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STFe® Mossbauer absorption spectra were collected for powder specimens of LiFe Als Oy
with x=0.005. The effects on the spectra of applied magnetic fields with strength less than
1 kOe are interpreted in detail. A comparison of the calculated spectra using EPR parameters
to the data is made. This comparison indicates (a) that the observed resonances which are
sensitive to applied magnetic fields are associated with the +1/2-spin Kramers’s doublet of
the ionic ground term; (b) that for zero applied field the field-sensitive resonances are affected
drastically by dipolar fields originating from neighboring nuclei. The sign of the zero-field—

splitting parameter D is found to be negative.

The value of the ground-state hyperfine-coupling

constant is A,=(-2.45 +0.03) mm/sec, and that of the quadrupole-coupling constant is

2P=(+0.67+0,03) mm/sec.

I. INTRODUCTION

Paramagnetic hyperfine structure (PHS) is ob-
served in Mdssbauer spectra when the nuclear
magnetic moment can follow the fluctuating hyper-
fine field produced by the electronic moment.
Many examples illustrating this effect have ap-
peared in the literature in recent years. The elec-
tronic relaxation is due to (i) spin-spin interactions
between paramagnetic ions which can be mini-
mized by diluting the ions in a diamagnetic host
and (ii) spin-lattice interactions which are usually
overcome by doing experiments at low tempera-
tures (~4 K). One of the remarkable properties
of iron-doped lithium aluminate (LiAl;Og) is the
persistence of the PHS in the Mdssbauer spectrum
of the trivalent *’Fe impurity as the temperature
is increased to well above room temperatures.
This was first reported by Epstein and Wachtel!
in their Mdssbauer-effect investigation of a fluo-
rescent material® in which iron was believed to be
the active center. As part of our work we es-
tablished that iron-doped LiAl;O4 was responsible
for the unusual fluorescent and Mossbauer -effect
properties.

The fluorescence and excitation spectra of tri-
valent iron doped in lithium aluminate has been
measured concomitantly with this present Méss-
bauer study using the same samples and the re-
sults can be found elsewhere. 3

In this paper we are concerned with the inter-
pretation of the Mossbauer spectra of powder
specimens of paramagnetic iron-doped LiAl;Og4;
specifically LiFe Al;_,Og with $x< 0.01.

Crystallographic studies have shown that
LiAl;O4 forms a modified inverse-spinel -like struc-
ture whose unit cell contains four formula units.
The oxygen ions are arranged in a cubic close-
packed lattice with both tetrahedral (A) and octa-
hedral (B) sites.* The distribution of the cations
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among these sites varies according to the tempera-
ture of the compound. Here we will present re-
sults related to the low-temperature phase of
lithium aluminate, the ordered phase. The crys-
tallographic description of this ordered phase is
described by Datta and Roy.* For the ordered
aluminate system, Folen made electron-para-
magnetic-resonance (EPR) measurements® on
single crystals of LiFe, Al;_,Og with x=0. 0025

and he proposed that a substantial number of the
Fe®* ions enter the lattice substitutionally for A13*
on tetrahedrally coordinated A-type sites. In our
optical investigation of the fluorescence of Fe®*

in this aluminate® we present further experimental
evidence for the tetrahedral-site preference of
this ion. In addition, based on those fluorescence
studies, we propose a model which accounts for
the unusual relaxation and fluorescence properties
of the Fe®* impurity.

The Fe** ion exists in a °S;,, state which is
split by axially symmetric crystal fields into three
Kramers’s doublets. Since the separation in en-
ergy between any two of these doublets is much
greater than the hyperfine interaction, in the limit
of very long electronic relaxation times the Moss -
bauer spectrum consists of a superposition of
three spectra—one from each Kramers doublet,
each contribution weighted by the appropriate
Boltzmann factor determined by the temperature
of the system.

