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Study of the magnetic structure of the system
Fe6,(Ni,-,Mn,),,
by methods of magnetic scattering of
neutrons and the Mossbauer effect
8. N. Mokhov, V. I. Goman'kov, V. A. Makarov, T. V. Sakharova, and N. I. Nogin
Central Research Institute of Ferrous Metallurgy
(Submitted April 20, 1976; resubmitted January 3, 1977)
Zh. Eksp. Teor. Fiz. 72, 1833-1844 (May 1977)
The magnetic structure of the system Fe,(Ni,-,Mn,),,
with x =0.14, 0.28, and 0.37 was investigated by
the methods of magnetic scattering of neutrons in the temperature interval 4.2-700 K and the Mossbauer
effect in an external field 45 kOe at 4.2 K. A joint analysis of the results shows that in the case of a
concentration antiferro-ferromagnetic transition there is observed a broad spectrum of magnetic
inhomogeneities, constituting the interacting regions in the antiferro-, ferro-, and paramagnetic states,
and possibly also regions of "spin glass." The parameters of the ferromagnetic regions are determined and
their polarization character is demonstrated, the Nee1 temperatures and the average magnetic moment per
sublattice of the regions with antiferromagnetic order are estimated.
PACS numbers: 75.25. +z, 75.30.Kz, 76.80. +y

INTRODUCTION

The study of the magnetic structure of the system
Fe,,(Ni,,Mx&),,
is of considerable interest from the
point of view of the onset of the magnetically ordered
state. As established by Shiga, ''I these alloys a r e
ferromagnetic a t x < 0.3 and antiferromagnetic a t x > 0.3.
It is still unclear, however, how the magnetic order
changes in this system, although this question has been
the subject of a large number of studies. Thus, the
presence of exchange anisotropy in the system and the
temperature dependence of the magnetization have given
grounds for the authors
to suggest the coexistence
of paramagnetic and antiferromagnetic regions a t critical concentrations. At the same time, investigations of
the magnetization in strong fields and a t high pressures
and investigations
of the low-temperature specific heat
and of the spontaneous magnetostrictions a r e treated
inC4-1 1
under the assumption that the alloys a r e weak
homogeneous collectivized ferromagnets. The Massbauer spectra of the Fe5' nuclei, C8v91 to the contrary,
show that the magnetic structure of the system is inhomogeneous to a considerable degree. Thus, direct
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experimental investigations of the magnetic structure
in the transition region of the concentrations a r e necessary.
In a preceding study, "01 magnetic scattering of neutrons was used to confirm the assumption that regions
with ferromagnetic and antiferromagnetic types of order
coexist in alloys with x =O. 28 and 0.37, and the polarization character of the ferromagnetic regions was
demonstrated. The present paper i s devoted to a further study of the singularities of the magnetic structure
of the system F~,~(NI,,MN~),~
at critical concentrations,
by the methods of magnetic scattering of neutrons and
of the Massbauer effect.
1. MEASUREMENT PROCEDURE AND SAMPLES

Neutron diffraction was investigated with a diffractometer with a wavelength X = 1.07 A in the angle interSmall-angle scattering of the neuval 10 " < 2 0 < 55
trons was investigated with a diffractometer with X
=l.59 A. The measurements were carried out on cylindrical polycrystalline samples of 8 mm diameter and

0038-5646/77/45050962$02.40

".

@ 1978 American Institute of Physics

962

smple

No.

/

re. at.%

1

Mn, a t %

I

Ni, at.%

I

I

1

vrnv
VB

1

5ra1vr%

1

T ~ ,

70 mm length in the temperature range from 4.2 to 700
K. All the samples were quenched in water after annealing at 1000 "C for 24 hours and had a single-phase
fcc structure down to 4.2 K. The compositions of the
investigated alloys a r e given in Table I.
The intensities of the small-angle scattering observed
for samples 14, 28, and 37 had characteristic temperature dependences, which tended for the different compositions to a common value of the nuclear scattering at
T >700 K. This i s evidence of the magnetic origin of
the small-angle scattering of the neutrons. The intensities of the small-angle magnetic scattering were obtained by subtracting from the experimental curves the
temperature-independent scattering from a sample with
x = 1.0. In the calculation of the cross sections of the
magnetic small-angle scattering we used a standard
vanadium sample. The collimation corrections turned
out to be small, and the effects of inelastic scattering
at small angles could be neglected at 28 > 1

".

