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The fluorescence lifetime of Cr>' in GdAlO3 was measured in the
range 1.8 - 4.2 K in magnetic flelds up to 6 T. The results show a
remarkable dependence of the transition probabilities on magnetic order. A
model based on the exchange interaction between Cr3+ in highly excited

states and the !.'.;d3+ lons 1s proposed.

PACS: 78.20.Ls, 78.55.Hx, 75.30.Hx
KEY WORDS: Luminescence, Magnetooptical effects.
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INTRODUCTION

The optical and magnetlc properties of the antiferromagnet GdAlO3
with cr* impurities substituting for A1* have been extensively studied

both theoretically and experimentally.!™3

In particular the fluorescence
lifetime was measured by Ohlman et al1 for some temperatures above and
below the Neel point and systematically by Aegerter et al8 throughout the
antiferromagnetic phase. A sharp shortening of the lifetime with the onset
of antiferromagnetic order was observed. The origin of this strong
dependence on magnetic order remained, however, unexplalned and motivated
the present additional measurements of fluorescence lifetime with applied

magnetic field. The measurements were performed at low temperatures (1.8 -

4.2 X) in the presence of external fields up to 6 T.

Electric dipole transitions between the ‘Az ground state and the
first excited state °E of Cr' are spln and parity forbldden. We show here
that the combined actlon of the spin orbit interaction and the exchange
coupling of crt in highly excited states with the neighboring Gd> 1ons
provides a mechanism that makes possible those transitions and accounts for

thelr dependence on the magnetic order of the matrix.

EXPERIMENTAL

14,18 having a nominal crt concentration

A GdAlO3 single crystal
of 0.1%, was placed in a He bath inside a NbTl-superconducting split coil

from IGC. The crystal was oriented with the [100] (easy axis) or [001]



CEPF-NF-001/91

directions along the magnetic fleld. Fluorescence was excited using a
Spectra-Physics CW argon laser in multiline emisslon. The laser light,
propagating along the magnetic fleld, was chopped at 3 Hz by an Eallng
electromagnetic shutter. The fluorescence was measured in the direction
perpendicular to the magnetic fleld with a 0.5 m Jarrel-Ash monochromator,

followed by an RCA 4832 photomultiplier and an EGG model 113 pre—amplifier.

Two different setups were used to measure the {fluorescence
lifetime. In the first, a PAR Signal Averager, connected to a microcomputer
and synchronized to the shutter, recorded the time evolution of the
fluorescence signal (measured at the peak of each 1line) . The signal
intensity vs time could be adjusted by a single exponential decay in every
case lndependent of the flucrescence line, the temperature and the magnetic
fleld. It was verified that the four flucrescence lines had the same decay
time. Taking advantage of thls fact, and that the wave number of the
fluorescence line at 13754 cm ' is practically Iindependent of the magnetlic
fieldil, a second setup was devised in which a boxcar integrator replaced
the signal averager. It sampled the intensity of this line at two different
times, I(t) and I(t+T), with constant delay time T = 10 ms, while the
magnetic fleld was being swept continucusly. The decay rate is given by W =
In(I(t)/(I(t+T))/T. Measurements were performed at temperatures between 1.8
K and 4.2 X and magnetic fields in the range 0-6 T. The results are shown
In Flgs. 2-4. W decreases with increasing magnetic fleld and tends to a
constant value Ho 2 40 s’ as the magnetization of the sample saturates.

The nature of the magnetlc order 1lndependent background decay "o was not
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identified.

MobeL

The fluorescence life time T 1is related to the osclllator

strength for electric dipole transitions f by16

12

fr=1.510" ——=>——, NeY)
[{(n"+2)/3] " n

in SI units, where Ao is the wavelength in vacuum and n the refractive
index. In the case of Cr>' in GAAl0, is A_ & 7260 % and n & 2.05 yielding
fTt = 9.0 10-10 sec. For cr’* into Alzo3 (ruby), the product ftr is roughly
the same and, since its fluorescence life time 1s 4 ms, we get fmmw = 2.5

10~7. Theoretically, the osclllator strength is given by

ano
f =

3
4 a
Lo |(A2|}1:r,|=m| ()

