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The temperature dependence of two substances (MBBA and BMAB) is studied near the isotropic
liquid-liquid crystal phase transition. The phase transition possesses properties: of transitions of both first
and second order. It is shown that the results of previous work are distorted by the specific-heat &-
function smearing which is characteristic of transitions of first order. The main cause of the diffuseness
are nonequilibrium impurities. Analysis of the temperature dependence of the specific heat shows that the
fluctuations of the order parameter are not small at the transition point and that the Landau expansion is
insufficient for a quantitative description of the pre-transition phenomena.

PACS numbers: 65.40.Hq

1. INTRODUCTION

At the present time interest is increasing in the ex-
tensively observed in nature first-order phase transi-
tions with small values of the jumps in the entropy and
volume. The closeness of such phenomena to second-
order transitions allows us to expect a significant in-
crease in the fluctuations and, consequently, in the ap-
pearance of a universality region. The reasons for the
appearance of a discontinuity in the order parameter @
at the transition point is explained phenomenologically
by means of an expansion of the thermodynamic poten-
tial @ in powers of @ in the Landau theory'!:

O—0,=*/2AQ*—/sBQ*+'/.LQ*+ . .. (1)

The possibility of the existence of a cubic term is as-
sociated with the character of the symmetry of the order
parameter (for example, if @ is a tensor). In this case,
the transition is a first-order transition. Then only an
isolated critical point can exist on the transition line
(the intersection with the line B=0). If B« 1, the tran-
sition is by definition, close to a second-order transi-
tion.

Another cause of afirst-order transition is the nega-
tive sign of the constant C. Change in the sign of C can
take place because of the interaction of @ and some ad-
ditional order parameter. A characteristic example is
the tricritical point of the mixture He®-He*, which di-
vides the lines of superconducting transitions of the
first and second order. In similar cases the closeness
of the first-order transition (C <0) to the second (C>0)
indicates closeness to tricritical point (C =0).

The theoretical investigation of the role of fluctua-
tions in isolated®? and tricritical’® points show that the
character of the singularities of the thermodynamic
quantities is completely different in them. Therefore
the study of the fluctuation phenomena near the first-
order phase transitions can reveal the physical reasons
for their closeness to the second order. ’

The phase transition from an isotropic liquid to a
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nematic liquid crystal is customarily described within
the framework of the Landau theory. The tensor char-
acter of the order parameter leads to the existence of a
cubic term in the expansion (1) and, consequently, to a
transition of first order. The flucutuations in this case
can be taken into account in the Ornstein-Zernike ap-
proximation“’ as corrections to the regular parts of the
thermodynamic quantites. Experiments on double re-
fraction, light scattering, and ultrasonic absorption'*®
would appear to agree on whole with such an approach.
However, the possibility of the description of this phe-
nomenon in the approximation of the self-consistent
field is an astonishing one, since the intermolecular
forces responsible for the transition are essentially
short-range forces. In the vicinity of the critical point
of liquids there is, for this reason, no region where the
self-consistent field approximation is valid. !

Analysis of the character of the singularity of the
specific heat could serve to clarify this situation. Un-
fortunately, the results of all three investigations of the
specific heat of the same nematic liquid crystal—
MBBA!® 191_published in recent years, differ so widely
from one another that they do not allow even qualitative
common interpretation. In this paper we present the re-
sults of the investigation of the specific heat of two ne-
matic liquid crystals: n-methoxy-n' benzylidene butyl-
aniline (MBBA) and »'-n-butyl-n' methoxyazoxybenzene
(BMAB). The character of the anomalies of the specific
heats in the two cases is exactly the same. The prin-
cipal reason producing the distortion of the ideal depen-
dence is the existance of nonequilibrium (frozen) im-
purities. The analysis of the temperature dependence
of the specific heat showed that the fluctuations of the
order parameter are not small at the transition point
and the expansion (1) is insufficient for the quantitative
description of the pretransition phenomena.

.2. EXPERIMENTAL PART

The samples'of MBBA and BMAB were kindly supplied
us by E. I. Kovshev and V. T. Lazarev (Scientific Re-
search Institute of Organic Intermediate and Dyestuffs).
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The synthesis and purification of the materials are de-
scribed in Ref. 11, BMAB is a mixture of two isomers
of approximately equimolecular composition. The ma-
terial is not hygroscopic. Addition purification of the
BMAB was not performed by us. Additional purification
of the MBBA was done by the blowing dry argon for sev-
eral hours which, however, did not lead to any signifi-
cant increase in the bleaching temperature (318.45 K),
the calorimeters were charged in an atmosphere of dry
nitrogen.

