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Shift and broadening of electronic transitions in a dilute antiferromagnet: Fet „Zn„Fz
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The effects of dilution on the crystalline field, the exchange field, and the Neel temperature

have been studied for the dilute antiferromagnet Fet „Zn„F2 in the range of 0~x ~0.75. Ex-

citations within the T2g manifold of Fe + ions have been measured by Raman scattering, and

the one.-magnon sideband transition in the 21500-cm ' region was studied by optical absorption.
Both transitions shift and broaden as the zinc concentration is increased. The behavior of the

main features of the spectra are interpreted in terms of a molecular-field mode). From the Ra-

man measurements a linear change of the magnetic anisotropy with zinc dilution was deduced,
while the shift of the one-magnon sideband indicates a linear variation of the exchange field and

the Neel temperature with x. The low-temperature linewidths are interpreted as originating

from the random distribution of Fe + environments and strains induced by the zinc ions. The
results confirm many theoretical assumptions of previous papers.

I ~ INTRODUCTION

In recent years, the behavior of magnetic and elec-
tronic properties of disordered magnetic insulators
has attracted considerable attention. ' In particular the
rutile compounds of Mn'+ have been playing an im-

portant role in the study of disordered magnetic ma-
terials since they approximate well with simple
"model systems. "' Interesting observations based on
a large variety of techniques such as neutron scatter-
ing, NMR, ' Raman scattering, birefringence, ' far-
infrared, and microwave absorption have been re-
ported.

Another class of important materials includes the
Fe +-doped crystals. These systems differ very much
from the manganese compounds by their strong mag-
netic anisotropy field which may assume values com-
parable with the magnitude of the exchange field.
Although theoretical treatments for Hamiltonians ap-
propriate to these systems have become increasingly
sophisticated, s ' experiments on three-dimensional
Fe'+ "model systems" are still very scarce. " " For
this reason we have chosen to study the diluted anti-
ferromagnet Fe~ „Zn„F2. This is a particularly attrac-
tive system in which to make a detailed study of the
magnetic and electronic properties in the sense that it
exemplifies a class of three-dimensional antifer-
romagnetic alloys of high anisotropy.

Fe~ „Zn„F2 has the tetragonal rutile structure D4I,
in which the cations are arranged on a body-centered
tetragonal lattice. The point symmetry at the posi-
tions of the Fe + ions is D2q. Below the Neel tem-
perature these compounds become antiferromagneti-
cally ordered with spins of the two sublattices aligned
along the c axis. Their magnetic properties are main-
ly determined by the influence of the crystal field on
the electronic ground state, which becomes apparent

in the single-ion-anisotropy of the Fe + ion. As in

pure FeF2 (Ref. 2) the crystal field in the Fet „Zn„Fq
should split the five orbital states of the Fe'+ into a
lower T2~ orbital triplet consisting of states with sym-
metry 'A tg &&g and B~~ and an upper 'F~ doublet
consisting of two orbital states with A ~g and 83g
symmetry. The two groups of levels should be
separated by about =10 cm ' as in pure FeF2.

In spite of the increased interest in magnetic alloys
Fe~ „Zn„F2 did not receive much attention in the
past. To our knowledge Ref. 11 is the only experi-
mental report on Fet „Zn„F2 which appeared in the
literature prior to the last two years. They report on
Mossbauer experiments with crushed powders
prepared from polycrystalline melts of FeF2 and ZnF2
with different compositions. A very interesting result
of this experiment is the behavior of the Neel tem-
perature T~(x) which do'es not vanish as the zinc
concentration tends to the percolation limit. Only re-
cently ' this result was theoretically explained as
due to the high magnetic anisotropy of this system.

The first report on crystalline Fet „Zn„F2 appeared
recently in the literature. ' Antiferromagnetic reso-
nance and magnon-pair excitations in this alloy were
studied by light scattering as a function of the con-
centration x and the temperature. One of the results
of this experiment is the fact that in the highly dilut-
ed samples the one-magnon frequency (k =0) does
not vanish at the Neel temperature. This phenome-
non which may not be explained in the framework of
previous theories ' was interpreted as an indication
of the existence of coupled clusters of magnetic ions
and was described by a simple model which could
predict the position of the Raman peaks as well as
the line shapes.

Other optical studies on this system have appeared
very recently in the literature. "' In Ref. 13 prelim-
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inary results of the electronic Raman scattering for
Fe~ „Zn„F2 were reported as a function of tempera-
ture and dilution, while in Ref. 14 the measurements
of the temperature derivative of the linear magnetic
birefringence have been used to study the effects of
dilution on the Neel temperature and the short-range
order in these rutile systems.

