University of California

Ernest O. Lawrence
Radiation Laboratory

UCRL-18229

g
lf%

FAR-INFRARED SPECTRA OF Al,O, DOPED WITH Ti, V, AND Cr

273
R. R. Joyce and P. 1. Richards

June 1968
pu

TWO-WEEK LOAN COPY

This is a Library Circulating Copy

which may be borrowed for two weeks.

REQ For a personal retention copy, call

wound  Tech. Info. Division, Ext. 5545
JUL 24 Dud

LIBRARY AND

Berkeley, California

DOCUMENTS SECTION

LXC81- 1821



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



- UCRL.-18229
UC-4 Chemistry "
- TID-4500 (52nd Ed4.)

 UNIVERSITY OF CALIFORNIA -

. Lawrence Radiation Laboratory -
- Berkeley, California ’

AEC Contract No. W—7405-eng-;48v»

FAR-INFRARED SPECTRA OF Al,0, DOPED WITH Ti, V, AND Cr
R. R. Joyce and P. L. Richards

| June 1968




Printed in the United States of America
Available from
Clearinghouse for Federal Scientific and Technical Information
National Bureau of Standards, U. S. Department of Commerce
Springfield, Virginia 22151
.Price: Printed Copy $3.00; Microfiche $0.65



EETE . UCRL-18229

FAR INFRARED SPEoTRA OF AlgO3 DOPED WTTH Ti, V, AND Cr

"R. R. Joyce and P, L. Richards
Inorgahic Materials Research Division, Lawrence Rédiation Laboratory,

Department of Physics, University of Callfornla,
, Berkeley, Callfornla

ABSTRACT

The abqorptlon spectrum of samhles of Al doped with Ti, V, and

23

Cr:hasubeen_measured at 4.2°K over the frecuency range 5- 120 cm l, in

23

observed at 37.8 em -1 and'lO7vcm—1; these were due to trangitions between

applied;magneﬁic'fields up to 55 kCes In Al 0. 1Ti absorption lines were

34
the gzound and Plrct exeited states of the Tl “ion in a modified Al 0

23
crystalline field, The Zeeman splitting of the observed lines ylelded

gOH = l.lli.05,'g I = 2.00%.06, and golf < 0.1 for the ground and

1 &1]
first excited states. Similar results were observed from the isoelectronic,

It ) : : : -
V' ion in the Al_O_:V sample. Zerc field absorption lines were observed

23
at 28 I em l 55’cm_l, with g-values for the groond and first excited
= L.h3t, .2, The predict .
states of gO” gl” 1.43%,04 and ng’ glL < O 2 he predicted energy
levels of a single d electron ln_tbé A"QOB crystalllne fleld modlfled by
a dynamic Jahn-Teller effect fit these data quite well., An absorption
line observed at 8.25 em™t in I’?C-,V wes atiributed to the spin-orbit

A ' . . ) S ‘
splitting of the lowest electronic state of the V7 ion. The Zeeman

splitting of this line is in exgellent agreement with the appropriate

-

gpin-Hamiltonian with the parameters gﬁ :‘l.??i,OE and g[ = 1.7ht.02,

A 15 cm. length of 1% A12 3
R +

magnet;c fleld, indicating that the transiﬁions between the Cr5 ion

pair levels known to exist in this energy regiom arelstrongly forbidden.

:Cr-. showed no aboorptlop lines for any value of . - . .
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Samples of ruby reported to show far-infrared absorption lines were .
. ) . 1.
tested, and it was found that the splitting of the observed lines in
* a magnetic field was consistent with the assumption that they were due
S+ . . . . : R
to Ti” as an unintentiofal impurity. = - .+ - . -~ - . .
T . A . 4 ‘ ’
‘j i - * 4 * 3 B . .
L Ve + $ ' " -
g ’ ~‘ . ) L . -
. % ! : : 4 ¢ ' "‘t s ' B - K . ‘
’ %Y ’ 4 , | . N A"‘p". ’
N . ' B ,-'?-. e . . .1 o N , » i
..‘ " l, "" (¥ ‘: ! .. " ,‘.,,'\: N s - N
. R . i 2 " . . PN ‘B o \"._r . .
te S , RPN
. . . N . i .



