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Heat capacity of 2D solid solution
of diatomic molecules in rare gas matrix
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Translational-redational fnlevaction i fwo-dimensional difute solid solulions
of diatomic molecular impurities in monoalomic cryomaelrices is investigaled
theoretically, The interaction s shoun to affect sufficiently the impurity
rotatinnal spectrum which in twrn gives rise to low-temperature anomalies in
the heat capacity. Pecultaritics of the spectrum and the impurity contribution
to the heat capacity are analyzed in details.

PACSE numbers: 68.35. Dy, 68.35.Jn, 68.65.4¢g

1. INTRODUCTION

[nteraction between translational and rotational degrees of lreedom in
molecular crystals and solid solutions containing diatomic molecular impuri-
Lies is one of the most essential factors determining their physical properties.!
In particular, low-cnergy rotational excitations are responsible for anomalics
in the low-temperature heat capacity. The character of these anomalies is
uniquely delermined by dynamie properties of an impurity-rotalor, which, in
turn, significantly depend on the translational-rotational interaction (TRI).
Thus, low-temmperature heat capacity measurements can be of use as an ef-
feetive tool for the study of TRI. It is interesting to note that only inclusion
of these effects made it possible to deseribe quantitatively® the experimental
data on the heal capacily of three-dimensional Ar(Kr)-Ny(0) solutions.”

In two-dimensional (2D) atomic-molecular cryosolutions the TRI prob-
lemn 18 of special interest because molecules move in the low symmetry crys-
tal ficld, whose amplitude can vary in a rather wide range depending on
monolayer and substrate materials. The offect of TRI on the dynamics of a
diatomic substitutional impurity in a 2D monoalomic malrix adsorbed on
a substrate has been investigatod extensively in Refs. 4, b It was found,
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that the TRI results in a drastic change of inertial properties of the impu-
vity molecule. Mathernatically it i3 expressed in the change of the rotational
kinetic encrgy operator as compared to the corresponding expression for the
free rotator. Deculiarities of the impurity dynamics manifest themselves in
the temperature behavior ol the heal capacily, thal is in principle available
for the experimental obscrvation.

The aim of the present work is to investigate theoretically the effect
of the TRI on the heat capacity due to rotational degrees of freedom in a
dilute solution of diatomic molcecules in moncatomic matrix commensurate
wilth ihe substraie.

2., HAMILTONIAN AND ROTATIONAL SPECTRUM

We start with the Hamiltonian® obtained within a canonical-transfor-
mation method., Measuring encrgy paramcters in units of the rotational
constant B we can represent the Hamiltonian as

;0 o2 : ; ;
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Here L is a square of the angular momentum operator, equal to

i a 1] 1. RE
B ot i = cost).
s E'J:n{l . )3‘:5 1 — a2 g’ BiE=ioat, 2)
? 7

M=az? -1 +2e(2® - 1)(32* — 1)

r? o’ 3)
# and ¢ are azimuth and polar angles specilying Lthe molecular axis ori-
eniation, p; and ps; are renormalized crysial field parameters. The terms
proportional to ¢; (¢ = 1, 2,3) are caused by the renormalization of the rota-
tional kinetic energy due to TRI. The quantities pr, pe and £; are determined
by interpartical interactions and depend on the system parameters. Analy-
sis shows that they satisfy the incqualitics: pp > po; 0 < £ < £) < 1, and
|J’,3| < 1.

Wave functions of Schrédinger equation with the Hamiltonian (1) can be
represented as an expangion in the normalized spherical harmonics Yy, (4, o).
Since the Hamiltonian (1) is axially symmeiric, the magnelic quantum num-
ber i retains its meaning, The set of the wave functions can be grouped as
even (g} and odd (#) velaiively (o inversion through origin. Rotational stales
with m = 0 are nondegenerate, whereas the states with m 4 0 are doubly
degenerate. Tt g also obvions, that the second terin in (1), proportional to
t2, does not modify the levels with e = 0. Due to the complexity of the
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Hamiltonian (1}, in general case impurity rotational levels can be caleulated
only numerically,

To investigate quantitatively the effect of TRI on the dynamics and
thermodynamics of real systems it needs to be known the magnitudes of
pr, g2 and £ Tt difficult to determine unambiguously these values be-
cause neilher an explicil form of Lthe inlerparticle polential nor values lor ils
parameters are in fact known, However, qualitative conclusions concerning
effects we are interested in can be made il we use reasonable estimales for
the ratios between these parametors.

In Refs. 3. 6 the rotational spectrum of the iimpurity molecule ag a func-
Lion of parameler p = p; —2ps was calculaled numerically with® and without®
regard to TRI. A ratio ps/p1 was chosen to be 1/8, which corresponds to
that in real systems. Tt turned out that as [p| increases the low-lying lev-
els approach each other in pairs: AY, A% at p > 0 and AY, E¥ at p < 0.
TRI was found to make this effect more pronounced.® These are the features
ol the spectrum thatl are responsible for anomalies in the low-temperature
heal, capacity. Such ellecls arise in the temperature region where the bhasie
contribution to the heat capacity is from a few low-lying levels.

