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The field dependence and the polarization of the Zeeman components of 4. 2 K fluorescence
lines arising from Sm2' ions in tetragonal compensation in KCl have been measured with mag-
netic fields up to 93.5kG. The difficulties encountered in the interpretation of crystal-field
spectra in lattices distorted by the presence of compensation defects are described. It has
been concluded that all the observed narrow lines originate from the ~DO level, and that most
probably the tetragonal lines arise from transitions in the Sm -K"vacancy C4„(2, 0, 0) pair and
the Sm '-0 C4„(1,0, 0) pair. Representation origins of the observed lines have been deter-
mined from the polarization data, the field dependence of line intensities, and the previously
determined Zeeman anisotropy fluorescence patterns.

I. INTRODUCTION

The interpretation of crystal-field spectra of
ions is faced with three problems: (1) The site-
symmetry origin of the transition in question,
(2) the transformation properties of the initial
and final states involved in the transition, which
characterize the irreducible representations to
which these states belong, and (3) the dipole origin
of the transition in question. When the ion as-
sumes a unique site symmetry, straightforward
interpretation is usually possible. However, if
the ion can assume several sites in a host lattice,
as do trivalent lanthanide ions in alkaline-earth
halides or divalent lanthanide ions in alkali
halides, the problem becomes very complicated
indeed. These ions usually enter the host lattice
accompanied by compensation defects characteris-
tic of the host. For example, the trivalent ions
are compensated by anion interstitials in alkaline-
earth halides, while the divalent ions in alkali
halides are compensated by cation vacancies.
Not only different types of site symmetries can
exist; there are several possible sites corre-
sponding to the same symmetry type. Moreover,
there is always the possibility of charge compen-
sation by divalent impurity anions. As a result,
the spectra of ions in compensated lattices are
often composite spectra of the various sites be-
longing to different or similar symmetry types
that are consistent with the structure of the host
lattice. In the following, the problems associ-
ated with the interpretation of crystal-field
spectra in compensated lattices will be exempli-
fied by Zeeman ft.uorescence spectra of the KC1:
Sm ' system, in which-4he K' vacancies provide
for the necessary charge compensation of the
Sm ions, if the Cl sublattice is free of impu-
rity divalent anions such as 0' ions which can

compete with the K' vacancies in the compensa-
tion of the Sm' ions.

The observation of Zeeman anisotropy fluores-
cence (ZAF) patterns characteristic of different
site symmetries of Sm ' in KCl was shown to be
consistent with the pairing of the Sm ' and K'
vacancies along different crystal axes through
a Maxwell-Boltzmann distribution that is gov-
erned by the geometric restrictions of the fcc
lattice of KCI. ' ' It was concluded '' that the
most dominant sites in the KC1:Sm2' system are,
in the order of their relative importance, the
C4„(2,0, 0), C, (2, 1, 1), Ca„(1,1, 0), and Cz(3, 2, 1)
sites, where the indices in parentheses denote
the position of the vacancy in the K sublattice
with Sm~' at (0, 0, 0). The spectra arising from
transitions between the 'D and 'F multiplets are
thus observed to be a superpositon of spectra
characteristic of the different sites. The present
paper reports the initial effort in the investigation
into the site and representation origins of the
lines in terms of field dependence and the polar-
ization properties of the Zeeman components.

II. DEFINITION OF PROBLEM

While the site origins of practically all domi-
nant lines have been determined through the ZAF
patterns, ' ' the detailed analysis of the repre-
sentation origin of each fluorescence line remains
a practically impossible task in the absence of
some additional experimental handle. One dif-
ficulty lies in the fact that lines of the same site-
symmetry origin can arise not only from sites
of the same symmetry which differ only in the
position of the K' vacancy relative to the Sm '
ion, but also from transitions between different
J levels which occur in overlapping energy regions.
For example, lines arising from the (2, 0, 0) site
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and the (4, 0, 0) site will both give rise to C4„ZAF
patterns. On the other hand, while many of the
transitions in KCl:Sm ' must initiate from the
'Do level, there remains the possibility that the
'D, level could also contribute to radiative decay
of the electronically excited ions. The possibility
of impurity anion (such as Os ) compensation
provides still a further complication of the prob-
lem.