In previous studies of the relaxation properties
of the three Kramers doublets of Fel* it was
shown that the electronic spin-lattice relaxation
time is longest for the + 3 doublet and shortest
for the +3 one.®—® Furthermore, it has been in-
dicated® that at low temperatures, dipolar relaxa-
tion involving the spins of neighboring nuclei is an
important process which again affects the +1-
doublet most severely.

In the investigation® of Fe-doped a-Al,04 (cor-
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undum), a system which is similar to the aluminate
spinel, it was pointed out that the dipolar fields
associated with the neighboring 27Al nuclei caused
splittings in the +3 level comparable to the hyper-
fine interaction. Considering that these fields are
random in magnitude and direction, it was assumed
that the +3 hyperfine structure would be washed
out and in general would be difficult to observe.

More recently, Afanas’ev and Kagan' have
shown that the M6ssbauer spectra associated with
the + 3 and + 2 doublets are insensitive to local
dipolar fields when axial symmetry is present.

These observations suggest that the Mdssbauer
spectrum could be stabilized by the application of
external fields of magnitude large enough to de-
couple the nuclear and electronic spin.

In comparison to similar compounds, iron-
doped LiAl;Og in its ordered phase presents a
unique opportunity to study the effects of small
external fields on the PHS because of the unusual
quality and sharpness of the zero-field spectrum.

The purpose of this investigation is first to in-
terpret the spectra obtained with the application
of external magnetic fields of strengths less than
1000 Oe and then to extrapolate these results to
the zero-field case.

II. EXPERIMENTAL

The powder specimens were prepared accord-
ing to the LiFe, Al;_ Og formula unit; details of its
preparation can be found elsewhere, !

External magnetic fields up to 1 kOe in mag-
nitude and homogeneous to 0. 6% over the target
volume were produced by two parallel air-core
water-cooled solenoids. The solenoids were ar-
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ranged so that the field could be applied either
parallel or perpendicular to the y-ray beam. Ab-
sorber temperatures below 300 K were achieved
with a cryostat in which the specimen was clamped
to a copper extension of the coolant reservoir.

Figure 1(a) shows the *"Fe Mossbauer-effect ab-
sorption spectra of a powder specimen of
LiFe, Al;_ Oy with x=0.005 (0.1 at.%) in the tem-
perature range 295-4. 2 K. These data illustrate
the weak relaxation of the electronic spins even
at room temperature. In Fig. 1(b) a comparison
of the spectra obtained for specimens with x=0. 005
and x=0. 25 at 295 K is shown. As can be seen,
the complex PHS of the more diluted system col-
lapses into a doublet when enough iron is introduced
into the aluminate system to allow spin-spin relax-
ation to become important. Our investigation of
specimens with higher concentrations of iron'? in-
dicates that the doublet can be associated with a
single quadrupole interaction.

Presented in Fig. 2 are the data collected at
4.2 K as a function of H, the external magnetic
field strength for the situation where the external-
field direction is parallel to the Mdssbauer y-ray
beam.

Comparing the 0- and 80-Oe data one notes that
there is a definite sharpening of the absorption
spectra as well as an enhancement of certain
resonances. This enhancement continues as the
external field increases to 280 Oe and in addition
there is an indication of new resonances in the
negative-velocity region marked by the arrow.
From an examination of the 565- and 905-Oe data,
it is evident that the position of this resonance,
as well as the one in the positive-velocity region
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FIG. 2. Spectra of powder samples of
LiFe,Al; Og, x=0.005, taken at 4.2 K
in magnetic fields parallel to the y beam.
The arrows indicate the field-sensitive
resonances, and the solid curve is a
spectrum calculated with the spin-Hamil-
, tonian parameters given in the text.
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indicated by an arrow, is sensitive to the mag-
nitude of the external field.
In Fig. 3 the results where the external field
is perpendicular to the y-ray beam are shown. In
comparison with Fig. 2, we note that the spectra
depend upon magnetic field orientation indicating
that we have decoupled the electronic and nuclear
spins and in some sense polarized the former.
Figure 4 shows data taken in 900 Oe and at
2.1 K. Comparing this spectrum with that ob-
tained at 4.2 K (see Fig. 3), one sees that the line
intensities vary with temperature. The 2.1-K
spectrum led to our assignment of the + 2 Kra-
mers’s doublet as lowest in energy.

