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The separation coefficient a for hydrogen isotopes in the KOH and NaOH crystal-gas systems was measured 
in a temperature range that included the phase-transition points. The anomalous a(T) dependence, which is 
not predicted in the harmonic approximation of the theory of isotopic effects, is due to the change of the 
dynamics of the librational-rotational state of the hydroxyl ion. 

PACS numbers: 64.70.H~ 

Substitution of atoms in gas molecules and in struc- 
tural units of a condensed phase by their isotopes pro- 
duces practically no change in the particle interaction 
energy, but influences noticeably the dynamic charac- 
teristics of individual molecules, a s  well a s  the struc- 
tural units of solutions, melts, and crystals. This 
manifests itself, in particular, in the thermodynamic 
isotope effects of saturated vapor pressure, molar 
volumes, thermal-expansion coefficients, heat cap- 
acity, and others.' The isotope effects, however, ap- 
pear in the form of small corrections to  the measured 
quantity, and this does not help determine them with 
sufficient reliability, or  to compare them with theoret- 
ical results. The only case when an isotope effect can 
be measured directly is in the isotopic-exchange pro- 
cess.' The equilibrium isotope distribution (separ- 
ation) coefficient (ISC) a reflects in fact the ratio of 
the thermodynamic nonequivalences (TNI) of the iso- 
topes in two physically o r  chemically different states 
of an element; this introduces an uncertainty in the 
theoretical analysis of the results. To eliminate this 
ambiguity, one of the states i s  chosen to be an ideal 
gas, for which the isotope effects can be calculated 
with an accuracy exceeding the experimental capabil- 
ities.= Thus, from the values of the ISC in a gas- 
crystal system it is possible to  obtain experimental 
information on the TNI in crystals. A theoretical cal- 
culation of the thermodynamic isotope effects calls for 
solution of the dynamic problem for crystals with iso- 

the behavior of the ISC in a wider range of tempera- 
tures, including the phase-transition points, and to 
compare them both with the calculated values of the ISC 
on the basis of the harmonic approximation of the crys- 
tal-lattice theory, and with the behavior of other pa- 
rameters of these crystals. 

1. EXPERIMENTAL DATA ON THE TEMPERATURE 
DEPENDENCE OF THE ISC 

In the present study, using a previously described 
procedure,6s7 we measured the ISC between hydrogen 
and KOH above 523 K and NaOH above 450 K. The ob- 
tained experimental results a r e  shown in Fig. 1, where, 
for convenience in the analysis, the ordinate axis for 
the system with KOH i s  shifted downward by 0.4 rel- 
ative to the axis for the system with NaOH. The quan- 
tities a>l  correspond to the deuterium concentration 
in the crystal. The figure shows also the data taken 
from Ref. 6 for KOH below 523 K and for the eutectic 
crystals KOH +NaOH, a s  well a s  the values of the ISC 
for the hypotectic hydroxyl-hydrogen gas-phase sys- 
tem, calculated (see Sec. 2 )  only with allowance for the 
valence vibrations of the molecular hydrogen and the 
hydroxyl. The frequency of the latter was assumed 
equal to the frequency of the OH vibrations in the crys- 
tals of the low-temperature modifications, in accor- 
dance with the data of Refs. 8 and 9. 

topic 
a 

In contrast to  the majority of other thermodynamic 
a 

quantities, isotope effects depend selectively on the I I 

interaction parameters within the structural units of 2. I 

the gases, liquids, and solids, a s  well a s  between them. 
This makes the isotope exchange method close in effec- 1 5  

tiveness and clarity to various kinds of spectroscopic I a 

methods of studying the structure and properties of sub- 
stances, including studies in the vicinity of phase-tran- , , 
sition points. For example, it was observed in Ref. 6 
that the contribution of the lattice vibrations3 in the ISC J,o V,D ,>Ju 511do 

for the hydrogen-KOH crystal system decreases notice- i K 

ably near the phase transition point. This effect was at-  
FIG. 1. Temperature dependence of the ISC in a hydrogen- 

tributed to disintegration of the system of hydrogen crystal system: o-KOH from Ref. 6 ,  o-KOH, present work, 
bonds that govern both the stability of the low-temper- D-NaOH-present work, A eeutectic from Ref. 6 .  Dashed 
ature modification and adefinite fraction of the TNI of hy- lines-theoretical calculation for OH -Hz,  A-PT and melting 
drogen in the crystal. It was of interest to obtain the dataon points. 
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It is possible to conclude directly from the experi- 
mental data that the ISC differ in magnitude, and es- 
pecially in their temperature dependence, both in chem- 
ically different crystals and in different forms of the 
same compound. We note also that a t  different tem- 
peratures the ISC is smaller in a system containing the 
eutectic than in pure KOH and NaOH, whereas consider- 
ations based on the data on the eutectic structure would 
lead us to expect ISC values intermediate between KOH 
and NaOH for the eutectic. 