The samples for the Massbauer investigations were
foils 25 pm thick with natural ~ e content
~ ' and were obtained by rolling same ingots from which the samples
were prepared for the neutron-diffraction measurements. The Massbauer effect was investigated at 4.2
K in a transmission geometry using a spectrometer of
an electrodynamic type with a scintillation detector, and
AI-256 analyzer, and a co5"(cr) source kept at room
temperature. We used external magnetic fields of intensity 45 kOe, produced by a superconducting solenoid.
The field was directed parallel to the flux of the quanta.
In the measurements in the magnetic fields, the detector used was a proportional counter filled with Ar gas
with methane additive.
II. MAGNETIC SCATTERING OF NEUTRONS

1. Antiferrornagnetism. Figure l a shows parts of
neutron diffraction patterns of alloys 37 and 28, measured at 4.2 K. The neutron diffraction patterns of alloys 100, 37, and 28 show, besides the principal nuclear reflections at 28 =24"30f, also superstructure
magnetic reflections (110), which characterize the longrange antiferromagnetic order and which vanish with
increasing temperature. For these alloys, in analogy
withclll , we propose a cubic noncollinear spin structure
of the type y-FeMn. clel With decreasing x, the antiferromagnetic reflection broadens and decreases, and
no antiferromagnetic reflections were observed on the
neutron diffraction pattern of sample 14. The extent of
the regions of antiferromagnetic coherent scattering,
estimated from the half-width of the reflection (110) on
Fig. la, i s more than 350 and 100 for the alloys 37
and 28, respectively. The average sublattice moment
963
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IJ, at 4.2 K was calculated, using the inagnetic structure factor fromc"', from the ratio of the integral intensities of (110) and (220).

The values of CL, in Table I, in conjunction with the
data ofC"', represent the concentration dependence of
pa, which offers evidence of the absence of an abrupt
decrease of pa at x<O. 5. Extrapolation of the concentration dependence of pa into the region of ferromagnetic compositions with x<O. 28 then yields nonzero values of pa for sample 14 and the remaining alloys of this
group, including the "classical" Invar composition
Fe,,Ni,,(x=O). It can be assumed on the basis of this
extrapolation that in the absence of long-range antiferromagnetic orderc13' local antiferromagnetism i s
present in ferromagnetic alloys with x<O. 28. Just a s
inc131,it i s assumed that the local antiferromagnetism
i s confined to the first coordination sphere. The magnetic moment of the central Fe o r Mn atom is then
oriented opposite to the magnetic inoments of the Fe and
Mn atoms making up the first sphere.
According to the concentration dependence of pa, '111
the value of c(, remains constant in the interval 0.6 < x
a 1 and decreases at x < 0.6. The latter may be due to
the decrease of the volume fraction v a / V of the regions
of long-range antiferromagnetic order. c'O1 From the
ratio of the integrated intensities of (110) and (2201, at
a constant value of pa = 1.85 I,, we then calculate the
values of V,/V given in Table I.
Figures l b and l c show the temperature dependences
of the peak intensity of the (110) reflections, from which
the values of T N listed in Table I a r e determined. The
values of T, of the alloys 100 and 37 agree well with the
results of magnetic measurements, while T, of alloy
28 correlates with the values of the temperatures at
which the anomalous decrease of the magnetization i s
observed.
The intensities of the smeared-out maxima, which apparently a r e due to short-range antiferromagnetic order, a r e preserved above T, in Figs. l b
and lc.
Thus, a well-developed long-range antiferromagnetic

