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with 5r/r)0. For these reasons, we prefer so far the
oldel analysis.

However, work has to be continued along the lines
marked out in Ref. 8. The MOssbauer literature, for all

"As this work was in press, an important paper PJ. P. Itocquet,
V. Y. Chu, 0. C. Kistner, M. L. Perlman, and G. T. Emery,
Phy. Rev. Letters, 1/, (1966) 809) was published which employed
new experimental data on conversion electron intensities to deduce
6r/r =+3.1&&10 4. This result is strong support for positive frac-
tional change of the nuclear charge radius. The remaining dif-
ference in numerical values can be traced to the following facts:
After dificult unfoldings of complex spectra, they found that the
conversion rate in the 5s shell decreased by 25% in going from
p-tin to Sn02. On the other hand, the analysis given here indicates
(see Fig. 2) that a 75/z decrease would have been more
satisfactory.

isotopes, has been dominated so far by rather primitive
"atomic" descriptions; in the long run, better molec-
ular, or crystalline, models must be devised to correlate
the various measurements that can be made.
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The interpretation of the near infrared spectrum of ytterbium in the gallium and aluminum garnets
is greatly simpli6ed by the observation that a majority of the lines can be identi6ed as vibronic by virtue

of their symmetric pairing as summation and difference sidebands about the transition connecting the
lowest 'Fp2 and 'F5I2 ytterbium levels. The few lines which cannot be so identi6ed are readily assigned as
electronic transitions connecting the remaining 'F~f2 and 'Ii@2 levels. This procedure provides a complete

identification of all the 4f-electron energy levels of trivalent ytterbium based on experimental evidence

alone. It is found that the 6rst excited 'Fyf2 level occurs above 540 cm ' in the gallium garnets and above

600 cm ' in the aluminum garnets. New assignments are made for the 'F@2 levels in the aluminum garnets,
these assignments being more similar to those already made for the gallium garnets. No spectral evidence

is found in the gallium garnets for ytterbium ions occupying other than normal sites. However, there

is some indication in the aluminum garnets that a small percentage of the ytterbium ions occupy abnormal

sites.

INTRODUCTION

& &HE spectra of ytterbium in the garnets have been.reported over the past seven years. ' It may therefore
seem presumptuous and redundant to treat anew the
analysis of these spectra. In fact, despite the amount
of e6ort expended, no unambiguous analysis has been
achieved prior to this time. That this is so may seem
surprising in light of the expected simplicity of the
4f-electron energy level scheme of ytterbium. Even
taking into account the low (orthorhombic) symmetry
of the site on which the rare earths occur in the garnets,
only seven levels (three for the 'Fs~, and four for the
F&~s states) are to be expected. The spectrum, con-

sisting of transitions between these two manifolds of
levels, would therefore be presumed to be sparse and
easily interpreted.

The majority of the prior studies are summarized by M. T.
Hutchings and W. P. VVolf, J. Chem. Phys. 41, 617 I'1964) in
connection with their treatment of the crystal-6eld problem.
Certain speci6c references will be mentioned later in this paper as
appropriate.

In contrast with expectation, the spectrum is com-
plex. .Many more lines than can be explained on the
above basis are observed. In the assignments made to
date, arbitrary criteria have been used for identifying
the few bona Pds electronic transitions, arbitrary as-
sumptions have been made as to the nature of the
crystal Geld, and certain lines have been discarded
without adequate justification. No two sets of prior
analyses agree, nor does any agree with the analysis
to be presented here.

Ytterbium is one of the few ions for which an exact
low-symmetry crystal-field calculation is possible. Yt-
terbium is furthermore of interest in that it is the one
ion for which a reasonable amount of experimental data
relating to exchange-field-induced effects in the iron
garnets are also available. The exchange-field problem
is impossible to pursue in any depth without an ade-
quate solution of the crystal-field problem, In light of
the small number of 4f-energy levels for ytterbium and
the need to use them aH. in a low-symmetry calculation,
the crystal Geld cannot be obtained without a complete
and correct interpretation of the spectrum.
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Fxo. 1. Absorption spectra of ytterbium gall'u yallium and ytterbium
a YbGaG; {1) thickness 72 p, 77'K;1„,„„g„„ts{,),

3K (b) YbAlG (1) 1342.9 mm, 77'K; (3) 2.9 mm, 11
77'K; (2) 4.1 mm, '"77'K; (3) 4.1 mm, '150'K.

