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ABSTRACT

The. splitting of the fluorescence spectrum of Cr as a function
of an external magnetic field in the system GdAlO3 with diluted Cr
impurities at Al sites was indicative of a puzzling dependence of
the Cr-Gd exchange coupling constant J1 on the magnetization. Here
it is shown that this dependence is an artifact simulated by the
existence of an appreciable exchange coupling Jy between Cr amd its
next nearest neighbor G& ions. J, has the opposite sign to J,(=2.05 c:m_1)

and it is roughly an order of magnitude smaller.

PACS: 71.70.Gm, 75.30.Hx, 78.55.Hx



INTRODUCTION

The optical and magnetic properties of the antiferromagnet GdAlO3

3+ nave been extensively

with'Cr3+ impurities substituting for Al
studied both experimentally and theoretically. Initially, the
interest in this material was connected with its potential appli-

5

cation as a medium for a tunable laser.'” Further interest was

awakened b; the peculiar debendence of .its optical spectrum on
temperature and magnetic field;s_lf To the best of my knowledge
this is the only substance where a "magnetic Franck-Condon" effect
has been observed.!’ While many features of the optical spectrum
are understood, a puzzling dependence of the Cr-Gd exchange coup-
ling constant on the external magnetic field, which was apparent
when comparing theory and experiment, remains unexplained. In-
deed, at high external magnetic fields, with the Gd spins sat-
urated, the splitting of the fluorescence of Cr points to a G3I-Cr
exchange coupling of 1.46 cm™*., In the absence of field, however,
with the Ga spins randomly distributed, the splitting yields an
exchange coupling constant of about 2.1 cm™ ., @ fThe purpose of
this paper is to show that a simple extension of the former theo-
ry® to include the effécts of the next nearest neighbor GAd  ions
to Cr eliminates the necessity of assuming a variable exchange coup
ling. Also, more precise exchange constants are determined, as

well as a spin correlation parameter which characterizes the spin-

flop antiferromagnetic state.
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THEORY

The theory presented in Ref. 8 is generalized to include the

3+ impurity and its next nearest neigh-

interaction between the Cr
bor (nﬁn) Gd spins. The notation of that Reference will be
followed, and Eg. (n) therein will be denoted by Eq. (I-n}. The
ensemble of eight nearest neighbor (nn} GA@ ions will be called the

nn-cluster and that of the 24 nnn Gd ions the, nnn-cluster.

The Hamiltonian (I-1l) is modified accordingly, namely

) gj;-gung.g | ‘1)

= H' +H' 4 v & ¥
H = H) +H! +J 8.] S, +J,8
nn nnn

Here HA describes the exchange coupling of the nnn-cluster with
the outside antiferromagnetic medium and includes the Zeeman ener
gy of both the nnn- and the nn-cluster in the external magnetic
field B. Hé contains the antiferromagnetic exchange interactions
between neighbor Gd spins belonging to both clusters, this includes
the interactions between ions sitting on different clusters (nn
and nnn), as well as within the same clusters. Ej is the spin op
erator of the Gd ion at site j and s is fhe spin operator of the
Cr ion. J1 e_lnd-J2 are the exchange coupling consﬁants between Cr
and the nn and nnn Gd ions respectively. g is the gyromagnetic

factor of Cr and uy the Bohr magneton.: Like .in Ref. 8 we put Sj=S='?/2

and s=1/2, and we diagonalize H in -the space of the two states

¥> = 1D 18,19 (2)

xe>= (a1 19 +8,15%.19) . 1> . (3)
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Here |f:>stands for a typical cluster (nn+hnn) wavefunction in
‘the temperature ensemble in the sense of Ref. 8. It is here written
as the product of two cluster wavefunctions, Iﬁ)ﬁ defined by Egqg.
(I-4) and lf)a defined analogously for the nnn-cluster. |{>5 and
|£>'denote the up and down Cr spin states. The quantization axis
is taken along the z-direction. I£>ﬁ and |£2§ "are unnormalized

wavefunctions defined by

1D = 1s{IDy ana 1Dy - A (4)

nnn

A1 a.=mcl_3\:Z

way that the basis (2-3) gives a maximum splitting. The norm of

are constants to be determined variationally in such a

|x~l> is of the form

&> = A [P A, | 2w, + Tvi (5)
where W, = 1<(|)>1 (i=1,2) . {6)