The difficulty of interpretation of the spectral
lines is exemplified by the no-field lines observed
in the 8132.6-8204. 9 A region. Under an external
magnetic field, these lines give rise to ZAF pat-
terns that are characteristic of C4„site origin.
The patterns arising from the no-field lines at
8194.7, 8202. 3, 8203. 1, and 8204. 9 A overlap,
which at first sight give the appearance of three
identical E patterns with the corresponding ap-
parent@ factors of 5. 04, 5. 34, and 5. 50, re-
spectively. ' In this view, the overlapping ZAF
patterns are thought to arise from the transition
between the 'Do level and the same E representa-
tion in the F4 level in three different C4„sites
with the K' vacancy located at the (2, 0, 0), (4, 0, 0),
and (6, 0, 0) lattice points in the K sublattice. Such
an interpretation can now be critically assessed
in light of recent findings from this laboratory.
The relative probabilities of finding the first
three nearest C4„sites according to an idealized
Maxwell-Boltzmann distribution calculation are,
respectively, 7. 7x10 ', 1.1x10, and 4. 5x10 6

at 300 K. The population of these three tetragonal
sites thus decreases by more than five orders of
magnitude, which raises several questions con-
cerning the spectral intensities of the overlapping
patterns if the above interpretation is valid.

Another difficulty lies in the assumption that
first-order Zeeman effects are observed only
in the case when the E representation is involved. '
This is true in the 8= 1representation when the
cubic field is large compared with the axial field
arising from the C4„compensation. A compari-
son of theoretical ZAF patterns calculated
through the idealized $=1 representation with the
experimental ZAF pattern arising from the no-
field line at 8194. 7 A reveals a serious discrep-
ancy in that the splitting about the no-field line
with H )) [100] is not equal. The departure from
the ideal &=1 pattern could result from interaction
of Zeeman components from two different E rep-
resentations, in which case we should observe
corresyonding nonlinear field dependence of the
Zeeman components with H along the C4 axis.
Not previously considered is the possibility that
the axial field due to the compensation is not
small compared with the cubic fields of the six
Cl ligands, in whichcase the $=1 representation

is no longer valid. In the following, the problems
raised in this section will be dealt with in detail.

TABLE I. Wavelengths, relative intensities, repre-
sentation assignments, and number of Zeeman compo-
nents (H I I b00]) of the tetragonal Sm 0 4 no-field
4. 2 K fluorescence lines.

Line X(A} Relative Assignment"
intensity~

Zeeman
components

I
II
III
IV

8204. 9
8203. 1
8202. 3
8194. 7

(-8194)'
8132. 6

10. 0
&0.1
&0.1

3. 5

0. 7

A( Ag

A( E
A( E
A( A2

A( Ag

Ag A2

Integrated intensity relative to the most intense no-
field line observed for the 0 4 transitions as given by
Bron and Heller (Ref. 15).

"Assignment of the representation origins of the flu-
orescence line has been made in Sec. IV D.

'The line at - 8194 A(A& A&) is not observed. Its
existence is manifested by the Zeeman components
which arise from it under H lt 1.100] (Secs. IVC, IVD).

III. EXPERIMENTAL PROCEDURE

KCl crystals containing 3.6 x10"Sm" ions cm
were grown by the Czochralski method. 6 The rare-
earth content was determined by an EDTA (ethylene
diamine tetracetic acid) analysis. The 4.2 K
spectra were recorded on Kodak photographic N
plates with a 2-m Bausch and Lomb grating (4 in.
x 4 in. , 15 000 per in. ) spectrograph and a 2 m
Baird Associates grating (2 in. X5 in. , 15 000
per in. ) spectrograph. In the low-field region,
the magnetic fields were obtained with a Varian
Associates 12-in. magnet with a 14-in. gap. The
magnetic fields were calibrated with an Alpha
Scientific Laboratories Model 610 Digital Gauss-
meter. The maximum field in this case is 25. 7 kG.
In the course of our investigation, it became clear
that in order to clear up some aspects of the prob-
lem described in Sec. 0, it was desirable to ex-
tend our studies to higher magnetic fields. The
high-field experiments were carried out at the
Francis Bitter National Magnet Laboratory, where
fields up to 215 kG are available. Because an op-
tical access perpendicular to the magnetic field
was necessary, however, the maximum field em-
ployed in the present investigation was limited to
93. 5 kG. The fluorescence spectra in both cases
were calibrated by iron -arc and hollow cathode
iron lamp spectra, the results being reproducible
to an average deviation of 0. 1 A in most cases.
Polarization studies were made with Wollaston-type
and Nicol-type prisms. The propagation vector of
the recorded fluorescence was directed along the
[010] axis with the magnetic field vector, H, in the
[100] direction. Absorption spectra of the KCl:Sm '
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FIG. 1. Field dependence up to

25, 7 kG (Hll [100]) of the Zeeman
components of the no-field lines I,
II, III, and IV, along with the polar-
izations. Intensities are indicated by:
S means strong; M means medium;
W means weak; VW means very weak.
D means diffuse. Dashed lines indi-
cate extrapolations to zero field (see
Sec. IVD). The dotted line shows
linear extrapolation to zero field of
the lowest n. component as if it origi-
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sample were measured at 4. 2 and 77 K with a
Cary 14H spectrophotometer. The temperature
dependence of the first band corresponding to
transitions between the 4f I and 4f '5d' configura-
tions was recorded.