I. rel. un.

FIG. 1. Neutron diffraction patterns of antiferromagnetic alloys
at 4 . 2 K (a) and temperature dependence of the peak intensity
of the magnetic reflection (110) (b, c ) .
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Cross section of
small-angle magnetic scattering of neutrons at 4 . 2 K;
o-alloy 14, .-alloy 28,
+-alloy 37.
FIG. 2.

order is observed in the alloys 100, 37, and 28. The
value of T N of the alloy 28 (Table I) does not agree with
the conclusion ofcS1that there is no T N <100 K in the
transition region of concentrations.
2. Ferromagnetic regions. The angular dependence
of the cross sections of the small-angle magnetic scattering of neutrons by samples 14, 28, and 37 is shown
in Fig. 2a, where s =4a sin@/^. The small-angle scattering is observed in alloys 37 and 28 below T, and is
maximal in the ferromagnetic sample 14. Thus, magnetic inhomogeneities exist in the antiferromagnetic
alloys 37 and 28 and in the ferromagnetic alloy 14.
When choosing the magnetic model of the alloys, account is taken of the values of the average magnetic moment I-1 and of the Curie temperature Tcof the alloy.
The values of obtained by interpolating the data ofC2],
and the values of Tc measured in our investigations a r e
given in Table 11.
According toC2],the value of Cr of sample 37 is at the
measurement-error level, although there is no Tcand
T N= 100 K (Table I). The values of and Tc of alloy 28
a r e given in Table 11. It i s known also that exchange
anisotropy is observed in these alloys. "I It can therefore be assumed that the observed small-angle scattering in the alloys 37 and 28 is due to scattering by ferromagnetic regions, since the antiferromagnetic-ferromagnetic transition is not accompanied by a change in
the forward scattering. C'81 Thus, the inhomogeneities
in alloys 37 and 28 a r e ferromagnetic regions and the
cross section takes accordingly the formc"]

where C is the concentration of the ferromagnetic regions while

M (s)=

S

where 1/n is the parameter of the dimension of the inhomogeneity, M(0) is the average magnetic moment over
the region. This form of the ~ ( s dependence
)
points to
a polarization character of the variation of pl(r). The
values of (du/dQ), and x, obtained from the data of Fig.
2b, a r e given in Table II. The calculated dependence of
du/dQ on s is shown in Fig. 2a by solid lines.
To calculate C and M(0) the results were reduced by
the method ofn4], with C =n/N, where n is the number
of ferromagnetic regions and N is the total number of
atoms of the sample. In the absence of overlap of the
regions, the average magnetic moment of the atom jT
is then

and the simultaneous solution of Eq, (1) a t s = O and E q .
(4) yields the values C = (0.08 & 0. OlK and M(0) = 230
*20pB for the alloy 28. The value of C f o r alloy 28 is
of the same order a s the probability of formation of
clusters that a r e due to the fluctuations of the concentration in the alloy and contain from 9 to 12 nickel atoms in
the first coordination sphere of the atoms F e and Mn.
It appears that these clusters produce ferromagneticpolarization regions that a r e the seeds of ferromagnetism in the alloys.
In the spherical approximation, using (2) and (3), the
density of the magnetic moment in the region of the ferromagnetic polarization takes the form
(r)=

M (0) xa
e-"'.
4nr

Figure 3 shows the radial distribution of the density of
the magnetic moment for the alloy 28 a t 4.2 K, calculated for ten coordination spheres. The moment decreases by one order of magnitude from the f i r s t to the
tenth coordination sphere. The minimal radius of inertia of the region, calculated from Fig. 2a in the Guinier
is 7.3 A, and corresponds to the dimensions of propagation of the magnetic polarization of
Fig. 3.
Since there is no long-range antiferromagnetic order
in sample 14 and Tc=265 K, the matrix of the alloy is
ferromagnetic. The magnetic inhomogeneities that lead
to small-angle scattering have here a different charact e r than the &homogeneities of the alloys 37 and 28.
Equation (1) describes in this case the scattering by in-

TABLE 11.

p' (r) exp (irs)dr,

and pl(r) is the density of the magnetic moment in the
~ s2,
region. The linear dependence of ( d u / d ~ ) - " on
shown in Fig. 2b, enables us to describe M(s) by a
~orentzian~'~]
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FIG. 3. Radial distribution of the
density of the magnetic moment of
the alloy 28 at 4 . 2 K.

