PHYSICAL REVIEW B

VOLUME 18, NUMBER 10

15 NOVEMBER, 1978

Shift and broadening of optical transitions in MnF,:Zn

J. Hegarty, B. A. Wilson, and W. M. Yen
Department of Physics, The University of Wisconsin, Madison, Wisconsin 53706

T. J. Glynn and G. F. Imbusch
Department of Physics, University College, Galway, Ireland
(Received 6 March 1978)

The perburation on the optical properties of MnF,, caused by the presence of small amounts of Zn?* ions
substituted for Mn?* ions, is studied for Zn concentrations up to 1 at.%. In nominally pure MnF, pure
electronic sharp-line and magnon sideband transitions involving the ‘Avlg ground state and the “Tlg excited
state of Mn are observed in absorption and luminescence. These transitions shift to lower energies and
broaden as the Zn concentration is increased. The broadening and shift are explained on the basis of the
inhomogeneous strains introduced into the lattice by the Zn impurities and a simple strain theory of line
broadening applied to MnF, yields values for the broadening which are close to the observed values.

I. INTRODUCTION

The presence of some Zn®* ions, substituted
randomly for Mn®* ions in MnF,, upsets the long-
range magnetic order of the Mn system, leading
to a reduction in the energies of the spin-wave
modes.! Since the magnon sidebands accompanying
the sharp pure electronic optical transitions in
MnF, reflect the distribution in energy of the spin-
wave modes, one might hope to see the changes
in the spin-wave spectrum by studying the side-
bands in crystals of varying Zn concentrations.
Attempts to carry out such optical experiments
fail, however, because the pure electronic transi-
tions also broaden considerably with increasing
Zn concentration. We have measured this shift
and broadening as the Zn concentration is raised.
from zero to approximately 1%, and we show that
these effects can be attributed to inhomogeneous
strains caused by the Zn impurities.

II. EXPERIMENTAL DETAILS

Single crystals of MnF, of good optical quality,
with seven different Zn concentrations in the re-
gion 0.1%-2%, were used in this study. A nomi-
nally pure MnF, sample was also studied that had
a Zn concentration in the region of parts per mil-
lion. The crystals were oriented by x-ray methods
and polished in the required configurations for
polarization studies. The Zn concentrations were
measured by the technique of x-ray fluorescence,
using the Ko line of Zn. Even though the absolute
concentrations can be determined to within a fac-
tor of 2 only by this technique, the relative con-
centrations can be determined to within about 5%.
Tungsten light sources were used to measure the
optical absorption, and a 200-W mercury arc lamp
was used to excite fluorescence. The light was

dispersed by a 1-m spectrograph and photoelec-
trically recorded. The overall resolution was
0.5 cm™, The samples were maintained at 1.7 K
throughout by immersion in a bath of superfluid
helium.

III. ABSORPTION AND LUMINESCENCE IN MnF, :Zn

MnF, has a rutile structure in which the Mn ions
are arranged in a body-centered-tetragonal lattice.
The lattice is composed of two interpenetrating
identical sublattices at right angles to each other.
Each Mn ion has two first- and four third-nearest
neighbors on the same sublattice and eight second-
nearest neighbors on the opposite sublattice. The
site symmetry of Mn®* is D,,. Below the Néel
temperature of 67 K, the spins of the Mn ions
align themselves antiferromagnetically along the
principal axis such that the spins on the two sub-
lattices are antiparallel. The optical properties
of MnF,, both nominally pure and doped with va-
rious cation impurities, have been studied ex-
tensively.?-* Our attention is centered on the
transitions between the °A,, ground state and the
lowest excited *T,, state. In absorption, these
transitions consist of a zero-phonon part com-
prised of two sharp o-polarized lines at 5429 and
5424 .f\, which correspond to absorption from the
lowest level of the ground state to the E1 and E2
exciton levels of 4T1‘, respectively. These lines
are also denoted as E1 and E2. In addition, o-
and 7-polarized magnon sidebands of these lines
are observed as is a broad phonon sideband ex-
tending to about 4500 A. The spectrum of E1 and
E2 and their associated magnon sidebands is shown
in Fig. 1 for nominally pure and various Zn-doped
samples. The broadening of the lines and their
shift towards lower energy with increasing Zn
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FIG. 1. ®A4,,—~T,, absorption spectra of Mn** in MnF,:
Zn?* at four different Zn concentrations, E1 and E2 are
the pure electronic transitions and ol and ¢2 are the mag-
non sidebands of E1 and E2, respectively.
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FIG. 2. Width of the E1 absorption line of Mn?* as a
function of Zn concentration in MnF,.
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FIG. 3. Position of the E1 absorption line of Mn?* as
a function of Zn concentration. The position is expres-
sed in terms of the shift of the line from the position of
E1l in a pure sample,