IV. EXPERIMENTAL RESULTS AND INTERPRETATIONS

The observed 4. 2 K fluorescence lines I to V in
the 8132 -8205 A wavelength region, along with
their relative intensities, are listed in Table I.
The ZAF patterns, at 26. 5 kG with H rotating in
the (001) and (011)planes, which arise from the
no-field lines have been shown previously. '" In

view of these earlier ZAF determinations, all the
lines listed in Table I have been shown to arise
from tetragonal Sm ' site symmetries. The field
dependence of the Zeeman components of the no-
field lines I-IV (Table I) up to 25. 7 kG with H ~~

[100] axis is shown in Fig. 1. The poiarizations
of the Zeeman components are also shown, with
o denoting E & H and m denoting E

~~ H. The com-
bined notation ow denotes the case in which both
the cr and m components are simultaneously ob-
served, with the o component being the stronger.

The Zeeman components arising from the no-field
lines II and III are not resolved at low fields. The
most important feature of Fig. 1 is that for H up
to 25. 7 kG, the two Zeeman components of the
ZAF pattern arising from IV [Fig. 7(a) of Ref. 1]
show a linear dependence on the magnetic field
strength. The linearity in the field dependence
in this case clearly rules out the possibility of
interaction between two E representations as an
explanation for the observed departure from the
idealS = 1 representation (Sec. II).

The field-dependence measurements at high
fields are shown in Fig. 2. There are 2, 4, 4, 4,
and 2 components for the zero-field lines I, II, III,
IV, and V, respectively. With H ~~ [100], the te-
tragonal site whose CI axis is along the [100]axis
will assume a C4 symmetry. On the other hand,
the two equivalent sites whose C4 axes lie along
the [010] and [001] directions will assume a C, site
symmetry. The no-field singlet line must there-
fore give rise to two components corresponding
to the two new site symmetries created by the
presence of the external field. By the same ar-
gument, the no-field line which gives rise to four
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Field dependence up to 93.5' (HII f100]) and site-symmetry origin of the Zeeman components of (a) the
no-field lines I, II, III, and IV and (b) the no-field line V. The four components of II and the two C, components of III
are not easily distinguishable. The site-symmetry assignment of the Zeeman components is discussed in Sec. IV D.

components with H )} [100j must correspond to a
no-field line that is a doublet.

The temperature dependence of the 4f 8 - 4f'5d'
band is shown in Fig. 3, along with the corre-
sponding position of the observed 'Do level and
that expected for D, . This information is impor-
tant in our discussion concerning the role of. D,.
as an initial level in transitions to the ground
F multiplet, as well as the sharp temperature

dependence of the Do - E~ transitions.

A. Weak Axial Field Case

In the $=]. representation, we write for the ef-
fective Hamiltonian'

$C,~ f = I3 H ~ g ~ S + D[ S, —
3 S (S + 1}], (1)

where P is the Bohr magneton, g is a second-rank
tensor, and S is the effective angular momentum
vector. It was assumed that the cubic crystal
field was much larger than the charge compensa-
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tion field. Under this assumption, the $=1 repre-
sentation can be meaningfully employed since only
the threefold degenerate T, and T~ representations
need be considered for first-order Zeeman effects.
The second term in Eq. (1) effectively splits the
3-dimensional T, and T~ cubic representations
into A~+E and B~+E representations of C4„, re-
spectively. The solution of the 3-dimensional
matrix equation, however, seriously disagrees
with the experimental finding in that the observed
Zeeman components at 26. 5 kG when H is parallel
to [100] are not symmetrically displaced about
the no-field line. It was suggested' that the dis-
crepancy could be the result of higher-order
interaction resulting from nontrivial matrix ele-
ments connecting states from two different E
representations. An unambiguous test of such a
possibility is afforded by an investigation into the
field dependence of the Zeeman components. In
a magnetic field there are three distinguishable
C,„sites with the C4 axes along the [100], [ 010],
and [001] directions, respectively. If the Zeeman
effect is small compared with the crystal Stark
splittings, the Zeeman splitting of the E repre-
sentation will be linear with the magnetic field
strength. At sufficiently high magnetic field
strength, nondiagonal matrix elements connecting
states of different E representations become im-
portant as nonlinear Zeeman effects become pro-
nounced. Departure from the ideal S= 1 represen-
tation could thus be accounted for.