The purpose of this article is to present results of
further optical measurements on Fe~ „Zn„F2. Both
optical-absorption and light scattering techniques
have been used to probe electronic transitions in this

magnetic alloy. The shift and broadening of the opti-
cal transitions were then used to deduce the variation
of the anisotropy and the exchange field as a function
of the zinc concentration. Also deduced from the ab-
sorption data were the Neel temperature for each
sample. The results are compared with the available
theories and/or with previous experimental data ob-
tained by other techniques. "'

II. EXPERIMENTAL

The data presented here were obtained with crys-
tals grown by N. Nigman of the University of Califor-
nia at Santa Barbara. Single crystals of Fe~ „Zn„F2 of
good optical quality with seven different zinc concen-
trations in the range of 5% to 75% were used in this
study. The crystals were mounted in a cold-finger

Dewar with temperature measured by a thermocou-
ple embedded in the mounting bracket. The tem-
perature of the samples could be varied from 10 to
300 K with regulation of 0.1 K.

The Raman measurements were made with the in-
cident light propagating parallel to the c axis of the
samples. An argon-ion laser of either 4880 or 5145
0
A was used with power below 100 mW to avoid sam-
ple heating effects. The scattering plane was perpen-
dicular to the c axis and the right-angle scattered light
was analyzed using a double spectrometer, a low-

noise photomultiplier, and dc current detection.
The absorption spectra were taken using a tungsten

light source and a grating spectrograph with instru-
mental width of about 2 cm '.

III. RESULTS AND DISCUSSION

First is described the electronic Raman scattering
experiment. In the measurements I investigated Ra-
man transitions between electronic levels of the
ground 'T2g multiplet of Fe + ions, their splitting, and
linewidths.

Figure 1 shows a typical Raman spectrum for
Fe095Zn005F2, where the 4880-A line of an argon
laser was used as the exciting light. Similar
to pure FeF2, ' the low-temperature spectrum
shows an intense peak in the region of =10 cm '
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FIG. 1. Electronic Raman spectrum of Fe095Zn005F2 at low temperature (10 K). The Rayleigh line is reduced by several or-

ders of magnitude to be shown in the same spectrum.
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which is associated to a Rarnan transition from the
ground state A tg to an excited electronic state of
'Bjg symmetry. The other peaks in the spectrum are
the A ~g and Eg phonons located at =340 and =260
cm ', respectively, The region from =30 to =140
cm ' inlcudes the one- and two-magnon scattering
which were studied in a previous paper. " The low
values of the magnon cross sections in comparison
with the electronic Raman scattering makes it impos-
sible to record both features with same sensitivity.

The behavior of the strong electronic Raman peak
with sample temperature was studied for different di-
lutions. The measurements indicate that the peak
does not shift from 10 K up to the Neel temperature,
T~(x) Howev. er its intensity decreases when the
temperature is increased although its linewidth does
not change. Near T~ the peak disappears into a
broad asymmetric background which can be observed
even at room temperature. These features were ob-
served for all crystals irrespective of concentration.
In Fig. 2 is sho~n the dependence of the electronic
Raman peak intensity and linewidth with the tem-
perature for two studied samples. Note that for pure
FeF2 the linewidth remains constant for a large range
of temperatures. However, for high temperatures
[ T = T~(x) j, when the Raman line almost disap-
pears into the asymmetric background, the linewidth
becomes temperature dependent. For other samples
studied the behavior is essentially the same. For

Fe095Znoo5F2 the linewidth is temperature indepen-
dent up to =40 K while for Fe088Zno t2F2 and
Fe072Zn028F2 the measurements show the same trend
up to =30 K. The dependence of the integrated in-
tensity upon the temperature is difficult to describe
quantitatively because of the broad background.
However, its behavior indicates that the scattering
depends on an intermediate magnetically ordered
state as suggested in the case of pure FeF2. ' It has
also been observed that, different from that which
should occur in nonmagnetic crystals' the scattering
intensity decreases faster than linearly with x, These
results may explain the nonappearance of the elec-
tronic transition for samples of MgF2 and MnF2
doped with Fe'+ impurities. '

Figure 3 shows the Raman shift h(x) correspond-
ing to the transition 'A

~g 'B~g as a function of zinc
concentration. The shift varies linearly with x and
changes about 10% between x =0 and 0.75. This
linear dependence was expected from the behavior
observed for other electronic transitions in doped sys-
tems" and in the present case may be characterized
by using an effective single-ion anisotropy Hamiltoni-
an with axial symmetry. ' This assumption allows one
to analyze the anisotropy field Hq(x) as a function of
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FIG. 2. Relative peak intensity and linewidth of the elec-
tronic Raman transition A tg 8~g as a function of tem-
perature for two samples. x =0 ( ~ ) and 0.05 (b).