The shift of the transition temperature T, isotropic
liquid-nematic liquid crystal was also studied visually
as a function of the impurity content: benzene, naphtha-
lene, n-hexane, cyclohexane, carbon tetrachloride (in
MBBA) and n-heptane, isooctane, n-dodecane, n-hepta-
decane (in BMAB). In the MBBA solutions, only the
bleaching temperature T; was fixed and in the BMAB
solutions, the temperature of disappearance of the iso-
tropic phase T, also (Fig. 1). The initial parts of both
curves T,(x) are practically identical and the derivative
dT,/dx for both MBBA and BMAB and-amounts to 2 +0.2
(K/mol%). By knowing AT —the decrease in the transi-
tion temperature, and Ax—the difference in concentra-
tions of the isotropic and nematic phases, we can esti-
mate the heat of transition A of the pure sample by the
well-known “cryoscopic” formula (see Ref. 1):

A~RT? Az/AT. (2)

For BMAB the value of A/RT, is obtained in the range
from 0. 15 to 0.2 depending on the type of impurity,
which is characteristic in order of magnitude for the
isotropic liquid-liquid crystal transitions.

The specific heat was measured by the adiabatic
method'*??! with the improvements described in Ref. 13.
In the calorimetric experiment close to the critical
points of the liquids, "*#? stirring has traditionally been
used to ensure spatial homogeneity of the sample and
a decrease in the time for establishing thermodynamic
equilibrium. However, there was no corresponding ex-
perience with liqﬁid crystals, and it was not clear be-
forehand how important the similar effect of stirring
would turn out to be (for example, the possible hydro-
dynamic ordering). Therefore calorimeters of two
types were prepared: the first was a container of stain-
less steel, provided with a magnetic stirrer and cov-
ered by a layer of copper (0.5 mm), the second was of
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FIG. 1. Dependence of the

temperature of appearance of
the nematic phase (open cir-
cles) and the temperature of
the disappearance of the iso-
tropic phase on the concentra-
tion of n-heptadecane in BMAB.

330

320

310

300

290

1043 Sov. Phys. JETP 45(5), May 1977

===
Q Qo o} o} Q Q D/
| 4

V4

60

Al A

H
i
i
fl
f
)
{l
i
i
fl
i
{
fl

==

3
‘

!

|

d |
Nz

N
N
N
A
N
N

%\
N
N
N
N
N
N
N
N
N
N
N
N

FIG., 2. Copper calorimeter—‘“bookcase”: l1—collar for
filling, 2—cover, 3—arm of bridge temperature sensor, 4—
sleeve of heating unit, 5—heat exchanging disks, 6—platinum
resistance thermometer, 7—manganin heater.

copper—a “bookcase” placed in a cylindrical housing
(Fig. 2). Such construction permitted us to reduce the
time of equalization of the temperature to 1-2 min far
from the transition point in the absence of stirring.
The specific heat of MBBA was measured in both cal-
orimeters and that the BMAB in the steel calorimeter,
both with and without stirring.

Figure 3 shows the results of the measurements over
the entire temperature range studied, with the excep-
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FIG. 3. Specific heat of MBBA and BMAB. The results of
measurements of C, of MBBA with stirring are indicated by
the asterisks. The results of the measurements of C, of
MBBA directly in the transition region are shown in Fig. 4.
The dashed lines indicate the temperatures of beginning and
end of the transition.
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tion of the narrow region immediately adjoining the
transition temperature (0.2 K for BMAB and 0. 6 K for
MBBA). The temperature dependences of the specific
heat in both samples were similar. With the exception
of the region immediately adjoining the transition tem-
perature, the mean random error in the measurements
without stirring amounted to ~ 0. 05%. In the measure-
ments with stirring, it was an order of magnitude
greater, which, in particular, is due to the small ratio
of the specific heat of the sample to that of the calo-
rimeter (~30%). At the same time, the errors in the
measurements with stirring were practically indepen-
dent of the closeness of the transition point, while,
without stirring, in the narrow range (0.2-0.3 K) near

. the transition, the scatter amounted to several dozen
percent.