The most interesting experimental fact is the exis- 
tence of a temperature region (530-600 K), within which 
the change of the ISC i s  nonmonotonic. For a system 
with KOH one observes a clearly pronounced minimum 
(560 K) and maximum (590 K) on the a(T)  curve, and for 
the system with NaOH, with allowance for the experi- 
mental errors,  an inflection i s  seen at 555i 5K.  Non- 
monotonic a ( T )  curves-with extrema and inflection 
points-are observed experimentally o r  predicted the- 
oretically for other systems.'0 The cause of this pheno- 
menon turned out to be an "accidental" ratio of the fre- 
quencies of the vibrational spectrum of the two partners 
of the isotope-exchange reaction, and not the singulari- 
ties in the properties of one of them. A comparison of 
the experimental (gas-crystal) and calculated (gas-gas) 
curves on Fig. 1 suggests that the observed anomalies 
a r e  nevertheless connected with the properties of the 
crystalline phase, all  the more since they manifest 
themselves in regions close to the phase-transition 
points, namely, polymorphic transformations (KT) and 
melting (m). 

For the investigated crystals the values of TpT and T,, 
established mainly by the thermal-analysis method, dif- 
fer somewhat, but the causes of these discrepancies a r e  
not clear Therefore the differential thermal 
analysis method was used to  determine Tm and T, for 
the samples used by us. It turned out that they agree 
with the most frequently accepted values in the litera- 
ture, and amount to Tpy =565 K and Tm=585 K for NaOH, 
TpT = 550 K and T, = 680 K for KOH, and T, = 545 K for 
the eutectic. These values a re  shown by black triangles 
in Fig. 1 and in Fig. 2 below. It should be noted that the 
indicated values pertain to samples of natural isotopic 
composition with respect to hydrogen, i.e., practically 
pure protiurn samples. Yet the very character of iso- 

FIG. 2. Temperature dependence of B =T2 l$*. The symbols 
are the same as in Fig. 1. Dash-dot line-theoretical calcula- 
tion of the contribution of the librations-rotations. The values 
of To for various crystals are given in the text. 

tope-exchange experiments calls for the use of sam- 
ples enriched with deuterium. One could therefore ex- 
pect in principle a n  isotopic shift of T, and T, but a t  
the employed deuterium concentrations, less than 2 
at.%, this phenomenon was not observed with accuracy 
0.3-0.5 "C. 

Thus, a qualitative examination of the experimental 
data reveals a certain correlation between the TNI of 
hydrogen in solid hydroxyls and the stability of their 
crystal lattice. More detailed information can be ob- 
tained by comparing the experimental data with theo- 
retical estimates of the contribution made to the TNI 
by the different degrees of freedom. 

2. APPROXIMATE CALCULATION OF THE TNI OF 
HYDROGEN I N  HYDROXYL CRYSTALS 

In the theory of isotope effects it is customary to con- 
sider the quantity 6, which characterizes the TWI of a 
chemical element in a given state (e.g., crystal), so  
that 

T In B = A F - A I L ~ ~ ~ ~ ~ C I .  (1) 

Here T i s  expressed in energy units, A p  is the change 
of the chemical potential of the element following the 
isotope substitution (per hydrogen atom in our case); 
Ap is the same in the quasiclassical approxima- 
tion, does not depend on the aggregate state,20 and is 
introduced for convenience in normalization: B- 1 
a s  T - m .  The ISC between two states of an element, 
e.g., gas (g)-crystal (cr), i s  defined a s  a =/3,Pi1. 
In the calculation i t  i s  customary to use the harmonic 
approximation,' and in particular the dynamic theory 
of the crystal lattice.' 

