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Far Infrared EPR of'A1203:Mn3+ and y-Irradiated Ruby

, R. L. Aurbach and P.L. Richards
Department of Physics, University of California, and
Inorganic Materials Research Division,
Lawrence Berkeley Laboratory, Berkeley, California 94720

ABSTRACT

The far infrared spectra of four samples of Mn-doped.
A1203 were measured in the frequency range from 3 to 30 c:m--l
in applied magnetic fields up to 55 kG using the techniques
of Fourier transform spectroscopy. Several absorption lines
which are attributed to Mn3+ ions were observed for fields
.oriented both parallel and perpendicular’to the c axis.
Polarization measurements established that the lines
were due to electric dipole tramsitions. The temperature
dependence of the lines was‘studied in the range from
1.3 to 20K. Both‘ground and excited state transitions were
studied. The ground state was found to be a singlet. Ground
state transition intensities were found to Be magnetic field
dependent; A crystal field theory was developed which success-
fully describes the low lying states. The Jahn—Tellgr inter-
action, which ia known to, be important for this lon, is included
in the théofy only in the approximation that 1its effect is to

quench the strengths of various terms in the Hamiltonian. The
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empi:ically determined trigonalvfield and spin-orbit quench-
ing pafameters are approximately 0.6 and 0.1 respecﬁively.
Excellent agreement with experiment was obtained for the
ground state transitions. The less good agreement obtained
for excited state transitions reveals weaknesses in the model.
A Y—irradiatéd ruby was also studied andvvery wéak absorption

lines believed due to cr?t and o™t were observed.



o
L
<o
5
o
o
Pl
"%
~
5

-3~ LBL-3723

I. INTRODUCTION

One of the subjects of continuing interest in the study of-
dilute tfansition metal ions{in;crystéls hasvbeeﬁ.sySEemsxwith brbitally
Idegenerate.ground states, in which the Jahn-Teller (JT) effect plays an
important fole. An example is theVSE ground state of the isoelectronic
species Mn3+ and Cr2+ in A1203. Previods experimentél work on these |
ions has princiéally invblve& measurements of thermal coriductivityl’2
vaﬁd aéoustic péramagnetic resonance.3—6 Some preliminary infrared
'measgreménts have also béeh feported.7?8 In this paper we report the
results of a detailed.study of the far infrared spectrum of Mn3+.in
A1203._

In order to describe our data we have devéloped a phenomenological
model for the low lying sta;es of Mn3+ in A1203 based on a crystal field
Hamiltonian in Ehe absence of the JT interaction. The stréngths of the
crystal field terms are adjusted to fit the data. We find fhat various
parameters have smaller values than anticipated for a purely elecﬁronic
Hamiltonian. We interpret this quenching as due to the effect of the JT
interaction. An overview of the model may be obtained using simple group-

theoretic arguments. The model will be deggz}kgd in detail later.

- [ — .

The'Mm;+*ion i8 believed. to enter'AibQﬁ;at substitdtibnal -Al.3+ sites which
have site symmetry C3. The crysfal field at such a site is predominantly
cubic with a trigonal distortion. As is shown in Fig. 1l(a), the free ion
(3d4)5D Hund's rule ground state of Mn3+ 1s split by the cubic fieid
into 5E + 5Tzlwith 5E lower.- The trigonal field splits the 5T2 state,
but leaves the 5E level degenerate.~4Thisvdegenefacy is lifted by‘the

spin-orbit interaction in second order,and by the spin-spin interaction

in first order.
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In Fig. 1(b) we show the splitting of the 5E ground state in more

3"Which‘did’hbt allow fof the

quenching of the trigonal field predicted that the lowest lying 5E

detail. Early crystal field calculationa

1evel was a doublet. Following a suggestion by C. A. Bates we consider
a.strongly quenched trigonal field. Apﬁlying firét the spin-orbit and
spln-spin interactions to the 5E level of Mn3+ in-a'cuﬁic field, fivé
edually spaced levels with separation § resuit. The lowest level is a
singlet. In order of increasing energy the other levels are a triplet,
a doubiet, a triplet, and a singlet. The trigonal fieid sﬁlits each
triplet into a doublet and a singlet and slightly changes the level ‘
splittings. If the trigonal field were not quenched, the singlet split
off from the lowest triplet would be degenerate with the ground singlet.
, Our data show that the lowest level of the system is in fact a singlet.
For purposes of discussion it will bé‘convenient to label tﬁe energy
levels as is indicated by the numbers on the right hand side of Fig. 1(b).
This is the.order of the levels in the abaenée of an applied magnetic

field.