III. INTERPRETATION
A. Spin Hamiltonian

The data are compared to spectra generated by
a computer program for a spin Hamiltonian with
adjustable parameters. Combining all of the in-
teractions, the appropriate spin Hamiltoniar for

the present analysis can be written

H=Hcr+gLp H.§+41 -§+JCQ —8n by g-1.
¥cr describes the interaction of the electronic
spin with crystal fields of cubic and axial sym-
metry. In each unit cell the Fe®* ion can occupy
one of four possible tetrahedral sites, each having
a different orientation of the symmetry axes.
However, it is not necessary to consider more than
one of them, since we average over all the pos-
sible orientations of the crystals for comparison
to the powder samples used in our experiments.

Combining the cubic and axial terms, 3C.p be-
comes

_ 95 ) 2_ T s
:}CCF—(D+72 (a—F) S‘ 36 (a_F)S‘
L a2

36
where z is the trigonal symmetry axis along the

[111] direction relative to the local cubic axes.
The second term of 3C is the interaction between

[Se(83+82) + (2 +8%)s,],
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FIG. 3. Spectra of powder samples of LiFe,Al; Og,
x=0.005, taken at 4.2 K in magnetic fields transverse
to the y beam. Comparison with Fig. 2 shows the polar-
ization effects of the applied magnetic field. The solid
curves are calculations using the spin-Hamiltonian para-
meters D=—0.104 cm™, |a|=0.01 em™, a~F=-0.0166
em!, A=-2.45 mm/sec, and AEQ=0.67 mm/sec.
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the electronic spin and the applied magnetic field

H; the third term describes the hyperfine interac-

tion between the electronic and nuclear spins,

while the last term represents the direct effect of

the applied field on the nuclear magnetic moment.

This last term is quite negligible for the field

strengths (< 900 Oe) discussed in this paper. Final-

ly, with the axial symmetry present at these tetra-

hedral sites, the quadrupole interaction 3, in the
=32 nuclear state of *'Fe is given by

Ho=1e’Qq(L-$)=P(-3) .

The magnitudes of D and a - F and the spectro-
scopic-splitting factor g are known from EPR
studies® of LiFe, Al;_ Og with x=0.0025. The
values are |D|=0.104 cm™, |a -F|=0.0166 cm™,
lal =0.01 cm™ with g=2.006 +0.006 and D/(a - F)
>0. The magnitude of the quadrupole-interaction
energy was initially assumed to have the same
value [I P| =(0.335+0.009) mm/sec] determined
experimentally for the aluminate system with higher
concentrations of iron.'? The value of A is de-
termined from this work to be —2.45 mm/sec for
the nuclear ground state.

The Hamiltonian matrices operating on the elec-
tronic nuclear -product states |SMg ) |IM;) were
diagonalized in order to obtain the transition en-
ergies and probabilities.

LiAlO,:Fe T=21 K

counts

Hext= 905 Oe parallel

FIG. 4. Mossbauer data taken
at 2.1 K where significant variation
in the populations of the electronic
states can occur. By comparison
of the data with the calculated
spectra the sign of D was found
to be clearly negative. The arrows
indicate the greatest discrepancies
between calculation assuming
D >0 and data. The applied field
is parallel to the y beam.

-10 -5 0
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5
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Theoretical spectra were computed for each of
many orientations of the magnetic field relative to
the axes of the crystal equally spaced over the unit
sphere, and added together with equal weight to
simulate the random orientations of the absorber.