concentration is apparent. The linewidth and
line shift for all of the samples are plotted in
Figs. 2 and 3, respectively, as a function of Zn
concentration. A linear dependence on concentra-
tion is seen for both the linewidth and line shift.
As E1 is the lowest excited state of Mn, lumi-
nescence is expected to occur from this state to
the ground state. In a very pure samplé a small
amount of intrinsic luminescence has been ob-
served at the E1 wavelength,® but most of the
sharp line luminescence occurs at higher wave-
lengths. By intentionally doping MnF, crystals
with small amounts of Zn, Mg, and Ca ions, the
luminescence lines have been identified as origi-
nating from Mn ions which are near neighbors to
these impurities,* and these Mn ions are populated
by energy transfer from the regular Mn ions. In
our Zn-doped samples, the luminescence lines
originate from Mn ions which are near neighbors
to Zn ions. These lines also broaden and shift
with increasing Zn concentration in a manner
similar to that of £1 and E2 in absorption. This
is seen in Fig. 4. The line marked as Zn(3nn) is
a zero-magnon line originating from Mn ions
which are third-nearest neighbors to Zn ions,
while that marked Zn(2nn) originates on Mn ions
which are second-nearest neighbors to Zn ions.
The *T,, levels of the second- and third-nearest
neighbor Mn ions from which these transitions
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FIG. 4. 4T;,—%4;, luminescence spectra of Mn®" in
MnF,: Zn for different concentrations of Zn, The Zn
(3nn) and Zn (2nn) lines originate on Mn ions, which are
third- and second-nearest neighbors to Zn* ions, re-
spectively. Zno (3nn) and Zno(2nn) are the magnon side-
bands of Zn (3nn) and Zn (2nn), respectively.

occur are both lower in energy than the E1 exciton
band and are depressed by 66 and 36 cm™, re-
spectively, in samples containing only trace
amounts of Zn. No sharp line luminescence is
seen from Mn ions which are first-nearest neigh-
bors to Zn ions. Nevertheless, from broadband
luminescence in Zn-doped MnF, we see evidence
of a deep Mn trap at about 300 cm™ below the E1
level, which is presumably due to such first-
nearest-neighbor Mn ions. It is interesting to
note that in Ca-doped MnF, crystals a sharp line
originating on Mn ions which are first-nearest
neighbors to Ca ions has been observed at about
300 cm™ below the El level.* All of this suggests
that around each Zn ion there is a strain field
which lowers the *7T, levels of nearby Mn ions.
The nearer the Mn ion is to the impurity, the
lower is the *T, level. We attribute the observed
shift and broadening of the absorption and lumi-
nescence transitions to the inhomogeneous strains
brought about by the random distribution of Zn ions
in the MnF, lattice.

IV. STRAIN ANALYSIS

Stoneham® has developed a theory for the shift
and broadening of transitions between nondegene-
rate electronic levels in solids caused by random

i

strains in the solid. We shall use this theory to
analyze the shift and broadening of the pure elec-
tronic E1 absorption transition in Zn-doped MnF,.
If one assumes that the lattice is an isotropic
homogeneous continuum and that the defects are
distributed at random throughout the lattice, then
Stoneham shows that the lines broaden and shift
linearly with the concentration of defects. The
size of the shift and broadening depends on the
sensitivity to strain of the optical transitions as
well as on the extent of the strain caused by each
type of defect.

The strain due to a point defect a distance
T(x,, %5, ¥;) away is assumed to be given by

€ =(A/r°) (8- 3x;%,/7%), (1)

where A is a constant for the particular defect-
in our case, the Zn?* ion occuring substitutionally
for a Mn?* ion.