IT, EXPERIMENTAL DETAILS
The results described in this paper were obtained using Fourier -
transform spectroscopy in a conventional transmission geometry which

9,10 ‘Most of the measurements

has been describéd in detail elsewhere.
were made wiﬁh a polarizing Michelson interferometer (PMI). This type
of instrument, first préposed by Martin and Puplett,l1 uses a linear
grid polarizer, m;de of free-standing wires, as a beamsplitter. In

practice, the use of this type of'beamaplitter has been found to result

in a significant improvement in low frequency (< 10 cm—l) performance
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compared with a conventional Michelson interferometér with a Mylar
beamsplitter; The PMI coﬁstructed for these ekperiments was based on
a modified "cube" interferbméter obtained from H. A, Gebbie. |

The samples were wrapped in thin Al foll to minimize the radiation
losses out the sides aﬁd thus for; a loﬁ Q transmission éavity.  They
wére then mounted in a cryostat at the center of a SSkG superconducting
solenoid. Radiation was coupled into and out of the sample using
conical light conceﬁtratoré. Radiation transmitted b& the samples was
detécted using a helium temperature dopedgGevbolometer. Its output was
synchronously detected, digitized,.and stored online in a PDP~li computer.
‘The computer was programmed to handle data acquisition and display, to
Fourier transfofm the data to obtain spe;tra in real~time, and to perform
first-order data analysis. The instruﬁéntal response function was removed
'by computing ratios of pairs of spectra as is shown in Fig. 2(a). The
peak at 9.35 cm-l is dué“to an absorptionvline in the zero field denomina-
tor. The other features marked b§ solid arrows are dué to absqrptioﬁ
lines in the numerator.

The four‘samples used in this work were obtained from the sources
indicated in Table 1. Spectrochemiealianalyses were made in order to
identify the impurity resbonsible for.the observed absorption lines.
By comparing the observed line strengﬁhs in different samples with the
respectivé speétrochemical anaiyses, it is possgible to rule out all ‘

likely sources of the lines, except Mn3+.
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III. EXPERIMENTAL DATA

We have measufed the transmission of A1203:M 3+ in the frequency

range from 3 td 30 cﬁ—l és a function of applied magnetic fields up to
55 kG. The points.in Fig. 3 are the positions of observed far infrared
absorption lines plotted as a function of applied magnetic field. The
data were separated into ground state transitions (Fig. 3(a)) and excited
state transitions (Fig. 3(b)) by measurement of thé temperature dependence
of the line strengths. The data for which the applied field was oriented
parallel to the crystallogfaphic c axis were measured using samples S-4
$-5, and §~14. The data for Hl c were measured using S-18.

Two absorption lines are oﬁserved to intersect zero field near
5 cm“1 in both the HIl ¢ and H Ll c orientations. In the parallel field
cage, the lines are degenerate at H = 0 with a frequency of 5.2 cm—l.
In the perpendicular field case the modes intersect H = 0 at 4.5 cm_1

and 5.2 cm—l. Temperature dependence establishes that all of these

modes are due to transitions from a singlet ground state. Furthermore,
1

[}

the temperature dependence data show that the state which lies 4.5 cm
above the ground state is the lowest iying excited state of the system.

The transition to this state i1s therefore labeled 1 + 2. The two

degenerate states which lie 5.2 cm—; above the ground state in zero
field are states 3 and 4. The H |l c transitions are therefore labeled
1+ 3 and 1+ 4. The Hl c absorption line: which ihtefsects H =20 at
5.2 cm_l is elther a 1+ 3 oral~ 4 transition.v Compafison of ﬁodei
calculations based on these two posaible assignments indicate that the
trangsition is probably 1 - 3. The intensities of these transitions are

field-dependent, as indicated in Fig. 4. They have zero intensity at
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zero applied fleld, while at 50kG, thesenlihes dominate the observed spectra.

