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I. INTRODUCTION

The optical properties of magnetic materials have been studied with
renewed interest during the past year. This has been due, in part, to
the identification of exciton-magnon absorption (spin wave sidebands)
in the visible spectrum of MnFe,l and two magnon absorption in the
infrared spectrum of FéF2 .2 In this paper we discuss some of the
visible absorption and fluorescence properties of antiferromagnetic
MhF2 . In particular we consider only the sharp transitions involving
the ground (6Alg) and first [}Tlg(uG)] excited states of the manga-
nese ion. |

Our experiments indicate that the absorption spectfum is an intrinsic
property of the pure crystal, whereas the fluorescence is caused by im-
purities. Therefore, we consider these separately. We treat the absorp-
tion in terms of excitons and magnons. From the symmetry of the excitons
and magnons, group theoretical selection rules can be found for the magnon
sidebands. An explicit treatment of the interaction yields the same
selection rules and shows that the exciton and magnon are generated on
opposite sublattices. The emission is discussed from a single-ion view=
point. A simple model is discussed which describes the general properties
of the emission spectrum. Tn this case it is found that the sidebands

result from an excited state and magnon on the same sublattice.




II. ABSORPTION

Since the absorption spectrum is a property of the pure crystal,
any theory we use to describe it should treat the excited states of the
crystal as excitons. We have done this using the theory developed for
excitons in molecular crystals. The details of this formalism have been
published elsewhere;3 here we wish to present only a few of the most
pertinent results.

In general, two characteristics of excitons are important. They
couple ions at different sites in the unit cell, and they have an energy
and symmetry which depend on their wave vector %k . In MhF2 there
are two sites (one on each sublattice) per unit cell which are degenerate
in the absence of external perturbations. One might assume that inter-
sublattice coupling will 1ift this degeneracy (Davydov splitting). How-
ever , since the transitions are spin forbidden this coupling is much
smaller than the intrasublattice coupling and no Davydov splitting is
expected. This is confirmed experimentally. This small coupling also
allows the pure electronic transitions (k = 0) to be treated by the
usual single-ion model.

The sidebands cannot be described by a single-ion model since they
correspond to the excitation of an exeiton and magnon with nonzero kX .
Thus the dispersion and symmetry of the excitons will be important. The
sidebagd absorption is proportional to the magnon-exciton density of

states weighted by the square of a wave-vector dependent interaction

- 2 -



matrix element. The high-frequency portion of the unweighted magnon
density of states is shown in Fig. 1. The critical points indicated
refer to the symmetry points of the Brillouin zone (illustrated in the
left-hand corner). The symmetry of the excitons and magnons at the
various points in the Brillouin zone will determine which critical
points are actually allowed by the weighting factor. These gelection
rules can be found group theoretically, quite independent of the parti-
cular interaction responsible for the sideband process.

We consider the transition matrix element

@) )’ (1)

where the final state has an exciton and magnon on opposite sublattices.

We shall show later that this 1s the only type of exciton-magnon final

state which can contribute to a sideband absorption. Here Efff is the

effective dipole moment which allows the transition ahd: lG)‘fis the crystal
ground state. From the work of Dimmock and WheelerlL we find that for

the magnetic space group Pnnm the magnons transform like the irreducible

+ +
representations P3 + Ph . The x , y , z components of Efff transform

like FB s Fi and Fé , respectively. The pure exciton transition is

magnetic dipole and appears in L. @ | ¢) polarization. This implies

that the exciton transforms like SZ or the PE irreducible represen-

tation. The irreducible representations at other points in the Brillouin
zone nust be compafible with these. ZFrom the compatibility tables and

the transformation properties of the excitons and magnons we find that

+ + .
the magnon. transforms like X, , M; P Mﬂ s A R, and the exciton

2225 By
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. + +
transforms like Xl 5 Mi ) Mé B Al 5 Zl B Rl . Once we know these

transformation properties it is a simple matter to apply the prescription

of lLex and Hopfield.5

We find that in = polarization only the X
critical point contributes and in ¢ polarization only Z and A
contribute.6 This can be compared with the two-magnon absorption wﬁere

7

A contributes to w and X to o polarization. These results are in
reasonable agreement with experiment.l However, since the exciton is
derived from the complex ljrTlg single ion state and its detalled dis-
persion is not known, the profiles of the sidebands cannot be fit quanti-
tatively. In particular, just as in the two-magnon case, the 1w spectrum
appears somewhat broadened and shifted in frequency. This may be due to
the fact that the interaction may extend beyond nearest neighbors or it
may reflect the presence of phonons.