A
2

where ri are the coordinates of the three d-electrons of Cr+3 and the sum
is over the ‘A2 multiplet. I‘Aa] and-le} indicate the perturbed ground and

first exclited state of Cr+3

in the cublic crystal field. m is the electron
mass, h Planck’'s constant and w the light frequency. Transitions between
the unperturbed states are both spin and parity forbidden. In the case of
ruby, for instance, the prohibition is lifted by the combined action of the

spin-orbit interaction and the hemihedral part of the trigonal field.”
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In GdAlO3 the cr'? Impurities occupy sites with apatial inversion
symmetry. Inversion symmetry, however, is broken by the Gd spins and thus
the oscillator strength depends strongly on the magnetic order of the
neighboring Gd ions. We propose that the combined action of the spin orbit
interaction and the exchange coupling of Cr with the neighboring Gd ions
are responsible for the 1ifting of the spin and parity prohibitions,

respectively.

We wlill consider in detall the dependence of the oscillator
strength on the magnetic order, while the values of the matrix elements

involved will only be estimated in order of magnitude.

The exchange interaction between Cr and 1ts neighboring Gd ions

can be phenomenologically written in the form

v - Z 3tr, - R |) 805, )
1,1 :

where the exchange coupling J Is assumed to be only a function of the
distance between a Cr d-electron at position rl and the Gd nucleus at RJ.
s, is the spin operator of the electron at r and Sj is the total spin
operator of the Gd ion in its ground state (S = 7/2). The sum over i1 runs

over the three d-electrons and the sum over j runs over the eight nearest

neighbor Gd ions.
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The lowest order term in a Taylor development of Vex which gives

a contribution to the decay rate is

1 [ 83vex ]
v = = E —_— I xvyz. (4)
ex 6 1711
: 8x!8y‘82i 0

This has A2u symmetry in the cublc group and lifts the parity prohibition.

Using (3}
\'is =CZZR"R’R‘S“nyzsa (5)
X JJ) i1 1"+ 11
o ) 1
with
1 (8% 38% 3 aJ
C == — — e —— A — — at R=R » ‘6)
6R° | aR° RR® R am °

where Ro = 3.23 % is the Cr-Gd distance. Cublc symmetry ensures that the
sum over the modulus square of the matrix elements of sT’ between the
intervening states (which below we generically call lH|2, Eq. 24) will be
independent of «. Thus, in calculating the transition rate we will be

concerned with the thermodynamlc average
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A7

n-<|¢ZJZ Rt >

namely,

= ¥, x ¥ o o
D Z Z Z Z R'R R'RJ,RJ,RJ, <s| s,>. (8)
)

jl o a’

Neglecting correlations between different components of the Gd spilns

- ¥, X ¥ °
- Z Z "RRZRJ,RJ, , <508 > (9)
[INE

We shall write

§ =<8>+ Y
; . ; _(10)
where <sj> is the thermodynamic average of the spin operator Sj and

Yj=sj - <Sj> the spin fluctuation operator. Note that <YJ>=0

and <Yi>=S{S+1}—<SJ>2. Replacing (10) inte (9} we have

D= 1o +1 ¢ Ia (11)
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-
where
2
I [Z R’J‘RJRJ <sj>] (12)
I
XpYRZ 2 2
1 = Z[nj jaj] [s(s+1) - <sj>] (13)
)
= YpEpX o¥ nZ o
I, = Z Z R:RJR:RJ,RJ,RJ,< Y oY > (14)

J# )

We note that ID vanishes for a ferromagnetlc alignment while it is maximum

for saturated two sublattlice antiferromagnetic order. Since {RjR:Rj

Jz=q,
with q = R:/Z?,the term I1 glves an important contributlon even for fully
disordered Gd spins. In the following we will neglect the correlatlon
between the fluctuations of next nearest neighbor Gd spins. The correlatlon

between the fluctuations of nearest nelghbor Gd spins will be described by

the parameter p defined by

51172 R
<YJoYJ.> = [S{S +1) - <SJ> ] [S(S +1) - <SJ,> ] p (15)

-
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p varles in the range -1<p<1. p>0 (<0) means ferromagnetic

(antiferromagnetic) correlation. We note that RjR:RjR:,Rz,R:, = -q for
nearest neighbor J,J’. Next, we write explicit expressions for D

corresponding to particular magnetic configurations. We obtaln from

Eqs. (11-15), D = 64gqS°F where

F=c>+(1+1/8-c2)(1 - 3p)/8 (16)
for antiferromagnetic order (AF) with reduced sublattice magnetization

a(T]=<SJ>T/S;