The model of the NaOH and KOH crystals, used for 
the calculations and based on data on their 
can be represented in the following manner. We form a 
lattice of singly charged ions with spherically symme- 
trical distribution of the charge (close crystal-chemical 
analogs of NaF and KF, respectively)-the ion system. 
We place dipoles in the sites of the anion sublattice (the 
dipole system) in such a way that the negative pole is 
rigidly bound with the site, and the positive pole (pro- 
ton) is located a t  a distance equal to the radius of the 
hydroxyl ion. The orientation of the dipole is deter- 
mined in fact by the position of the proton on a sphere 
having this radius. The total energy of the crystal in- 
cludes the interactions in both the ions and dipole sys- 
tems, a s  well a s  between the systems, and in the ion- 
dipole interaction we can separate the proton-cation 
repulsion from the hydrogen bond of the ions. These 
two types of interaction, a s  well a s  the dipole-dipole 
interaction, exert an orienting influence on the dipoles. 
This leads to the appearance of libration vibrations or  
hindered rotation of the hydroxyl ions. The interactions 
in the ion system cause translational vibrations of the 
lattice, which depend little on the dipole orientation. 

The strong 0-H bond leads to valent vibrations that 
a r e  practically independent of the nature of the sur- 
rounding particles and their orientation. When the dif- 
ferent types of vibrations a r e  independent, P,  can be 
represented a s  the product of the contributions of the 
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valent (v), librational (I), and translational (t) vibra- 
tions: P, =P,j3, f i t .  In view of the considerable local- 
ization of the valence vibrations, 0, =&, is calculated, 
just as for gas  molecule^,^ using the experimental val- 
ues of the 0-H frequencies in the hydroxide crystals.8b9 
The curve shown in Fig. 1 for the hydroxyl-hydrogen 
system represents a =PoHP;', where 0, i s  for molecu- 
l a r  hydrogen. 

We shall hereafter estimate and compare with experi- 
ment the quantity 

BI ,=~craoa- '=p~pt ,  (2) 

which characterize the contribution made to the TNI of 
the hydrogen in the crystal and connected with those in- 
teractions which make the lattice stable and lead to 
translational vibrations of and OH- and to librations 
of the hydroxyl. 

j3, can be calculated in principle by the same pro- 
cedure previously used in Refs. 4 and 7 for lithium 
hydride. In the latter case 0, =P, and the decisive role 
was played by optical translational vibrations. Accord- 
ing to the experimental data7 and the theoretical esti- 
m a t e ~ , ~  fi t  for LiH ranges from 1.4 to 1.1 in the tem- 
perature region 500-1000 K. The considerably smaller 
relative mass difference between OH and OD, as well 
as the lower frequencies of the translational vibrations 
of OH a s  a unit, lead to l@,<<l [wt(KOH)<300 cm-' 
< w,(LiH) - 800 - 1000 cm-'1 . A numerical estimate for 
a harmonic oscillator with w = 300 cm-' with isotopic 
mass change & =0.06= 1/17 yields 1@, = 5 x  10-3~2T-2,  
i.e., 2X at 500 K. This is much less  than the ex- 
perimental errors ,  and therefore we put P, = 1 for KOH 
and NaOH. 

The frequencies of the libration vibrations of the hy- 
droxyl ions (670-840 cm-') in the low-temperature form 
of KOH, according to the data of Ref. 8, change sub- 
stantially (by 40%) when protium is replaced by deuter- 
ium, inasmuch a s  w, -I-%, where IoH is the moment of 
inertia. However, in dilute solutions of KOH in KOD 
(-5 at.% protium), the shift of the libration frequencies 
is only two-thirds of the shift in the case of complete 
isotopic substitution. A similar "non-ideality" of iso- 
topic solutions is predicted in principle by the theoryS 
and was taken into account in the calculation of P, . In 
addition, we took into account the experimentally es- 
tablished relation w:(T) = w:(l - 0.91 X T) in the in- 
terval 90-350 K for all  the frequencies of the libration 
s p e c t r ~ m . ~  In Fig. 2, the calculated values a r e  pre- 
sented in coordinates B and T, where B =T21@. The 
choice of these coordinates is governed by the fact that 
in the harmonic approximation [of w(T)] the quantity B 
tends with increasing T to a constant proportional to 
C ,  wi (Ref. 1) reaching 90°/0 of i t s  value at wT1= 1. For 
comparison, Fig. 2 shows the values of B obtained from 
the experimental data, i.e., 

ing point is approached. 