' J. J. Pearson, G. F. Herrmann, K. A. Wickersheim, and R. A.

t the cold f(nger itself this
h s. Rev. 159, 251 (1967).
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M del 14. Its description and characteristics
can be obtained from sales literature provided by pp ie y

'

Corporation, Monrovia, California.

he standa, d lamp (Mod
supp y were o ainl btained from Electro Optics Associates, a o o,
California.

been to la a sol'd binder. The copper sample holder was mounted in con-
'h 1' 'd 't ool d oi d dfoundation for such an exact crysta — e1-field calculation. tact wit a iqui -ni ro

followin a er' in an evacuate c am er.d h b Luminescence was excitedThe calculation itself is reported in the fo owing p p
bymeanso a . - o -p ef 0.5- t 5- A electron beam accelerated
h h t t' ldiQ of o i t 1 10kv.This complete analysis has been possi hible as the result throug a po en ia

-b citation unit of which the vacuum1 stud of the vibronic The electron- earn exci a io
b d 1 d 1 ho ld d-ortion of the absorption spectra and, whehere necessar, cham er an coo e sa

n directl on the Model 14 in the con-
por i

11 hh
~ ~

mission s ectra as well. signed to mount iree y on
~ ~

ade ossible b ventiona samp e compar mThe vibronic analysis, in turn, was made p
'

y
h focus of the spectrophotometerof undiluted tterbium ting sample at t e ocus o

Th of thi 't tio h o ides agarnets, and through a carefuf 1 consideration of the optics. e use o is
d anta es. These include greater efficiencytemperature dependence of bot i qb h line fre uencies and num er o a van ages.

of excitation of luminescence and improved opticalintensities.
1 th th ectrometer through precise contro

of the location, size, and shape of the region o t eEXPERIMENTAL PROCEDURES

'n leer stalsof tterbiumgalliumgarnet (YbGaG) operate with this type of exc&tat&on at temperatures
y &&bA10 and of below that of liquid nitrogen, and. even at this temper-eow

yttrium gallium garnet ~ a ~&an y rq YG G& d ttrium aluminum ature caution must be used to avoi
arnet (YAlG) containing small percentages of yt- heating of the samp e

scent s ectra thestandard techniques from a In order to obtain better luminescent spectra, eterbium were grown by stan ar ec niq

he Model 14 at 1 p, was improved furtherlea oxi e- ea uor'1 d 'd -1 d fluoride Aux. All starting material used sensitivity of t e o e a p,

standard detectors by anwere at eas1 t 99 99%%u pure a purity more than adequate

hotomu ti ier tube having an 5-1 type response.for the optical studies to be described.
Samples for the absorption study were cut and Th;s detector supported

. The thickness of these slabs was liquid-nitrogen cooling, was mounted direct y on epolished as slabs. T e t ic ness o
about 5 mm down to a out back of t e o e inf h M d 1 14 in the normal photomultipliervaried sequentially from ab

osition as used in luminescence studies.with s ectra being taken at selected thickness compartment position as use in
The s ectrophotometer was calibrated against a stan-ntervals. All spectra were take o y
ard q

si ned for enhanced Performance in the near infrared. multip]ier and the usual lea su e e ec
dard Model 14). The effective

d 'h h oold1
'

of the instrument in the vicinity of 1 p tivity in the vicinity o p, is impresolving power o e ins r
as calculated for slit widths used in the present study photomultiplier approxima

5 00 and 10 000, this being sufFicient to as compared with the lead sulfide cell. This ca i ration
resolve the spectral structure of interest. was also use to correc r

The crystal samples were mounted on the cold finger
of a low-temperature Dewar' designed to fit into the

1 artment of the Cary spectrophotome er.
F
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(&)
This Dewar, equipped with a single set o n rasi
(infrared-transmitting quartz) windows, can be oper-

A

(a)d ith either liquid helium or liquid nitrogen as t e
(2)

obtainedcoolant. Temperatures above equihbrium were ob a

to warm slowly. Sample temperatures were measure
(/)

bymeans o acopper-f per-constantan thermocouple mounte
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(b)the luminescence study, samples were preparedor
by grinding garnet crystals containing 1 mo e ~«y-
terbium. The powder was washed thoroughly with
d 1 h drochloric acid, dried, and then packed into a
recessed copper sample holder using amyl ace atate as a
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response prior to calculating and replotting line in-
tensities of interest in the present study.