\

\\

local Curie temperatures go over into the paramagnetic
state. Within the limits of the experimental errors, the
curve for the alloy 37 on Fig. 4 cannot be used to determine the value of the local T,. However, an abrupt decrease of du/da i s observed on the temperature dependence of d o / d a of sample 28 above 70 K, and this enables us to estimate the local Curie temperature at
70 K.

-

The "anomalous" decrease of the cross sections of
alloy 14 in the interval 4.2-70 K on Fig. 4 point to a
decrease in the fraction of regions with decreased values of the magnetic moments. This can be due to a
transition of the regions with local antiferromagnetism
into the paramagnetic state, with simultaneous polarization
of these regions by the surrounding ferromagnetic
homogeneities a s a result of the negative perturbation
matrix. Thus, the local antiferromagnetism causes
of the magnetic moments of the ferromagnetic mapartial depolarization of the ferromagnetic matrix at
trix.
In this case C denotes the concentration of regions with decreased moment. Then, in analogy withC13], 4.2 K; this depolarization vanishes when the temperature i s raised to 70 K. The increase of the ferromagit can be assumed that the negative perturbations a r e
netic polarization i s evidenced also by the increase of
produced around clusters consisting only of Fe and Mn
x (Table 11) in this temperature interval. The usual
atoms situated in the first coordination sphere around
growth of du/da and the decrease of n (Table 11) in the
the Fe and Mn atoms. Their concentrations, calculated
ferromagnetic matrix a s Tc is approached a r e observed
in accordance with the binomial distribution for the
in Fig. 4 when the temperature i s increased from 100
given composition i s C = 1.20/0, and the average total deto 265 K.
crease of the moment of the perturbed region is ~ ( 0 )
=5 0 ~ ~
It appears
.
that the local antiferromagnetism
Ill. THE MOSSBAUER EFFECT
assumed above i s realized in these clusters.
Thus, the change of the magnetic order in the investigated system proceeds via formation of separate ferromagnetic regions in the antiferromagnetic alloys 37 and
28, while the overlap of these regions produces in alloy
14 a long-range ferromagnetic order where, however,
the existence of local antiferromagnetism i s possible.

The spectra of the investigated alloys at 4.2 K a r e
shown in Fig. 5. The spectrum of the ferromagnetic
alloy 14 (Fig. 5a) corresponds to a large set of components, each of which constitute a system of lines of magnetic hyperfine splitting and is characterized by a magnetic field intensity He,,. The values of the maximum
He,, estimated from the positions of the resolved outer-

3. Temperature dependences of small-angle scattering. Additional information on the character and interactions of the magnetic inhomogeneities in the system
i s obtained from the temperature dependences of the
small-angle scattering of the neutrons, a s shown in
Fig. 4.
For sample 14 we see the characteristic peak of the
critical scattering, corresponding to Tc of this composition. The curves on Fig. 4 have the following singularities: 1) the cross sections a r e insensitive to the antiferromagnetic transformation in alloys 37 and 28 at T ,
and there a r e no characteristic maxima of the critical
scattering; 2) the cross sections of the alloy 28 a r e
constant in the temperature interval 4.2 c T c 50 K; 3)
the cross sections in sample 14 decrease "anomalously"
when the temperature is raised to 70 K.
The values of (du/da), and x for some temperatures
a r e given in Table 11.
The decrease of da/dQ of samples 37 and 28 with decreasing temperature in Fig. 4 i s similar to the behavior of the temperature dependence, observed int1",
of the critical scattering. The absence of a maximum
of the critical scattering of samples 37 and 28 shows
that the ferromagnetic regions of the polarization do not
produce a long-range ferromagnetic order, so that when
the temperature is increased individual regions with
965
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FIG. 4. Temperature dependence of small-angle magnetic
scattering at a fixed angle. 20 = 1°30', 1°15 and 1'15' for
samples 14, 28, and 37, respectively.
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FIG. 5. ~ G s s b a u e rspectra of the alloys 14 (a), 28 (b), 37 (c),
and 100 (d) at 4 . 2 K in the absence of an external magnetic
field.

