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We investigate the specific heat, the magnetic susceptibility, and the magnetization of europium-monoxide
compounds with various compositions in the region of the magnetic phase transition. A correlation is
established between the thermodynamic parameters of the second-order transition of EuO, ., samples and
their magnetic characteristics. The results are discussed under the assumption that the monoxide with
oxygen deficit contains bound magnetic polarons, the presence of which is responsible for the metal-insulator
transition. This circumstance, and also the contribution of the dipole-dipole interaction, can be the cause of

the asymmetry of the C,(T) polytherm in the critical region.
PACS numbers: 75.30.Jy, 75.30.Cr

Europium monoxide EuOj4+x, which has interesting
ferrodielectric properties, is homogeneous in a rela-
tively narrow range of compositions (x = +0.035).["]
With changing value and sign of x, its conductivity
varies in a very wide range, from that typical of metals
to that characteristic of insulators. Moreover, samples
with definite concentration of O-vacancies undergo, at
temperatures somewhat below critical, a metal—insula-
tor temperature transition different from the known
Mott transitions.?! The jump in the conductivity of such
samples can reach 13 orders of magnitude.l*]

To explain the nature of this phenomenon, an He-like
modell®] or the model of bound magnetic polaron
(BMP)*! were used in a number of studies(**] of the
paramagnetic characteristics of EuO1+x samples.
These models differ mainly only in the definition of the
spin orientation of the europium orbital electrons
localized near the O-vacancy. It is shown in these
papers that the metal-insulator transition occurs only
in europium-monoxide compounds that have a slight ex-
cess of the metal (-0.005 < x < 0), whereas in the case
of a large oxygen deficit metallic conductivity is ob-
served in the entire range of investigated tempera-
tures.l®] At x > 0 the EuOj,x samples have semicon-
ductor conductivity (with a forbidden band 1—-3 eV
wide). It was observed also that, unlike the latter, com-
pounds with vacancies in the oxygen sublattice are char-
acterized by an increased paramagnetic Curie tempera-
ture, whereas the Weiss constant CM = x(T — @) is not
very sensitive to the degree of completeness of the
crystal lattice of the monoxide.

EXPERIMENTAL RESULTS AND DISCUSSION

We investigated the temperature dependences of the
magnetic and thermodynamic parameters of europium
monoxide samples in the region of their magnetic phase
transition, for the purpose of ascertaining the details of
the influence of the sample composition on this transi-
tion. A combined method(®] was used to synthesize
europium monoxide compounds with various composi-
tions. According to chemical, x-ray diffraction, and
pycnometric analyses, all the samples were single-
phase. The compositions of the samples were estab-
lished by the method of oxidation with the ‘‘ Thermo-
flex’’ instrument of the ‘‘Rigaku-Denki’’ firm." The
results are given in the table. It was found that com-
pound No. 3 was almost equi-atomic, whereas com-
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pound No. 1 contained a slight excess of oxygen while
No. 2 had an excess (0.3 at.%) of europium.

At room temperature all samples had low conductiv-
ity (from 10°°to 10°°Q"' cm™'). The magnetic measure-
ments were performed by the Faraday method with a
magnetic balance of the Dominicali type. The sensitiv-
ity of the setup was ~10"° emu/g. The temperature
pickup was a copper-constantan thermocouple, and the
temperature of the sample was maintained automatically
with the aid of a VRT-2 regulator, thereby ensuring the
necessary temperature stability (drift not more than
0.05 deg/hr).

The results of the investigation of the temperature
dependences of the magnetic susceptibility and magneti-
zation are shown in Figs. 1 and 2. It follows from the
experimental data that the paramagnetic Curie tempera-
ture varies with the sample composition and is maximal
for compound No. 2, which contains vacancies in the
oxygen sublattice. The Weiss constant turned out to be
the same for all the investigated samples and close in
value (Cpy = (7.73 £ 0.03 emu-°K/mole) to that estab-
lished in{*]; or 1.8% less than the theoretical value 7.78
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FIG. 1. Polytherms of the magnetic susceptibility x of samples with
different compositions (the curves are labeled with the numbers of the
compounds).
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for EuO. This result indicates that the samples used in
this study were of sufficiently high quality and, in par-
ticular, had no segregated EusO, impurities.

