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Coulomb interactions in the face-centered cubic (fcc) lattice are exemplified by the interactions of M2+
impurity ions with their charge compensation vacancies in alkali halides. At low temperatures and high
dilution, the canonical ensemble partition function leads to a Maxwell-Boltzmann distribution in the
distance of separations of the M?%*: vacancy pairs, which can be calculated in terms of the geometric re-
strictions of the fcc lattice. The most predominant pairs, in the order of their relative importance, are
Ciy (2,0,0), Cs (2,1,1,), Cop (1,1,0), Cay (2,2,0), C, (3,1,0), C1 (3,2,1), C3, (2,2,2), and C4, (4,0,0). The calcu-
lated distribution is compared with optical Zeeman and spin-resonance spectroscopic observations in the

KCl:Sm?* and KCl:Mn?* systems.

INTRODUCTION

OR a given temperature, there exists in alkali-
halide crystals an equilibrium law which governs
the presence of cationic and anionic vacancies. The in-
troduction of M?** impurity ions into the cation sub-
lattice increases the number of the cationic vacancies,
such that electroneutrality is maintained. If the con-
centration of the M?* ions, V;, is much greater than the
equilibrium concentration of the intrinsic lattice de-
fects, one can assume equal numbers of vacancies and
M?** jons. The assumption that the vacancies and A%+
ions undergo long-range Coulombic interactions leads to
apparent divergences.! In reality, the effective interac-
tion between charges is actually limited in its range be-
cause of the screening arising from the polarization of
the ionic atmosphere in the vicinity of a given charge.?
The number of neighbors with which a central charge
interacts is thus finite. In general, we write for the con-
figuration energy
Ny 2N;

v(Ri)=2 2

k=1 l=Ni+1

U(Rl,R2) . 'RQNi) = Z

1<i<i< N

—ep(Ri)2 2

I<m<n<Ni

ep(Rmn), (1)

where »(R;;) is the pairwise interaction between the 7th
and jth charges, ¢(Rr:) and ¢(Rnn.) are the potentials
between the interacting charges %,/ and m,n, respec-
tively, and Ry, Ry - Ry, are position vectors of the
2N, charges.

The present work was prompted by a recent investi-
gation® in which we observed, by means of the fluores-
cence Zeeman effect, that Sm?+ ions in KCI exist in a
multiplicity of site symmetries. A large number of the
lines arising from transition between the °D and "F
multiplets of the 4f% ground configuration show no
observable Zeeman shifts,? suggestive of their origin in
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the nearest-neighbor (nn) Cp,(1,1,0) sites with the
charge compensation K+ vacancy in the nn (1,1,0) lat-
tice point. From fluorescence lines which exhibit aniso-
tropy Zeeman patterns, two different Cy, sites and a dis-
tant C,, site were observed.? In addition, other Zeeman
patterns were found which arise from still other un-
identified site symmetries.?

In continuation of the initial effort,® we have made a
detailed analysis? of the 4.2°K fluorescence Zeeman spec-
tra of the KCl:Sm?** system, in which no field lines
(°*Do— "F,) have been attributed to C, sites for the
Zeeman patterns arising from the 8122.2 and 8126.6 A.
Before details of this fairly complicated spectroscopic
analysis can be given, we must first set down the basic
principles which underlie the interpretations of our ex-
periments. A more pertinent incentive for the present
study, however, lies in the apparent lack of agreement
in the literature. In earlier studies,® the broadening of
the Debye loss curve observed for the dielectric relaxa-
tion of the #/**: vacancy pairs suggests the presence of
inequivalent dipolar pairs. Current theories® on the
conductivity of alkali-halide: M?t crystals, however,
are formulated on the assumption that only the nn pairs
are bound. The ESR (electron-spin-resonance) studies
of Schnieder ef al.” and Watkins,® give convincing evi-
dence for the predominance of the next-nearest neigh-
bors rather than the nn pairs in the KCl:Mn?t system,
in agreement with the theoretical calculations of Bassani
and Fumi.? In addition, a large signal corresponding to
Mn?** in distant compensation was observed. Neverthe-
less, the vibronic structure of the Sm?*4f%— 4 f5541
absorption bands in alkali halides have been interpreted

*F. K. Fong and J. C. Bellows, Phys. Rev. (to be published).
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" E. E. Schneider and J. E. Caffyn, Defects in Crystalline Solids
(The Physical Society, London, 1955), p. 74; P. A. Forrester and
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TagLE I. Values of g, R;, and ¢; where /=32 and the point-group symmetry of possible #2*:K+ vacancy pairs in KCI.