qu absorption lines are observed wﬁicﬁ intersect H = 0 at 9.35 cm-l.
These lines are also ground state transitions and have been labeled 1 + 5
and 1 ~ 6., In zero field the degenerafé 1+ 5,6 line is the dominant
absorption featurg in the spectra of all the samplés studied. The inten-
sity of these lines decreasés with field, aé is shown in Fig. 4. 1In all
| three of the samples used for the H || c studies the H = 0 line was asym-
mgtriciﬁith-a‘iinewidth (full width at half peak absorption coefficient)
of 0.6 to 0.8 cm—l, depending on the sample, In S5-18, used for the HLl ¢
-‘studies, the H = 0 line waé symmetric with a linewidth éf 0.3 cm-l. The
linewidths are not temperature dependent Below'ZOK. We have not identi-
fied the meéhanism respénsibie for broad lines in certain samples.

The weak ground state transition labeled 1% 9. ishobservable only
at the highest available fields. This transition.was obéefved only
in the.two sémples with the greatest Mn concentration.

In the HLl c orientation (sample S—18).the two weak éxcited state
transitions shown in Fig. 3(b) were observed}'iThese 1inesvwére only
obgerved in the sémple containing the largest total“nﬁmbér of Mn 1ons.
_TheAsepgration ﬁetween the two observed excited state fransitions ig
 equa1 to éhe separation between the 1 + 2 and 1 + 3 transitioné at all
values ofvappliedvfield. Thus, it is reasonable to suppose that the
exclited state lines are due to tfansitions between the states 2 and 3
and some single higher—iying state, The best candidate for thiS»
higher~lying state is the singlet level 10. The lowerbexc1Ced state
transition in Fig} 3(b) is, then, 3 » 10, while fhe higher transition

is 2 + 10. The temperature dependence of these lines seems to confirm

" this identification.
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The shape of samples 5—4, S-5, and S-14 was such that they Qere
studied only with the incident radiation polarized perpendicular to the
c»axis; Sample $-~18, however, 1s orilented so that both parallel and
.perpendicular polarization could be studied. A linear polarizer con-
sisting of 103 gold strips per inch on a Myiar substrate was attached
to this sample with rubber cement. Typical transmission ratios are
displayed for the two polarizations in Figa. 2(a) and 2(b) for applied
fields of 22,97kG L c at 4.2K1 The gspectrum for E | ¢ in Fig. 2(b)
contains weak features which correspond to those in Fig. 2(a). Hoﬁever,
tpese features may be exélained by imperfect polarization arising from

multiple reflections in the sample. To the accuracy of the experiment,

these absorption lines are completely polarized. The three experimentally
accessible combinations of orientation and polarization--H Il ¢, E L c;

"Hl ¢, ELl c; and HL ¢, E |l c-—are sufficient to unambiguously assign

the observed absorption lines to electric dipole transitionms.

Iv, THEORY

The JT effect 1s expected to pléy an important role in the

states which we have studied. Several attempts have been made to calcu-

3+

late the lowest lying vibronic states of Mn~ and the isoelectronic

12-14

species Cr2+ in A1203. Because of the ektreme'complexity of the

problem,'however, these efforts have met with limited success. We have
attempted to model the system with a purely electronic Hamiltonian with
adjustable interacﬁion strengths determined by empirically fitting the

observed field-frequency curves in Fig. 3. We assume that the deviations

of the interaction strengths from the values one would expect without
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a JT interaction measure the Ham. - quénching factors15 of a more
complete vibronic theory.
Our model Hamiltonian is the sum of crystal field, spin-orbit,

spin-spin, and Zeeman terms. Since hyperfiné splittings are too small

to be resolved in our experiments, we neglect them:

=y

ctal + vﬁo + Vss +'vz. | | (1)

The crystal field potential vxtal consists of a cubic term, a trigonal

distortion, and an inversion-breaking term. The cubic and trigomnal fields

are written using the usual spin operators,16

Veubte = = 5,05 + 20/ 0, )
Veetg " 3505+ 9005 v
wﬁere the B coefficients are related to McClure's parameters17
Dq =12 B, - 135‘-)132’+
v =9 B) + 808,
v' = V2 (3B, + 2032). (3)

- symmetry. In order to correctly represent the splitting of the 9.35 cm.