The correlation between the stability of the lattice and 
the contribution of precisely the lattice vibrations in the 
TNI of hydrogen manifests itself in Fig. 2 quite clearly, 
therefore the discrepancy between the harmonic (and 
quasiharmonic) approximation of the theory and the ex- 
periment is not unexpected. To explain the observed 
correlation we take f i rs t  into account the fact that in 
practice 0, = 1, meaning that 0 ,  =p, . From the defin- 
ition of fi it follows that P, (and B) reflects the changes 
of that particle of the chemical potential of hydrogen in 
KOH, which is connected with the librational-vibration- 
a1 motion of the hydroxyl ions. The free rotation of the 
hydroxyl ion in the temperature interval above 300 K 
can be treated classically, i.e., @, = 1 (r-rotation) and 
B =O. If free rotation of the hydroxyl were to take place 
in KOH at  T>TPT, then the function R(T) would take 
the form of the step shown in Fig. 2 by the dash-dot 
line. A steplike B(T) would also be observed with 
changing libration frequency on going through T, . Ex- 
periment shows, however, that the evolution in the state 
of the OH- ion stretches over a large temperature inter- 
val. A similar conclusion can be arrived a t  on the basis 
of the B(T) curves for the NaOH in the eutectic. Such 
a character of the change of the properties of the crys- 
tal i s  observed in second-order phase transitions and i s  
frequently satisfactorily explained by the sufficiently 
strong w(T) dependence-the concept of "soft" mode. 
As an alternate assumption, we can consider the gradu- 
a l  replacement of the hydroxyl-librators by rotators. 
In this case the total contribution to the TNI from the 
rotational-librational degrees of freedom can be rep- 
resented in the form 

In p I B ~ x ,  In p,+xr In b,. (4) 

where x, and x, a r e  the fractions of the hydroxyls in the 
librational and rotational states, respectively, and 
x, +x, = 1. The quantity x, plays the role of the order 
parameter, if the free rotation of the polyatomic struc- 
tural units is assumed to be completely disordered. If 
x,(t)  decreases a s  T- To, then B =x, T~ lnPl will also 
decrease, although the libration frequency will remain 
unchanged, s o  that T2 1nj3, = const. 

From the point of view of the existence of To-criti- 
cal temperatures for the Bht (T) which a r e  different for  
different crystals, i t  is possible to explain the differ- 
ences between the ISC of NaOH and KOH, which were 
noted in Sec. I, on the one hand, and of their eutectic, 
which i s  a microheterogeneous equimolar mixture of 
components, on the other. For the eutectic, apparently, 
To = Tm=445 K, and for pure NaOH arid KOH, besides 
To = T, , we can indicate that To = 520 K (minimum of 
Bout ). Trial of various combinations has shown that 
good agreement between the values of B e ,  = f (T - To) 
is obtained by choosing To=445, 520, and 680 K, re- 
spectively, for the eutectic, NaOH, and KOH (see the 

B a ~ T 2  In p,,~T2(In PC,-In P,) =T2(ln a=,-In a,, ). (3) points in the upper right corner of Fig. 2). If this 
agreement is not accidental, then it means that the 

As seen from Fig. 2, in place of the calculated weak eutectic i s  a mixture of P-KOH and a-NaOH.') 
temperature dependence B(T), a nonmonotonic variation 
is observed f o r - ~ a ~ ~  and KOH near the phase-transi- The foregoing explanation seems most satisfactory 
tion points, and a substantial temperature dependence is for a monotonic decrease of B with increasing temper- 
observed for all  the crystals, especially when the melt- ature. The extremal behavior of B of KOH and NaOH 
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calls for a somewhat different interpretation, since the 
increase of B with increasing temperature, which is 
especially noticeable for KOH, is most probably con- 
nected with the increase of either the frequency of the 
libration vibrations, or  the fraction of the hydroxyl- 
librators with high frequency. In the latter case 

where I1 and 12 a r e  different libration states of the 
hydroxyl (x,, +x,, +x, = 1). A similar process for KOH 
can be represented a s  a transition of the hydroxyl ions 
from librations in hydrogen-bound chains (state 11) to 
librations in several equivalent positions (12), the force 
constant of which is governed by cation-proton repul- 
sion. However, this transition takes place against a 
background of a constant increase of the fraction of 
freely rotating hydroxyls as the melting point is ap- 
proached. 