! Symmetry (5,7,k) @ Ri(A) Ei(eV) ! Symmetry (3,7,k) g Ri(R) E(eV)
1 Cs4(1,1,0) 12 Vig=4.44 —0.65 19 Ci (5,3,2) 48 (+/38)a=19.35 —0.14,
2 C1s(2,0,0) 6 (v/4)a=6.28 —0.46 C, (6,1,1) 24
3 Cs (2,1,1) 24 (v/6)a=7.69 —0.38 20 Cs (6,2,0) 24 (+/40)a=19.86 —0.145
4 G(2,20) 12 (v/8)a=38.88 —0.32 20 C (14 48 (vV42)a=20.35 —0.14,
2 gsgégg 23 M?ii:?&fés :8:’;’2 2 G (622 24 (V44a=208  —0.13,
, B2 e V1Da—1175 024, 23 Cy (6,3,1) 48 (v/46)a=21.29 —0.13,
8 C4v(4,0,0) 6 (\/16)d=1256 _0230 24 Cav(4,4,4) 8 (\/48)(2:2175 ”‘0133
9 Cs (4,1,1) 24 (\/18)a=13.32 —0.21, 25 C14(5,5,0) 12 (4/50)a=22.20 —0.13¢

C20(3,3,0) 12 Cs (7,1,0) 24
10 C, (4,2,0) 24 (v/20)a=14.04 —0.20, Ci (5,3,4) 48
11 Cy (2,3,3) 24 (V/22)a=14.75 —0.19, 26 C. (6,4,0) 24 (V/52)a=22.64 —0.12,
12 C, 4,2)2) 24 (v24)a=15.38 —0.184 27 C, (2,5,5) 24 (v/54)a=23.07 —0.12;
13 C: (3,1,4) 48 (v/26)a=16.01 —0.18, C, (63.3) 24

C, (5,1,0) 24 c 7 12) 48
14 0 v
i C (5.12) 8 (V/30)a=17.19 _0.16, 28 C: (64,2) 48 (v/56)a=23.49 —0.12;
16 Co@40) 12 (/3a=17.16  —0.16 2 G@30 % (V58e=2391  —0.12
17 C 433 24 (/34)a=1831  —0.15 30 0

Cs (5,3,0) 24 31 C, (7,3,2) 48 (v/62)a=24.72 —0.11,
18 C, (2,4,4) 24 (v/36)a=18.84 —0.15; Ci (6,5,1) 48

C1,(6,0,0) 6 32 C4»(8,0,0) 6 (v/64)a=25.12 —0.115

in terms of the unique existence of the nn Cs,(1,1,0)
sites.® While our own spectroscopic work appears to
agree with Watkins’s, the mystery of site distribution
which has given rise to apparent contradictions remains
to be unraveled.

In the present paper, we shall provide a critical
evaluation of the many site symmetries by means of the
canonical partition function, which leads to a Maxwell-
Boltzmann distribution consistent with the geometrical
restrictions of the discrete fcc lattice. A meaningful cal-
culation of the distribution is possible in view of the
numerous spectroscopic observations.

DISTRIBUTION OF SITE SYMMETRIES IN
ALKALI HALIDE: M* SYSTEM

The interaction potential ¢(R) in Eq. (1) for charged
particles in a dielectric medium is

$(R)=(¢/eR)e"™, 2

where b= (87N ;¢*/eQkT)*?, Q being the volume of the
system and e the dielectric constant of the medium. Due
to this screened potential, the effective number of in-
teracting neighbors is finite. The fofal pairwise interac-
tion energy of a given configuration can thus be
expressed

U(Ry, R, - - Rowi) = 2

1<i<IKN

v(Rs5)

2

2N;
=X T xRy, ©)