A Hamiltonian consisting only of cubic and trigonél fields has.D3

d.
1

line in an applied field, the symmetry of our Hamiltonian must be no
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Ahiéher thaﬁ_CB. We reduce ﬁhe symmetry by adding én'inversion-breaking
term Vib' 0dd ordér terms can occur in the Hamiltonian in the absence of

. invérsion symmetry.. Sinéé these terms vanish within the 5D manifold

(L = 2, S = 2), they admix excited configurations into the SD state. It
is important to consider such admixtures when computihg'transition
probabilities, but they may be neglected when calculating the energles of
the low lying levels of the system. The only symmetry—allowed even-order

term not already included in the crystal field is

3

A,

1,.3 ~3 '
® 21(Y4 + Y4 ). , | (4)
The dominant inversion-breaking term is, thén,

' _.1,3
Vib-B4A4. (5)

Within the SD manifold, the spin-orbit interaction may be written

-

V =AL-*S, TheV term,
8o ~ 2T ss

- .52, |
Voo = - P+ )7, 6)

contains contributions from two sources. The first is the usual spin-

spin interaction which may be written in an 1,~§ coupling scheme as16

-pl e P43 @ - 3L+ Dses + DY

The aeconﬂ source is the admixture of excited terms (in partigﬁlar, the
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3 : .
H term) of the 3d4 configuration through spin-orbit coupling. A typi-

cal contribution might be schematically written in the form

ol - s lv, el - 517

)
3

H states (B

2
-?ES)-

5D H

Since these contributions are sméll, the approximation of including
them in Eq. (6) seems justified. The Zeéman-inﬁeraction is wriften
(kE +'2§) . uBH where k 18 included to aliow for covélency effects. A
tyéical valug of k is 0.8 for transition_metal ions in A1203.

The 25~dimensional Hamiltonian matrix of Eq. (1) was evaluated in terms
aef‘théuéeweﬁwadjustable%parameterg Bz; Bg, Bz, Bt, Ay p, and k using 3d4(5D)
free ion wavéfunctions as a basis. Radial integrals were incorporated
in the édjustéble parameters. The schematic level diagram of Fig. 1
was verified by studying the general properties of the Hamiltonian as
a function of the pérameters. The splittings § shown in Fig. 1(b) are

given by16 |
AZ

§ = 6(p + Eaaj .

‘The inversion breaking parameter Bi‘has little effect on the zero field

~energy levels. With a finite magnetic field, it split 5 and 6, as
expected. It also has large effects on the field dependence of the other

energy levels. . The orbital Zeeman effect is completely quenched within

5

E, the parameter k having no effect on the field dependence of the

energy levels.
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 The adjustable parameters were determined by fitting the field-
frequency data of Fig._3 using a conventional least-squares prbcedure.
It was found tha; good fité could not be achieved simultaneously for
the ground and excited state data. A fit was attempted using ;he'ground
state‘transitions alone, but there were Qore adjustable parameters than
could be determined from the data. 1In order to obtain a fit, B4 was
fixed. This parameter, which measures the cubic field, is not expected
to be qﬁehched by a JT interaction and can be determined from oﬁtical
data. Unfortunately, the value of B4 is uncertain. Measurements ﬁy
McClurel‘7 and Form_an18 suggest valuesbof 160.4 cm—1 and 142.1 cm-l

respectively. Fits were obtained using a number of values of B4

between 140 and 165_cm_1. Although the parameters obtained differed
for each value of B4, the resultant energy level diagrams were very
similar. The parameters obtained using McClure's and Forman's valueé
of B4 are listed in Table 2. Considering the uncertainty in B4’ our
parameters are determined only to within 15%. Some results, however,
are clear. The trigonal field and spin—orﬁit interactions are strongly
quenched. The inversion-breaking termAis small, typically severai cm_l.
The pafameter o is aBout .8 -cm L.

The three most important results of the model are the values of
v, A, and p. Because of JT qugnching, the trigonal field parameter v
has only 60-70% of its expected value. The spin—orbit coupling is
very strongly quenched, having only about 10% of its free ion value.

Finally, the parameter p has an unexpectedly important role in the

structure of the 5E state. Since A is so strongly quenched, § =~ 6p.
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The splittings §, however, are the most obvious feature of the 5E energy
level diagram. The parameter p is much larger than expected from a
spin-spin interection alone, suggesting that there is a considerable

: contricution to p ftom second-order spin-orbit coupling. This admixture
of higher lying terme has a particularly important role in determining

. : 5
the structure of the "E state.