To actually find the transition moment which has the above properties
it is necessary to consider a particular form for the interaction. Two

theories ’

have been proposed. For MnF2 the theory of Tanabe, Moriys,
and Sugan08 seems to be experimentally confirmed. They conslder a second-

order process involving nondiagonal exchange which can be written as

-(2)

. (rlv]u) {ulp|a) , [term with V and P
M = Z - @ interchanged

U G U

Here IF) is the final exciton-magnon state, ]U) is an odd intermediate

state, V is the sum of all the two-ion interactions, and P 1is the total



electric dipole moment. By using appropriate exciton and magnon wave

functions, we can reduce this moment to the form

AN

il ik - B
_ ~01l,n2 eff
M= z © e mnzlvliol,nelpgmgnz) - (3)
=1
In these expressions ]e) 5 ]g) and Im) are single-ion wave functions;
go1 is the ground state of an ion at the Oth sité on one sublattice,

. . b . .
ey 18 the excited ! T ,3/2) state at the same site and m, isa

N% = 3/2 spin state of the ground state multiplet for an ion At the

n h site on the’opposite sublattice; Peff is the effective dipole
“01,n2
moment connecting ions 01 and n2 and results from a combination of

V and P terms of Eq. (2); B is the vector from site 0l to

~01,n2
n2 , and P isg a permutation operator which leads to both direct and
exchange terms.

By considering the symmetry of this effective dipole moment urnder
all the operations of the magnetic space group, and including only con-

tributions from the eight near neighbor pairs, the components of Eq. (3)

can be written as

. kzc a ( )
M = hiP cos |[—] sin - (k_ +k
e > o X7
£ kzc ¢ a ¢ a
M® = ki gin {—]| P> cos —(k_ -k )+ P2 cos — (k_+ k)
: 1 pis vy 2 X ¥
2 2. 2
Ml = 0 ; (&)



A 1 - ~ 1 ~ ~
where £ = T (x+y) and n=—= (y -x) . Equations (4) are for
2

=

an exciton on one sublattice. For an exciton on the other sublattice
the roles of Mg and Mn are reversed. This rather unusual type of
coupling is observed for the o¢ sidebands when stress is applied along
the £ and ﬁ axes ([110] direction).9 We see that the form of Eg. (4)
gives the sélection rules predicted by group theory as it must.

By considering the interaction explicitly we have gained some addi-
tional information. We can show that only exchange terms contribute to
the process and that the exciton and magnon must be on opposite sublattices.

We can see this by considering the spin part of Eq. (3):

-

CHAEE it 0 ) o

+ 3/2 - 3/2 + 5/2 - 5/2

Since ;Fff is spin independent, spin orthogonality will only allow the
exchange term (the dotted line schematically indicates the two electirons
to be interchanged). The SZ components indicated below the matrix
element show that the total SZ "of the system is conserved in the
transition. It can also be seen from Eq. (3) that spin orthogonality

will not allow direct or exchange terms when the exciton and magnon are on
the same sublattice. In this case A SZ = 2 for the system. This would

require higher order processes.



IIT. FLUQORESCENCE

The sharp line fluorescence in M.nF2 at A.EOK is thown in Fig. 2.
We distinguish two regions (A and B) because of their different properties.
The lines within each reglon have similar properties. We have discussed

some features of the emission previouslylo’ll

and have ghown-that lines 1E
and 6E are most likely pure electronic transitions. ILines 3E and G8E
have properties which suggest they are magnon sidebands of 1E and 6E .
We also briefly discussed the results of fluorescent lifetime studies,ll

In this section we present the results of additional studies as well as
more detalls on the lifetime work. A simple model is proposed which
explains many of the gross features of the emission. The experimental
results which led to this model will be discussed first.

The sharp lines appear to be caused by impurities. The evidence for
this 1s based on a study of many nominally pure samples obtained from five
different crystal growing facilities. We find that the relative intensity
of the lines varies from sample to sample and that extra lines appear in
some of the samples. These are indicated by the dashed lines in Fig. 2.
The same extra lines also appear in the fluorescent spectrum of zinc doped
MnF2 , shown gualitatively in Fig. 3. We see that as the zinc concen-
tration increases the extra lines appear and soon dominate the spectrum.
Similar impurity dependent fluorescence has been observed by Dietz ét al.,
13

in both MnF2 12'and other magnetic crystals.



The fluorescence also exhibits a somewhat anomolous temperature
dependent intensity and lifetime. Region A decreases in intensity
(as the temperature increases) and disappears around lOOK . Regilon
B first increases in intensity and then disappears around 35OK. The
integrated intensity of the fluorescence (including the broad band to the
red of the sharp lines in Fig. 2) decreases abruptly between MOK and
o

10K . The lifetime of all the lines studied (1E , 2E , 3E , 6E , 8E)

has the exponential form

il

¢ YR (6)

For lines 1E and 3E A is 76 5 cm—l . ILine 2E has the same
lifetime behavior as 1E above SOK but has a different behavior below
SOK . Lines 6E and 8E were difficult to analyze because of back=-
ground fluorescence and we can only estimate that A is somewhere between
200 and 350 cm"l . As the lifetime becomes shorter, the fluorescent
intensity decreases in a similar manner. This is not surprising since
they both depend on the population of the fluorescing level.