oL - UCRL~18229

~

I. INTRODUCTION

In recent measurements of the far-infrered transmission of A1205

© tud

intentionally doped with Ti and V, Helson et al. and Wong et al? observed

absorption lines which they atiributed to transitions between the elec-

3
. 13t b . . . . .
tronic levelr of Ti”™ and V in the ALQO% lattice. This assignment was

o

-

reinforced by recent calculationg made by Maecfariane et alsj of the

expected energy levels of a single d electron in the A].EO3 crystalline

field modified by a dynamic Jahn-Teller effect. The lineg attributed to
: ' : 4 L
Ti” bhave & long higtory. Very similar lines were observed by Hadni in

& ruby ssmple with no suspected Ti impurity. The lines were then seen in

Ti-doped Al,O, by Perryob More recently, Moser et al. obmerved the same
o ‘

3

lines in samples of ;"«J_,O.J5
T

doped with Ti, Cr, and V. Since the line
strengthe did not seem to correlate with analyses for Ti impurity they
were attributed to lattice vibrational modes. In order to resolve thie

discrepancy and to provide s critical test of the theory of single &

fde
3

re

electrons in A1203 ve have investigated the magnetic field dependence of

the far-infrared spectra of varicus semples of daped‘A120§e These ine
' o . L, g L2 ,
cluded Ti,; ¥, and Cr-doped meterial atudied by Welson and Wong and Ti
. . ‘ , o ' , 6 :
and Cr-doped waterisl related to that used by Moser et al. As will Dbe

discussed below, our results sonfirm the assignments to electronic trange

+ gt . ) )
itions of Tiﬁ and V' and are in falrly good agreement with the theory.

We also investigated an absorption line near 8 émflfin,thg'saméie of AléOB:V
which fturned out to be due toc & low-lying electronic level of the (d)
B+ ' s o a ' . . ‘
system of V7 . Our magnetic field results confirmed. this assignment and

could be fit well to the theoretical magnetlec field dependence obtained

from a spin-Hamiltonian,
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TI. EXPERIMENTAL APPARATUS -

‘The far-infrared data in this study were obtained using the techniques
éf Fourler transform spectroscopy. In this method (which has been des- N
: cribed fully elsewhere7’ ),‘the spectrum is obtained by computing the |
Fourier transform of the interference pattern or interferogram measured
N using a two-beam interferometer. In practice, the interferogram is
sampled at uniform intervals of A, the path difference between the two
beams, the Fourier integral is approximated by a sum, and the spectrum
is computed on & high-speed digital computér. The resolution is limitedvyﬁ
only by the finite travel of the micrometer serew dri?ing the moveable -
mirror; for our apparatus this is about 5 cm; corresponding to‘a maximim

resolution of 0.10'cm*l.

Figure 1 shows the far-inffared Michelsbn interferometer which we -
constructed for use in the frequency region 2-300 cm-l. It is similar
to the interferometer described by Richards,8 except that the moveable
mirror is advanced by a stepping motor which is programmed tc turn through_; 
a giVen angle of rotation each cycle, Three sets of filters can be used
to remove unwanted radiation£ black polyethylene at the output of the
interferometer removes visible and near-infrared light; polyethylene
transmission gratings of the typevdescribed by Mdller and McKhightg can
be inserted as indicated in Fig. 1; a filter wheel of various Yoshinaga
filterslo is locafed at the output of the instrument. The output is:

chopped 8o that lock-in detection can be used and is conveyed to the

sample through a 1.1 cm i.d. light pipe.
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Figure 2 ShOWS‘thé}ﬁrYCBt&tj which containé-tﬁe sample, superconduc-
ting magnet, and detector. The sample is mounﬁed in a light pipe which
can be removed from the cryostat, and samples can be éhanged without
appreciable loss of He, The NblZr superconduqting solenoid is capable of
producing a field of 55 kOe. The chamber containing the In-doped Ge
bolometer detector is separated from the sample cavity by & sapphire
window and has its own liquid He tank which can be pumped to provide the

/
necessary low temperature for efficient bolometer operation. The signal:‘
from the bolometer is fed to a lockein amplifier where it 1s converted

to & dc voltage; the voltage is messured by a digital voltmeter and

recorded on punched cards.
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ITI. EXPERIMENTS WITH A1203:Ti3+ AND A1203:vh+ -

In the samples studied, the impurity ion is assumed to be Subf"
3+ |

e

stituted directly for an Al3 ion. The AL~ lattice symmetry is trigonal, -

but the six 0°~ ions adjacent to an Al site lie at the corners of a not’

too badly distorted octahedron; thus the crystalline field seen by an

ion substituted for Al is largely cubic with a small trigonal distortion.' -
1. .3+ L+ . . g .