Figure 4 shows the results of measurements of the
specific heat of MBBA in the region immediately ad-
joining the transition. In the measurements without
stirring, the change in temperature by 0.1 K from 318
to 318.1 K, and the corresponding decrease of it from
318.9 K to 318. 8 K leads to an increase in the time of
equilization of the temperature from 1 to 5-6 hours.
Upon further approach to the transition, the equaliza-
tion times exceeded ten hours and more, and it was in
principle impossible to obtain equilibrium results with-
out stirring. On the other hand, the equalization times,
in the measurements with stirring, remained small
everywhere (of the order of a few minutes) so far as
one could judge from the temperature behavior of the
calorimeter.

The results obtained with stirring and without are
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FIG. 4. Specific heat of MBBA in the transition region of iso-
tropic liquid—liquid crystal: x measurements with stirring,
@ —results of measurements with times of equalization of
more than 5-6 hrs., o —measurements without stirring with
equalization times less than 5 hrs. Dashed curves—results ob-
tained in Ref. 10, smoothed and reduced to our value of the
transition temperature.
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TABLE I.

T_c+l K TQ, K MRTq MRT [4]
MBBA 318.47 318.19 0.11%0.01 0.45
BMAB 346.25 346.05 | 0.12+0.01 -

easily understood if we take into account the presence
of impurities ~ 1% in the sample studied. Simplifying
the problem, we shall consider impurities of a single
type.” Qualitatively, the picture does not change in the
presence of several different impurities. The char-
acter of the distortion of the specific heat anomaly of
the contaminated sample depends essentially on whether
the impurities are in thermodynamic equilibrium or
not.'™ The equilibrium impurities break up the transi-
tion. In this case, we can speak of the initial tempera-
ture (77) of the transition and the final temperature (T7;)
of the transition from the disordered phase to the or-
dered phase. In MBBA, T; - T;=0.28 K, which cor-
responds to an impurity content ~ 1% (see Fig. 1); in
BMAB, T;-T;=0.20 K. In the latter, the two-com-
ponent character of the sample (isomerism) makes its
own contribution to the “breaking up” of the transition.
In an absolutely pure and homogeneous sample, the
transition point corresponds to a 6 function in the spe-
cific heat. The presence of a small amount of equilib-
rium impurities, distributed uniformly over the sample
transforms the 6 function into a narrow trapezoid (mea-
surements with stirring in Fig. 4). The specific heat
of the two-phase system (T;< T<T}) is a linear function
of the temperature in first approximation. The area of
the trapezoid, measured off from the regular part of the
specific heat, is the heat of transition. The values of
the transition temperature and specific heat thus ob-
tained are given in Table Ifor both samples.

Nonequilibrium and therefore non-uniformly distrib-
uted impurities distort the 6 function in another man-
ner. Different parts of the sample have their own ini-
tial and final transition, depending on the concentration
of the impurities and the 6 function is smeared out
(“wings” appear). The results can be reproduced if the
relaxation time of the nonuniformities is much greater
than the time of measurement.

In light of what has been said, it is easy to under-

~ stand the results of Ref. 10 and of our measurements

without stirring (Fig. 4). We only note that the width

of the diffusion of the & function in Ref. 10 amounts to
~3K (i.e., three times greater than in our case).

Such a strong diffusion is evidently connected with the
features of the calorimeter construction used in Ref.
10—a long (~ 50 mm) glass ampoule with an axial aper-
ture and a heater. In such a construction, a significant
temperature gradient is possible over the height and a
corresponding nonuniform distribution of the impurities.

In addition to the 6-function diffusion, its breaking up
into two peaks was also observed in Ref. 9. The peaks
were separated by about 0.2 K. Several peaks have re-
peatedly been observed in investigations of phase tran-
sitions in mixtures (see, for example, Ref. 14). They
can arise if in the nonuniform distribution of the impuri-
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ties there exist in the sample parts of noticeably differ-
ent concentration. In order to verify the assumption on
the role of the “frozen” impurities and to explain the
mechanism of the onset of giant temperature equaliza-
tion times near the transition, we made visual observa-
tions of the MBBA in an optically thermostated cell,
equipped with an MBS-1 microscope. The drift rate of
the temperature was 10°2K/hr. The beginning of the
transition into the nematic phase was characterized by
the sudden appearance throughout the volume of spher-
ical drops of radius (2-3)x10"® cm. As the tempera-
ture decreased, the drops grew in size, but this growth
was always limited to a radius of (2-3)%x107%2 cm. After
reaching the maximum size, the picture did not change
over a period of many hours, in spite of the temperature
drift. Such a two-phase state is possible only because
of the presence of impurities in the sample. The im-
purity content in the bubbles host solution is different.
In a temperature change, the equilibrium concentration
of impurities was established yery slowly by the diffu-
sion method, i.e., without stirring. The stabilization
of the dimensions of the bubbles indicated that the im-
purity concentration in them was far from equilibrium.