most lines a r e quite large and amount to 250 kOe.
From the form of the spectrum it can be also assumed
that the values of the minimal He,, a r e close to zero.
Thus, the distribution of He,, in this sample is unusually
broad.
The spectrum of the antiferromagnetic alloy 100 (Fig.
5d) i s much narrower than the spectrum of the alloy 14,
and the value of He,, in this spectrum does not exceed
40 kOe. Similar values of He,, were observed in the
spectra of binary antiferromagnetic Fe-Mn alloys. C19'
The spectral lines of alloys 28 and 37 (Figs. 5b and 5c)
a r e much more poorly resolved, so that it i s impossibl-e to present a simple interpretation.
To investigate in greater detail the distribution of
He,,, the spectra of the alloys 28 and 14 were measured
in a magnetic field of intensity 45 kOe. They a r e shown
in Figs. 6a and 6c, respectively. Comparison of Figs.
5 and 6 shows that the external magnetic field alters
significantly the form of the spectrum. It can be noted
that in the spectra of the alloy 14 in an external field,
the distance between lines 1 and 6 decreases, while the
lines 2 and 5 a r e strongly suppressed. In the spectrum
of the alloy 28, the wings become narrower, but broadening of the central part takes place. The appreciable
decrease of the intensities of the lines 2 and 5 in the
spectra of the alloy 14 indicates that the atomic magnetic moments of Fe a r e oriented parallel to the external field.
966
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To obtain quantitative data, the spectra shown in Fig.
6 were reduced with an ES-1020 computer by the method
proposed by Hesse and Rubartsch inc20'. The calculations were carried out for the left halves of the spectra.
The spectra were resolved into 65 components under
the assumption that all the lines have a Lorentz shape
0.35 mm/sec wide, the isomeric shifts a r e the same
for all components, and there i s no quadrupole splitting.
These assumptions a r e apparently valid, since the spect r a in Fig. 6 a r e practically symmetrical. The ratio of
the spectral line intensities is determined by the orientation of the atomic magnetic moment relative to the external field. This ratio was assumed to be 3 :0 :1 :1:0 : 3
for all components, a s i s required for a ferromagnetic
sample that is fully polarized by an external field. This
ratio i s subject to no doubt for the spectrum of the alloy
14. It is, however, not the only one possible in the case
of the alloy 28, since it contains besides the ferromagnetic regions also regions with long-range antiferromagnetic order. The orientation of the atomic magnetic
moment in these regions depends on many factors,
principal among which a r e the crystal and exchange anisotropy and the external field itself. The exchange
anisotropy contributes to the collinear arrangement of
the moments in the ferromagnetic and antiferromagnetic
regions, and the external magnetic field increases the
angle between them. It i s impossible to take correct
account of the action of both factors, o r to estimate the
role of the crystal anisotropy for such a complicated
system a s the alloy 28. Thus, the direction of the magnetic moments in antiferromagnetic regions remains indeterminate. It is seen from Table I, however, that the
exchange fraction of the antiferromagnetic regions in
the alloy 28 is small. It appears that the contributions
of these regions themselves to the Miissbauer spectrum
can be neglected. We also assume that by virtue of the
smallness the volume fraction and the large value of the
