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FAR-INFRARED SPECTRA OF A120
3 

DOPED WITH Ti, V; AND Cr 

.R. R. Joyce and P. L. Richards 

Inorganic Materials Research Divislion, Lawrence Radiation Laboratory, 
Department of Physics, University of California, 

Berkeley, California 

ABSTRACT 

The El,bsorption spectrum of samples of A120
3 

doped with Ti, V, and 

Cr ha~bBen~easured at 4.2°K over the frequency range 5-120 em -1, in 

applied magnetic fields up to 55 kQe. In A120
3 

tTi absorption lines were 

-1 -1 
observed at 37.8 em and 107 cm these were due to transitions between 

""+ the ground and first excited $tates of the Ti./ion in a mpdified A1
2

0
3 

crystalline field. The Zeeman splitting of the observed lines yielded 

goll ::; 1.11±.03, gl!1 2.oo±.06., a.nd gol' gll < O.lfor the ground and 

first e~cited states. Similar results were observt;)d from the isoelectronic 

v4+ ion in the A1
2

0
3

'V sample. Zero field absorption lines were observed 

8 -1 -1 
at 2 .1 cm and 53 cm ,with g-values for the ground and first excited 

states of gol! ::; glll == 1.~-3±.04 and gol' gIl < Q.2. The predicted energy 

levels of a single d electron i.n the A1
2
0

3 
crystalline field modified by 

a ~namic Jahn-Teller effect fit these data quite ·well~ 

ll"ne ob~erved a+ 8.2)~ -1" 6' r 1T +~ "b t d ' _ _ v cm In H. ..... ~'-\;:v v.las a,., ... rl u e "00 
c ./ 

'Z+ 
splitting of the lowest electronic state of the V..J ion. 

An absorption 

the spin-orbit 

The Zeeman 

spl:l.tting of this line is in excel.;Lent agreement with tb,e appropriate 

Spin-Hamiltonian ,-lith the parq,meters gH =1.9"2±~03 a:qd gr ::; 1.74±.02. 
11 .J.. 

A 15cm length of 1% A1
2

0
3

: er sho).;:edno absorption lines for any value of 

magnetic field, indicating that the transition~ b~tween the Cr3+ ion 

pair levels known to exist in this energy region are' stl"ongly forbidden. 

'., 
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Samples of ruby reported to show far-infrared absorption lines were 

tested, and it was found that the splitting of the observed line.s in 

a magnetic field was consistent with the assumption that they were due 

3+ to Ti as an unintentional impurity. 
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I. n'J'rRODUCTION 

In recent measu.rements of the fa.:Cw·infrarecl. transmission 

intentionally doped 'tlJ.th. Ti and. V, Nelson et aJ.~· and \-Jong et 

of .11.12°3 
2 

a]; observed 

a.bsoxrft;ion linea '-lh:l.ch they attributed to transitions betw'een the elec-

"3+ h·1-
tronic levels of Ti- and V . in the A120~ lattice ~ 'rhis assignment was 

;) 

reinforced. by recent C[,,].culatioYifi made by Macfa.rla,ne et a1.3 of the 

expected energy levels of a. siTlgle d eleci;,ron :Ln the A1
2

07.. crystalline 
.:> 

field tllodHied by a d.ynamic Jabn-Teller effect, The lines at.tributed to 

~!r 4 
Ti..J have a long .hj,8tory~ Very Gimilar lines ilTere observed. by Hadni in 

a ruby sample 'with no suspected 'ri impurity. 'l':.t1e lines i'lere then seen in 

Ti-doped A1
2

0
3 

by Perry,,5 More l'ecen-cl~r,v Moser et a1. observed_ the sa.me 

lines in sam.ples of A120~ doped. wUh 'Pi), Cry and, V. Si.nce the line - .. 
st.renf.,rths did not seem to correIa tie .. dth anaJ.yI.'les for Ti impurity they 

t J 1: . -.I 1 t· i . 'b t' - ..:l 6 J' d t 1 th' were at !'.t. Jut en. GO .La ·t, .ce Vl. ra -.J.ona.L mOl;J.es. .n 02" er '0 re so ve '. ~B 

discrepancy and. to P:coVi(le a c:ri tical test 0 of' the theory of singl.e d 

electrons in Ju.
2

0
3 

'He have invest.igated, the magnetic field dependence of 

the fa:r·~in:t'rared. spectra, of vad.OUB sumplf.:!3 of doped. A1203.· These in­

eluded Ti~' f; and. C:c-d.opecl mB,tJrir:d. stud.icd. by T1elson
l 

and Wong
2 

and Ti 

and Cr-doped material remted. to t,hat, used by Moser et 8.1.
6 

As "'ill be 

dlscu8secl. b •. dow'; our results (;onfirm the assi.gnmentB to electronic trans-