For the case of the 4~ ions Ti and V" , this crystalline field splits

“the tenfold degenerate free ion energy level of the & electron into an

upper level having Eg symmetry and lower A

and E_ levels. 1In addition,
1g g

ra

the lower Eg level ié'split by spin-orbit coupling and the upper mg lével_
is split by the Jahn-Teller eff‘ect.ll The resulting ~onfiguration is

shown in Fig. 3. Only the three lowest levels, lizheled E 5 and

E
3/2° 171/
2El/2 in order of increasing energy, are of irisrest in our experiment.
The majority of our measurements were made on crystals of intentionally

L+

 doped A1.0 :Ti3+.and A1.0.:V'" which were immersed in liquid He to keep

273 273
their temperature near 4.2°K. The Ti-doped samples were about 1 cm inv
' diamefer and 1 to 5 mm thick; some of‘them had the optic axis (referred -
to here as the é axis) in the plane of the crystal (and thus perpendicularv'
to the magneﬁic field), while others had the ¢ axis normal to the plane. |
By doing experiments on both types we wére able to orient our solencidal
magnetic field both parallel to and perpendicular to the ¢ axis. The
concentration of Ti was 0.15% by weight of the oxide; it is not known
how much of this was in the 3+ oxidation state. The A1203:V1‘+ crystal

was approximately a cube 1 cm on a side; experiments were done with the

¢ axis parallel to and perpendicular to the magnetic field. The concentratio:
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of vanadium was not known. Furthermore, since the V.0, structure

273

(corresponding to V3+) is the most stable state in the corundum lattice;

only a small fraction of the V present was expected to be in the h4 étate. -
These samples were obfained from J. Y. Wong and A. L; Schawlow and |

are similar to those used in their zero field measufements.l’ Our zero n

field measurements were consistent with their reported results. In the

+ - -
A12031Ti3 sample absorption lines were seen at 37.8 em L and 107 cm l;v' oL

bt ‘ : -
- FPor the A1,0,:1V  sample a similar pair of lines was observed at 28.1 em

273
and 53 cm_l, .For both samples the high frequency line was sufficiently

broader than the low frequency line so that.observation of its Zeeman

splitting would have been difficult in the available magnetic field. We S

therefore concentrated on the low frequency lines at 37.8 cm~l in

+ - Lt
AlEO.:Ti5 and 28.1 cm 1 in A1,0,:

'V
3 23
When a magnetic field was applied to the Ti-doped samples with
cl4, the 37.8 em™ line split into four lines as indicated in Fig. 4.

The effect of the thermal depopulation of the upper Zeeman level of - .

the ground swte at 4.2°K on the relative strengths of the Zeeman components .

was clearly seen. If we consider the grouﬁd (E3/2> and first excited L
(1El/2) states to have g-values of g, and g,, respectively, then the
vtranéitions between them will have effective g-values of ga = %(go+ gl)
and g, = %(go - gl). Applying this reasoning to our results, we ob-
tained parallel field g-values of gO“ = 1.11*,03 and gl“ =.2.00i.06.

For the samples with glﬁ, no broadening or splitting of the 37.8 cm"l
line was observed, implying that the perpendicular field g-values for

both the ground and first excited states are less-than O0.Ll.
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‘Our results for &o in both the Ti and V-doped samples are in good

agreement with previous reéults obtained by electron paramagnetic reso-

nance. Two groupsle’13 have measured values of gO” = 1.07 and goi‘< O.L;

: +
for A1205:Ti3 . Merrittlh has recently measured a value of 8| = 1.39 in

b+ o .
A1203 L v .



-1 - UCRL-18229

IV, THEORY OF dl ELECTRONIC STATES

3

Recently, Macfarlane, Wong, and Sturge” considered the influence
of & dynamic Jahﬁ-Teller effect on the energy levels of a dl electronic

' system in the AlQO crystal symmetry. They found that the first order

3
ef'fect uniformly reduced the matrix eléments of the trigonal and spin-
orbit crystalline field operators, whereas the inclusion of gecond order
effects introduced non—linear'corrections to the static crystalline field
results agd allowed reasonable agreement with experimental data.