F=(1+1/5-n°)(1 - 3p)/8 (17)

in the paramagnetic region (PM) where m(T,H) = <Sjkru/s is the reduced

magnetization;

_ 2 _ (a2 2
F = {Gk + ci) 74 + [1 + 1/8 (FA + Gh)/Z]/S (18)

172
- (3p/s)[(1 +1/5 - 63)(1 + 1/ - ci)]

for an antiferromagnet in an external fleld applied along the easy

direction. o} B(T,H] are the reduced sublattice magnetizatlons;
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-9-
F= (¢ sing)2 + (1 + 1/5 - ¢2)(1 - 3p)/8 (19)
F = (¢ cosp)2 + (1 + 1/8 - ¢2)(1 - 3p)/8 (19')

for an antiferromagnet in the spin-flop (FL)} reglon, ¢(T) is the reduced
sublattice magnetizatlon and ¢ Iits angle with respect to the easy
direction. Eqs. (19) and (19’) apply for H parallel and perpendicular to

the easy direction respectively.

The order of magnitude of the parameter C given by (6) can be
estimated by assuming a form for the function J(R). A tractable and

13
reasonable form is

-R/p

J(R) = Jo e (20)
where p is of the order of the radius of the Cr ion. Thus
Joe'Ro/p 3p 3p°
C=—— 1+ —+ — | (21)
SRO P Ro Ro

There are only two possibllitles of fluorescent decay mediated

by V;x, Fig 1 {As it 1s shown below V'“ is of the order of KYF = 450 cm-l}:
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-10-
D
spin-orbit exchange electric dipole
strength & = 200 V;x = 450
4 T, 2 A, 1 2
A, — 9 T —= 5T (2T ) —nllly ¢ E
2g 2q u 1u -]
splittinghso=21000 Acx= 97000
i
spin-orbit exchange electric dipole
strength ¢ = 200 V;x= 450
2 1 4 Az Ti 4
E — 19 , 4 2% , rr)—12 4,4
g 1g u 2u 23
splitting ﬁso-IOOOO A°x= 93000
In ruby the dominant decay process 1nvolves17
hemiedral part
spln-orbit of trigonal electric dipole
fleld
strength § = 200 Vhe- = 350
2 1g (1. T2u &. Tiu i
—_— —_—— ————eed
Eq 2 Fétad 20
gplitting Aso=4000- bhe‘=100000

In view of the smaller denominators the second process dominates

and we wlll restrict to it. Thus we can write

4, . 4 2
<y (v I et 00 =X°F (22)
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-11-
where
2
. 3 3
K=09JeFP |1+ —+— | |8 (23)
0 2
R R
0 [+
with
R ¢ (] 4 3
M=c< Tm;); xyzs [T T, }>/p". (24)

For instance, if we put p = 1 2 and M = 1 then K = 0.08 Jo.

It follows from Eq.{2) that in order of magnitude the oscillator
2 2
strength is proportional to the factors [C/Aso] and (VLen/Ahe_}

responsible for the 1lifting of the spln and parity prohibitions, thus we

2 2
4 Vh
£ =G |—] |=>2= (25)
Ruby [bso] [ﬂhu] .

where G = 8.16 is adJ)usted to reproduce the value of the oscillator

write

strength of ruby. We shall assume that the same constant G applies to Cr

into GdAlOs. Thus, with values corresponding to process II above, we have

2 2
200 K
f= G[10000] [93000] F (26)

and from (1), the decay rate induced by the spin disorder is
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1/t = 4.19 100 K F. (27)

We shall dencte by “o the decay rate 1lnduced by other mechanisams
independent of the magnetic order of the matrix. Thus, to compare with

experiment, we add tc 1/t a constant background decay rate “o’ namely,

W= “o + /T {28)

COMPARISON WITH EXPERIMENT

Fig 2 shows the decay rate as a function of temperature in the

absence of magnetic fleld. The experimental values were taken from Ref. 8.