. t' '" T' 3+ d 'V
it+ d ." . 1 1 t . t h t'l... th ~ J.cms 01.J.. a.n . an are ~n 111.) .. 1' y gooe agreeroen -vi).', ,He • eory_ 

He a].£1o investiga.ted an absorption line near 8 c!m -1· in the' S8.il1pie of A1
2

0
3

:V 

,vhich turned out to be due to a. 101.,~lying electronic level of the (d)2 

.j.. .> ,,3+ sys (,em 0... v " Our rnagnetic field results confirmed this assignment and 

could be fit vJel1 to the theoretica.l magnetic fiel<'L dependence obta.ined 

fron; a f:lpin~Hami.ltonia.n~ 
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II. EXPERIMENTAL APPARATUS . 

The far-infrared data in this study were obtained using the techniques 

of Fourier transform spectroscopy. In this method (which has been des-
. 8' 

cribed fully elsewhere7, ), the spectrum is obtained by computing the 

Fourier transform of the interference pattern or interferogram measured 

using a two-beam interferometer. In practice, the interferogram is 

sampled at uniform intervals of 6, the path difference between the two 

beams, the Fourier integral is approximated by a sum, and the spectrum 

is computed on a high-speed digital computer. The resolution is limited 

only by the finite travel of the micrometer screw driving the moveable 

mirror; for our apparatus this is about 5 cm, corresponding to a maximum 

'1 
resolution of 0.10 cm- • 

Figure 1 shows the far-infrared Michelson interferometer which we 
" 

-1 constructed for use in the frequency region 2-300 cm • It is simi+ar 

to the interferometer described by Richards,8 except that the moveable 

mirror is advanced by a stepping motor which is programmed to 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 type described by ~ller and McKnight9 can 

. be inserted as indicated in Fig. 1; a filter wheel of various Yoshinaga' 

filters lO is located at the output of the instrument. The output is 

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

sample through a 1.1 cm i.d. light pipe. 

. ' . 
...... 

. ", r 
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Figure :2 show's the crYa3tat, ,V'hich cont.a.ins the sample, superconduc .. 

ting magnet, and. detector~ 'l'hesllimple is mounted in a. light pipe which 

can be removed from the cryostat, and samples can be changed without. 

appreciable loss of He. The NbZr superconducting solenoid is capable of 

producing a field of 55 kOel> The chamber C!ontaining the In-doped Ge 

bolometer detector is separated from the sample cavHy by a sapphire 

windmv and has ita mm liquid He tank 'Nhich C8,n be pumped to provid.e the 

necessary low temperature for efficient bolometer operation. 'I'he signal 

from the bolometer is fed, to a lock-in amplifier where it 18 converted 

to a dc voltage; the voltage is measured by a digital voltmeter and 
\ 

recorded on puncbed cards. 
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IlL EXPERIMENTS WITH A1
2

0
3

:Ti3+ AND A1
2

0
3

:v4+ 

In the samples studied, the impurity ion is assumed to be sub-

3+ 3+ ' . 
stituted directly for an A1 ion. The A1 lattice symmetry is trigonal, 

but the six 02- ions adjacent to an Al site lie at the corners of a not' 

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

,Jon substituted for A1 is la::ogely cubic with a small trigonal distortion. 

1 3+ 4+ For the case of the d ions Ti and V' , this crystalline field splits 

the tenfold degenerate free ion energy level of the d electron into an 

upper level having Eg symmetry and lower Alg and Eg levels. In addition, 

the lower Eg level is split by spin-orbit coupling and the upper Eg level 

11 is split by the Jahn-Teller effect. The resulting .:!onfiguratl,on is 

shown in Fig. 3. Only the three lowest levels, 1 ~~b,=led E3/2' lEl / 2 , and 

2El/2 in order of increasing energy, are of ir,:>::rest in our experiment. 