Aslshown in Fig. 3, the effect of the trigonal.and spin-orbit
operators on the 2T2 octahedral level is a splitting of this sixfold'
degenerate level into three Kramers doublets E3/2’ 1E1/2’ and 2E1/2'
Using representative values for the trigonall and spin-orbit coupling
parameters for A1205:T15+; Macfarlene et al. calculated the values
5, = 109 cm-l and 52 = TTL cm_l, which are much larger than the ex-

1

perimental values of 37.8 cm-l and 107.cm—l, respectively. Clearly,

static crystal field theory alone cannot account for the experimental L

observ&tions. |
The Jahn-Teller effect results from the coupling of an electronic

system in a non-Kramers degenerate state to a nuclear displacement

which 1ifts the degeneracy. The result is a displacement of the |

',electronié systém to a new position of minimum éotential energy. The

gain in potential energy EJT is balanced by the loss in elastic energy

due to the displacement from the equilibrium positibn. For the ccta-

hedral 2T2 level in Al there are three equivalent configurations to

205

which the system can distort, and in the static Jahn-Teller effect, the
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electronic system randomly occupies one of these.three energy minima,

provided kBT << E When a perturbation to the octahedral field (sucﬁ as .

JT°
a trigonal field or spin-orbit coupling) causes energy changes in the

2

T, level which are comparable with the Jahn-Teller energy E no such

2 JT?
:'static distortion océurs, but the complex exhibits a coupléd.motion of fhe f,
electrons and the lattice vibrational modes. This situation is referred tb_.
as thevdynamic Jahn-Teller effect, and in the present case it causes a
. partial a&eraging of the trigonal and spin-orbit perturbaﬁions. To
first ord.r all matrix elements of these operators are‘reduced bj a
quenching factor Y (Ham effectls). This first order ocrrection is
insufficient to explain the experimeﬁtal data, since the Ham effect”li.x
would reduce the values of 61 and 62 by the same mulfiblicative fécfd?é-j ,;;_
whereas the experiﬁental values are respectively 0.35 and 0.1l of the”if;nvl
estimated static crystalline field values.

Macfarlane e£ al. then considered second order perturbation-efféét344'
bwithin the‘manifold of basis states for fhe 2T2 level and betweeh'the._-
basis states for 2T2 and those for 2E. They 6btained gnalyticai ex-
pressions for the‘enefgy splittings 61 and 62 as well as the g-values i'
for the Zeeman splitting of the E3/2, 1E1/2’ and 2E1/2 levels.v The |, |
independent variables involved are the trigonal and spin-orbit coupliﬁg o
paramete?s v and ¢, and the quenching factor Y = exp(-3EJT/2ﬁw), wheﬁe
EJT is the Jahn-Teller enefgy and AW is the energy of ﬁhe vibronic |
mode ﬁhich is responsible for the Jahn-Teller effect.

The analyﬁical expressions of Macfarlane et al. were fitted to our

experimental data. Several results of the trial-and-error procedure

used are tabulated in Table I, along with the data. The analytical



expressions are quite complicated and are sufficiently sensitive to a
small change in some of the variebles to make the fit somewhat arbitrary.
Two sets of theoretical parameters chosen primarily to fit the zero field

data for &, and b, are given in Table I to displey this sensitivity.
1 2
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V. RUBY EXPERIMENTS

In 196k Hadni_ObServed absorption’ lines in-ruby;at:37-cmfl aﬁé L
. 100 cm-l which hé—assignéd to exchange coupling Setﬁeén‘pﬁirs.éf Cr3+
ions,h These éair lines have been observed optically, but £he direct
‘transition is between states of different spin and is forbidden., Nelson’v"

et al.l measured the far-infrared transmission of a sample of 1% Cr203

in Al O_ which was 15 em in length and observed no absorption lines. Wé-

23

repeated his experiment with the same sample and obtained similar nega-
tive results for all values of applied magnetic field. These results,

" as well as the similarity in frequency, width, and relative strength

3+

between the lines seen by Hadni and those subsequently found for Ti

_ + -
suggest strongly that he was seeing Ti5 as an unintentional impurity in

his ruby.