FIG. 3. Shift of the electronic Raman line as a function of
zinc concentration. It is a direct measurement of the split-
ting between A ~g 8~g levels.
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the zinc dilution in an indirect way. The model for
H~(x) can be built using some results of previous
Mossbauer studies. In Ref. 11 it becomes clear that
although the neighborhood of an iron ion depends on
the dilution, the Fe2+ radial wave function and the lo-
cal symmetry D2I, are essentially the same for all

values of x. Accordingly, the spin-orbit parameter is

supposed to be dilution independent and one may as-
sume that all variation in Hq(x) is due to changes in

the crystalline field. A microscopic model for the
single-ion anisotropy field is described in many text-
books. ' In the present case we treat the system as
an equivalent "two-level system" and obtain
Hq(x) =(2s —1)h ~h(x)

~

'. By using the Raman
shift values h(x) for the transition 5A

~g 58~g we
obtain the ratio H~ (x)/H~(0) which is plotted in Fig.
4 showing an approximate straight-line behavior.
This result confirms the assumptions previously done
by Tahir-Kheli et aI io and Montarroyos et al. '

describe the Neel temperature and the magnon ener-
gies in these crystals. In both cases, a straight line
was interpolated between values for the anisotropy

I I I 1
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1 I I I
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field for pure FeF2 and Fe'+-doped ZnF2, and the
agreement with the experiment was quite reasonable.
Note however that, although the Raman data allow
one to deduce the behavior of H~ (x), one cannot
calculate its absolute value accurately due to the un-

certainty in the X value which is obtained fitting from
Mossbauer data. ' However, a numerical estimate
using ) —85 cm ' is in reasonable agreement with

the magnitude of previously published values, '
H„(0) =19.5 cm ' and H„(1)=24.9 cm '. More-
over, as has been pointed out previously' the Raman
shift allows one. to obtain the g factor which is given
by g(x) =2(1 —

X~ 6(x)
~

'). For x =0 and x —1

this formula gives results in the range of the reported
values, " i.e., 2.25 +0.05.

A comparison between Figs. 5 and 2 shows that the
behavior of the linewidths as a function of zinc con-
centration at low temperatures indicates that this
electronic line is inhomogeneously broadened, prob-
ably due to the combined effect of strains and clus-
tering of magnetic ions. Both effects are known to
be important in describing other electronic linewidths
in disordered materials. ' 2 ' In the case of
Mni „Zn„F2 with small zinc concentrations, it was
shown by applying Stoneham's formalism' that the
shift and broadening of the optical transitions are due
to inhomogeneous strains resulting from the random
distribution of Zn ions in the MnF2 lattice. This
result suggests that also here the strain effect should
be the important broadening mechanism in the limit
where x 0. In order to apply Stoneham's theory, "
we first consider the total linewidth to be a sum of
the disorder inhomogeneous contribution I'D(x) and
a homogeneous part which is obtained from the rnea-
surement of pure FeFq (I'H =28 cm '). The order
of magnitude for I'o(x) in the limit of small x can be
calculated in the same way as in Ref. 18. Assuming
the same order of magnitude for the elastic constants
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FIG. 4. Variation of the anisotropy field, H„(x)/Hz (0),
( ~ ) and the exchange field, HF(x)/H&(0), (~ ) as a func-

tion of zinc concentration.
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of FeF2 as in MnF2 at low temperature, ' we esti-
mate for x =0.05 the value I'D(x) =30 cm ' which
added to the homogeneous linewidth leads to a rea-
sonable agreement with the experiment, I",

p$ 55
cm '. For large x the assum'ption of the lattice as an
isotropic homogeneous continuum of Stoneham's
theory fails due to the clustering of magnetic ions
and thus cannot be applied. As an alternative ap-
proach one may consider the broadening theory
developed by Dorman in Ref. 24. This theory which
takes into account clustering effects has been success-
fully applied for transition metals" and rare-earth
ions' in nonmagnetic hosts. In the present case the
range of possible values for A(x) imposes a con-
straint on the maximum value for the disorder
linewidth which should be of the order of =140 cm '

leading to a total value of -168 cm '. Obviously
this value does not fit the large experimental
linewidth (—290 cm ') for x =0.50 and from this
analysis one may conclude the probable existence of
other than the broadening mechanisms suggested
above. Clearly further effort should be developed to
clarify this point.