B.Determination of Dipole Origin from Polarization

The above phenomenon, however, is not ob-
served. The field dependence up to 25. 7 kG of the
Zeeman effect associated with the 8194. 7 A no-
field line (IV) is clearly linear (Fig. 1). For a

reassessment of the situation, we consider the
polarizations of the Zeeman components in Fig. 1.
With H ]] [100], the site symmetry of the C4„[100)
site is reduced to C4, whereas that of the C4„[010]
and C,„[001]sites is reduced to C,. If we (1)
choose H (( [100] to be the s axis, (2) assume that
the initial state in the dipole transition moment
to be either A, ('Dc) or Aa('Dt), ' and (3) remember
that the fluorescence is viewed in a direction per-
pendicular to H, we make the following observa-
tions. Consider the case when the no-field final
states belong to a C4„E representation. For the
C4„[100]site in a magnetic field H (( [100], the
nonvanishing matrix elements are (A; jx I'y jE&)(g-)

( A; ]~+ jy ( Ef)(o), (A; IL„iL,lE-&) (v), and
(A, ~L, +iL, ~E&)(m), where i and f denote the initial
and final states, respectively. This is true wheth-
er the initial no-field state is an A, (DI) state or
an Aa('D, ) state in C4„, since in either case the
initial state would transform as an A representa-
tion in the C4 symmetry. The resulting fluores-
cence lines will thus be 0 polarized for an electric
dipole (the components of which transform as x, y,
and s), and v polarized for a magnetic dipole (the
components of which transform as L„, L„, and L,).
If the no-field final states belong to the C,„A, and
A2 representations, ' the nonzero matrix elements
in a magnetic field H[([100] are (A, ) a[A&)(v) and
(A, ~L, ~A&)(o). The resulting fluorescence lines
in this case will be m polarized for an electric di-
pole and 0 polarized for a magnetic dipole. For
the C,„[010]and C,„[001]sites, the H~( [100] field
lowers the site symmetry to C, . If the no-field
final states were E states, in C, symmetry they
would transform under the A' and A» representa-
tions, which would be indistinguishable from A,
and A2 states which also transform as A' and A",

I.O

03- 5o, 5o

—Q4
CL
O

FIG. 3. First4f 6 4f '5d~ absorp-
tion band in Kcl:Sm ' at 4. 2 and 77 K
along with the expected 5DO and D&
levels of the 4f configuration in Sm '.

I I I I I I

5SOO 6000 6200 6400 6600 6800 7000 (200 7400
O
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respectively, in C,. The nonvanishing matrix
elements are (AI» I x, y I A& )(v), Q» I L, I A&)(o),
(A» I zIA&')(I»}, and (A» I L„, L„ IA&')(v) if the no-
field initial state is an A„and (A»' I x, y I A~')(&),
(A'»' I L, I A&')(a}, Q.»' I z I A&)(I»), and
Q»I' I I.„,L„IA&)(II), if the no-field state is an Ap.
Regardless of the dipole origin, there will be one
m-polarized line and one 0-polarized line.

C. Strong Axial Field Case

Z=ePA«( r ){[ 35J,-30J(J+1)J,+25J',

—6J(J+1)+3J' (J+1) ] + (+p) [ J', +J' ])
—eyApp(r )( [ 231 J'P —315J(J'+1)J,+735J,

+ 105J (J+1)J,+ 525J(J+1}Jp+ 294'
—5J (J+1) +40J (J+1) —60J(J+1)]
—p» [ (11Jp

—J'(J'+ 1) —38)(J,+J )

+ (J, —J )(llJ, —J'(J'+1) —38)]}
—eaA (ppr) [3J' .T(J +1)], — (2)

The conclusion to be drawn from the above dis-
cussion is that unless the dipole origin is known,
there is no way of attributing a given C4„pattern
to a no-field E representation or two closely
spaced no-field A, and A2 representations. Con-
versely, there is no way of determining the dipole
origin of a given C4„pattern unless we know the
representation origin of the no-field lines. In the
previous work, ' the $=1 representation was as-
sumed, and the E representation of the final states
was presupposed. Under such assumptions, it was
possible to determine the dipole origin of the an-
isotropy patterns. This was done in the cases of
a C4„pattern in J=6 and a C~„pattern in J=5.
In view of our present discussion, however, it is
clear that we must first establish either the rep-
resentation of the no-field final states or their
dipole origins before a meaningful analysis can be
made.