3. COMPARISON OF THE TEMPERATURE 
DEPENDENCE OF THE ISC AND OTHER 
PARAMETERS OF THE HYDROXIDE CRYSTALS 

A comparison of a number of properties of halide 
crystals and hydroxides of alkali metals (see, e.g., 
Refs. 14 and 18) allows us to state that it i s  precisely 
the replacement of the halide ions by hydroxyl ions with 
spherically asymmetrical distribution of the charge 
which causes the singularities of the structure and of 
the dynamics of the lattice of the hydroxide and their 
changes in polymorphic transformations. If this i s  the 
case, then correlations should be observed in the be- 
havior of the ISC, principally via @,, , and of other 
thermodynamic parameters of the crystals, especially 
near the phase-transition points. 

According to the data of Ref. 15, one can separate in 
the temperature dependence of the heat capacity in the 
case of NaOH the following regions, whose boundaries 
a r e  marked in Fig. 2 by vertical strokes: up to 503 K- 
ordinary linear dependence, 503-568 K steep growth 
of the heat capacity, 568-577 K absence of reproduci- 
bility in the value of the enthalpy, 577-589 K anornal- 
ous growth of the heat capacity near the melting point. 
The coincidence of the corresponding temperature in- 
tervals for &t and c i s  hardly accidental, all the more 
since both parameters a r e  governed by the dynamics of 
the structural units of the crystal. For KOH, the data 
of Ref. 19 on the character of c(T) in the PT region a r e  
less detailed: the jumplike decrease of the specific 
heat by 0.44 cal-mol-'*deg and the threefold increase of 
dc/dT on going from the monoclinic to the cubic modi- 
fication. Although there is no distinct correlation be- 
tween c and @,, with respect to the temperature inter- 
vals, qualitatively the changes of c(T) can be understood 
using the model of the state of OH- (see Sec. 2): the in- 
crease of the frequency of the librators on going through 
T, should lead to a decrease ("jump") of the specific 
heat, as well a s  to  an increase of i t s  temperature de- 
pendence, a s  i s  typical of a system of harmonic oscil- 
lators at wT-'<I. 

The structural parameters a r e  connected with the 
dynamics of the structural units of the crystal less  ex- 
plicitly, but the 0-0 and proton-cation distances, a s  
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well as the volume per "molecule," should correlate 
with the possbility of free rotation of the hydroxyl. For 
KOH at  T>573 K a structure of the NaCl type was reg- 
istered,'l and the molar volume in the monoclinic-cubic 
transition increases by 20% (-3 cm3 mol-I), and this 
favors the transition of the hydroxyls to a state of free 
rotation. For NaOH, on the contrary, the change of the 
molar volume at  573 K i s  negligible (-0.5 cm3 mol-'), 
both in accordance with x-ray structure data," and in 
accordance with the data of Ref. 18, where the phase 
diagram of NaOH was studied for 300-650 K and 0-40 
kbar. According to neutronoscopic data,'' the PT pro- 
duce in NaOH only reversal of the dipoles and a change 
in the character of their mutual orientation. One can 
expect, however, this process to be extended over a 
large temperature interval, and in some region the 
character of the orientation is close to complete dis- 
order, while the OH state is close to free rotation. 
Such a point may be 513 K, which manifests itself in 
calorimetric measurements15 a s  the s tar t  of a steep 
growth of the specific heat, and in isotopic-exchange 
measurements ( ~ i g .  2) a s  a minimum of 3 ,  , and also 
in x-ray structure measurements1" a s  a maximum of 
the intensity of a definite band of the spectrum. 