The reason why the levels can approach closely at large |p| becomes
clear from the following considerations. Lot us begin with p) < 0
In this cage a molecule in the matrix behaves like a near-planar rotator. Lel
# = w2+, where v & 1. Then in the basic approximaiion with respeci
to a small parameter ~ the Haiiltonian (1) can be written as

f=H,+ i, (4)
where the Hamiltonian Hy describes a harmonic oscillator
{2 -
y=—(1-b)— 577 + o]y (5)
and H, describes a free planar rotator
L 2
H (l—fl—l-h}d = (6)

From (4}-(6) follows, that in Schrodinger equation variables can be divided
up and the rotator wave function Wy has a form:

1 )
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V2
where tf,(v) 15 a harmonic oscillator wave function, The corresponding
eigenvalues can be written as
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Levels Epp and Egy correspond to the ground state Af and first cxcited
state BV, respectively, The difference between them is equal to

Lyg —Lyp=1—t1 + o, {8)

Since 0 < € < #1, the TRI causes these two levels draw closer together.
As a result, the anomalies of the thermodynamic functions become more
pronounced.

We proceed now to pogitivep. Inthe limit o = 5/ (1—4)) 3 1, eigenfunc-
Lions 4 of the Hamillonian (1) corvesponding Lo low-lying levels are localed
near x = £1. It allows us to negleet the terms proportional to o and #3 in
the Hamiltonian (1). Then, dividing variables & and o in the Schridinger
equation, for the x-depending part of the wave function we obtain

d m?
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where Ay = &+ By /(1 — £1). Equation (%) coincides with the equation
for the oblate spheroidal harmonics. Using the asymptotics of the spectrum
)\.,J_!.”,_T one can show, that the difference AFE between the ground (AY) and
the first excited (AY) levels is cqual to

AE = 32aexp(—2v/a).

Note, that at large |p, irrespective of the sien of p, the term propor-
tional Lo {3 resulis only in small shills of low-lying energy levels. Thus,
it is the term proportional to the parameter #; that has marked effect on
the low-lying levels of the molecular rotational spectrum and consequently
on the thermodynamics of 21} solid solutions. Hence, while studying the
low-temperature hehavior of the heat capacity considerable attention will
be given to the cffects which are caused by this term. Since t) > 0, it means
Lhat due to TRI an impurily molecule become effectively heavier.

The TRI effect on two lowest levels, cansed by the first term in (1) is
shown on Fig.la (for p < 0) and Fig. 1b (for p > 0). As can be seen, owing
to TRI the two levels begin to approach cach other at smaller values of |p).

3. HEAT CAPACITY

Evaluating eigenenergies. we can easily calculate the impurity contribu-
Lion due o rolalional degrees of [reedom (o Lthe ihermodynamic functions
of a 2D dilute solid solution. The partition function Z of the rotational
subsystem has a form (per one impurity);

)
Z = wgBy + wy Ly, Zyy = Z o em)[—}_?;_’r[T 4T, {10)
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Fig. 1. Two lowest levels of the impurity rotational spectrum with (solid
limes, £ = 0.3) and without {dotted lines) regard to TRI: p << 0 (a); p > 0 (b).

where g; is the degenevacy of the level F;. Here the fact. that even and odd
states have different nuclear degeneracy (wy and ), is taken into account.
Summation in (10) is made over cither even or odd levels. The rotational
heal capacily per one molecule is

o
C=Lg? —-1 Z.
T =

The values for the weights w, and w, depend on whether the nuclei spin is
integer or halfinteger. When, for example, nitrogen molecules are chosen as
impuritics the weights arce

wy = 2/3, wy, =1/3 for "No; (11)

L5

wy =1/4, w, =3/4 for "Na. (12)
Comparing (11) and (12), we see that for solutions containing "Ny molecules
the conlribution to the impurity heal capaciiy rom odd states is dominani.
The rotational constant B equals 2.875 K for 11Ny and 2.684 K for PNy.#

As expected, for both isotope modifications of nilrogen molecules the
effect is more pronounced at positive values of crystal field parameters. Fig. 2
illustrates the TRI influence caused by the fivst tern in (1) on the rotational
heat capacity at p = 4.5,
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Fig. 2. Heal capacity of a 210 solid solution of "*Ns (a), and "Ny (b) in a
rare gas matrix with (solid lines, 1 = 0.3) and without (dotted lines) regard
to TRI.

4. CONCLUSION

The TRI has a profound effect on the thermodynamie properties of the
impurity subsystern of 2D solutions. It manifests itself as appearance of a
well-marked low temperature peak on the temperature dependence of the
rotational heat capacity. The predicted behavior of C(T) is in principle
available lor experimental observaiion.
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