7=1

where z; is the actual effective number of interacting
neighbors of the ith charge. The factor 3 corrects for the

10 M. Wagner and W. E. Bron, Phys. Rev. 139, 223 (1965).

over-counting incurred in the double sum. The configu-
ration partition function is

A A A
Zconfiguration =Z ¢~ Un(B1,Re, > RaN:) [kT
n

o]

2N; 2

1
T .-Z=:1 El :|:6¢(Rif):|n, 4

where the sum is carried over all the # possible configu-
rations. At sufficiently low temperatures, the attractive
terms will predominate as opposite charges tend to pair
formation, in which case Eq. (4) can be rewritten

1
Zconfiguration=z CXP[— Z '—€¢(R,,l)]
Ril kT i=1
=(Z gle—e¢(Rl)/kT)Ni. (5)
Ry

The sum after the first equal sign is carried over all pos-
sible values of Ry, the distance of separation of the sth
charge from its nearest opposite charge. Only the at-
tractive terms are retained in Eq. (5). The sum over j of
Eq. (4) is set equal to —ep(Ry), the attractive energy
of the ith charge with its close-by opposite charge. In
effect, these simplifications are equivalent to neglecting
the weak dipolar interactions between the charge pairs.
The second equal sign in Eq. (5) reduces the configura-
tion-partition function to a product of “molecular”
partition functions of N; pairs of opposite charges. Here,
R; is the distance of separation of a specified pair, and
g is the number of equivalent ways in which such a pair
can be formed.

A typical alkali halide is KCl. The cation sublattice
is fcc. The K+-Cl™ separation @ is 3.14 A. When a diva-
lent cation M*+ enters the lattice substitutionally, a K+
vacancy is created so that charge neutrality is main-
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tained. Neglecting the dipolar interactions between the
M?*: vacancy pairs, as in Eq. (5), we assume that at
sufficiently low temperatures and concentrations, each
M?* ion is associated with a K+ vacancy with an energy
which varies as R~ Since the vacancy can only occupy
discrete positions, R can assume only discrete values,
with the consequence that the Coulomb energy of as-
sociation, €, is also discrete:

€§Gq= —-62/€R1,

where e=35.03. Here, we have assumed that the quan-
tity b in Eq. (2) is vanishingly small at high dilution.

Taking the structural properties of the fcc lattice into
consideration, one observes that R; for the nn pair is
V2a, and that there are 12 distinguishable but equiva-
lent nn sites whose C, symmetry axes point in the direc-
tions of the [1107, [101], [011], [110], [i01], [011],
[1i0], [101], [o11], [iio], [101], and [011] crystal
axes. For the nnn pair, R; is (v/4)a with six possible
equivalent sites with the vacancy occupying one of the
six equivalent (2,0,0) lattice points. Proceeding in this
manner, it is possible to enumerate for the /th nn
M?*:K+ vacancy pairs, the quantities R;, €, and the
number g; of distinguishable but equivalent lattice
points. The results of this enumeration for /=32 along
with the point-group symmetry of each type of pair are
listed in Table I. If the M?* ion is taken as the origin and
the lattice point occupied by the associated vacancy is
given by (4,7,%), (i+ j+%) must be even, in order for the
vacancy to be in the K+ sublattice. The value for R; is
simply (>4 j2+%?)'/2a. R; can be written as +/(20)a,
wherel=1,2, 3, ..., except that for /= 14 and 30, g,=0.
The various site symmetries (and corresponding values
of the g; number of distinguishable but equivalent lattice
points in parenthesis) are Csv(12) when i= 50, k=0;
Cywv (6) when i5£0, j=k=0; C; (24) when i j=k,
(4, 7, k5%£0); C, (24) when 15 §, k=0 and 1, j540; C1 (48)
when all 4, 7, and % are unequal and not equal to zero;
and Cs, (8) when i=j=£k#0. At I=9, 13, 17, 18, 19,
25, 27, and 31, more than one site symmetry can occur
(see Table I).