The results of the study of the magnetization (Fig. 2)
indicate that for the stoichiometric compound (No. 3),
at T > T¢, the magnetization decreases quite rapidly
with rising temperature. At the same time for sample
No. 2 (EuQp.ge7) the residual magnetization is preserved
in a much larger interval of temperatures (up to 130-—-
140°K).

The specific heats of the compounds were investi-
gated at temperatures from 55 to 90°K (up to 300°K in
the case of-sample No. 2). The temperature pickup (the
measurements were made with an adiabatic calori-
meter) was in this case a TSPN-2 platinum resistance
thermometer, and the temperature regime of the
calorimeter and of the adiabatic screen was maintained
automatically with accuracy ~2 x 10™* deg. The error
in the determination of Cp did not exceed 0.3%. The
investigations have shown that the Curie temperature
determined from the position of the peak of the specific
heat depends quite weakly on the compositions of the
investigated samples (Fig. 3). The same result follows
also from a study of the influence of the temperature on
the magnetic susceptibility of these compounds.

The-main singularity of the polytherms Cp(T) ob-
tained by us is the rather distinct correlation between
the height and sharpness of the A peaks and the com-

FIG. 2. Effect of temperature on
the magnetization o of the com-
pounds in the magnetic-disorder
region.
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FIG. 3. Temperature dependence of the specific heats of the EUO, ..,
samples.
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position of the monoxide. The most smeared phase
transition occured in sample No. 2, whereas the peaks
on the Cp(T) plots of samples 1 and 3 turned out to be
much sharper. The latter is obviously due to the differ-
ence between the jumps of the specific heats of the
compounds in the course of their magnetic disordering.
To the extent that the EuO1+x samples were synthe-

‘'sized under identical technological conditions, the jump

of the specific heat at the Curie point can equally well
serve as a characteristic of the compound as does the
paramagnetic Curie temperature.

The value of ACp was estimated under the assump-
tion that the specific heat has a logarithmic divergence
at the Curie point (i.e., the critical exponent of the
specific heat is o = 0). It follows from our results for
samples 2 and 3 that this holds true satisfactorily in
the interval 10°° > 7 > 107, where 7 = (T = Tc)/Tc; the
specific heat in the vicinity of the A point can be de-
scribed by the polynomial

Cra=A.ln |1|%B,. (1)

Then the jump of the specific heat, according tol"], is
determined by the difference ACp = Cp-(7) - Cp+(r) as
7 —0.

The values of ACp obtained with the aid of these
relations for the investigated compounds are given in
the table. As seen from these data, sample No. 2
(EuOy.997) has not only a higher value of ®, but a speci-
fic-heat jump that is smaller by one order of magnitude
(compared with compounds No. 1 and No. 3). Since both
parameters are characterized at T = T¢ by the fluc-
tuations of the magnetization (or by the magnetic-order
parameter!®), their values should be determined under
these conditions by the degree of destruction of the spin
correlation, which, according to the results, changes
with the composition of the samples. Attention is also
called to the fact that a noticeable difference between @
and T, is observed for compound No. 2. This differ-
ence indicates that short-range magnetic order is pre-
served in a rather wide temperature range. The same
is also evidenced by the noticeable field dependence of
the magnetic susceptibility of the given sample, which
is observed up to 140°K, whereas for the compounds
No. 1 and No. 3 it is confined to a relatively narrow
interval (up to 90—95°K) (Fig. 1).

Among the causes contributing to preservation of the
short-range magnetic order (the presence of uncontrol-
lable impurities, inhomogeneous distribution of the
vacancies, etc.), the most interesting in this case is
apparently the existence of magnetopolaron states at
the sites of the O-vacancies. Their appearance in
ferrodielectrics was deduced mainly from the results
of investigations of magnetic and optical characteris-
tics.!®) On the other hand, questions of the influence of
the polaron states on the thermodynamic parameters of
magnetic semiconductors have hardly been discussed
before, even though they are undoubtedly of interest.
This pertains, in particular, to the singularities in the
behavior of the characteristics in the critical region of
the X point. In this connection, the calculation of AC
made above within the framework of the molecular field
theory (MFT) is not quite correct, although in the case
of compounds 1 and 3 it leads to values that do not dif-
fer greatly from the theoretical estimates (at s = 7z),
namely
(2s+1)*—1

mz 20 J/mole’K (2)

5
AC, =7Nk
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The approximate character of the estimates ob-
tained in the MFT approximation for europium mono-
chalcogenides is evidenced also by the critical behavior
of their magnetic parameters. Thus, the magnetization
of EuS in the region of the magnetic transition is char-
acterized by an exponent close to g, = 0.33,['°1 ag
against g, = 0.385"] (or g, = 0.34(*1) for EuO. The
critical exponent for the magnetic susceptibility of
europium monoxide, determined from magneto-optical
data,!**] turned out to be y, = 1.29. On the other hand,
the study of the specific heat in the critical region(*]
has also lead to nonzero exponents that characterize
Eq. (1), where it turned out that a_ = a, (i.e., the A
peak has no symmetry).