Later, Moser et al. repor_f,ed6 lines at 37.75 em™ and 108 em™F in
samples of.A1203 doped with Ti, V, and Cr.° These were attributed to
lattice vibrational modes because the line strengths did not seem to
correspond to those expected from analyses of the amount of Ti impurity .
present; However, the coincidence of their reported lines with the »
A1203:Ti3+ spectrum and the lack of any lines in our sample of A1203xCr

vraised doubts as to the correctness of this assignment. We performed
transmissicn measurements on four of their samples and found that the
37.8 cm"l and 107 cm-l lines were not always observed, but when they
were, the 37.8 cm-l line split in a magnetic field in a manner con-

: +
sistent with the assumption that it was due to Ti3 . A one cm thick 1.2%

ruby of Swiss origin was also found to have absorptions characteristic

of TisT,

3.



-1
UCRL- l8?29
: s
VI, &3.7.1V7 FEXPERIMENY 8
o
b : -
Tre V ion haz twe 4 elschrons, and the effect ol the Al,‘Oz
= 2
. 7 L
crystalline field on the free lon “F state, shown in Fig. 6, is more
+ %
complicated than for V' . Only the lowest level (- ) ie of 1ntp*est
‘ 15
here, mince the iLrigonal eplititing is believed 4o be ~1200 em 7,
L % ,
so the mixing between the “A, and "E states is smalil.
L .
}' .

The zample was the seme one used for the Al C~»V expariments, -
and all mesoursments were done with the samp ie at 2%, For no
appilied Ticld, & strong line wae obsexved at 8.25 em ~. In s field
parallel te the ¢ ayxils, this line gplit Lipearly with £ield. When

field or

b4
If we consider the ground (“A.
(58

ratic Zeemen

i

the ¢ exisg, a guedrs

— =1
ure 7 ghows the behavior of tha 3.25 om ,

ilentations.

} state only, the magnetic properties

7
- ..

can be dercribed by mesng of the qnnn—Fa Ltonien:

{ o pats l 1 t 53: 08

B= pg!® + gupstu_ + g B(s Ho o+ S }

: s Jl’ % ‘ ;";' Y

- 2 - 2 . { o
where S' is thaz effective spin of the ground state ([8'] = 1}). Because
of the large frigonal gplitting snd the small spin-orbit splitting very
Little wmixing betwean the gpin sbtotes of BA‘ end those of higher levels
. 1 4 ’
ig expected, =o the spin axq+m§ I+, fo), 1~}  3re resgonably gcood
z ,

basis states for /AE“A Any mixing will tend to guench the Zesman
rplitting of the "4 level, however, giving veluas of g” ana.glﬂsmaller
than 2.0 by an amount which dspenda on the ratic &f “he spin-prbit

coupling 4o the 4y

gopal splisting.

102
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3

The first term in>Mtsplits the A2 level‘into two 1efels separated

by D, the doubly dégenerate M = 1 level lying higher. The effect of a. ff.

magnetic field parallel to ¢ is represented by the second terﬁ;,this
perturbation does not mix states of different M and the M = *l level is
gplit by QgHBH, as shown in Fig. 6. The third term in llrepfesents é}
magnetic field perpendiculer to ¢, which mixes the three spin states. - !
The resulting transitions start out at D and both curve upward as the
field increases. Figure T shows the experimental date (points) and the
theoretical results (lines) obtained by adjusting g and 8] for the
best fit. An excellent fit is obtained for both field orientations
" which yields the resulfcs g = 1.92%,03 and gl = 1.74+,02, |

| Our dfrect measurements of the transitlions determines all three -
parameters in the spin-Hamiltonian to a high degree of precision. A

N

value of D = 8 cm":L was obtained by Pryce and Runciman™' from the

1

~ difference between two optical absorption lines at about 21,000 em 3 SR

 their Zeeman experiments indicated g” < 2, Zverev end Prokhorole

"~ investigated the electron paramagnetic resonance between the M = *]
levels and obtaiﬂed gu = 1.921.01, in excellent agreement with our _:
result, The only known measurement of %L'was made by van den Handel

19

and Siegert, ™~ who obtained the value %L = 1.82 from susceptibilify

measurements of venadium-ammonium alum.
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VII, CONCLUSIONS

) . -~ o A e . .
From cur experiments on ALG ALEUB}V we_conclude that
o 2 -
the observed ahsorption lines are due Lo low-lying electronic states of

the nominal lmpurity ion in the effective crystalline field of the host
lattice., The Zeeman splitting of the low {reguency abgorpticn line in

i % Ao Yy o s A o o & bodo b e ore % & 2 't
bhat they mannot be due to Jatilce vivrationel mcodes.