Despite the relatively good correlation of a number of 
properties of the hydroxide of potassium and sodium, 
the character of the variation of the librational-rotation- 
a1 state of OH-, from data on both isotopic exchange and 
from calorimetric and x-ray structure data, cannot be 
quite unambiguously established. The model of gradual 
replacement of the librators by rotators, and a model 
of the constant lowering of the libration frequency in all 
the hydroxyls, a r e  practically equivalent when it comes 
to explaining B(T). Various models that describe the 
behavior of proton-containing particles XH in the re- 
gion of the order-disorder phase transition a r e  dealt 
with in a number of papers. A theoretical analysis of 
the phase transitions in solid hydrogen halides leads to 
the conclusion that between the fully ordered and dis- 
ordered phases there exists an intermediate phase with 
continuous variation of the order parameter, but the 
dynamics of the proton has not been ~onsidered.~'  It 
was established by the neutron-scattering method that 
in the case of the trigonal-cubic transition in NaSH and 
the tetragonal-cubic transition in CsSH the frequency 
of the librations i s  practically preserved." The free 
rotation of SH- in the cubic phase is excluded by the 
authors of this paper, and the difference between the 
two modifications i s  attributed to an order-of-magni- 
tude increase of the frequency of the reorientation of 
the anion with subsequent growth of the reorientation a s  
melting i s  approached. 

The results of the indicated s t u d i e ~ ~ ' . ~ ~  which attest 
to preservation of a definite orientation and accordingly 
of the librational vibrations of XH in a lattice in the 
cubic phase, confirm our analysis of the data on the 
isotopic equilibrium for KOH under the assumption that 
the hydroxyls a r e  preserved, albeit only partially, in 
the libration state in the monoclinic-cubic transition. 

mon ere and elsewhere, vibrations other than those of the in- 
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ternal vibrations of plyatomic structural units will be desig- 
nated a s  lattice vibrations. 
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Orientational autolocalization of electrons in multivalley or 
anisotropic ferromagnetic semiconductors 

B. V. Egorov and M. A. Krivoglaz 
Institute of Metal Physics, Ukrainian Academy of Sciences 
(Submitted 3 October 1979) 
Zh. Eksp. Teor. Fiz. 78,2274-2286 (June 1980) 

We consider ferromagnetic semiconductors having a multivalley or essentially anisotropic electron spectrum, 
in which the energy of the bottom of the band depends, owing to the spin-orbit interaction (Sol), on the 
direction of the magnetization. It is shown that autolocalized states (AS) of the conduction electrons, due to 
local changes of the magnetization orientation, can be produced in such crystals. Favorable conditions for the 
production of these AS obtain in crystals with low magnetic anisotropy, low Curie points, strong SOX, and 
small distance between the bands. The produced quasiparticles have a large radius and a large effective mass. 
Their formation leads to a substantial change of the electric and magnetic properties of the crystal and can be 
regulated by a relatively weak external field and by the temperature. 

PACS numbers: 7 1.25.Tn, 7 1.50. + t, 75.30. - m 

A sufficiently strong exchange s-f (or s-d) interac- 
tion of the conduction electrons in a ferromagnetic 
semiconductor with the electrons of magnetic atoms 
should lead to autolocalization of the conduction elec- 
trons a t  finite temperatures. An electron that happens 
to be near a fluctuation change of the magnetization is 
then localized and stabilizes this change by i t s  field.'+ 
The produced autolocalized states (AS) of large radius 
(fluctuons) a r e  thermodynamically favored if the low- 
ering of the average potential energy of the electron by 
the localization exceeds the increase of i t s  kinetic en- 
ergy and of the thermodynamic potential of the spin of 
the atoms. At T = 0 the potential energy is minimal 
even for a band electron a t  the bottom of the conduction 
band, and no autolocalization takes place, so that fluc- 
tuons are produced in ferromagnets only a t  not too low 
temperatures: T > T:. In this respect fluctuons differ 

from polarons in ionic crystalse and other AS in or- 
dered systems (with which they have conceptually much 
in common). 

In ferromagnetic semiconductors with anisotropic 
dispersion law (e. g . ,  in multivalley o r  uniaxial semi- 
conductors) and with strong spin-orbit interaction 
(SOI), there can be produced AS of another type, which 
a r e  stable a t  low temperatures. When account is taken 
of the SO1 in such semiconductors, the energy of the 
bottom of the conduction band Eo(n) depends on the ori- 
entation of the magnetization vector M = Mn relative to 
the crystallographic axes. The equilibrium direction 

of M in the absence of electrons is determined by 
the magnetic anisotropy of the crystal and does not 
necessarily correspond to the minimum of Eo(n). Then 
the average potential energy of the electron can be low- 
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