That it is possible to have an A, state and an

A2 state closely spaced in a C4„complex can be
readily illustrated by the solution of the 9x 9 ma-
trix equation for J=4 employing the Hamiltonian

each other in energy. The same result is observed
for values of A~I O. . Clearly, at values of A~ at
which the cubic field is of the order of, or is ac-
tually smaller than, the compensation field, the
S=1 representation is not readily justified. In-
deed, the linear field dependence of the C4 Zeeman
components of the no-field line IV (Fig. 1), the
ZAF pattern of which does not fit the S= 1 repre-
sentation of an A-E transition, appears as strong
evidence of the possibility that IV in fact corre-
sponds to an AI(AI) state in close proximity to an
A,(A, ) s~ate.

D. Assignment of Transitions

In the tetragonal site symmetry, the ninefold
degeneracy of the J= 4 level is split into the A&,

A„E, B„A„E,and B2 irreducible representa-
tions of the C4„point group. If the initial state
is the 'Do level, transitions to the A states and the
E states in the J=4 manifold of a single tetragonal
site will give rise to a total of five lines of either
electric or magnetic dipole origin. The B, and

B~ states will not give rise to dipole transitions
of either type. For a single tetragonal site, we
should expect a maximum of four electric dipolar
lines (A, -2A, +2E) for the 0-4 ( Dp- Fp) transi-
tion. Similarly, there is a maximum of three
no-field lines (AI-Ap+ 2E) for magnetic dipole
transitions.

Three complicating factors in the interpretation
of the observed spectral lines are (1) the possible
superposition of 1-6 (pDI-pFp) transitions, in
which case the spectrum will become so compli-
cated that no easy interpretation could be made,
(2) the possiblp» superposition of 0-4 transitions
arising from two tetragonal sites such as C4„(2, 0,

T2

where o. , P, and y are operator equivalence
factors. The parameters A40 and A60 arise from
the cubic field, and A~a is associated with the
axial field from the compensation along the C4

axis. For rare-earth ions, the term containing
the parameter A60 usually cannot be neglected. "
For the sake of simplicity, however, we set A«=O.
The solutions of the 9x9 matrix equations for J=4,
as we vary the axial compensation field A,o, are
shown in F1g. 4. We observe that as A20 increases,
there are an A, state and an A~ state approaching

-600-
0
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f50
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250

FIG. 4. Decomposition of the J=4 manifold employing
Eq. (2), with App-—0, and Z=App (r)/A»p (r). Y is di-
mensionless. At Z =0, the eigenvalues correspond to
irreducible representations of the cubic group.
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0)and C4„(4, 0, 0), and (3) the possible superposi-
tion of transitions from vacancy compensated sites
and those of anion impurity compensated sites.
The first complication can be readily eliminated.
Using energy levels for Sm from the literature, '~

one finds that, while the 1-6 and 1-5 transitions
occur in the vicinity of the 0-4and 0-3 transi-
tions, respectively, transitions 1-4 and 1-3
should occur between 0-2, 0-1, and 0-0 transi-
tions, and 1-2, 1-1, and 1-0 transitions should
occur at the high frequency side of the 0 -0 transi-
tion. Since no fluorescence lines are observed
other than the expected 0-J transitions at approx-
imate Lande intervals, transitions from the 'D,
level, if they occur at all, apparently have non-
vanishing transition moments only to the F6 and

Fs manifolds for all the multiplicity of sites that
exist in the compensated lattice. The conclusion
that transitions originating from the 'D, level in
fact are not observed, can be arrived at in terms
of the following argument. From Fig. 3, we ob-
serve that the 'D& level lies 113 cm ' above the
onset of the f6-f'd' band at 4. 2K. Since at
T = 4. 2 K, kT = 2.9cm ', the population of the'D&

level, assuming Boltzmann statistics, is vanish-
ingly small. Moreover, transitions from levels
merged in the d band do not give rise to narrow
lines which characterize the f -f transitions. In

this direction, it is appropriate here to comment
on the sharp temperature dependence of the
KC1:Sm ' fluorescence. All the narrow fluores-
cence lines reported here and elsewhere "' ' dis-
appear at VV K at which fluorescence is observed
as a broad band spanning the entire wavelength
region corresponding to the 0-1-6 transitions.
The information given in Fig. 3 provides the
reason for this temperature dependence: While at
4. 2K, 'Do is situated well below the dband, at VVK

it is located just above the onset of the tempera-
ture broadened d band.

Since by the above argument all the observed
lines must originate from the 'Do level, we should
expect only a maximum of five no-field lines aris-
ing from dipolar transitions to the J= 4 manifold
(i. e. , A, -2A, +A&+ 2Z). These five no-field lines
will give a total of 2 &&2+ 2+ 2 0&4 = 14 Z eeman com-
ponents under H () [100], if only one unique tetrag-
onal site is responsible for the fluorescence lines.
Since there are in all 16 components (Fig. 2)
arising from the five observed no-field lines in
the 0-4 wavelength region (Table I), we conclude
that there must be at least two difference tetrago-
nal sites that are responsible for the observed
fluorescence. (The quadrupolar transitions in
rare-earth ions are very weak comyared with the
diyolar transitions, and their occurrence is un-
likely. ) By virtue of statistical considerations,

TABLE II. Selection rule table for the polarization
of Zeeman components (H II [100]) arising from tetragonal
Sm+ transitions originating from the 5Dp(A~) level. The
notations 0 and 7( are explained in the text.