The generel sgreement of cur resulta with the theory of Macfariasne eb al.

k=)

.

leads 4o the conclusion that the vibronic interastion correction to the

static crystalline Tield cen largely explein the elechironic levels of a

47 impurity icn in ﬁlan. Ag shown in Table I, ithe agreement between

theory and experiment is net perfect. Since cur fit was made by ad-
justment of the parsmeters to Tit only two of the five variables (51 and
de

S, '. . . w . . - .
8,), there is considereble freedom of choice for the values of several
parameters. We found that the value of &l wes rather insensitive to
4. %

changes in the trigonal and spin~orbit parameters, and the 10% disagree-

(Y . P o < « 17
ment batween experimental and theoretlcal values of 86l Fifely ALOOB.XB

i [
rovement of the theory is dezirsble.
- 2 £ A ~, v,—§+ o 1. g AN )
Dmar experiments on AL G,V are in agreemend with previous work

AL,
“

\4

and yield more preciese valueg of the gspin-Hamiifonian parameters.
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Table I.

Semple v ¢ . EJ’I‘ El \ 52 gon gol gl” gl.L { A I
+ 700 | 126 200 L, 98 1bﬁ.21 1.16 0.0 222 <0,2 1.88
A1205:Ti3 , e . '
680 90 187 37.96  106.535 1.13 0.0  -2.30 < 0.2  1.93
Exgerimental 37.8 107 1.1 <€0.1°  -2.00 <0.1 |
L+ 70 195 320 27.9% | 53 615, 1.59 0.0 | -2.00 < 0.5 1.86
% 750 290 333 07.80  55.20  1.60 0.0  -1.70 < 0.5 1.66
Experimental 28,1 V53_ - 1.43 < 0.2 1.3 <o.2
A1203:V3+ Bxperimental D = 8.25 cm T
é‘” = 1.92%.03
-él,'m 1.74t.02

.-g'[..

6229T-TY0N



1.

2,

3e

9.
10,

11,

135.

~16- UCRL-18229 -

REFERENCES

E. D. Nelson, Jd. Y. Wong, and A. L. Scha.wlow, Phys. Rev. 156, 298
(1967). ,
J. Y. Wong, M. J. Berggren, and A. L. Schawlow, J. Chem. Phys",_ (td =
be published).

R. M, Macfarlane, J. Y. Wong, and M. D. Sturge, Phys. Rev. 166, 250'

(1968).

A. Hadni, Phys. Rev. 136, AT58 (196&)

C. H. Perry, R. Geick, and E. F. Young, Appl.Optics 5, 1171 (1966)

R -F. Moser, W. Zingg, H. Steffen, and F. K. Kneublhl, Phys. Letters“’

euA 411 (1967).
J. Connes, Rev. Opt. Lo, u5, 116, 171, and 251 (1961).

P. L. Richards, in Spectroscopic Techniques for Far Infra-red,.

Submillimetre,and Millimetre Waves, D. H. ﬁartin, editor (North-."‘j o
Holland Pub. Co., Amsterdam, 1967), Chap. 7;;"J. Opt. Soc. Am. 25 |
1074 (1964). | |
K. D. Miller and R. V. Mcknight, J. Opt. Soc. Am. 55, 1076 (1965).
Y. Yamada, A, Mitsuishi, and H. Yoshinaga, J. Opt. Soc. Am. 52, 17 . . .
(1962). - |

D. S. McClure, J. Chem. Phys. 36, 2757 (1962).

N. E. Kask, L. S. Kornienko, T. S. Mandel!shtam, and A. M. Prokhorov,
Fiz, Tverd. Tela 5, 2306 (1963); [translationx‘Sov. Phys.--Solid
State 5, 1677 (1964)1.