BACKGROUND CONSIDERATIONS

Figure 1 shows the absorption spectra of YbGaG
and YbA1G. Figure 2 shows the cathodoluminescent
spectra of ytterbium in YGaG and YAlG. The first
stage of the analysis of these spectra is to note, as in

prior studies, that all absorption lines of wavelength
longer than that of the lines marked A disappear when
the samples are cooled below liquid nitrogen temper-
ature. (Two minor lines near A in YbA1G are exceptions
and will be discussed later. ) This fact identifies A as
the line corresponding to a transition from the lowest
P7/2 level to the lowest 'P5/2 level of ytterbium. In

addition, this fact indicates that all temperature-
dependent lines of wavelength greater than A corre-
spond. to transitions originating on levels above the
ground electronic level. As Wood has shown, ' the tem-
perature dependences of these lines demonstrate that
they originate on a sequence of low-lying levels rather
than on a single level, as had been presumed earlier.
There are clearly many more lines observed than can
be accounted for as electronic transitions alone. Con-
trary to Wood's assumption, ' we have found it necessary
to consider the possibility that the majority of these
lines are in fact vibronic.

One expects to find for vibronic lines an essentially
symmetric distribution about the more pronounced
pure electronic transitions. That is, one expects to find
to the low-frequency side of an electronic line those
transitions (difference bands) starting on a vibra-
tionally excited state and terminating on the pure
electronic level of the ion, and to the high-frequency
side those transitions (summation bands) starting on
the pure electronic ground state and terminating on
the electronic level plus the vibrationally excited level.
In the case of a rare earth, where we do not expect
the force constants between the ion and its neighbors

FIG. 2. Cathodoluminescent spectra of (1 jo) Yb'+ in (a)
YGaG and (b) YAlG with sample temperature near 77'K. Insert
has emission intensity scale expanded 50 times.

' D. L. Wood, J. Chem. Phys. 39, 1671 (1963).

to be noticeably dependent upon the states in which
the 4f electrons find themselves, the result shouM be a
symmetric distribution of sidebands about the pure
electronic line with the separations from that line
corresponding to the various vibrational frequencies
adding to or subtracting from it.

Accordingly, one would expect to find a symmetric
distribution of vibronic lines about each electronic
transition. As we show below, the vibronic lines com-
prising the majority of the ytterbium spectrum show

up in combination with the transition from the lowest
P7/2 to lowest, 'P5/2 levels alone. This result, while

unexplained is nonetheless fortunate, for otherwise the
spectrum would be significantly more difhcult to in-
terpret.

The absorption spectra of the concentrated ytterbium
garnets are to be preferred to those of the dilutely
doped yttrium garnets for the vibronic analyses to be
undertaken. The vibrational sidebands are better de-
fined in the ytterbium garnets, probably because of the
complete regularity of size and mass of the ions oc-
curring on the rare-earth site. Also, the intensities of
the lines for crystals of practical thickness are much
greater. This is important to the observation of differ-
ence bands starting on the more energetic levels since
these are weakly populated at the necessarily low
working temperatures.

Since in the crystal-field calculations to follow, g
tensors must be utilized in addition to energy levels,
and since g tensors are available only for ytterbium in
yttrium gallium and YAlG, we must also concern
ourselves with the spectra of these dilute garnets.
Although we cannot obtain good absorption spectra
of the difference bands for these materials, we can in
principle obtain much the same sort of information in
somewhat less detail from luminescence data. Lumi-
nescence, conversely, cannot be excited in the concen-
trated garnets. However, once the vibronic nature of
the majority of the lines has been established in the
concentrated garnets, the comparison of luminescent
and absorption spectra in the dilute garnets can be
carried out in exactly the same way as the comparison
of the summation and difference sidebands in the ab-
sorption spectra of the concentrated garnets, with the
further correlation between the dilute and concentrated
garnets also being possible at this point.