Tvm stands for terms with vanishing mean value in the thermal en-
semble {(as it follows from Ref. 8) and will be neglected. Thus,
the constants A, and A, (which can be taken to be réal) must be
subject to the normalization condition

2 2 _
A1W1+A2W2-l . {(7)

The energy matrix in the space of the states |?£>; |x£> reads

(with B taken along the z-direction),



-

E +J,0 /2 + J 02/2 - guBB/Z J1A1W1/2 +J,A,W,/2

. _ {8)
| E +%Q -7, (8,+U7)A}/2
J1A1W1/2 +J2A2W2/2 '

JE R |
_J2(52+U2)A2/2 +gupgB/2

Here E =<¥+|m}+u}|vDy, vf - i<3!|n§|u>.i,_ 6% = 14|R;R§RI|'>{‘U: (9)

where

and analogously for R; and.R; with S; and SE,resPectively. The dis
cussion of the term < is similar to that of Ref. 8; it represents
the energy of a spin wave localized in the nn and nan clusters and
it involves a Zeeman term which practically cancels out the Zeeman energy
of the impurity. This cancellation occurs because the basis states
{2) and (3) have quite approximately the same z-component of angu-
lar momentum and the gyromagnetic factor of G4, g', equals g.

The diagonalization of the matrix (8) yields the following ex-

pression for the splitting e:

{[JU+J U,1% + [J,AW, + J,A ] 2y3/2.- {10)

11 2

Terms of order J1&75 have been neglected. The values of A1 and Az

which maximize £ under the condition (7) are, with y =J2/J1,

1/2 2 1/2
A1 = -——-1'2—— and AZ = -—'—L;— ' (11)
W +Y W, | W, +Y Wz - _
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which replaced in (10) leads to

e = {[T,U+3,0,1% + [TW 12 « [T,W,1%}Y/2 . (12)

Starting from the definitions of U, and W, (Eqs. {9) and (6)), their
explicit expressions can be immediately obtained  from formulae

(I-Al) and (I-A9), respectively. A distribution of values of € can

be calculated using the method of Ref. 8 in which the z-component
(Zj) and the azimuthal angle (Bj) of each Gd spiﬁ is considered a
random variable within limits compatible with the thermodynamic state
of the system. In this paper, however,we will limit ourselves to
consider approximate expressions for the most probable values of ¢

in several cases, along the lines of Ref. 9,

i) Antiferromagnet at T=1.5 K with easy axis along the z-di-
rection (Fig.1a).

. For one sublattice we have L,=-S, and for the other sublattice
£,=8-20, where o is the reduced magnetization per spin. Note that
the external field is applied in such a way that the spin polariza-
tion is in the -z-direction (See Ref. 8). The azimuthal angle is
cbnsidered a random variable and we approximate

2

am . (13}

mn je,
le
j=1

In this case the most probable value for the splitting becomes
e . = 85(C20%4 D? [0 (1-0)/4+(140%) / (85) 1}/ (14)

where the exchange constants appear in the combinations



@]
[}

J1+ 3J2
. 1/2 (15)
2 2
{Ji +3J2] .

o
n

ii) Case of the antiferromagnet at T=1.5K in the spin-flop
state (Fig.1b).

We havegnowz1 =E2 =~0. The azimuthal angles are now correlated
due to the antiferromagnetic ordering in the direction perpendicu

lar to the easy axis and we introduce a new adjustable parameter

p to describe this correlation,defined by

m .

ie,
Se I =2mp - (16)
j=1 -

Thus p=0 for strict antiferromagnetism and p=1 for random angle; at

N
we expect 0 <p <1. The most probabie value for the splitting in

finite temperatures T <T_ (where Tx =3.9K 1is the Neel temperature)

this case becomes

€.¢ = BS{C’qz'-i-Bz[pH-az)/B.i- (1+0)2/(168)13%/2. (17

iii) Case of the paramagnetic state at T=4.,2 K in the presence
of a magnetic field.