Thus, in the region adjoining the transition region,
measurements without stirring lead to a distortion tem-
perature dependence of the specific heat, while the char-
acter of the diffusion of the 6 function depends on the
quantity, degree of nonequilibrium and the method of
distribution of the impurities in the sample. The in-
clusion of such a distorted region'®!?? in the sample
leads to a qualitatively invalid interpretation of the re-
sults.

3. REDUCTION OF THE MEASUREMENT RESULTS

The results of these measurements, which we have
assumed to be equilibrium, were approximated by the
power-law dependence assumed in the reduction of the
experiments close to the critical points of liquids'":

%—%Aﬂ"+A.+A,T, (3)
where 7=(T - T,)/T, is the temperature of divergence of
the specific heat T, in the general case does not coincide
with the transition temperature T;. The results of the
determination of the constants o, T,, Ag, A1, A, and
their confidence intervals (68% probability) for the ne-
matic phase of MBBA, put forth in Ref. 15, are given
in Table II. Here y is some quantity obtained from the
sums of the deviation and obeying the Fisher distribu-
tion, against which the hypothesis of the inadequacy of
the chosen model of approximation can be verified. 1%
At y= Fy.o(m,n) (m is the number of parameters, n is
the number of points) the model is inadequate with prob-
ability 1 — @, Fg g (m, )= 1, Fg5(5,%)= 2. 2.

TABLE III. Results of approximation of the temperature de-
pendence of the specific heats of MBBA and BMAB by the ex-
pression (3) with fixed value of ¢ =0.5.

TABLE II.
—lgt a (8a) T, K®T,) Ay (040) A (04)) A, (042) v
1-3 | 0.31 (0.05) | 318.30 (0.03) | 2.38 (0.94) |54.44 (1.85) 19.5 (9.9) 0.2
18-3 | 027 (0.08) | 318.29 (0.04) | 3.52 (251) [52.05 (449) | —4.32 (27.26) | 04
1045 Sov. Phys. JETP 45(5), May 1977

—lgt T, (8T A, (040 A (04) A, (04) v o
Isotropic phase of MBBA
1.6-26 | 318.40 (0.07) | 0.204 (0.016) |58.80 (0.20) | 35.7 (43) | 05 | 1.45-10—*
Nematic phase of MBBA
1-3 318.43 (0.04) | 0.597 (0.008) |58.87 (0.09) | 499 (21) | 1.3 | 7.4-10-*

Isotropic phase of BMAB

1-35 345.97 (047) | 045 (0.04) | 64.6 (0.6) | 36.4 (189) | 0.6 | 8.2-40-*
Nematic phase of BMAB .
1.8-28 | 346.18 (0.05) | 0.65(0.06) | 60.4 (0.8) | 40.0 (30.2) [0.02 | 38-10—*

st =] (T —TYIT |-

We call attention to two circumstances. First, the
value of the exponent ¢ in the approximation with the
free parameters a, Ay, A;, A and T could be chosen
only in a single case—the nematic phase of MBBA. In
BMAB, because of the large error, and in the isotropic
phase of MBBA, because of the smallness of the effect,
the dispersion a exceeds its mean value. Such a nega-
tive result should not be surprising. As a rule, the val-
ues of the critical exponents published in the literature
at fixed values of T, and the regular part, and the con-
fidence interval shown, starting from the intuitive con-
siderations of the authors. In the second case, which
follows from the expansion (1) for the ordered phase,
the value @ =0.5 lies beyond the limits of the confidence
interval. At attempt to describe the specific heat in the
nematic phase of MBBA by the expression (3) with fixed -
a=0.5 leads to the value y=1. 3 (Table III), which means
inadequacy of the model with probability >68%.