The energy of pairing can now be written as

e=—0.39 eV,
ag=—e/er/(2D)a= —kO 1712,

The value ¢; for the nn M?+:K+ vacancy is assumed to be
the same as that for the nn pair energy in KCl:Sr?*, as
calculated by Bassani and Fumi,® namely, —0.39 eV.
This has been confirmed experimentally by Watkins in
the KCl:Mn?t system.? The pairing energies for />1 are
estimated by using the simple homogeneous dielectric
shielding model. This is a fairly good approximation.
The calculated value for e is —0.50 eV (KCIL:Sr?+).9
The experimental value ~—0.42 eV (KCl:Mn?t) was
obtained by Watkins.® The Coulombic value —0.46 eV
(Table I) lies in between the two values quoted above.
Further confidence in the assumptions for Eq. (6) is
gained from Watkins’s convincing interpretation of his

1=2,3,4, .... ©
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TasrE II. Some typical calculations for
1t
Ip= 2 gie” /.

=1
I°K 7('=13) g ('=21) 7r('=32)
300 3.878X108 3.879<108 3.879x108
500 6.123X105 6.229 X105 6.316X10°%
700 4.117X10¢ 4.467%104 4.830X10¢
900 1.241104 1.452X104 1.684 104

dielectric loss and EPR linewidth measurements in
terms of these assumptions. For KCl, ©,=¢*/eV2ak
=T7497°K.

Assuming the conditions for the canonical ensemble
configuration-partition function of Eq. (5), we now write
the distribution numbers 7;* associated with the energy
level ¢;:

N;g;e“‘””

= =N, ()
Sgre VI
l!

n;*

where the crystal contains N; impurity atoms/cm3, and
¢» is the molecular partition function for the pair forma-
tion. Equation (7) holds subject to the restrictive
conditions
€p=z nz*ez, and N,'=Z nl*,
1 1

where €, is the total energy of the crystal due to pairing,
and is actually the most probable configuration energy
U*(R;;) if Eq. (5) is valid. To obtain #,*, we substitute
the appropriate values for g; and ¢ from Table I into
Eq. (7). In our calculations, g, is summed over I=1, 2,
«++, 32 for T'=0, 100, 150, 300, 400, 500, 700, and
900°K. When e2>kT, only the ground level e, is popu-
lated, and g¢,=g,e /T leading to the result that
n.*=N,, ie., all the M?+ jons and K+ vacancies are
associated as nnn pairs. As 7 increases, the excited
levels become populated. The partition function must
now be summed over successively increasing values of
I to obtain accurate results. For example, some typical
calculations are shown in Table II, in which ¢, is
summed over /=1 to I=1". At 300 and 500°K, the value
for ¢, does not change significantly when the sum is
carried beyond /=13, whereas at 700 and 900°K, the
terms in g, beyond /=13 become increasingly signifi-
cant, and ¢, apparently does not converge readily.
There are several reasons for this difficulty. First of all,
as the distant sites become populated, the Coulombic
interaction tends to be screened, and Eq. (6) is no longer
valid. More significantly, the assumptions underlying
Eq. (5) are no longer valid at high temperatures, since
the repulsive terms and the terms other than the first
in the sum over jin Eq. (4) can no longer be neglected.
To do justice to the problem, we must employ the con-
figuration energy of Eq. (4) in our calculations, which is
a somewhat more difficult problem. Thus, in using the
molecular approach, we have meaningful values of ¢,
at temperatures less than S00°K. At higher tempera-
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Fic. 1. Probabilities #;*/N; of finding Cs» (2,0,0), Cs(2,1,1), and
C2.(1,1,0) sites at different temperatures.

1000

tures, population of states corresponding to large sepa-
ration leads to configuration energies, which are not
separable in terms of pair formation. Calculations of ¢,
at these temperatures are thus subject to serious errors.
Nevertheless, even at 900°K, the largest terms in ¢, are
still those characterized by the smallest / values, i.e.,
those corresponding to the low-lying bound states.