RESULTS AND DISCUSSIONS

In order to observe more directly the vibronic sym-
metry, the spectrum of YbGaG has been redrawn in
Fig. 3 on a linear wavenumber scale and folded about
line A. The coordinate scale is established by plotting
the wave numbers of all lines relative to line A as the
origin. For comparison purposes the intensities of all
spectral lines of wavelength shorter than line A are
plotted negatively. Note that the upper ordinate is the
measured absorption coeKcient u = (1/x) In(IO/I), while
the lower ordinate is the absorption coefficient divided
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by the Boltzmann factor. The purpose of this is to
remove the temperature-dependent part of the absorp-
tion coefficient in order to compare intensities of differ-
ence bands with summation bands. On this plot, the
vibronic lines coupling with A can easily be detected
as coincidences between absorption peaks on the upper
curve (summation bands) and on the lower curve
(difference bands) . Indeed, the frequency and intensity
correlation between the summation and difference bands
of A is very striking, with 18 pairs being closely recog-
nizable. The degree of correlation between the sum-
mation and difference sidebands can be expressed by
the root-mean-square of the differences between the
frequencies of each assigned vibronic pair. Even without
considering temperature corrections, this value is 3.7
cm ' for the 18 pairs of vibronic lines observed in
YbGaG. Surprisingly, almost the entire spectrum can
be assigned as vibronic, these lines as noted earlier
coupling only to line A.

Next, we consider those strong lines in Fig. 3 which
have no correlation as sums and difference bands, the
assumption being that these should be the remaining
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FIG. 4. Absorption and luminescence of (1%) Yb'~ in YGaG.
The spectra have been redrawn on a linear wave-number scale
and plotted relative to line A. The upper curve is the absorption
spectrum of a 2.9-mm sample near 77'K. The lower curve is the
luminescence spectrum of a powder sample near 77'K.

FIG. 3. Absorption spectrum of YbGaG folded about line A and
plotted on a linear cm I scale relative to line A. The upper curve
is a direct absorption coefficient plot, while the lower curve is
the absorption coefficient divided by the Boltzmann factor.

pure electronic transitions. Two lines should appear on
the upper curve which correspond to transitions from
the ground state to the two uppermost electronic states
of 'F;/&. There are only two strong lines which qualify.
These are marked 8 and C. Three lines which have no
counterpart on the upper curve should appear on the
lov er curve, these resulting from transitions originating
on the three upper 'F7/2 electronic levels and termi-
nating on the lowest 'F5/~ level. The two strongest
lines in the lower spectrum, which are marked D and

F, have no counterpart in the upper spectrum and are
assigned as two of the expected transitions. The re-
maining 'F7/Q level cannot lie below 500 cm ' because
a/l of the lines in this region have already been assigned
as vibronic. The missing level therefore must either be
nearly coincident with D or F, or lie well above 600
cm '.

Figure 4 shows the luminescent and absorption
spectra of YGaG containing 1% Yb'+ redrawn on a
linear wave-number scale similar to Fig. 3. In Fig. 4
the emission spectrum (lower curve) has been corrected

Ter.z I. Summary of electronic transition frequencies of
Yb'+ in gallium and aluminum garnets at 77'K. Values given in
cm ' in vacuum. u: absorption; f: fluorescence.

Line (1%}Yb'+ (lg) Yb'+
designation in YGaG YbGaG in YAlG YbAlG

10 309u
10 309f

10 592u
10 739a
9 766f
9 710f
9 667f

10 313u

10 619u
10 747a
9 767u

9 689a

10 321a
10 321f

10 620a
10 674u
9 710f
9 625f
9 539f

10 328u

10 640u
10 680a
9 710u
9 627a
9 562a

for the spectral response of the Cary 14 cooled photo-
multiplier system. The upper curve is the absorption
spectrum. Although the luminescence spectrum of the
dilute garnet does not exhibit the highly resolved
structure observed in the absorption spectrum of the
concentrated ytterbium garnet, there is a correlation
of the emission peaks with peaks (or groups of peaks)
in the absorption spectrum. In fact every emission

peak out to 520 cm ' can be correlated with vibronic
peaks in the absorption spectrum. The two strongest
peaks, marked 8 and C, in the absorption spectrum
have no counterparts in the luminescence spectrum and
must be the transitions from the ground state to the
upper 'F5/2 levels. The three strong peaks in the lumi-

nescence spectrum marked D, F., and F must likewise

correspond to transitions terminating on the upper
three 'F7/2 levels since they obviously have no counter-
parts in the absorption spectrum.