V. COMPARISON WITH EXPERIMENT
The predicted ground state trangsitions are shown as solid lines on

Eig, 3(a). The fits to the 1+ 2, 1 + 3, and 1 + 4 transitions are
excellent. We tegard the fits to the 1 = 5 and 1 + 6 transitions to
be eatiefactory considering the_many approximations and simplifications
made.in the model. Predictions of the teﬁperature dependence of the
peak absorption coefficients of the ground state transitions were made
using the theoretical level diagram and simple popuiation arguments.
The predicted temperature dependence agreed within experimentai error
iimits with measurements made at seveﬁ temperatures between 1.3 and 20K.

" In order to compare theoretical and experimental line streﬁgths, an
‘extension_of our model is required. ‘Electric dipole transitions occur
',thrqugh cocfigurational mixing. The lowestvlyingvconfiguration which
can lead to the required mixing is ¢he-3d34p copfiguratipn. Ignoring
.term separations within 3d35p, we have admixed Slater determinimental
wavefunctions of 3d4(5D) and 3d34p using an ipteraction proportional to

Q

° Point charge model calculations indicate that the Ol interaction

ll
1s the largest allowed odd-order crystal field interaction for the

0

atomic configuration of A1203. Our resultant admixed wavefunctions were

admixed states.

used to calculate electric-dipole matrix elements for the SD
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These matrix elements were used with the eigenfunctions of Eq._(l)vand
the appropriate population factors to predict ground-state transition
probabilities at 4.2K. |

In order to compare calculated transitionvpfobabilities with ob-
served peak absorption coefficients, a normalization factor is fequired
becauée the coﬁcentration of Mn3+ in our samples 1s not known. bSpectro-

éhemical analysis‘yields an estimate of the total Mn'conéentration in

the sample, but provides no information on the distribution of Mn
valence states. We chose to normalize the data in Fig.'4 to the strength
of the 9.35 cm—.1 line in zero field. The equivalent normalization factor
for the theoretical transition probabilities is the sum of the probabili-
ties of the 1 + 5 and 1 + 6 transitions in zero field. The normalized
transition probabilities for the lowest five ground state transitions

are shown as the solid lines in Fig. 4. For H |l c the model is seen

to be in excellent agréement with experiment. For H!l ¢, hdwevef, the
model fails tb account for the observed intensities. * There ‘tould

" be_.several. reasons for- the discrepancy; ‘We have included

only one of the odd—orderioperators that could cause configurational -

mixing and have neglected.mixing with the excited terms of the 3d4

configuration ;hich could’also be important. One might also expect
that the JT interaction, which‘has not been explicitly included in our
model, would affect the transition prébabilities in a significant way.

. A further confirmation of the ability of our model to describe
the low-lying states oan3+ may be_obtained by CQnsideriné the APR
data of .Anderson, Bates, andAJausaauds (AEJ). "In that paper, ABJ

reported the observation of five APR lines in A1203:Mn3+ at freduencies
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near 0.3 cm—1 which they labeled B, D, E, F, and G. Tﬁese lines are

due to transitions between states 2, 3, and 4. In Fig. 5, the solid

lines are the theoretical transition freqﬁencies for the transitions
between ;hese three states as a function of applied field. Since level 2
crosses levels 3 and 4 in this orientation, transitions 3»>2 aﬁd 4 + 2
are plotted as well as 2 + 3, 2 > 4, and 3 -+ 4. Iﬁe pdints are the data
of ABJ. We identify the APR line B as belng due to 3 + 4;, D, E, F, and G
are due to‘transitions 2 +3,2+4, 3+ 2, and 4 + 2 respectively. In
this field orientation the observable far iﬁfrafed transitions are
l1+3and 1+ 4. Transition 1 + 2 is forbidaen; Hence, no ihformation
about the fleld dependence of level 2 in this field orieﬁfation was used
to fit the model. The data of ABJ indicate, howéver, that‘thé model
correctly.p;edicts the position of this level to within d.l ém—l.

| Althougﬁ our model provides an excellent description of the ground
state transitioné, it 1s not as successful with the excited state
‘t:ahsitions,i3 + 10 and 2 -+ 10. Thé theofetical excited state transitions
érising from states 2, 3, and 4 are indicated as solid lines in Fig. 3(b).
Clearly there are serious discrepancies between theory and exﬁeriment.