We have Zj=-o and Bj random, therefore

€, = 85{C%02 +D2{(1~02)/8 + {1+0) 2 /(168)]1}}/2 -, (18)

We note that the coupling constants J, and J, appear only .in

the form (15). This has a simple interpretation. The system is des
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cribed by a correlated wavefunction which involves both the G& and
Cr spins. This correlation can be visualized in a somewhat classi-
cal way as if the Cr ion would feel the instantaneous exchange field
produced by the vector sum of the Gd spiné. Along the z-direction
the components of the Gd spins are driven by the external “field
producing a finite average magnetization and this is coupled through
C, that is, the coupling constants add. In the transverse direction
the components of the Gd spins are random and they add in the form
of a random walk to produce an instantaneous value of the effec~
tive field; in that case the coupling constants add quadratically

like in D.

Finally, it 1s conceivable that alternative explanations for
the magnetic field dependence of the exchange parameters might be
possible beyond the simple Heisenberg form for the exchange hitherto
assumed; the explanation pointed here, however, looks rather plau-

sible in order of magnitude and it is fully consistent with pre-

viocus models.



COMPARISON WITH EXPERIMENT

The splitting £ for the antiferromagnet at T=1.5K as a func-
tion of the external magnetic field is shown in Fig. 2. The expe-
rimental points were taken from Ref., 10. To draw the theoretical
curve Egs.(14) and (17) were used for magnetic fields below and a
bove the spin-flop transition (H_,« 1.2 T), respectively. The val
ues for the magnetization were takeﬁ from Ref., 3 and aré also shown
in Fig. 2. The fitting yielded the values C=1.3cm ', D=2.1 cm °®
and p=0.7, that is J =2.05 cm ' and J,=~0.25 cm !. The optical spec
tra and the magnetization were not measured in the same samples and
this maf account for the slightly different spin-flop £fields ob-
served in each case.

The splitting ¢ in the paramagnetic state at 4.2 K as a func-
tion of the external magnetic field i1s shown in Fig. 3. The expe-
rimental points were taken from Ref, 7., The theoretical curve was
drawn using Eq. (18) with values for the reduced magnetization ¢
calculated within the molecular field approximation (also shown in
Fig. 3), and with the same values for C and D given above.

Severai compafably good fittings obtained by varying the para
meters C, D and p indicate that the values given above_for Ji' J2
and p may be reliable within 10%. Errors from theoretical approxi

mations should be smaller,
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CONCLUSIONS

A consistent description of the magnetic field dependence of
the splitting of the fluorescence spectrum of Cr doped GdAlO3 re-
quires that the next nearest neighbor interaction between Cr and
Gd be taken into account. Fitting to available data yields a near-
est neighbo; exchange interéction J1=2.05cm.-1 (of the same order as
previocusly reported) and a next nearést neighbor exchange interac-

1, The spin-flop state is also

tion of opposite sign, J,2-0.25 cm”
characterized by the determination of a parameter p which measures

the antiferromagnetic spin correlation.
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FIGURE CAPTIONS

Fig. 1 - Two-sublattice antiferromagnetic order .in the presence aof

an external magnetic field. along the easy axis: a) below

the spin-flop transition. b) above the spin—flop transition.

Fig. 2 - Average SPlitting € of the fluorescence of GdAlOé:Cr at
T=1.5K as a function of the magnetic field H. The re=
duced magnetization ¢ is alsc shown with its scale on the

right.

Fig. 3 - Average splitting ¢ of'the fluorescence of GdAlOB:Cr at
T=4.2K as a function .of the magnetic field H. The re=
duced magnetization ¢ is also shown with its scale on the

right.
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{a)

z1=‘5 22=S—25

8; random

(b)

91, 92 correlated

Fig., 1
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