The frequencies assigned to electronic transitions for
Yb'+ in YGaG and YbGaG are summarized in Table I
and the energy levels deduced therefrom are shown in

Fig. 5. Small differences between Yb'+ in YGaG and
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YbGaG are observed because of the slightly diGerent
crystalline 6elds experienced by the rare-earth ions in
the diGerent hosts. It can now be seen by comparison
of the ytterbium and doped. YGaG spectra that the
missing electronic line in the former spectrum must lie
between lines 8 and P, thus accounting for the labeling
sequence we have adopted.

We now proceed to an analysis of the aluminum
garnet spectra. Figure 6 shows the spectrum of YbAlG
redrawn on a lir)ear wavenumber scale and folded about
line A as the origin in the same manner as in Fig. 3.
For reasons to be described, it was necessary to take
into account the temperature depend)dences of line fre-
quencies as well as line intensities. In the simpler
gallium garnet spectra, the coincidences of vibronic
pairs were easily recognized without detailed temper-
ature corrections even though some of the difference
spectra were of necessity taken at temperatures well
above those at which the summation bands were ob-

{No)Yb IN

YGOG

I0759
)0592

(IZ. ) Yb IN APPROX
Yb Ga6 YANG YbACG ERROR

&0 W7 I0674 I0680 +3

IO 6I9 IO 620 IO 640 +3

II II Ii li
IG 309 103I3 l032I I0 528 +I

599

782

696

766 +7

70I +7

6I8 +4

tained. In both the gallium and aluminum garnets,
measurable frequency shif ts occur over the temperature
range of concern, and in interpreting the more detailed
aluminum garnet spectra, correcting for these shifts has
proven necessary. The corrections have been made in
Fig. 6, all frequencies being those appropriate to liquid-
nitrogen temperature and all intensities adjusted as in
Flg. 3.

After the above-mentioned adjustments, 30 pairs of
vibronic sidebands are found to be associated with
line A, the root-mean-square of the discrepancy between
deduced sum and diGerence frequencies being 2.9 cm '.
The net conclusion, as for the gallium garnets, is that
almost the entire spectrum is made up of vibronic lines,
again coupling only with line A.

If, as before, we consider those lines which do not
correlate adequately in terms of frequency and in-
tensity, we must conclude that there are three candi-
dates for the two electronic transitions expected on the
summation side and that there are four candidates for
the expected three transitions on the difference side.

ABCDEF

Fzo. 5. Engery levd diagram for Vb'+ in the yttrium and
ytterbium garnets shortin the transitions observed in this study.
Values of the energy levels listed for the various garnets are in
cm ' in vacuum.
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Lines 8 and C are clearly unrelated to lines D, E, and
Ii, Lines C' and D' agree reasonably well in their
separations from line A, but their intensities correlate
poorly. Thus, while our immediate inclination would be
to eliminate lines C' and D' as a vibronic pair, we cannot
justify doing so without further evidence. We therefore
turn to the temperature dependences of the lines in
question as a further guide to their assignment.

In Fig. 7 we show the shifts in line frequency with
temperature. Since the lattice constant of the crystal
increases with temperature, we would expect the over-
all crystal-Geld splitting of each 'Il manifold to decrease
with increasing temperature. This assumes that the
primary eBect depends on the change in the cubic part
of the held rather thai) on the distortions from cubic.
There should therefore be a net decrease with temper-
ature of the frequency of all lines starting on the
ground state and terminating on the 'F5~~ levels. Lines
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FIG. 8. Temperature dependence of the cm ' diBerences of
certain lines in the absorption spectrum of YbAlG. The labeling
of the lines corresponds to that used in Figs. 1 and 7.

A, 8, and C obey this prediction while C' clearly does
not.

Going one step further, if C' is vibronic and if D' is
its counterpart, then C' and D' should shift away from
line A with temperature at the same rate. To test this
possibility, wc have plotted in Fig. 8 the di6erencc
frequencies (in wave numbers) of C' and D' relative
to A. It can be seen that the two lines show the same
type of behavior with temperature both as regards
sign and slope. For comparison the temperature de-
pendence of line D, a presumed electronic transition,
relative to 3 is also plotted. As can be seen, the sepa-
ration of D from A decreases with increasing temper-
ature, as would be expected presuming this separation
to corrcsporld to a Pvp spllttlng. Thc tclrlpclatuI'c dc"
pendences of lines E and P could not be determined
reliably because of the restricted temperature range
over which they could be observed.