.4. DISCUSSION

The value of the exponent @< 0.5, obtained for the ne-
matic phase of MBBA, can correspond to the transition
from the region of applicability of the self-consistent
field approximation to the critical region.®! Another
possibility is the effective decrease in the exponent due
to the effect of the impurities. Such a possibility seems
less probable to us, since estimates (true, very rough
estimates) of the interval 7 in which the effect of the im-
purities is significant, !} give .

< [z(%% )’] “ <100

Unfortunately, the absence of sufficient accurate datafor
the isotropic phase of MBBA and for BMAB does not allow
us to explain the values a= 0.3 unambiguously. There-
fore, we have undertaken an attempt to reconcile the re-
sults of our and other variants of the expansion of the
thermodynamic potential in the Landau theory, approx-
imating the temperature dependence of the specific heat
in all cases by the expression (3) with a fixed value
a=0.5 (Table III). Such an attempt seems timely to us,
since the number of results (heat of transition, jump in

* the specific heat and the order parameter) does not de-

pend or depends weakly on the method of approximation.

Anisimov et al. 1045



TABLE IV. Temperature values near a first order phase transition that is near the second order, for dif-
ferent variants of the expansion of the thermodynamic potential in powers of the order parameter.

O — 8 a, Q .t gt A0 A—Act

e |2t | & ; B | %

e | CB | G | : Hale |

s | (B | B | el = o] | o

v () v | ) w| me P E-E) 1 E )Y Tloreme L
=)

Note. (2-3 4)—»4: =1 ar*Q?~ LB + L CQ*; (2-4-6)> - B, =% ar*Q? + + CQ* ++ DQ® (C<0); (2-3-6)

> PP, = ; ar*Q? —

_LBQS+_2_CQ6 (2_ -4—6)-)4) q)o—.LaT*Qz__BQ3+J-CQ‘+J-DQ° (C<0); @, is the

jump in the order parameter at 7 =0, the point 7*=0 corresponds to asecond-order transmon at B=0 (r* =‘r+rc +72);
- account of the term ~ Q% in the presence of the cubic term leads to insignificant corrections; in the variant 2-3-4-6
(C>0) all the quantities except the specific heat behave the same as in 2-3-4, with the linear corrections ~ D, while
the formula for the specific heat is the same as in the variant 2-3-4-6 (C<0); for all variants A/RT, = -zLaQ}.

If this attempt were successful, then the result ¢@~0.3
for the nematic phase of MBBA could be regarded as
accidential (for example, associated with some distort-
ing factors).

The results of the calculation of the thermodynamic
quantities for different variants of the expansion of the
thermodynamic potential in powers of the order param-
eter are given in Table IV. The results of the first two
columns of Table IV are well known: the 2-3-4 is tradi-
tionally used for the description of liquid crystals (see,
for example, Ref. 4), the variant 2-4-6 (C <0) de-
scribes the first-order phase transition close to the
tricritical point1'3 (for example, the transition between
the B- and 6-phases in the ammonium halides!'®’). Table
V gives the values of the constants of the expansion of
the thermodynamic potential (in units of R7,) and the
coefficient Ay, calculated for MBBA from the experi-
mental data: @ =0.4,'*? A=0.11RT,, 7;=7.4X10"% In
the variant 2-3-4-6 for the calculation of the constants,
we used the experimental value A;=0.6. The nearby
values of the constants are obtained also for BMAB.

At first glance, the variant 2—-3-4 gives satisfactory
results: the value of the constants are close to those
published in the literature, ' the specific heat in the ne-
matic phase is determined by the temperature depen-
dence of the order parameter, and the calculated value
does not differ greatly from the experimental, while
the root dependence of C, at 7> T,, which as a whole is
connected with the fluctuations, can be obtained by tak-

TABLE V. Constants of the different vari-
ants of the expansion of the thermodynamic

potential calculated according to the experi-
mental data for MBBA.

D—Do e B c D A

i
2-3-4 14 0.06 04 - 0.76
2-4-6 (C<0) 1.4 - -0.06 {0.26 0.79
2-3-6 14 0.01 - 0.11 0.99
2-3—-4~6 (C<0) 14 0.001 -0.07 | 039 0.6*
2-3-4-6 (C>0) 14 0.09 048 [ 048.| 06*

*Experimental value
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ing into account the term ~ (VQ)? in the expansion (1).
However, a comparison between the right and left
branches of the specific heat shows the contradiction of
this variant and the experiment at three points.