The line shape was taken into account by folding
a Lorentzian of full width at half-maximum (FWHM)
equal to 0.4 mm/sec into the theoretical spectra.
Since in this study the Zeeman splittings of the
Kramers doublets are always smaller than the
initial crystal field splittings, it is possible to
divide the complete set of hyperfine transitions
into three groups. Each group is associated with
one of the three Kramers doublets. For con-
venience these three groups are labeled by Mg
=+%, +3, +3. It should be realized that this label-
ing does not refer to the actual electronic spin
state due to the fact that a#0 and H#0. A typical
result is given in Fig. 5 where the separate con-
tributions of each Kramers doublet to this total
spectrum are shown,

B. Comparison of Calculated and Experimental Spectra in
Moderate Fields

The theoretical spectra for magnetic fields in
the range 100 < H < 900 Oe, and calculated as de-
scribed in Sec. III A, are plotted as solid lines in
Fig. 3. We discuss our H <100 Oe data in Sec.
IIIC.

From these spectra a value of A, =(-2.45
+0.03) mm/sec was obtained for the ground-state
hyperfine-coupling constant by matching the the-
oretical splitting between the two extreme energy
peaks to the experimental data. P was found to be

(+0.335+0.03) mm/sec; its sign was determined
as positive from the asymmetry observed in the
experimental data. Within our experimental error
the magnitude of P is the same as that reported

for the aluminate system with higher concentrations
of iron, 2

As seen in Fig. 5(b) the set of resonances labeled
S=3 is greatly influenced by the strength of the
applied field. Our calculations indicate that the
positions of these resonances are sensitive to the
external magnetic field H and the initial zero-field
splittings of the electronic states which in turn are
a function of D and ¢ = F. Our measurements are
in agreement with the EPR values for |D| and
la - FI.

On the other hand the amplitude of the resonances
depends on the relative Boltzmann population of the
ionic states, and these are controlled by the sign
of D and a ~ F separately. At 2.1 Kand 900 Oe
the populations of these levels vary significantly
with the sign of D (see Fig. 4) and by comparison
with the theory we were able to determine that
both D and a - F are negative.

C. Comparison of Calculated and Experimental Data in Small
Applied Fields

For zero applied field we were unable to observe
any resonance associated with the + 3 electronic
doublet [Fig. 6(a)]. The arrows in this figure
mark the predicted resonances of the +3 spectrum.
It would be tempting to assign the shoulder on the
lowest-energy resonance of the +3 spectrum as a
+3 resonance. This shoulder, as is shown in Sec.
IIID, is not part of the main spectrum. From this

Hext * 905 Oe PERPENDICULAR H oxt

S, =+ 3/2

PARALLEL

32

:

FIG. 5. (a) Calculated spec-
tra using the spin-Hamiltonian
parameters appropriate for
LiFe,Al; O; in the long-relaxa-
tion-time limit. The total spec-
trum (upper left) is the super-
position of contributions from
each of the three Kramers
doublets labeled =3, +3, +§.

The applied magnetic field is
perpendicular to the y beam.

() Predicted effect of a magne-
tic field on the +4 spectrum.
These results show that the field-
sensitive resonances (Fig. 2)

are associated with the +4 states.
The +3 spectrum (upper right)
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figure it can be seen that the major deviations from
the static-model predictions in zero field are as-
sociated with the +3 electronic doublet.

The failure to experimentally resolve the zero-
field contribution of the S, =3 doublet to the spec-
trum in systems similar to Fe-doped LiAl;O4 has
been mentioned in Sec. I of this paper. Of all the
factors which perturb this doublet, the static and
dynamic effects of dipolar fields originating from
the neighboring "Li and #1Al nuclei should be the
two most important ones.