The calculated values of #;*/N; are plotted against T
in Fig. 1 for the first three bound states, and in Fig. 2
for the next five higher bound states. The results are
interesting, and are quite unexpected. For temperatures
up to 600°K, the C4,(2,0,0) nnn pairs are the predomi-
nant species. This result has been known to be the case
in view of the fact that e;> e according to the lattice
theory.? That the C; (2,1,1) pairs (!=3) are more pre-
dominant than the C2,(1,1,0) nn pairs at all tempera-
peratures is indeed unexpected. Upon reflection, how-
ever, the result is quite reasonable, for although
e1=—0.39 eV is slightly lower than es= —0.38 eV, the
number of equivalent sites g is 24 for the C4(2,1,1) pair
as compared with 12 for the C,(1,1,0) pair. At concen-
trations an order of magnitude lower and at tempera-
tures below 500°K, we find the group of three different
types of pairs, namely the C3,(2,2,0), Cs(3,1,0), and
C1(3,2,1) pairs (Fig. 2). At a still lower order of magni-
tude in concentration, we find the group of two pairs
identified as C3,(2,2,2) and C4,(4,0,0).

DISCUSSION

The results shown in Figs. 1 and 2 are in agreement
with the spectroscopic observations of site distribu-
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tions.> 478 Prior to the detailed discussion in Sec. II,
we were puzzled by the fact that no Cs, sites were ob-
served.? Visual inspection of the cation sublattice indi-
cates the distinct possible existence of complexes ori-
ented along the (111) axes. From Fig. 2, we observe
that the C3,(2,2,2) sites are actually quite improbable in
terms of our statistical theory. Watkins’ ESR investiga-
tions® of KCl:Mn?*, indicated a distinct temperature
dependence of the site distribution. At low tempera-
tures, the C4,(2,0,0) and the C;,(1,1,0) sites distinctly
predominate. At elevated temperatures, a broad signal
due to Mn** in distant compensation becomes promi-
nant. If this broad ESR signal corresponds to the multi-
plicity of sites [excluding C3,(1,1,0) and C4,(2,0,0)]
observed in the optical Zeeman studies of KCl:Sm?2t,3.4
Watkins’ observation lends strong support to the tem-
perature dependence of the distribution curves depicted
in Figs. 1 and 2. The lack of resolution of the broad ESR
signal into corresponding site symmetries can be readily
accounted for. The ground multiplet of Mn?* is 8S. The
relatively weak crystal field splitting of the ground J =%
level occurs only through admixtures of the excited J
levels with L>#0. Moreover, the compensation crystal
field potential varies as R~*+1 where R is the separation
distance of the Mn** ion and the vacancy, and 2> 0 is
the rank of the spherical harmonic in the corresponding
crystal-field expansion. The crystal-field effect of the
vacancy upon the Mn?* thus rapidly vanishes beyond
the detection limit with increasing R. In the optical
Zeeman studies of KCl:Sm?*, the transitions involve
the °Dy level and the seven J levels in the ground 7F

0l T T T T T T T
c l(3,2,[)
i__ -
nd/N, Q05— .=
Coyl2,2,0)
- .
C4y(2,2,2)
B Cav(4,0,07]
o 1 1 1 1 1 Il
o 500 1000

T°K

F16. 2. Probabilities #*/N; of finding C,(3,1,0), C.1(3,2,1),
C24(2,2,0), C34(2,2,2), and C4,(4,0,0) sites at different tempera-
tures.
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multiplet. The numerous site symmetries have been ob-
served® in several different 0 — J transitions. In this
connection, the optical Zeeman effect appears to be more
versatile than ESR. Not only is the optical Zeeman
method not restricted to a paramagnetic ground level,
it also has the benefit of information from several J-
levels, instead of only one as in the case of ESR.

In earlier work®!112 on compensated lattices in
KCl:M?*+ and closely related systems, such as CaFo: M3+
in which the F- interstitial is the compensation, the
prevailing assumption was that the impurity cation
was either in close association with the compensation
resulting in the removal of the inversion center of the
impurity site or that the impurity cation is essentially
in a cubic site beyond any significant influence of the
distant compensation. On the other hand, the unique
existence of the nn C,,(1,1,0) sites was postulated! in
the interpretation of the Sm?*4f%— 4 454! absorption
bands in alkali halides. In view of the present work,
neither of the above two assumptions appears to be

11 W, Hayes, G. D. Jones, and J. W. Twidell, Proc. Phys. Soc.
(London) 81, 371 (1962).

12 F, K. Fong and M. A. Hiller, J. Phys. Chem. 71, 2854 (1967);
F. K. Fong, ibid. 41, 2291 (1964).

PHYSICAL REVIEW

1103

valid. According to the predicted distributions, ‘“cubic”
sites corresponding to large R; values are highly im-
probable. None were observed spectroscopically.? The
unique presence of the C,(1,1,0) sites is in direct contra-
diction with the predicted distributions as well as the
spectroscopicobservation, particularly those of Watkins’s
in which the C4,(2,0,0) sites are seen to be predominant.