On the basis of the foregoing considerations, wc
assign lines A, 8, and C as transitions from the lowest
'P7~2 level to the three 'P5~2 levels and lines D, E, and P
as transitions from the remaining 'P7~2 levels to the
lowest 'PS~2 level. Since all ytterbium levels are thus
identi6ed in YbAlG, the correspondence with the ab-
sorption and luminescence spectra of ytterbium-doped
VAlG can be made directly. The frequencies and de-
duced level separations for the aluminum garnets are
summarized with those of the gallium garnets in Table I
and Fig, 5.

Although the 'Pvp crystal-field splittings are some-
what larger in the aluminum garnet than in the gallium
garnet, the general correspondence of levels in the two
hosts ls clear. Once again wc disagree with Wood''
and Koningsteillv on the 'P7~2 assignments in that we
find for the aluminum garnet no levels other than the
ground state below 600 cm '. Ke also disagree with
these workers on the location of the uppermost 'P~~~

OR. Pappalardo and D. L Wood, J. Chem. Phys. 33, 1734
(1960}.' J. A. Koningstein, Theoxet. Chim. Acta 3, 271 I'1965).

level. As can be seen from Fig. 5, the disposition of
the 'F5~2 levels in the aluminum and gallium garnets is
made more similar by our assignment. The disagree-
ment on the 'P~~2 level assignment is directly related
to whether line C' in the aluminum garnet spectrum is
assigned as electronic or vibronic.

Koningstcin has suggested~ that there are "extra"
lines in the ytterbium garnet spectra arising from Yb'+
iol1s occupying other than normal rare-earth sites. No
evidence for any extra lines was observed in our
gallium garnet spectra. However, two weak lines
(marked X in Fig. 6) having no vibronic counterparts
on the high-frequency side of A and persisting at
liquid-helium temperature, were observed in the alumi-
nurn garnet spectrum. These seem likely to be spectra
of Yb'+ ions either on abnormal sites or on regular
sites but adjacent to some lattice defect. The integrated
absorption intensity of these extra lines is approxi-
mately 1'P~ of that of line A. If the ions giving rise to
these spectra are on sites of substantially diGerent
symmetry, there is no reason to presume a transition
probability for these satellite lines which is at all similar
to that for transition A. Thus it is unsafe to draw from
relative line intensities any conclusion as to the precise
number of ytterbiums on abnormal sites. The best we
can say is that the number must be a relatively small
percentage of the ytterbiums on normal rare-earth
sites.

Finally, we remark on the very weak luminescence
observeda near 1.07 p for Yb'+ in YGaG and near 1.075 p
for Vb'+ in YA1G. Although the origin of these emissions
is not certain, it is our presumption at this time that
they correspond. to transitions from the lowest 'P5~2

level to vibrational overtoi1c levels near 975 cm ' in
VGaG and 1025 cm ' in VAIG. The three most intense
vibronic emission lines observed, in the galhum garnet
terminate on vibrational levels at 4N, 491, and 501 cm '
(average=487 cm '). These vibrations would have
6rst overtone levels near 974 cm ' neglecting anhar-
monicity. The strongest vibronic emissions in VAlG
terminate on levels near 547 and 566 cm ' (average=
556 cm '). These vibrations wouM similarly have first
overtones near 1112 cm '. tA'"bile the correspoi1dence
between the frequency separations of these weak emis-

sions from the lines A and the predicted vibrational
overtones is not perfect, the agreement is sufhcient to
support qualitatively the interpretation given.

The interpretation of the complicated absorption
spectrum of Yb'+ in the gallium and aluminum garnets
can be greatly simpli6ed by noting that the spectrum
is composed. primarily of vibronic sidebands coupling
Oslp to thc clcctlonlc transition connecting thc lowest

'Pv&2 and 'P5/2 levels. Eighteen such pairs of vibronic

8 G. F. Herrmann, J. J. Pearson, K. A. Wickersheim, and R,
A. Buchanan, J. App1. Phys. 3/, 1312 (1966).



ENERGY LEVELS OF Yb'+ 25i

sidebands are observed in YbGaG and 30 pairs in
YbAlG. The remaining lines which cannot be so paired
are identified as the electronic transitions between levels
of the 'Ii7/2 and 'Fs/2 groups. Using this information
together with luminescent data it has been possible
to identify for Yb'+ all the 'F7/2 and F5/2 energy levels,
as summarized in Fig. 5.