The theoretical result {full line) was obtalned from Eq. (28) using the

expression for F given by (16) with values of ¢(T) calculated wlthin the

molecular fleld approximatlon.s The fitting yields p = -0.2, K = 463 cn-1

and W = 40 5 . If we assume p = 1 R and |H| = 1, this ylelds J = 5.8 10°
-1

cm = 0.7 eV. This value of J0 is compatible with that previously found

for the lower states of Cr 1in Gi:lAlO:‘.13

Fig 3 shows the decay rate as a functlon of the magnetic field
(perpendicular to the easy axis) for T = 4.2 K (paramagnetic region) and T
= 2 K {(below the Neel temperature). The theoretical results for T = 4 K
were obtained from Eq.(28) with F given by Eq.(17). Those for T = 2 K were
calculated using F given by Eq.(19’) in the AF region (H < 3 T) and by Eq.

{17) in the PM region (H > 3 T). A smooth interpolation was made in the
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transitlon region. The same values for p, K and Ho found above were used.
The values of o, ¢ and m were calculated within the molecular field

approximation.s

Fig 4 shows the decay rate as a function of the magnetic field
(parallel to the easy axis) for T = 1.8 K. The theoretical results were
obtained from Eq.(28) with F given by Eq.(18) in the AF region {H < 1.2 T),
Eq.(19) in the SF region (1.2 T < H < 3 T) and Eq. (17) in the PM region (H
> 3 T). Smooth interpolations were made in the transition regions. Agailn
the same values for p, K and "0 found above were used here. The values of
T Tps 0 @ and m were calculated within the molecular fleld theory.5 The
theory predicts a discontinuity in the decay rate at the AM-FL transitlon.
This was not shown, however, by our experlimental results possibly because

the nolse level was not low enough or a small misalignment of the crystal

easy axis broadened the AM-FL discontinulty.

SUMMARY AND DISCUSSION

We propose a model which accounts for the strong dependence on
magnetic order of the luminescence decay rate of cr® in the two-sublattice
antiferromagnet GdAlOa. The luminescent transitlion is in principle spin and
parity forbidden. The spin orbit interaction lifts the spin prohibition.
The different orientations of the spins of the eight neighboring Gd ions

break the Inversion symmetry of the crystal fleld potential via the
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exchange coupling between the 3d-electrons of Cr and the 4f-electrons of
the Gd ions, thus lifting the parity prohibition. The model vylelds the
dependence of the decay rate in terms of the parameters which describe the
magnetic order of the matrix in its different phases. Cr In its excited
state °E does not influence the ragnetic order of the neighboring Gd

spinsg'ii

which may thus be accurately described within the molecular fleld
approximation with coupling constants appropriate to the pure matrix.®> The
magnitude of the electric dipole transition matrix elements involved are
borrowed from the similar case of ruby. The theory stlll involves three

adjustable parameters which were determined from the experimental data

(Figs 2-4):
1)} The background constant decay rate "0 = 40 s-i, which is most

probably induced by the presence of other 1impurities or defects.

2) The correlatlion between fluctuations of the Gd spins p = -0.2,
whose evaluation is beyond the molecular field approximation. Although this
parameter should be temperature dependent it was considered to be constant
within the limited temperature range of the experiments. An independent
value of this correlation, obtalned from the splitting of the luminescence
lines at T = 1.5 K in the spin-flop phase yielded p = -0.3.12

3) The parameter K = 463 et is basically connected to the
derivatives of the exchange integrals between the 3d-electrons of Cr in the
highly exclited states ‘qu and the f-electrons of Gd. We modelled this
interaction in the most simple possible way (following Ref. 13). This

permits analytical calculatlions and, in corder of magnitude, we arrive at a



CEPF-NF-001/91

_15_

value for the pre-exponentlal factor of Eq. (20} of Jo = 0,7 eV whlch is

consistent with the 0.85 eV obtained for that of the direct exchange of Cr

13

in the lower states 2Eq and ‘Azg'
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FIGURE CAPTIONS

Fig 1.- Energy level scheme for cr*? showing the intervening mechanisms in

the fluorescence of ruby and Cr doped GdAlOa.

Flg 2.- Temperature dependence of the decay rate in the absence of magnetic
field. Experimental data taken from Flg 6 of Ref. 8 {0Q). Theory: full

line.

Fig. 3.- Fluorescence decay rate vs magnetic fleld perpendicular to the

easy axls. Experiment {A) at 2 K, (0) at 4.2 K; theory: full lines.

Fig 4.- Fluorescence decay rate vs magnetlic fleld (parallel to easy axis)

at 1.8 K. Experiment (A). Theory: full line.
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