No-field Final state Magnetic
final state under H ll [100] dipole

C4 C
A

A'

Electric
dipole

A2 A"

A'
AII

0, 0

the ratio of the most probable distribution num-
bers at 300 K for the C4„(2, 0, 0) site and the
C4„(4, 0, 0) site is -10:1(Sec. II ). Since the flu-
orescence intensity should be proportional to the
concentration to a first approximation, we rule
out the yossibility of superposition of lines due to
contribution from the C4„(4, 0, 0) site. This line
of argument leads us to the conclusion that, in
addition to the C4„(2,0, 0) Sm -vacancy pair, a
second tetragonal site which contributes to the
fluorescence lines listed in Table I most probably
arises from comyensation of the Sm ' ion by a
dinegative anion located at a Cl site along a
[100] axis. The most likely candidate for an un-

intentional impurity dinegative anion in the Cl
sublattice is the 0 ion. If this is true, the
second tetragonal Sm site is most probably the
Sm '- 0 C,„(1,0, 0) pair.

With Do as the initial level, selection rules for
magnetic and electric dipole transitions involving
Zeeman components of C4„A„A„and E final
states can be readily deduced from the discussion
in Sec. IV B. These selections are listed in Table
II. By means of Table II, along with the observed
polarizations, field dependence, and ZAF yatterns,
we now proceed to make assignments in the order
of decreasing certainty for the tetragonal 0-4
lines. The g component of line V corresponds to
the isotropic line in the ZAF pattern, 3 which means
that it originates from the C4„site under an 0
field perpendicular to its C4 rotational axis. The
reduced symmetry of the site in question is C, .
In this case, a ~ polarization will result for either
dipole origin if and only if the final state is the
A" representation, which is derived from the no-
field C4„A2 representation (Table II). The no-field
line V is thus unambiguously determined to arise
from A, ('Do) -Az( F4) transition. Moreover, the
o polarization of the C4 component clearly indi-
cates its electric dipole origin.

In terms of the ZAF pattern, the two m compo-
nents of line IV correspond to C4 site under H (([100],
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while the o and o7t components of line IV corre-
spond to C, sites. The departure of the ZAF pat-
tern of IV from the S =1 representation and the
linearity of the field dependence of the C~ compo-
nents up to field strengths of -27 kG suggests the
A, and Az origins of the no-field lines involved
(Sec. IV C). Substantiation of this statement can
be made as follows. The C4 components of IV
are too weak to be observed at fields lower than
-15 kG (Fig. 1). However, their intensities in-
crease with the applied field such that they be-
come readily observable at fields above -20 kG
(Figs. 1 and 2). This field dependence of the line
intensities can be interpreted in terms of the elec-
tric dipole origin of the C4 components. The mag-
nitude of the electric dipole transition moment
depends on the admixtures of oyyosite parity states
from the first excited configuration 4f 5d'. The
external field, which lowers the C4„site symmetry
to C4, effectively increases the importance of the
odd-parity terms in the crystal-field potential ex-
pansion, thus increasing the electric dipole transi-
tion moments as previously discussed. ' Thus
the observed z polarization of the C4 components
of line IV must mean (according to Table II) that
the corresponding no-field final states are an A~
state and an A~ state closely spaced in energy,
only one of which is observed as IV in the ab-
sence of an external field. The 0 component of
IV arises from a C, site under 0 ~( [100], and is
probably of electric dipole origin as it is not ob-
served at fields lower than 22. 5 kG (Figs. 1 and

2). This means that its C4„representation origin
is A, (Table II). According to such an assignment,
therefore, the 0 component and the lower m com-
ponent of IV arise from the no-field line 'Do -A„
which is not observed. An extrapolation of the
field dependence of these two components to H=0
yields a wavelength of 8194 A for the 'Do -A,
transition, which is listed in Table I along with
the observed lines. The om line of IV and the
upper m component belong to the no-fields 'Do A&

transition in this analysis, except that only a pure
m polarization (instead of the observed ov) is al-
lowed for the C4„site reduced to C, under H()[100]
for either an electric dipole transition moment or
a magnetic dipole moment (Table II). The obser-
vation of a mixed polarization thus suggests a
misalignment of crystal axes in our experiment, or
an unaccounted for. local distortion of site symme-
try about the Sm ' ion.