The assignments differ most notably from previous
assignments in that no 'I'7/2 states except the ground
state are observed below 540 cm ' in the gallium garnets
and 600 cm ' in the aluminum garnets. The significance
of this observation will become more apparent in the
discussion of magnetic susceptibilities to follow in II.
In anticipation of these discussions, we note that Van
Vleck, ' arguing from susceptibility data alone, has al-
ready questioned the existence of electronic levels below
the limits just set.

While it has been suggested that some Yb'+ ions may
occupy sites other than the normal rare-earth site, we
see no evidence for this in our YbGaG spectrum. Two
extra lines were observed, however, in the YbAIG
spectrum and on the basis of their intensities we con-
clude that a small percentage of the Yb'+ ions do
occupy other than normal rare-earth sites in our alumi-
num garnet crystals. This observation, too, has some

' J. H. Van Vleck, J. Phys. Chem. Solids 27', 1047 (1966).

bearing on the susceptibility problem and will be dis-
cussed further in II.

Very weak Yb'+ emissions have been observed near
1.07 p, in YGaG and near 1.075 p, in YAlG. These
emissions are thought to be transitions from the lowest
sFsis electronic state to vibrational (overtone) levels
near 975 cm ' in YGaG and 1025 cm ' in YA1G.

In closing, it should be emphasized once again that
the level analyses presented here are now complete,
unique, and independent of prior assumptions as to
the crystal 6eld. As such they provide (with separately
determined g values for two states) a firm and sufficient
basis for the crystal-field calculations to follow. The
calculations in turn provide, through the quality of the
fit, an independent verification of the experimentally
deduced energy-level scheme. Beyond this, the calcu-
lations provide an unambiguous labeling of levels which
could rot have been obtained through experiment alone.

ACKNOWLEDGMENTS

It is a pleasure to acknowledge many helpful dis-
cussions with R. I. White. Without the exceptional
garnet crystals grown by L. E. Sobon and F. A. Rogers
this work would not have been possible. J. L. Weaver
and K. E. Anderson also provided indispensable experi-
mental assistance.

PHYSICAL REVIEW VOLUME 159, NUMBER 2 10 JUL Y 1967

Energy Levels of Ybs+ in Gallium and Aluminum Garnets.
II. Calculations

J. J. PEARso¹ G. F. HERRMANN, K. A. WIcKERsHEIM, AND R. A. BUcHANAN

Lockheed Palo Alto Research Laboratory, Palo Alto, California

{Received 20 June 1966; revised manuscript received 14 November 1966)

Complete crystal-field calculations for Yb'+ in yttrium gallium and yttrium aluminum garnets have
been performed. The energies and g values obtained in the ten-parameter fits agree well with experiment. The
calculated crystal fields are predominantly cubic with important sixth-order contributions. A five-parameter
fit to these data was also computed, using point-charge-model constraints derived by Hutchings and Wolf.
Results indicate that the point-charge model is a useful first approximation, but too crude for quantitative
predictions. On the basis of the derived wave functions, the susceptibility was calculated over a wide tem-
perature range. For yttrium gallium garnet, results agree well with experiment, but for the aluminum garnet,
the calculated temperature-independent susceptibility is appreciably below the reported value.

I. INTRODUCTION

N order to understand the magnetic properties of the
. „rare-earth iron garnets on a microscopic basis it is
helpful to be able to separate the effects on the rare-
earth ion of the iron exchange and the diamagnetic
lattice by replacing the latter with an effective crystal
field. The parameters of this field can be obtained to a
fair approximation from the energy levels of the rare-
earth ion in structurally similar nonmagnetic garnets.
The symmetry of the rare-earth site in the garnets is so
low that no fewer than nine independent crystal-field

parameters must be determined, and many pieces of
experimental data are needed for an accurate calcu-
lation. An exact computer calculation is feasible, despite
the low site symmetry, for a rare earth as electronically
simple as trivalent ytterbium. Until now a complete
calculation has not been carried out, partly because of
the difficulty of the calculation and partly because of
the scarcity of dependable experimental information.
The paucity of f-electron energy levels for ytterbium
forces the use of supplemental g-tensor information.
Furthermore, the optical spectrum of ytterbium is
surprisingly complicated, and an unambiguous assign-