" Level 10 1i$ located ébout 2 cm—1 lower than our model predicts, and its
‘energy dépends less strongly on aﬁplied field than the model indicates.

In ad&itién;“at temperatures above 10K, ﬁhe observed 1ines‘are_much
weake; ;hgn the predicted temperatufe dependence would indicate. It seems
likely that a proper treatment of the JT interaction would reduce these
discrepancies.

The simplest model of the JT interaction in Mn3+ is a cluaster model

in which the 5E state interacts with an E symmetry vibrational state of
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the cluster. From group theoretic considerations

5 5 5 5
Eelectronic Ephonon = Euy t Ay T Ay

where the subscript 'vib' stands for vibrenic states. The JT interaction
removes the degeneracy of these vibronic states. Our data clearly indi-

cate that the SEvi state 1s lowest.

b .
This simple JT model could account for some of the discrepancies

between our theory and the experiment. Level repulsion from the 5Avib

states could lower the energy of level 10 and affect its field-dependence,

thus improving the poor fit for the observed excited state transitionms.

In addition, including ten energy levels (two SAvib states) at 25 cm~l

above the ground state greatly improves the fit to the measured tempera-

ture dependence of the excited state trangitions.

- VI. +y-IRRADIATED RUBY
It has been suggestedl9 that an important radiation damage mechanism
" in ruby could be associated with the formation of Cr2+ and Cr4+ ions.

Both of these ions are expected to have level splittings at far infrared

3+

frequéncies. Since Cr2+ is isoelectronic to Mn~ , it is believed to.

. + .
have a similar level structure. Microwave studies of Cr4 by Hoskins

20

and Soffer indicate that this ion should have a zero field splitting

“of about 7 cm L.

The spectrum of a 15 cm long crystal whose c~axis made an angle of
60° to the cylinder axis, showed weak absorption lines at 6.5 and 7.5 cm—l

in zero fleld at 4.2K. In a field of 51kG applied along the cylinder axis,
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only a single 1ine-at 4,5 cm'“1 was ohserved. The zero field lines were
_obserVed with a signal~to-noise ratio near two, so that applied field
gplittings of these lines would not have been observed. After several
days exposure to room lighting, the sample became optically bleached.
Its color changéd from red-orange to red and the fér‘infrared absorption.
iines were no longer observed; .Since the available infrared data are poor,
itlis not poésible to determine the’ions"responsible for the zero field
iines. The 4.5 cm_'1 line in non-zero field would seem to have a field-
dependent inﬁensity and might therefore be assigned to Cr2+.
‘It 18 known that the cubic field, spin-orbit, and spin-spin inter-

éétiohs of Cr?t in typical en&ironments are roughly two-thirds as strong

as for M53+§' If we assume that all parameters of Cr2+ are two-thirds
_wﬂ_#wwthe1:wyglgg_égﬂygffw§ggwfurther assume that the quenching factors for

the two lons are the same, then the resultant level diagram is qualitatively

similar to Mn3+. Thevenefgy of the zero field 1 - 5, 6 transition is

>6.5 cm—l. The 1 -+ 2 transition has an energy of 4 cm"l for a field of

50kG oriented at 60° with respect to c. These results are undoubtedly

fo;ﬁuitous, bﬁt tﬁey suggest one possible interpretation of the data for

Y—irfadiated ruBy. Comparison of this model with APR data’ for et
_yieids rﬁther poor agreement, as one would expect from such a crude
estimate of model paraméters.

If we assume that either the 6.5 cm ' line or fhe 7.5 cn * line
is due to Cr2+,'we ma§lmake a rough estimate of its concentration. If
we assume that the transition probability per ion is the same for Cr2+

. and Mn3+, then by assuming that all of the Mn in sample S-18 is in the

3+ valence state and by comparing peak absorption coefficients and sample
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voluﬁes we may obtain an upper limit of the Cr2+ concentration in our
sample:. of y-irradiated ruby. We find an upper limit of 5 x 10°6 cn3,
This represents only one part in lO4 of the Cr in the crystal;

This estimate is much lower than usually qﬁoted. Mdst estimates
of Cr2+ concentraﬁion are made by assuming that the change in the Cr3+
EPR signal upon irradiation is directly proportional to the amount of
Cr2+ formed.21 The above éstimate, howevér; suggests that the decrease
in the EPR signal may be due to some other aspect of the damage mechanism _
and that Cr2+ formation 18 unlikely to be associated with the moét
‘important damage mechanisms in ruby.