The fluorescence was also studied with uniaxial stress applied along
the [001] and [110] directions. Stress along [001] shifts all the
lines linearly to the red by the same amount ( 10 * 1 cm—l for a stress
of 800 kg/cm2 ). The shift is the same as that exhibited by the absorp-
tion line E1l as was pointed out by Dietz et al.l11L Stress along [110]

1ifts the sublattice degeneracy and as expected all the lines split into

two components. The lines 2E , 3E , 7TE and 8E have one component



appear with gil[OOl] 5 g.” [110] . The other component appears with
e {loo1] , € ]l s, k]l [001] . A similar behavior was observed for the
g polarized absorption sidebands.9 In addition intensity changes of
the lines with stress are observed but these will not be discussed here.
The model which we propose to explain these results is illustrated
schematically in Fig. 4. In essence we assume the fluorescence originates
from manganese ions in localized sites whose energy levels lie below the
exciton absorption line - E1 . Tons in these levels may be thermally
activated to the exciton band from which the energy is either non-
radiatively quenched or transferred to other lower energy impurity levels
which can fluoresce. The emitting ions are probably those whose local
environment has been changed by an impurity or other defect such that
the ELl exclton becomes trapped at a particular site. This model is
supported by the recent experiments of Johnson, Dietz and Guggenheimo15
They have shown that the Rl exciton can efficiently transfer energy to
lower lying N12+ levels even for N12+ concentrations as low as 15 ppm.
Qur intensity results indicate there is also transfer to the system
causing line 6E .
The lifelime behavior is easily explained by this model. For
instance level 1E will have both a radiative and nonradiative contri-

bution to the observed lifetime,

- = =+ (7)
R NR



For an activation type process we expect (for kT < A )

) (8)

where A 1s the difference in energy between 1E and EL . This is
just what we observe as is shown in Fig. 5. The lifetime at 1.80K

( 35 % 1msec ) is taken to be the temperature independent radiative
lifetime.

Although the broad features of the fluorescence are explained by this
model the exact nature and origin of all the lines is still not absolutely
determined. The identification of 1E and 6E‘ as pure transitions is
quite convincing. Both lines show some magnetic dipole character and
split like ELl in an external magnetic field. The lines ZE , 3E , TE
and 8E have properties which suggest they are magnon sidebands. Since
the emission appears to be a localized impurity induced phenomena, the
excited states will have no dispersion. Therefore, the shape and position
of the sidebands should follow only the magnon density of states (Fig. 1).
Lines T7E and O8E have this shape and can be associated with the two
critical points in the density of states. Line 3E has the appropriate
shape but its separation from 1E(46 cm_l) or OE(72 cm-l) does not
correspond to any critical point. It is possible that ¢3E 1is associated
with a local magnon mode. The line 2E may be a mode of this type with
OE as its associated pure transition. The stress results also suggest
that 2B , 3E , TE and 8E are magnon sidebands. Their behavior under
[110] stress can be shown to be a general characteristic of ¢ side~

L 3

bands associated with the Tl level.
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Now what can be said about magnon sidebands in fluorescence? We
expect the sideband selection rules to be less restrictive than in
absorption since the local site symmetry of the emitting ion is the
controlling factor. In principle the selection rules can be found by
the methods employéd for analyzing the vibronic spectra of impurity ions
in crystals.l6 Unfortunately this requires a knowledge of the site
symmetry and at present this is not known.

We can, however, obtain some information from the formalism developed
for absorption. ’In particular the interaction can be treated in exactly
the same way by using a localized excited state wave function. The trans-
ition moment then has the form

N
Z i »§01,n1< Lert 1 y

'1:4« = © Ol nl L'«O:I_ nl Olgnl

(9)

n=1

As in absorption we consider just the spin parts of the matrix element:

eff

<ﬁf‘H ?HH H?H ?‘H‘H> ()

Here we see by spin orthogonality that the exchange term contributes for
the excited state and magnon on the same sublattice. Both direct and
exchange terms are small for the excited state and magnon on opposite

gublattices. This simple fact explains the‘previously puzzling réesult
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that the magnon sidebands do not split in a 10 kOe external magnetic
field. 1In fact, Imbuschl7 has recently shown that the sidebands do not
split in external fields up to the critical field (95 kOe) . The

explanation for this is analogous to the one given for the absorption

sidebands.lo
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FIGURE CAPTIONS

Brillouin zone and relevant portion of magnon density of states in

MnF2 . The density of states is based on the magnon dispersion used
in Ref. 7 using exchange and anisotropy constants Jl = 0.22 cm_l 5
-1 ~1
Js ==1.22 cm 5 J3 =0 , and BA = 0.737 cm .
. L 6 2+ .
Sharp line structure of Tlg - Alg Mn fluorescence in MnF2
at 4.2OK . Dashed lines appear in some of the samples studied.

S50lid lines appear in all of the samples.

Sharp line Mh2+ fluorescence observed in region A for various
Zn2+ doped MhF2 samples.  Extra lines which appear as 2Zn con-
centration increases are indicated by arrows. These lines correspond
to the dashed lines in Fig. 2.

Schematic representation of a model which explains gross features

of the fluorescence. (See text.)

Fluorescent lifetime of lines in region A as a function of inverse

temperature. The corrected lifetime is TNR (see text).
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