external magnetic field we can ignore the disorienting
influence of the antiferromagnetic regions on the ferromagnetic ones.
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FIG. 6. ~ i ; s s b a u e rspectra of the alloys 28 (a) and 14 (c) at
4.2 K in an external magnetic field of 45 kOe, and the corresponding distributions of the effective fields (b, d).
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The results of the reduction of the spectra a r e shown
in Figs. 6b and 6d. The function P(Heff)represents the
relative intensity of the components and i s the probability density for the distribution He,,. The solid lines in
Figs. 6a and 6c represent the left halves of the spectra,
calculated from the functions P(H,,,). They agree satisfactorily with the experimental spectra. The horizontal
line on Figs. 6a and 6c shows the selected background
level.
The function P(Heff)for the alloy 28 i s shown in Fig.
6b. It consists of two unresolved maxima. The top of
the first maximum occurs at He,,, which coincides with
the external field. The position of the top together with
the broadening of the central part of the spectrum in the
magnetic field allow us to conclude that the greater part
of the Fe atoms i s in the paramagnetic state. Indeed,
the broadening of the spectrum indicates an increase of
He,, for the corresponding Fe atoms, while the fact that
He,, of the top of the first maximum coincides with the
value of the external field indicates the contribution
made to He,, by the atomic magnetic moment i s negligibly small. This situation is typical of spectra of paramagnets in external magnetic fields. It appears that in
the alloy 28 at 4.2 K there exist paramagnetic regions in
which an appreciable fraction of the Fe atoms i s located.
At the same time, the first maximum of P(H,,,) cannot be attributed only to the presence of paramagnetic
Fe atoms. Its width i s at least double the value obtained
~ ~ the
'
in the original paper of Hesse and ~ u b a r t s c h for
purely paramagnetic state. Although it i s difficult to explain unambiguously the causes of the broadening, we
propose that it i s caused by the Fe atoms, for which
there exists an additional contribution to He,, from their
magnetization. By atomic magnetization i s meant the
time-average value of the projection of the magnetic moment on the local quantization axis. If we assume further that the magnetizations of the individual atoms a r e
relatively small and their directions a r e randomly distributed relative to direction of the external field, then
we obtain a s a result a broadening of the peak of P(Heff)
of the paramagnetic atoms, but the peak retains its
symmetrical shape. It i s interesting to note that similar properties a r e possessed by "spin glass, " which i s
produced a s an intermediate state between paramagnetism and ferromagnetism. Above the "freezing" temperature, "spin glass" i s a paramagnet, and lowering
the temperature leads to "freezing" of the atomic magnetic moments along the direction of the local anisotropy. There i s no long-range magnetic order in such a
system.
Another possible cause of the broadening of the peak
P(H,,,) may be due to relaxation of the atomic moment
in the magnetic field. This explanation, however,
seems less probable, for in this case an intense paramagnetic line should be observed in the spectra obtained without the magnetic field, and this is not seen
in Fig. 6a.
The second maximum of P(H,,,) in Fig. 6b is located
in the region He,, = 100 kOe and corresponds to the Fe
atoms, for which He,, decreases when the external mag967