There is clear evidence that all Kramers
doublets are relaxing very slowly compared to the
nuclear precession time. This is certainly the
case at 4.2 K as indicated by the extremely sharp
resonances in the spectra and the good fits ob-
tained using a static model for the data taken in
applied fields of moderate strength. This evidence
and the well-known sensitivity to very small mag-
netic fields of the resonance lines associated with
the S,==3 doublet [Fig. 5(b)] led us to examine
the static effects of dipolar fields originating from
neighboring nuclear moments.

The correct approach to the zero-field data in-
volves a modification of the Hamiltonian of Sec.

IIT by adding to 3C the terms

n

BARROS, AND OOSTERHUIS

len

where -f, is the nuclear spin of the ith neighbor.
The solution involves the diagonalization of a
(2Upe+1)(2S+1) 17, (21, +1)-dimensional matrix
and 8[(2S + 1) 1M}., (2!, + 1)]* Mossbauer transitions
which is a formidable computational problem even
if we know how many neighbors () to consider and
the strength of the interaction tensor (B,) for each
neighbor. To make an approximation which is
solvable, we assume that all the neighboring nu-
clear moments together produce an eifective mag-
netic field at the site of the Mossbauer ion which
is randomly oriented and whose strength is to be
determined. Thus we have set

n - —— - - — -

;1 I,"B;"S=(us H-g"8),
where the average is taken over the orientations
of H with respect to S. This keeps the dimen-
sionality of the matrix and the number of Moss-
bauer transitions the same.

In order to examine the effects of static fields,

a calculation was made with |H| fixed at values of
5 and 10 Oe and directed to all possible angles
with the 2z axis. The theoretical spectra obtained
in this manner for 10 Oe “random” field is shown
in Fig. 6(a). As is indicated some of the prom-

’T{ . -‘ -3 inent resonances associated with the zero-field
’ s . . .
i=1 +3 doublet have disappeared with the inclusion of
S, = *+ 1/2 SPECTRA
. DATA: T=4.2 K, He= O CALC: Hexy =0
CALC: Hgyy = 0 CALC: "RANDOM" Hg 4= 5 Oe
[72]
}_
2
=)
(e}
(%}
A tr o
CALC: "RANDOM " Hg. =10 Oe CALC: "RANDOM" H_ , =10 Oe
@ (o))
L 1 L i L AL
-10 o} 10 -10 o} 10
VELOCITY (mm/sec)
FIG. 6.

(a) Experimental data taken in zero applied field—the arrows indicate missing resonances.

The addition

in the calculation of small random fields of about 10 Oe makes the agreement with the experimental data better. (b)

Calculated effects of the small random fields in the S;=+3 Kramers

doublet.
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this approximation in the calculation. Further-

more, the over-all agreement between the spec-
trum calculated with small “random” fields and

the data is improved.

It is important to note that we have made a static
average of the fields due to neighboring nuclei and
not a temporal average in order to understand the
behavior of the Mossbauer spectrum due to the
Sz =+3 doublet. In Fig. 6(b) the comparison of the
calculated +3 spectrum as a function of “random”
field is shown. It is difficult, however, to de-
termine from the aluminate data to what extent
this approach characterizes the perturbed +3
spectrum, or whether these are spin-relaxation
effects which modify this spectrum. Clauser and
Blume'® have worked out a method which includes
the effects of spin relaxation in the S, =+3 Kra-
mers doublet and specific examples are forth-
coming.

That the “static” dipolar-field model does have
some validity, however, is indicated by some re-
cent Mossbauer results from a study of 10~% M
acid met myoglobin pH 6 by Lang et al.** The
spectrum observed at 4.2 K in zero applied field
which is reproduced in Fig. 7 contains only reso-
nances associated with the +3 electronic doublet
because of a large positive D of approximately
10 cm ™,

It is evident from Fig. 7 that the experimental
data is very similar to our theoretical spectra
calculated with the small random field.