In the case of no-field line III, the 0 components
corresponding to the anisotroyic lines in the ZAF
pattern" 3 (which arise from sites that are C, in
symmetry when H (( [100])are probably of electric
dipole origin in view of the field dependence of
their intensities (see Figs. 1 and 2). On this basis,

we are led to the conclusion that line III most prob-
ably arises from a 'D, -E transition (Table II).
The C, components of III are not clearly distin-
guishable from the four Zeeman components of II
for a large part of the field-strength range em-
ployed.

The Zeeman components of II are not resolved
at low fields (Fig. 1). At high-field strengths
(Fig. 2) they are resolved, but the interpretation
is complicated by the presence of the two C, lines
from III. If we assume that there are only two
difference tetragonal sites that give rise to all the
observed tetragonal lines I-V in the 0 4 region,
the presence of four Zeeman components leads to
the E origin of II. The four Zeeman lines of II
cannot arise from two close by A, and Az states
since both A. 2 states (one from each of the two te-
tragonal sites) have already been accounted for in
the preceding discussion. If this assignment is
correct, lines II and III (both of E origins) must
arise from different Sm ' sites since the Zeeman
components from two E representations of the
same site must repel, contrary to the crossing
patterns shown in Figs. 1 and 2.

Finally, the presence of two Zeeman components
from the no-field line I indicates that I originates
from either an A, state or an A3 state. Since, by
assumption, the two A~ states are already account-
ed for, I must correspond to a 'D, -A& transition.
If we further assume that I and its Zeeman compo-
nents are of electric dipole origin (which is reason-
able in view of its high relative intensity as shown
in Table I), the v component must correspond to
the C, site (Table II). The mixed polarization om

of the remaining component (presumably the C,
component), as in the case of the av line in 1V, is
perplexing since there should be only a pure o

polarization from the C, site, regardless of the
dipole origin. The lack of an isotropic line in the
ZAF patter@" for line I deprives us of a definite
assignment of the Cz (of the C4) site symmetry
under H (( [100]. This lack somewhat weakens our
case for the assignment of I.

V. DISCUSSION AND SUMMARY

In Sec. IV, we have established (i) that all the
Sm ' lines arise from the Do level, (ii) that at
least two tetragonal sites are responsible for the
observed lines, and (iii) that additional C4„sites
most probably arise from dinegative anion com-
pensation since C~„(4,0, 0) Sm '-K' vacancy pairs
probably do not exist in sufficient numbers to give
the observed intensities. The representation or-
igins of the lines I-V have been determined. In
the assignments of lines I and II, it was neces-
sary to assume that only two different C4„sites
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are responsible for the observed tetragonal lines.
The assumption that only two C4„Sm ' sites are
important appears to be reasonable. We have ex-
cluded the C4„(4,0, 0) Sm '-K' vacancy on grounds
of statistical considerations. Compensation by a
dinegativeanion(presumably the 0 ion) in the Cl
sublattice can be the only other possibility which
will give rise to C4„compensation. The most
stable Sm'-Os pair (assuming 0' compensation)
is probably the nearest-neighbor pair with O~ at
the (1,0, 0) lattice point. The next-nearest C,„
Sm '-O is the C4„(3,0, 0) pair, which must be
quite improbable statistically since in this case
the distance of separation between the Sm ' ion
and the Os ion is three times that of the C4„(1,0, 0)
pair, assuming no lattice distortions are caused
by the interaction of the Sm ' and 0 ions.

In the representation assignments, we have
made use of the group-theoretical orthogonality
theorems (Sec. IV B and Table II), the polariza-
tion data (Fig. 1), the field dependence of line
intensities (Figs. 1 and 2), and the ZAF patterns
determined previously" ' which can give unique
information concerning the site origin of the
Zeeman component: With H )( [100], the compo-
nent corresponding to the isotropic line in the
ZAF pattern must be of Cz origin, while that
corresponding to the anisotropic line must be of
C4 origin. '

The nonlinear field dependence of the Zeeman
components shown in Fig. 2 should provide us
with a unique fit of the four parameters in an ef-
fective Hamiltonian containing the second-, fourth-,
and sixth-order terms of the C4„crystal-field
potential and the Zeeman interaction term g~PH. J
where g~ = 1.5 is the Lande g factor, p is the Bohr
magneton, and J is the total angular momentum
operator. Such a fit represents a considerable
effort in numerical analysis, which is underway
at this laboratory.