The majority of our measurements were made on crystals of intentionally 

doped A1
2

0
3

:Ti3+,and A1
2

0
3

:v4+ which were i~~ersed in liquid He to keep 

their temperature near 4.2oK. The Ti-doped samples were about 1 cm in 

diameter and 1 to 5 mm thick; some of them had the optic axis (referred 

to here as the ~ axis) in the plane of the crystal (and thus perpendicular 

to the magnetic field), while others had the c axis normal to the plane. 

By doing experiments on both types we were able to orient our solenoidal 

magnetic field both parallel to and perpendicular to the c axis. Tne 

concent~ation of Ti was 0.15% by weight of the oxide; it is not known 

how much of this was in the 3+ oxidation state. 

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

c axis parallel to and perpendicular to the magnetic field. The concentratioI 
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of vanadium was not known. FurtheJ. mo~~e, since the V 203 structure 

(corresponding to V3+) is the most ~table state in the corunaUffi lattice, 

only a small fraction of the V present 1vas expected to be in the 4+ state. 

These samples were obtained from J. Y. Wong and A. L. Schawlow and 

are similar to those used in their zero field measurements.
l
,2 Our zero 

field measurements were consistent with their reported results. In the 

3+ 8 -1 -1 A120
3

1Ti sample absorption lines were seen at 37.0 em and 107 cm. 

4+ 8 ,-1 For the A120
3

1V sample a similar pair of lines was observed at 2 .1 cm 

-1 
and 53 cm • For both samples the high frequency line was sufficiently 

broader than the lOVI frequency line so that observation of its Zeeman 

splitting would have been difficult in the available magnetic field. vie.· 

-1. therefore concentrated on the low frequency lines at 37.8 cm in 

.3+ -1 . • ~,+ 
A1203:T~ and 28.1 cm ~n A120

3
,V • 

When a magnetic field .ivas applied to the Ti-doped samples with 

Sn~, the 37.8 cm-l line split into four lines as indicated in Fig. 4. 

The effect of the thermal depopulatlonof the upper Zeeman level of'. 

the ground s"Cb,te at 4.2°K on the relative strengths of the Zeeman components 

was clearly seen. If we consider the ground (E
3

/ 2) and first excited 

(lEl / 2 ) states to have g-values. qf go and gl' respectively, then the 

transitions between them will have effective g-values of ga = ~(go+ gl) 
, 

and gb = ~(go - gl)· Applying this reasoning to our results, we ob-

tained parallel field g-values of gol! = l.lJ.±.03 and glll =. 2.00±.06. 

8 -1 
For the samples with ~-l~' no broadening or splitting of the 37. em 

line was observed, implying that the perpendicular field g-values for 

both the ground and first excited states are less ,than 0.1. 
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Our results for go in both the Ti and V-doped samples are in good 

agreement with previous results obtained by electron paramagnetic reso-
~n .. 

nance. Two groups I have measured values of goll = 1.07 and gol< 0.1, 

3+ 14 . 
for A120

3 
:Ti • Merritt has recently measured a value of goll = 1.39 in 

4+ 
A120

3
:V • 
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IV. THEORY· OF d 1 ELECTRONIC STATES 

Recently,Macfarlane, Wong, and Sturge3 considered the influence 

of a dynamic Jahn-Teller effect on the energy levels of a dl electronic 

system in the A120
3 

crystal symmetry. They found that the first order 

effect uniformly reduced the matrix elements of the trigonal and spin-

orbit crystalline field operators, whereas the ll1clusion of second order 

effects introduced non-linear correct·ions to the static crystalline field 

results and allQ\<Ted reasonable agreement with experimental data. 

As shown 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' lEl / 2, and 2El/2' 

Using representative values for the trigonal and spin-orbit coupling 

3+ parameters for A120
3

:Ti ,Macfarlane et al. calculated the values 

-1 1 
01 = 109 cm and 52 = 771 cm- , which are much larger than the ex-' 

8 -1 -1 . 
perimental values of 37. cm and 107 .cm, respectively. Clearly, 

static crystal field theory alone cannot account for the experimental 

observations. 

