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Superhyperfine Splitting and the Dynamic Jahn-Teller Effect for the Ferrous Ion in KMgF3
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Superhyperfine structure for the ferrous ion in KMgF3 has been observed. A Jahn-
Teller energy of 108 cm ' is determined from the magnitude of the g factor as an upper
limit, ignoring covalent contributions. The temperature dependence of the width of the
normal electronic Zeeman transitions indicates an excited level at 94 cm ' above the
ground state. This energy-level separation agrees with the calculated position of the
lowest spin-orbit-split excited state reduced by the dynamic Jahn- TelI.er effect.

The superhyperfine (SHF) spectrum has been
observed for the ferrous ion as a dilute substitu-
tional impurity in KMgF, . The interaction of the
electron spin of the ferrous ion with the nuclear
magnetic fields of the six nearest-neighbor Quor-
ine nuclear spins (f =-', ) leads to a splitting of the
electronic Zeeman transition. Although it is pos-
sible to use the SHF spectra to obtain informa-
tion concerning the interaction of the electron and
its nearest neighbors, we will emphasize in the
following the application of the SHF spectra to
provide insight into the possibility of a dynamic
Jahn-Teller effect (DJTE).' The narrowness of
the SHF lines facilitates this approach. The elec-
tronic ground state of the ferrous ion is a triplet
in an octahedral crystal field. Spin transitions
between all the members of the Zeeman-split trip-
let result in two distinctive features in the EPH
spectra. Firstly, there is a spin transition be-
tween the m, =O and m, =a 1 Zeeman-split (b.m
=+ 1) triplet. This transition is broad due to its
sensitivity to linear strains in the lattice. There
is a second transition (normally forbidden in a
strictly cubic environment) between the m, =+ 1
members of the Zeeman-split triplet (6m = 2)
which occurs at approximately half the magnetic
field of the "h,m = 1" transition. This transition

is typically narrower than the b, m = 1 since it is
not sensitive to all linear lattice distortions but
only to those with orthorhombic symmetry.
These two features of the ferrous EPR spectra
have been considered in detail for a MgO host lat-
tice' where no superhyperfine structure is ob-
served. The SHF spectrum in Fig. 1 shows this
so-called 4m =2 haL.f-fieM line and is only ob-
served in specimens with low impurity concentra-
tions' (Fe'+&30 ppm). Higher impurity concentra-
tions increase the strain broadening to the point
that SHF structure is no longer discernible.

The SHF spectrum for the ferrous ion displays
the characteristic splitting and anisotropy due to
the interaction of the electron with six nearest-
neighbor nuclear spins. The SHF splitting for
the ferrous ion in KMgF, show in Fig. 1 exhibits
a seven-line splitting of the electronic Zeeman
transition which is due to the interaction of the
electron with the six equivalent octahedrally co-
ordinated fluorine nuclei (f =-, ) when the field is
along the [111jdirection. The relative intensity
of the SHF lines agrees with the ratio expected
for six nearest-neighbor fluorine atoms. The
spectra for various other magnetic-field direc-
tions are also consistent with the interpretation
that the spectra are due tb SHF interaction with

501



VOLUME 39, NUMBER 8 PHYSICAL REVIEW LETTERS 22 AUGUsr 1/77

(b)

4.0 4.t 4.2

2.0 2.l
MAGNETIC FIELD (kOe)

2.2

FIG. 1. The derivative spectra for the g~ = 2 elec-
tronic transition. (a) The superhyperfine structure is
observed at 4.2'K when the field is along the t111] di-
rection. (b) At higher temperatures (18'K) the details
of the superhyperfine structure disappear and only a
smaller broadened feature remains. The measure-
ments are made with a 20-GHz spectrometer.

the Quorine nuclear spin. There are details of
the spectra which are as yet unexplained, such
as the shape of the lines mhich deviate signifi-
cantly from what is expected for a simple Lorent-
zian or Gaussian absorption derivative. These
lines may contain unresolved contributions due
to so-called "forbidden transitions" which are
resolved in the double quantum spectrum dis-
cussed below. There is also a low-level undula-
tion of the background level which appears to be
due to ferrous ions in more strongly strained
sites. The effective@ factor for these sites is
larger than the SHF value, indicating a zero-
magnetic-field splitting from a lattice strain
distribution which is not centered at zero strain. .