Prior to our investigations, all the KCl: Sm~'

fluorescence lines discussed in the present paper
were assigned to irreducible representations of
the C,„point group by Bron and Heller. " A near-
est-neighbor Sm '- vacancy complex C2„crystal-
field Hamiltonian was obtained through a 'fit" of
their experimental data. " On the other hand, the
crystal-field fluorescence spectra of trivalent
lanthanide ions in CaF, have been interpreted in
terms of the cubic field of the host without much
consideration of the charge compensation F in-
terstitial, ' not to mention the possible occurrence
of O compensation which is known to exist. '7 In
view of the present discussion, it appears certain
that if line assignments are not made in terms of
the site symmetries (through, for example, ZAF
determinations), the polarizations, the dipole ori-
gins, and the field dependence of Zeeman compo-
nents, any agreement between calculations and ob-
served spectral lines of ions in compensated lat-
tices must be fortuitous.

Finally, it is appropriate to mention an addi-
tional experiment we conducted which might give
independent and further support of the role of
O2 ions in the compensation of the Sm ' ions. In-
stead of the crystal preparation in which only SmC13

was employed as the starting material, varying
concentrations of Sm203 were added to the melt
from which single crystals were grown. The re-
sulting samples were then subjected to fluorescence
spectroscopic analysis. No additional lines to
those reported here and elsewhere were observed.
The nonobservance of additional lines can only
mean that the fluorescence lines due to 0 com-
pensation of the Sm ' ions are already among the
tetragonal lines observed in samples which were
thought to be "oxygen free. " While much detailed
work is needed (such as comparison of the line in-
tensities with 0 concentration) in the investiga-
tion of the competitive processes of K' vacancy
and O~ compensation mechanisms, we are confi-
dent that the analysis given herein is conclusive.
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The electron paramagnetic resonance spectra of the ground state of trivalent ytterbium
have been observed in eight single crystals with scheelite structure at 4.2 oK and X band fre-
quencies. The crystals used were CdMo04, CaWO4, CaMo04, SrWO4, SrMo04, PbWO4,
PbMo04, and BaWO4. The tetragonal spectra for Yb~v~, Yb~~a, and the even isotopes of ytter-
bium were best fitted with an axial spin Hamiltonian. The g factors were found to have a
linear dependence on the crystal c-axis lattice constant, All ground-state wave functions
were found to be I'5 6. The values of (r ) were calculated for Ybs+ in each of the crystals,
and all were found to have the value (r ) = 12.5 a.u. Inclusion of sn orbital reduction factor
correction changes this value to (r ) =12.8 a.u.

I. INTRODUCTION

Crystal-field theory has been very useful in de-
scribing the qualitative features of the optical
spectra of rare-earth ions in solid insulators, but

various attempts to account for the magnitude of
the crystal-field parameters have been unsuccess-
ful. A review of this situation has been given by
Van Vleck. ' Recently, attempts have been made
to improve upon the crystal-field model by con-
sidering corrections due to overlap and exchange
with ligand ions. ~'3 These calculations indicate
that overlap and exchange can make important con-
tributions to the crystal-field parameters, but fur-
ther work will be necessary before it can be said
that quantitative agreement with experiment exists.
To provide a body of experimental data which may
prove useful in obtaining a better understanding of
the strong and weak points of the various theories,
an investigation has been conducted at this labora-
tory of the electron paramagnetic resonance and

optical spectra of trivalent ytterbium in a series
of isomorphic crystals. The single crystals used
for this study were the eight scheelites: cadmium
molybdate, barium tungstate, and the molybdates
and tungstates of calcium, strontium, and lead.
The ytterbium ions appear to be located primarily
in undistorted cation sites in these crystals and

have tetragonal point symmetry. A good theory
should be capable of accounting for the variations
observed in the Yb3' spectra as the host crystal-
lattice pa,rameters change by approximately 12%.

In this paper, we wish to report on the EPR part
of this investigation. The measurements were
made at X band and 4. 2 'K and fitted to an axial
spin Hamiltonian. The g factors were used to cal-
culate the ground-state wave functions for the Yb '
ion in each of the crystals. From the values of
the hyperfine parameters for the two isotopes Yb ~

and Yb'7s, calculations were made for (x s), the
mean inverse cube radius of the Yb ' 4f electrons.

II. THEORETICAL CONSIDERATIONS

The EPR spectra of rare-earth ions in various
single crystal scheelites have been reported ex-
tensively. In particular, studies have been made
previously of Yb3' in calcium tungstate, ' lead
molybdate, and barium molybdate. In these and
other crystals, it was found that the predominant
spectra arose from the rare-earth ion in a site
with tetragonal point symmetry. This fact, to,-
gether with chemical arguments based on the va-
lence and ionic size of the rare-earth ions, 8' in-
dicates that the rare-earth impurity is located in
an undistorted cation site whose point symmetry
is 84.