The interpretation offered for the zero-field data
can be extended to the low-field case in which the
external magnetic field competes with the dipolar
interaction in determining the electronic state.
An external field of 85 Oe dominates all other in-
teractions (except the crystal field term) and to a
great degree determines the hyperfine-level
scheme for the + 3 doublet. This is indicated by
the fact that the discrepancies between the data and
the calculated spectra for this field value are
minor when compared to the zero-field case.

D. Minor Discrepancies

Although the over-all agreement between the
calculated and observed spectra is very good con-
sidering the complexity of the data and the assump-
tions of the model, there are slight obvious dis-
crepancies. Perhaps the most significant one of
these is that the calculations do not predict the
shoulder present on the lowest-energy resonance
of the experimental spectrum. Since the calcula-
tions are successful in reconstructing the other
important aspects of the data, one is forced to draw
the conclusion that this shoulder is not part of the
main resonance spectrum supposedly associated
with iron in tetrahedral sites. As a plausible ex-
planation, this resonance may be due to Fe* on an
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octahedral site since the specimen from x-ray
analysis is definitely single phase with no iron or
aluminum oxide impurities.

IV. CONCLUSIONS

The PHS of powder absorbers of Fe-doped
LiAl; Oq in the ordered phase was interpreted as a
function of an applied magnetic field. The field-
sensitive resonances were identified as transitions
between hyperfine levels associated with the Zee-
man electronic levels derived from the zero field
S;=+3 Kramers doublet. The field dependence
of these resonances was attributed to the mixing
of crystal field states (specifically the +$ states)
by the component of the external field perpendicular
to the crystal field axis. As a result of this inter-
pretation it was possible, independent of EPR, to
predict the magnitude and relative sign of the elec-
tronic spin-Hamiltonian parameters D and a - F.

TRANSMISSION

RELATIVE

ACID MET MYOGLOBIN pH 6

] 1 | | ]

SOURCE  VELOCITY (mm /sec)

FIG. 7. Experimental data of acid met myogloblin
taken by Lang et al. (Ref. 14) in zero magnetic field at
T=4.2 K. The solid curves are calculated with the spin-
Hamiltonianparameters D=10cm™!, A =— 2. 36 mm/sec
(nuclear ground state), g=2.0, and P=0.65 mm/sec and
with the random-field model where the field strengths
are indicated.
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Consistent with the EPR results, ° the ratio of
D/(a - F) was found to be positive.

The absolute sign of D is assigned to be negative.
The data did not facilitate a determination of the
signs of a and F. For the parameter a, such a
determination may be possible through the inter-
pretation of data collected with external fields
high enough to cause the +3 and £ electronic
crystal field state to cross.® ®

The value of the ground-state hyperfine-coupling
constant was found to be 4, = (- 2,45 0. 03) mm/
sec. The hyperfine field associated with this value
is |H|=(206+7) kOe per unit electronic spin. This
value is compared to | H| = 220kOe/spinfor 5'Fe3*
in® a-Al,0; and |H| = 229 kOe/spin for ¥"Fe® in
NH,AISO,* 12H,0.% The decrease in H for the
spinel is expected in view of the covalency present
at the site.!® This value of H for the spinel is not
the smallest value reported. Several of the bio-
logical molecules containing high-spin trivalent
iron have H values of less than 200 kOe/spin. !

The sign of V,,, the crystalline electric field
gradient as determined by Modssbauer measure -
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ments, is found to be positive consistent with the
prediction by Stauss!® for the tetrahedral sites of
ordered LiAl;Og. The magnitude of the quadrupole-
coupling constant P=%e?Qq for the iron-doped
aluminate has the same value as that measured for
the higher-concentration specimen LiFe, Al;Oq

with x=0.25 (5 at.% Fe), i.e., for the x=0.005
specimen AEg = 2P=(0.67+0.03) mm/sec, while
for x=0.25, AEg=(0.675+0.01) mm/sec.

A model is proposed to show how the effects of
neighboring nuclear moments can appear in the
zero-field Méssbauer spectrum and experimental
evidence of this interaction is presented.
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