Sov. Phys. JETP 45(5), May 1977

netic field i s turned on. This follows from the narrowing of the wings of the spectrum in the magnetic field.
The magnetic moments of these Fe atoms a r e ferromagnetically ordered. Thus, in alloy 28 the greater
part of the Fe atoms i s contained in the paramagnetic
regions, and possibly in the "spin-glass'' regions. The
remaining Fe atoms a r e in the regions with ferromagnetic order.
The function P(Heff)for the alloy 14 (Fig. 6d) consists of two broad well resolved maxima. A similar
form of P(H,,,) was obtained by Shiga, Maeda, and
~ a k a r n u r a ' ' ~for an alloy having a close composition in
a magnetic field 50 kOe. They attribute the maximum
in the region of the zero values of He,, to the antiferromagnetic regions.
According to neutron-diffraction
data, however, there is no long-range antiferromagnetic
order in alloy 14. We therefore propose that the function P(H,,,) for this alloy reflect the distribution of the
atomic magnetization of Fe. The maximum of P(H~,,)
near the zero values of He,, corresponck to Fe atoms
characterized by small magnetization.

'"

The second maximum of P(H,,,) at He,, = 220 kOe in
Fig. 6d definitely corresponds to Fe atoms in the ferromagnetic state. Indeed, application of an external field
decreases the values of the maximum fields from 250 to
220 kOe, which approximately coincides with the value
of the external field, decreased by the demagnetizing
field of the sample. The large width of the second maximum of P(He,,) i s probably due to the dependence of the
value of the atomic moment of Fe on the composition of
the nearest environment.
1V. CONCLUSIONS
A joint analysis of the results on the magnetic scattering of the neutrons and on the Miissbauer effect makes
it possible to present a model of the magnetic structure
of the system undergoing a concentration transition from
the antiferromagnetic into the ferromagnetic state. According to the neutron diffraction data, the alloys 37 and
28 contain regions with long-range antiferromagnetic
order a s well as ferromagnetic regions. The latter a r e
made up of clusters that polarize the matrix. The data
on the M6ssbauer effect of the alloy 28 confirm the existence of ferromagnetic regions, and also point to the
presence in this alloy of paramagnetic regions, and possible of "spin glass" regions. We note that the experimentally established magnetic structure of alloys 37
and 28 agrees with the theoretical premises, "11 according to which systems that a r e characterized by a random
distribution of the exchange integral of the nearest
neighbors can have a magnetic phase diagram on which
the concentration region of the ferromagnetic state is
separated from the paramagnetic region by a "spin
glass" region.
On going from alloy 37 to alloy 28, the number of
ferromagnetic regions increases, causing them to overlap in the alloy 14 and causing establishment of longrange ferromagnetic order with clearly pronounced T,.
No regions with long-range antiferromagnetic order
were observed in alloy 14. However, the form of the
Mokhov e t a / .
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function P(H,,,) a t 4.2 K indicates that the magnetization
of alloy 14 is spatially inhomogeneous. On the other
hand, the anomalies of the temperature dependence of
du/dQ allows us to conclude that this inhomogeneity is
due to the depolarizing influence of the local antiferromagnetism.
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Singularities of the thermodynamics of unsymmetrical
disordered systems
Yu. Ya. Gurevich and Yu. I. Kharkats
Institute of Electrochemistry, USSR Academy of Sciences
(Submitted April 29, 1976)
Zh. Eksp. Teor. Fiz. 72, 1845-1857 (May 1977).
A theory is developed of phase transitions in asymmetri6d disordered systems. A superionic crystal is
considered by way of an example of such a system. Within the framework of the molecular-field
approximation, expressions are obtained for the free energy and the equation of state. The state of the
system depends on two dimensionless parameters, which are determined by the properties of the crystal.
The specifics of the unsymmetrical system manifest itself in the fact that both single phase transitions and
bitransitions are possible. New critical conditions corresponding to realization of bitransitions are obtained
and expressions are derived for the corresponding temperatures.
PACS numbers: 64.60.Cn

This paper is devoted to a theoretical investigation
of first-order phase transitions that can be realized in
asymmetrical systems with disorder. The study of the
singularities of the thermodynamics of model disordered
systems, both symmetrical (for
Win systems,
AB alloys, certain lattice models of adsorption) and
asymmetrical (for example, A,B, alloys, superionic
crystals) has been the subject of many papers.n41 At
the same time, some asymmetrical systems should have
a number of interesting singularities, which have not
been considered earlier. In particular, a s will be
shown below, two genetically related phase transitionsbitransitions-may take place in such systems.
968
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1. FORMULATION OF PROBLEM

An example of an asymmetrical system to be considered is a superionic crystal, although, as will be

shown subsequently, the
a r e general in character and can be used also for the description of a rathe r large class of objects and phenomena.
Superionic crystals, which have been intensively investigated of late, a r e a special class of ionic crystals.
One of the most characteristic features of these crystals is the jumplike changes of the ionic conductivity, by
several times o r by several orders of magnitude.
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