The Jahn-Teller effect results from the coupling of an electronic 

system in a non-I<:ramers degenerate state to a nuclear displacement 

which lifts the degeneracy. The result is a displacement of the 
. 

electronic system to a new position of minimum potential energy. The 

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

due to the displacement from the equilibrium position. For the octa-

2 hedral T2 level in A120
3 

there are three equivalent configurations to 

",hieh 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 «EJT • When a perturbation to the octahedral field (such as 

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

2T2 level which are comparable with the Jahn-Teller energy E
JT

, no such 

static distortion occurs, but the complex exhibits a coupled motion of the 

electrons and the lattice vibrational modes. This si-tuation is referred to 

as the dynamic Jahn-Teller effect, and in the present case it causes a 

, partial averaging of the trigonal and spin~orbit perturbations. To 

first ord~r all matrix elements of these operators are reduced by a 

. 15 
quenching factor y (Ham effect ). This first order ocrrection is 

insufficient to explain the experimental data, since the Ham effect 

would reduce the values of 01 and 02 by the same multiplicative factor, 

whereas the experimental values are respectively 0.35 and 0.14 of the 

estimated static crystalline field values. 

Macfarlane et al. then considered second order perturbation effects 
. 2 

within the manifold of basis states for the T2 level and between the 

basis states for 2T2 and those for 2E. They obtained analytical ex­

pressions for the energy splittings 01 and 02 as well as the g-values 

T'ne for the Zeeman splitting of the E3/ 2 , lEl / 2 , and 2El/2 levels. 

independent variables involved are the trigonal and spin-orbit coupling 

paramete~s v and /;;, and the quenching factor y = exp(-3EJT/2f1w), where 

EJT is the Jahn-Teller energy and .fiwis the energy of the vibronic 

mode which is responsible for the Jahn-Teller effect. 

The analytical expressions of Macfarlane et al. l1'ere 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 
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expressi.ons are quite complicated and are miff:t.(:lently sensitive to a 

small change in some of the variables to make the fit somevThat arb:l.trary. 

Two sets of theoretical parameters chosen primarily to fit the zero field 

data :fcr band. 02 are given in 'l'able I to display this sensitivity. 
1 



." 
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V. RUBY EXPERIME1'TS 

"In 1964 Hadni observed absorption' lines in ruby, at - 37" em~l and 

100 cm-l which he- assigned to exchange crupling between"pairs of Cr3+ 

ions.
4 

These pair lines have been observed optically, but the direct 

transition is between states of different spin and is forbidden. Nelson 

et al. l measured the far-infrared transmission of a sample of 1% cr20
3 

in A1
2

0
3 

which vTaS 15 cm in length and observed no absorption lines. We 

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 

between the lines seen by Hadni and those subsequently found 3+ . 
for Ti 

suggest strongly that he was seeing Ti3+ as an unintentional impurity in 

his ruby. 

" 6 ~ 8 ~ 
Later, Moser et al. repor~ed lines at 37e75 cm and 10 em in 

samples of A120
3 

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 

" 3+ A 3+ A120
3

:Ti spectrum and the lack of any lines in our sample of l203tCr 

raised doubts as to the correctness of this assignment. We performed 

transmissi~~ measurements on four of their samples and found that the 

-1 -1 37.8 cm and 107 cm 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 em thick 1.2% 

ruby of Swiss origin was also found to have absorptIons characteristic 

f T ,3+ 
01. 



-11-
UCEL-18229 

VI, 

';.-1· 
1:r·.'2 -:r ten h,s-s t~TC d e J_'~8tr:~,.r..s , 8.nCl. th.e effect 0::: the All) 0." 

'-- ./ 

') 
cryst·p..DJ.;1c, fj.~ld on the :ree ion . F s~~ai.;e, shown in :Fig. 6, is more 

u 4+. compliC8. f:ed t-han for v 

-;z: .. 

Only t.he lowest level (~'AcJ is of interest 
c. 