1. In both MBBA and BMAB, the regular parts Aj
=A}, while the variant 2-3-4 predicts the jump a?/2C
= 10R.

2. The ratio 7;/7; is 4-5 times smaller than the the-
oretical ratio.

3. The coefficient Ag is 3-5 times greater than fol-
lows from the formula''™ A}=V /16773 (V, is the mo-
lecular volume, 7, the radius of the interaction; from ex-
periments on light scattering, r,=5.5 A'47-6.8 A%)),
obtained for the fluctuation corrections to the specific
heat in the self-consistent field approximation.

Those variants are more acceptable which include the
sixth order term, i.e., which take into account the
smallness of the constant C. But the smallness of the
constant C denotes the existence of a tricritical re-
gion.” Actually, the Ginzburg criteria, which deter-
mine the region of applicability of the self-consistent
field approximation, (see Ref. 2)

(4)

in the case of short-range interaction (V./r3~ 1) and

C << 1 determine the tricritical point at the same time:
T>C%/a*. In the triple point region, the results of the
self-consistent field approximation are valid (with ac-
curacy to within a logarithmic correction). In particu-
lar, the specific heat Ci~ r"*/21n"'7. 3} For MBBA and
BMAB, C%/a*=102-10"* and the experimental interval
T is evidently located in the region of transition from
tricritical behavior'® to critical. '®! The existence of a
term of third order far from the transition point leads
only to corrections in the tricritical point behavior
(Table IV). Finally, such behavior of the specific heat
should be analyzed according to formulas obtained with
account of fluctuations in the microscopic theory, '
both above and below T;, and therefore a comparison of

Anisimov et al. 1046



experiment with any of the variants of the Landau ex-
pansion is, strictly speaking, invalid. Within the
framework of this expansion, for example, it is gener-
ally impossible to explain the large amplitude of the
anomaly of the specific heat in the isotropic phase. For
a quantitative comparison with the results of theoretical
researches'®3! new, more accurate experimental data
are necessary.

If the tricritical point behavior near the transition
isotropic liquid-liquid crystal is confirmed, then this
will be by showing the important role of the interaction

of the tensor order parameter with other power methods.'

In conclusion, we thank V. M. Malyshev for help in
setting up the experiment, E. E. Gorodetskii and V. M.
Zaprudskil for useful discussion.
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isolated critical point on this line,
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Singularities of magnetic properties of doped CdCr,Se,
single crystals in the region of the Curie point

K. P. Belov, L. I. Koroleva, M. A. Shalimova, V. T. Kalinnikov, and T. G. Aminov

Moscow State University
(Submitted December 28, 1976)
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The dependence of the magnetization o on the temperature T and on the magnetic field H was
investigated in CdCr,Se, single crystals doped with indium or copper and also having a selenium
deficiency, in the region of the Curie point T, and somewhat above it. The (H) curves at temperatures
slightly exceeding T, have a critical field in whose vicinity the magnetization increases jumpwise by 80%.
In the same temperature region, a temperature hysteresis of o~ was also observed. Annealing of a selenium-
deficient sample in a selenium atmosphere decreases greatly the jump on the o(H) curves and narrows
down the temperature hysteresis. The indicated experimental facts can be attributed to the production of
ferrons under the influence of the magnetic field at temperatures above T.. The field-induced transition
from the paramagnetic state to the ferron-containing state is an analog of a first-order phase transition.

PACS numbers: 75.30.Cr, 75.60.Nt, 75.30.Kz

In magnetic semiconductors, particularly CdCr,Sey,
a strong exchange interaction exists between the car-
riers and the localized magnetic moments (s -d ex-
change). This exchange interaction leads to a number
of singularities of the magnetic and electric properties
of these semiconductors. It is presently customary to
attribute the greater part of these singularities to the
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presence of special magnetic microregions character-
ized by an increased degree of ferromagnetic order—
ferrons. For pure magnetic semiconductors, these
microregions were theoretically predicted by Nagaev''+2!
and by von Molnar and Methfessel. *! They have shown
that owing to the s —d exchange it is energywise more
convenient for the carriers to become autolocalized and
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