D. W. Feldman, D. C. Burnham, and J. G. Castle, Jr., Westinghouse

‘Research Iab., Quarterly Scientific Report No. 4, 1964 (unpublished),

Contract No, AF 19(628)1640, AFCRL6L-665,



1k,
15..
164

F. R. Merritt (private communication).

' F. S. Ham, Phys, Rev. 138, AL727 (1965).

" g,

a7

18,

19.

UCRL-16229

'A; Abragam and M, H. L. Pryce, Proc. Roy. Soc. (London)

»

b

135

',- M. H. L. Pryce and W, A.: Runciman, Dlscussions Te.raday Soc. 26 3h

G. M. Zverev and A. M. Prokhorov, Soviet Phys. JETP 7, 707 (1958)

' J. van den Handel and A Biegert, Physica.

871 (1937).

’



Mylar

beamspiitter

g

Fixed

Mirror - )

Filter
wheel

/

-18~ -

A

- _~Stepping motor drive

UCRL-18229

— e N

#
Zainll

=

IT—Polyethylene zero-order

transmissiom.grating

__;ML_

To
sample and
detector

\Chopper mo

tor-

CFige 1

»
Micrometer screw |
— advances moveable
/mirror
}
Aluminum
interferometer
housing
4 T
o < ——+ To
' TN pump
______ Lo\ :
X _
]___{. , Hg arc lamp

XBL682-2036-A



A9~ © UCRL~18229

‘L' _'F'dr—inf'ra red radiation

B L v To lock in amplifier
: g - i
Pump <+— ANy A . ‘ -—» Pump
L e | e Ao |
- o s _Liquid He dewar
Light pipe— I T ‘ / 4 . ,
- » N RAAAAAAAASAA .auMMM-Aﬂ
| O I N ————"f ] ) . . -]
| : T v}y//l._uqund Hg at 4.2°K
. NbZr | iR
superconducting | |\ J ‘ >
solenoid——__ | ||l - ——l"
Lo v . \’_\~ k 4 _
L. IS S \\
Sample - ) N B >Venf h‘oles_
' a. % ,
B _7 Sapphire window
Pumping line j _' ) ,‘ - _?f : :
for He m—1 T m 1L g’g//g /Vacuum.
|- P=7 = —| ] _Bolometer leads
L— e j\LALAA "ﬁ )
I ﬁ”_"'
| || =0 4 — g '
Bolomgfer,/ S — =+ Liguid He ot 1°K
—p , 0 ' :

. XBL682-2034-A

- Fig., 2 .



~20~
°Eq °E . T
i -is ' <] ~1850 cm™
1 . ] —
! . o—
': Jahn -Teller
I -splitting
I .
o
i
| ! A
. ] ~20000 cm"
\
o |
Free ion |\
o 2 SR |
| SN
/ -|-
\ /I . \ 2
I\ 2 / 52 |
[ ng / E -
IL , { 1“2l __— .
\ Ve " .
+ Cubic \ ZE l// S ? \ ,,1.
field . S 1| Ezpl _—— g
+ Trigonal ——__ 70
field + Spin-orbit o
o : + Magnetic
A12032 a’ Energy :level diagram field
o - | XBLEB2-2035

UCRL~18229

Flg. 5




v-378 (cm™')

21~

UCRL~18229

Fig. .

. XBL6BI-1528-A



40

y-28.1 (cm-")

-3.0

-4.0

30

20

t
o O o

o
O

=22 -

UCRL~18229

. XBL681-1529-A



-234 S . UCRIL~18229

Spm orbnI + Magnetic - fueld

| e
IER | : |
¥ | | |
/ T | S
~30000 cm” 3 o |
St
Tag //]/‘_ i |
F VR A |
———(] Ry
Free ion | |~17000emf!  2E . |
Y |
I\ 3 /‘{vIZOO cm" | N
I \'L 3A2 /‘P'
l+cublc field. . RN
. + Trlgonol field|

4+

_ . S o il c-axis
Al, O5: d° Energy level diogromv

 XBL684-2514

.Fig.. 6



v (cm"_"4 )

24~ UCRL~18229
] ] ] I /

-@/

0

Lg
V in A|203 0
/ u'/

-0

.1 L1 1 1I\

-+ ClIH ]

o GLH

1 | | L 1 ]
0 20 30 40 50 60

" H(kOe) :

X8L684-2515-A



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in

-this report.

As used in the -above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides ‘access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



