
to determine the coefficients of the hyperfine interac-
tion in the relation

' (Mn) =ap'(Mn) +bg,

which turn out to be a= ~40 kG/pnp and b= — 100 KG/ i5.
The values of these coefficients point to an appreciable
degree of delocalization of the spin density in the alloys
(Fe;-xMn,)sAl.

For samples 3 and 4 with maximum manganese con-
tents, we determined also the relative numbers of man-
ganese atoms with antiferromagnetic orientation £ (Mn).
It turned out that for sample 3 about 50% of the manga-
nese atoms situated at the Fep; sites have antiferromag-

netic orientation. For sample 4, this value is 60%.
This conclusion is confirmed also by neutron-diffrac-
tion data, which have established the presence of man-
ganese-enriched segregations in samples 3 and 4. The
probability of flipping of 1(Mn) in such segregations,
by virtue of the negative exchange interaction between
the neighboring manganese atoms, can be quite high.
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Evolution of the spin system of a solid paramagnet after the sudden introduction of frequency detuning A
between the subsystems involved in cross relaxation (CR) is considered. The calculation is carried out by
the density-matrix technique using projection operators and is applied to the general case of
nonequidistant EPR and NMR spectra. It is shown that after a time of the order of ®; '(wy is the local
field frequency) the energy of the nonsecular part of the spin-spin interactions, which is responsible for the
CR, is mixed with a part of the Zeeman energy, thus forming a quasiequilibrum “difference” pool. At
|Al>w, the process resembles damped oscillations and can be related via a Fourier transformation to

the function between the CR probability and A. An experiment is proposed by which the predicted effects

may be observed and employed for investigation of spin-spin interaction in solids.

PACS numbers: 76.20.4+q

1. INTRODUCTION

The study of the processes of cross relaxation (CR) in
parametric spin systems has already been the subject
of hundreds of theoretical and experimental studies (see,
e.g., “'5]), but many important aspects of this phenom-
enon still remain unclear and continue to attract atten-
tion of researchers. One such unsolved problem is con-
nected with the behavior of that of the “nonsecular”
terms of the Hamiltonian of the dipole-dipole (DD) in-
teractions, !’ which induces mutual spin flips I and S with
close resonant frequencies w; and wg. For pure spin
magnetism, it takes the form™?

J‘gcn= 2 bij(;{+§j—+;i_3"+) .
Although with respect to its specific heat this term can
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be comparable with the secular part 2@; of the DD inter-
actions, its contribution to the total energy balance is
not taken into account in the spin-temperature theory of
CR. 31 This contradiction manifests itself clearly on
going to the “resonant CR,” corresponding to the exact
agreement of the frequencies w; and wg, while CR with
large detuning A =w; - wg> w,, where w, is the average
frequency of the dipole-dipole pool (DDP). Whereas in
the former case the term E’Afca becomes secular and is
included in the DDP, in the latter case its specific heat
is neglected, so that the increase of A seems to be con-
nected with the “vanishing” of the energy stored in #¢g.
This seems particularly paradoxical if the DDP is
strongly cooled beforehand by any one of the known
methods.

In the recent literature two trends are noted in the
solution of this problem, which turned out to be closely
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