The line shift due to strains ¢;; is written

AE= {Zaijiij3 (2)
]

where the a;; components measure the sensitivity
of the optical transition to strain. The line shift
caused by a Zn ion a distance T away is, then,

A 3x;x A .
AE:;‘:?Z“U(EU-#>=;—3¢" ®3)
i, J

The random distribution of such Zn ions leads, in
the continuum approximation, to a Lorentzian line
shape whose width is given by

r,=3mla| [ [v|ae, (4)

where dQ2=sin6 dbé d¢p, and p is the density of Zn
ions. The integral in Eq. 4 is difficult to evaluate,
but Davies” showed that to a good approximation
one can write

J 1vlaa=3(Z cwaaae)m, (5)

where each subscript o or B refers to 'the two-
integers label ¢j, and the values of the c,,; coeffi-
cients-are tabulated by Davies. We then have a
formula for the strain broadening,

1/2
=7mp lAl <ZB CaBaotaB> * (6)
o,

To evaluate this formula we need to know the
values of p, A, and each of the a;; components.

If the elastic constants of MnF, are known, the
values of the a,; components can be found by mak-
ing a series of static strain measurements to de-
termine the changes in line position under various
applied stresses. Uniaxial strain measurements
have been made by Dietz ef al.,? and from the un-
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published work of McSkimin, quoted by Davis

et al.,’ we know that the Young’s modulus for
MnF, is approximately 10'2 dyn cm™. These data,
however, are insufficient to determine all the a;
components; they yield only an average value:
a;;=a=-6x10° cm™.

To obtain A we apply Eqgs. (1) and (2) to the case
where the Zn ion is in a third-nearest-neighbor
cation site—a distance »=4.87 A in a direction
perpendicular to the ¢ axis from the Mn ion in
question. The sharp luminescence line originating
on this Mn ion [line Zn(3 nn) in Fig. 4] is shifted
by AE=-36 cm™ from the El line. We will assume
that this shift is correctly calculated by the appli-
cation of Egs. (1) and (2), and we get

-36 cm™=-2a,, A/7?,

giving A=3.5X% 1025, where the line shift is mea-
sured in cm™ and all other quantities are mea-
sured in cgs units.

For a 1% atomic concentration of Zn we have
p=10% cm™, and using the values of A and a,,,
we estimate a linewidth from Eq. (6) of 6.5 cm™,
which is very close to the experimental value of
9.5 cm™,

In view of our limited knowledge of the strain
parameters, we can also adopt a simpler isotropic
continuum model which assumes that the optical
transition on a Mn ion which is a distance » away
from a defect (Zn ion) is shifted by an amount AE,
where :

AE=B/r%, (7

and that the line shifts of a transition on a particu-
lar Mn ion due to a number of nearby Zn ions add
linearly. In this case, Stoneham’s formula for the
linewidth becomes

T'=(47%/3)p|B|. (8)

We can obtain B from the —36-cm™ line shift on

the Mn ion with a Zn ion as a third-nearest cation
neighbor (»=4.87 A). This gives B=-4.16 x 107
cm™%, Consequently, for a 1% Zn concentration
we calculate a linewidth of 5.5 cm™.

In addition to the above calculations, which are
based on an isotropic continuum approximation,
we estimated the shift and broadening in a 1% Zn
sample by plotting an approximate histogram of
the number of actual Mn-Zn centers which can oc-
cur in MnF, against the expected line shift of each
center, as calculated using Eq. (7) and the above
value of B. This predicts a broadening of approxi-
mately 7 cm™, similar to that calculated above,
and the histogram shows that the center of gravity
of the broadband line should shift to lower energy
by about 9 cm™, again in approximate agreement
with experiment.

V. CONCLUSION

In view of our limited knowledge of the strain
parameters for the MnF, system, the calculations
of the broadening and shift due to the Zn-induced
strains are necessarily approximate. Neverthe-
less, there is sufficient agreement between the
calculated and observed values to confirm that the
strains caused by the random distribution of Zn
ions in the MnF, lattice can explain the shift and
broadening in the optical transitions in MnF,:Zn.
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