The above calculations apply only in the case of low
temperatures (< 500°) and high dilutions. In KCl:Sm?+
samples containing 102 Sm?* ions per cm—3, a group of
new lines appear in the Dy — 7F, transition energy re-
gion.!® They probably arise from the association of Sm?+:
vacancy pairs through attractive dipolar forces. These
lines were not observed in samples containing 10'® cen-
ters per cm?. Similar problems are involved in the
CaFq:M3* systems for which a number of site symme-
tries have been well established.!* Clearly, the procedure
outlined above can be readily applied to the CaF,:M3+
systems.

B F, K. Fong, R. H. Heist, C. R. Chilver, J. C. Bellows, and
R. L. Ford, J. Luminescence (to be published).

14 C, W. Rector, B. C. Pandy, and H. W. Moos, J. Chem. Phys.
45, 171 (1966).
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ESR and Optical-Absorption Study of the V, Center in KCl: NaClt{

CHARLES J. DELBECQ, ELsoN HUTCHINSON, DIRK SCHOEMAKER,
Epwarp L. Yasarris, aNp PrIvie H. YUSTER

Argonne National Laboratory, Argonne, Illinois 60439
(Received 19 June 1969)

The results of optical experiments show that the ¥, center in KCl has a strong transition at 357 nm and
a weak transition at 560 nm. Both transitions have the same polarization and the transition moments are
oriented approximately along (110). The optical measurements show further that the V; center disorients
in the neighborhood of 17 K, and suggest that it consists of an H center trapped in the immediate vicinity
of a substitutional Na*t. These optical measurements have been correlated with the anisotropic ESR spec-
trum of the V' center, which is best observed at 35 K. It is found that the Vi-center ESR spectrum is
similar to that of an H center; however, the four nuclei of the Cl#~ molecule ion are all inequivalent, and
the internuclear axis of the two central nuclei lies in a {100} plane and is tipped (5.7°4:0.3°) away from the
(110) direction. Furthermore, the central molecular bond is bent by about 3.5°. The ESR spectra reveal
that the V; center is an H center trapped by a substitutional Na* impurity. The Na* lies in the {100} plane
containing the Cl#~ molecule ion and is in a nearest-neighbor position to the central nuclei of the molecule
ion. The reorientation of V; centers is sufficiently rapid to result in lifetime broadening of the ESR lines
above 35 K, and at 50 K the ESR spectrum shows"a collapsing of certain four-line groups into single lines,
which indicates that a restricted interstitial jump is occurring. At 80 K, the V; ESR spectrum averages
into an isotropic line at g=2.020, with a linewidth of 100 G.

15 NOVEMBER

I. INTRODUCTION

HE V; absorption band in KCl, situated at about

357 nm, and created at 77 K by x or v irradia-

tion, was first reported by Casler, Pringsheim, and
Yuster.! Many models have since been proposed for the

1 Based on work performed under the auspices of the U. S.
Atomic Energy Commission.

1 R. Casler, P. Pringsheim, and P. Yuster, J. Chem. Phys. 18,
1564 (1950).

corresponding V' center. Seitz?® first proposed that it
was the antimorph of the F center, a positive hole
trapped at a positive ion vacancy. Varley* concluded
that the V'; center consisted of an interstitial chlorine
atom and four surrounding substitutional chloride ions

2 F, Seitz, Rev. Mod. Phys. 18, 384 (1946).

3. Seitz, Phys. Rev. 79, 529(L) (1950).

4]. H. O. Varley, Atomic Energy Research Establishment,

Harwell, England, Report No. AERE-M/R-1508, 1954
(unpublished).