-1200 
-1 

C.,., 
,U< 

h+ 
eame one: uS'2.'d fol" tbe AlrO~ tV exp~riment8, 

,.-:' ) 

-1 
em .. In fj, fie1c1 

8 -1 
effe;;;~; ~·e.r nbSf.!:t'Yed.. Fig1lTP, T d1(MS ~.he behe,vier. of t.he .25 em 

."" 
If we cons:i,der t.he ground. (J A,J st.a t.e 0nJ~y! +he magnet ic properties 

c. 

where S! ::'6 the effective; spin of the ground at,ate (ls'l "" 1). .Beca.use 

'Of the .1J.lTv.;P. t.:t'igonal splitting Ilnd the emaIl spllj.-orbit spUtting very 

S1~j.n I'lto.tes of 3 A~ and those of higher lev~ls 
'C. . 

basla states An~r mi.xjng ~wil1 tend. to quench the Zeeman 

7; 
" ~~ , f ~}.. .~. ~ .• .) 1 4' J ..... f '", "11 :"'p ... l,>~,lnf7, c. Clei'.,? .leve .•. " lO'1.;eVp.::,p gJ .. Yl.l1g va, .u'·:,,;,!E '-' .. gil ani.l gl sma .... er 

1,h2!1 2.0 [I;,'J' a;n a.mo'U.nt which d-spend(1J on the ratio of ~~he spin··:orb:i.t 

.... 1 I' 1 J " -!- • j ~ ~Jn ~~]SOnR Sp~1~01ng.-· 

, ' 
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The first term in Ji splits the 3A2 level into two levels separated 

by D, the doubly degenerate M = ±l level lying higher. The effect· of a. 

magnetic field parallel to £ is represented by the second term;.this 

perturbation does not mix states of different M and the M = ±l level is 

split by 2gnt3H, as shown in Fig. 6. The third term in J:! represents a . 

" magnetic field perpendicular to £, which mixes the three spin states. 

The resulting transitions start out at D and both curve upward as the 

field increases. Figure 7 shows the experimental data (points) and the 

theoretical results (lines) obtained by adjusting gil and gl for the 

best fit. An excellent fit is obtained for both field orientations 

which yields the results gil = 1.92±;03 and gl = 1.74±.02. 

Our d5~ect measurements of the transitions determines all three 

parameters in. the spin-Hamiltonian to a high degree of precision. A 

value of D = 8 em-l was obtained by Pryce and Runciman17 from the 

. -1 
difference between two optical absorption lines at about 21,000 em ; 

- - ~ 
their Zeeman experiments indicated gil < 2. Zverev and Prokhorov 

investigated the electron 'paramagnetic resonance between the M = ±l 

levels and obtained gil ::: 1.9~±.01, in excellent agreement with our 

result. The only known measurement of gl was made by van den Handel 

and Siegert,19 who obtained the value gl = 1.82 from susceptibility 

measurements of vanadium-ammonium alum. 
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VII. CONC LUS:OJm 

u.i... 
and. A1203fll" w€,_:!onclude that 

the "hserved absarpt1.on li.neB are due -to lO1,\;-l;li;~g electronic states of 

the r.c;;:.inal impuri.ty i.on in the effer:t:LV!3cryd.;rilline field of the host 

Th.e Zeeman spJ.itti!l.g of the l.ow freglJJe11cJr a.·bsorptio11 line in 

leafu; to the concl-uslon that the '/ibraI'd.c :Lntej~f~::;t.ion correction to the 

statio crystalline; field can lo.rgely expla:l .. n thn electronic le~rel~ of a 

theory and experiment is not perfect" Since our fU was made by ad-

justment {if t~:'e pa.:ra.met.ers t;o fit. only two of the five variables (5, and .... 

0
2

).p the:no is considera.'ble freedom of choice for tne values of several 

pal"ameter~'l.. We found tr..at the value of go!l 'Was rather insensitive to 

cbanges in the trigonal and. ");J.n-orbit pare,meters, <md. the 10% disagree-

• ment h";lt,ween exp,t=:riment;;..l and theoretical value.s 01' gol! ·'or A. 1; 0 -v3+ 
J. ~.J.,.2'3. 

are in agreement with previous work 

ar:.d ;:n.e.;..;::!, more p,rec.iee "\,Il'I.1:;'e2 of the spin-Ha.mil.'torL'l.an pa,rameters. 
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This report was prepared as an account of Govern~ent 
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 

8. 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" incl udes 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. 