‘We have studied several samples of Mg-doped ruby in the hope that

Cr4+ formation would be favored through a change compensation mechanism,

but have been unable to observe any absorption lines.
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Fig. 1. Schematic energy level diagram of a (3d4) 5D term in A1,0

Fig.

Fig.
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FIGURE CAPTIONS |
) 273"

Notice that, although the trigonal field has a large role in the
excited state splittings (a), it enters only in higher order in
thevsplittinés of the 5E ground state (b). The numbers in pérentheses
tndicate level degeneracies. The numbers on the right-hand side of

the figure indicate a numbering scheme used to refer to the states.

2. Transmission ratios for sémble S~18 at 4.2K for two’polari;ations.
The.spect:a in theinumeratbrs were measured in an applied fileld of

22.97 kG L c. The spectra in the denominators were measured in zero

applied field. The dashed lines are plotfed at * one standard

deviation, In (a) the peak at 9.35 cm“l is due to an absorption
liné in the zero field denominator., . The features at 4.45, 7.22,
10.55, 1i.71, 13,19, and 15.90 cm'.1 marked by solld arrows are due
to absorption lines in the numerator. In (b) the positions of the
features observed in (a) are marked by dashed arrows. These transi—
tions are forbidden in the Ell ¢ polarization, and are seen due to

imperfect polarization.

3. The points are the positions of.observed (a) ground state and
(b) excited state transitions plotted as a function of applied

magnetic field oriented l| ¢ kRHS) and L ¢ (LHS). Transitions are

~ labeled with the assigned initial and final states. The solid lines

are calculated ground state transitions in (a) and excited state
transitions in (b). In (b) only transitions arising from states

2, 3, and 4 are plotted.
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4, Inteﬁsipies of.the lowest five ground state transitions at 4.2K
plotted as a function of applied field. Intensities were normalized
by the intensity of the 1 + 5,6 transition In zero field. - Tpe verti-
cal bars indicateé estimated errors in the determination of thg nor-
malized intensities. The solid lines are theoretical intensities

at 4.2K. |

5.‘.The solid lines are theoretical low lying excited state transi-

tions plotted as a function of applied field oriented || c. They

‘are labeled by the initial and final states. The points indicate

observed APR lines (Ref. 5), labeled as in that paper.
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Table 1. Sample data.-
, : Mean ‘Analysis (% by weight)
Sample Source -‘Length Diameter c
(cm) (cm) - Mn Cr Fe

5-4 A. C. Pastore, Korad Corp. 1.5 0.8 ] .01 .5 .01

S-5 W. Brower, National Bureau 1.9 0.3 B .001 <,001 .001

: of Standards :

S-14 Hrand Djevahirdjian S.A. 2.5 1.0 I .02 <.001 .1 i
(Switzerland) i
C. Sahagian, : 3.9 0.8 1 .02 <.001.. <.001
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Table 2, Interaction parameters for Mn

3+:Al 0,.

23
Dq v v' B B? ﬁ° Bt A 0 k
. 4 2 4 b :
19472 - e 160.4 |

Without S 1950 600 173.7  -4.837 - 87° 18?8
JgT 1727 142.1 -

(e) 1946.4  1359.8  335.2  160.4  109.9  -4.634  -3.138  6.101  .8074 -
Theory ' ' '

£ 1725.2  1234.8 298.6  142.1 99.0  -4.296  -2.805  6.059  .8069 -
Quenching (e) .70 .56 .63 .96 .07
Factor  (f) .63 .50 .57 .89 .07

8 McClure (Ref. 18).
b Forman (Ref. 13).
¢ Free ion value.

Spin-spin interaction only.

e Calculation based on a value of 160.4 cp_l for B,.

Calcuiation based on a value of 142.1 cm_l

for BA'
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TRANSMISSION RATIO
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LEGAL NOTICE-=

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
" 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.
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