The information obtained in the Raman experi-
ments could be reinforced and extended by measur-
ing the absorption spectra associated with electronic
transitions between Fe + levels and investigating its
behavior as a function of temperature and dilution.
In fact, the spectra of ordered antiferromagnets have
been actively investigated in the past years and their
major features are understood. ' In particular the ax-
ial spectra of pure FeF2 have been studied by dif-
ferent authors ' and much attention has been
focused on the 21 500-cm ' region. It consists of an
electronic magnetic-dipole transition at 21 504 cm '

with associated one-magnon sideband at 21 568 crn '

which is very strong and a weak two-magnon side-
band absorption at 21631 cm '. The same features
were observed in our Fe~ „Zn„F2 samples at
wavelengths shifted from the corresponding ones at
pure FeF2 by energies which depend on the zinc con-
centration. Since the major interest here is to obtain
information related to the magnetic structure we con-
centrate on the one-magnon sideband transition and
study its behavior as a function of the temperature
and dilution. These lines move as an effect of the
temperature and their displacement from the position
at 0 K as a function of T may provide information on
the exchange field or the sublattice magnetization.
To understand this behavior we neglect the exciton
dispersion, assume that the excitation stays on one
ion and consider the excited ion as being in a large
exchange magnetic field due to the neighbors. As
the temperature is increased thermal disorder reduces
the spin alignment and the exchange field acting
upon the excited ion is reduced as well as the sublat-
tice magnetization. As a consequence, the energy of
the transition changes in the same way as the mag-
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FIG. 6. Neel temperature vs the zinc concentration. The
bar (~l refers to results obtained in the present work.
Squares ( ~ ) and circles (0) are from Refs. 11 and 14,
respectively.

non energy. Using this simple model and assuming
that at these temperatures most of the spin deviations
are due to zone-boundary magnons the exchange
field can be deduced.

The obtained results are plotted in Fig. 4 showing
for Hs(x)/Hq(0) a linear behavior with the zinc di-
lution. These results confirm the previous assump-
tions of Refs. 10 and 12. The straight line of Fig. 4
fits well the experimental points and extrapolates to
zero when x 1. The assumption of zone-boundary
(ZB) magnons participating in the transition has been
used before2~ to determine the exchange parameters
of FeF2. Though the ZB magnons in FeF2 have en-
ergies of -77 cm ' the value of 64 cm ' deduced
from the optical-absorption experiment is not surpris-
ing and does not affect too much the exchange field.
This energy reduction has been observed in other an-
tiferromagnetic insulators and might be due to exci-
ton dispersion or magnon-exciton interactions'
which were neglected.

From the same absorption measurements one can
deduce the Neel temperature of the crystals. It can
be done in the framework of the molecular-field ap-
proximation assuming that T~ corresponds to the
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temperature at which the exchange field vanishes, or
equivalently, the temperature from which the absorp-
tion line stops shifting. The T~(x) values obtained
in this way are plotted on Fig. 6. Also plotted on the
figure are the results of Refs. 11 and 14. The agree-
rnent with the previous results is reasonable except
for the larger concentrations (x =0.75). The dis-

agreement in this case can be understood considering
that for large dilution it is expected that the simple
molecular-field model fail due to the role played by
the short-range-order effects which become very im-

portant in that limit. ' Our result at x =0.75 is larger
than the Mossbauer result, "

T& = 20 K, and the
birefringence meas'urement" which provides
T~(x =0.75) ( 25 K. The solid line connecting the
points corresponds to (d/dx)

~
T~(x)

~

= 1. This
behavior agrees with a coherent-potential approxima-
tion calculation by Tahir-Kheli et al. ' and results
from the fact that the system is expected to become
more Ising-like with dilution. Other phenomena such
as increasing the short-range-order effect and reduc-
tion of the effective dimensionality of the magnetic
systems near the percolation limit may also affect the
results. Both have been the subject of recent investi-
gations with two-dimensional systems, but studies
on three-dimensional alloys are not yet available.

In conclusion, we have shown that electronic Ra-
man scattering as well as optical absorption are useful
techniques to study the energy levels of Fe2+ ions in

antiferromagnetic alloys. The results for exchange,
anisotropy field, and TN(x) confirm many assump-
tions and results of previous papers. ' In view of
our limited knowledge of the strain parameters in

Fe~ „Zn„F2 the calculations of shift and broadening
of the electronic transitions are necessarily approxi-
mate. The results in the limit of small zinc concen-
tration are well understood but the large linewidth at
x =0.50 remains unexplained.

One question which was left open to future
research is a more accurate microscopic description of
the magnetic anisotropy in Fei „Zn„F2. The behavior
of other electronic states as well as the variation of
the spin-orbit coupling due to covalency effects
should be clarified for any further calculations.

Another extension of this work may be achieved
by measuring the interterm Raman scattering from

2g Eg Frenke1 excitons in Fei „Zn„F2. This
transition was previously studied for pure FeF2, ' and
its behavior may provide interesting information
about exciton-phonon scattering and allow to mea-
sure the excited-state Debye-%aller factors which are
very difficult to measure by other techniques.
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