The foregoing data, however, are difficult to com-
pare with one another, because they describe properties
of EuO1+x compounds of different composition (and
source). On the other hand, our results have made it
possible to estimate the critical exponents for europium
monoxide samples of different degree of non-stoichio-
metry, and without the restrictions imposed by any
particular theory. To this end we carried out a com-
puter reduction® of the experimental data, aimed at a
self-consistent determination of the parameters that
characterize the relation

f(r, n)=A.|7|"+B.. (3)
As is customary in such a case, the values of n and of

the coefficients A and B were determined by minimiz-
ing the rms deviation

= [ Ifexe_gaver j2gr

in a specified temperature region by a direct search
method. The final result turns out to be stable to the
choice of the initial values and to the sequence of vari-
ation of the variables.

It has turned out as a result that for all the EuOj4x
samples investigated in this study there is no exact
logarithmic divergence of C,, near the Curie point. The
branches of the polytherms %p(T) in the critical region
for the compounds No. 1 and No. 3 are the most sym-
metrical (see the table). The latter concerns both the
closeness of the values of the exponents ay and the
ratio of the coefficients A, /A. from (3). For the above-
mentioned samples it is equal to 1.0 and 1.2, i.e., it
satisfies the requirements of similarity theory for
second-order phase transition (if the logarithmic
divergence of the specific heat is realized).['*] Under
the same conditions, the critical exponent g, for the
magnetization of EuO;.00: turned out to be equal
exactly to 1/3, and for the paramagnetic susceptibility
the corresponding value was y, = 1.15. These data show
that the similarity relations are satisfied in the limit
for the critical exponents of stoichiometric europium
monoxide, inasmuch as a, + 28, + y, =1.97 + 0.05.

Certified characteristics and critical parameters of
europium monoxide samples

A

AC
;
085 @y | 8
Sample| Tu0 4 x | @A | O.K | Te K| ol K (thon|_o% | o oy
J/mole-°K
1 | EuOigos (5444 | 71 | 683 | 65 | o010 | 44 | — | -
047 | 44
2 | EuOper |5441 | 85 | 684 | 08 | 0090 | 36 | 048 | 1.38
030 | 18
3 | BuOion |5146| 73 | 685 [ 85 | 020 | 36 |033 | 115
016 | 2.9
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The smearing of the A point of the compound No. 2
(EuQq.9¢7) gives rise, as is seen from the table, not only
to a noticeable difference between the critical exponents
a_ and a., as well as to a small value of the ratio
A./A_ (equal to 0.5), but also points to appreciable
deviations from the requirements of the theory of the
symmetry of second-order phase transitions. If, how-
ever, we take into consideration the value of the ex-
ponents B, and y, given in the table, then it turns out
that in the latter case, too, a relation exists between
the critical exponents, but in the form of the strong in-
equality o, + 28, + y, > 2.

Thus, the presented results indicate that the O-
vacancies in europium monoxide exert a strong influ-

. ence not only on its magnetic parameters, but also on

its thermodynamic parameters (especially in the region
T 2 T¢). This result seems to correspond to the conclu-
sions of(**], in which the obtained difference between the
exponents a_ and a, was attributed to the possible mani-
festation of a contribution of magnetic dipole-dipole in-
teraction superimposed in the critical region on a direct
exchange of the Heisenberg type. According to esti-
mates''®! made for EuS and EuO, temperature intervals
in which such contributions cross are observed near

Te (at 107 < 7 < 1073). It can be concluded from this
that in this case the manifestation of such a contribution
can be attributed to the existence of magnetopolaron
states due to the O-vacancies in the EuOj-x.

DThe author is grateful to V. A. Zhilyaev for performing the analysis.
DWe are indebted to L. A. Mokhracheva for the computer reduction.
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