The ions contributing to the SHF spectra are ex-
pected to be at very lorn-strain sites while the
smaller background comes from a more highly
strained region in the crystal. The SHF spectrum
rapidly broadens as the temperature increases,
and any distinctive features disappear above 17 K
[Fig. 1(b)j.

At low power levels the only SHF spectrum ob-
served is for the hm = 2 transition, but as the

MAGNETIC FIELD(kOe)

FIG. 2. The superhyperfine structure for the double
quantum transition appearirg at the center of the ~~ ——1
strain-broadened line. Between the seven-line SHF
spectrum (H ) ) [111]) is a six-line "forbidden transition"
spectrum. The double quantum transition intensity is
enhanced by using higher power levels. The tempera-
ture is 4.2'K and the measurement frequency is 20 GHz.

power level is increased a second set of superhy-
perfine lines appears at the center of the Lm =1
transition (Fig. 2). A feature similar to this has
been observed for various transition-metal ions
(Ni", Co+', and Fe") in Mg04 and has been
shown to be due to a double quantum transition
between the m, =+1 and m, = —1 levels. The ap-
pearance of the SHF spectra at this position for
a KMgF, host is direct evidence that this is also
a double quantum transition. As seen in Fig. 2,
not only does the seven-line spectrum of the nor-
mal SHF structure appear, but also a six-line
spectrum resulting from so-called forbidden tran-
sitions. These double quantum features and the
interpretation of the SHF structure in terms of
neighboring fluorine interactions will be consid-
ered elsewhere, and we mill now return to our
discussion of the relevance of the SHF structure
to the DJTE.

The change in the crystal-field parameters due
to DJTE has been formulated by Ham' as reduc-
tion parameters. This approach has been suc-
cessfully applied by Harn. , Schwarz, and O'Brien'
to the ferrous ion in MgO. For the ferrous ion
in KMgF„ the narrow-line superhyperfine spec-
trum provides a more accurate empirical deter-
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mination of the g factor (3.440+ 0.005) than was
previously possible from strain-broadened fea-
tures. The SHF spectrum is quite sensitive to
the local geometry and motion, which in turn
should reQect the effect of any dynamic Jahn-
Teller parameters. In this investigation no sig-
nificant static Jahn- Teller distortion is detected
even at low temperatures (2.5 K) where they fac-
tor is observed to be isotropic to 1 part in 2000.

The magnitude of the g factor for MgO:Fe" is
found to be significantly lower than the computed
crystal-field value (3.428 vs -3.5). This differ-
ence has been attributed to reduction of the spin-
orbit interaction by the DJTE. Previous reports
of the g factor for the ferrous ion in KMgF,
(which failed to see SHF interactions —possibly
a result of the strain broadening due to a higher
impurity concentration) have indicated an even
more substantially reduced g factor, ' and an anal-
ogy made with the results in MgO has suggested
an even stronger DJTE in KMgF, than in MgO.
The g factor determined in this investigation us-
ing crystals which exhibit SHF structure is not
in agreement with these previous observations
but, in fact, yields a magnitude closer to the
crystal-field value (3.44 vs - 3.5) than in MgO.
The difference in the values obtained in this in-
vestigation and the theoretical crystal-field value
could be due to both covalency and the DJTE. In
the following we will ignore covalency to deter-
mine an upper bound on the magnitude of the
DJTE. If we analyze the g-factor shift using the
results of Ham, Schwarz, and O' Brien, ' we obtain
an upper bound on the Jahn-Teller energy (Eqr) of
108 cm ', indicating a weaker Jahn-Teller effect
in KMgF, than in MgO. The Jahn-Teller energy
is derived using a range of local-mode frequen-
cies of 300-400 cm ' and assuming coupling only
to the T,

&
distortions. This latter assumption re-

sults from features observed in acoustic relaxa-
tion measurements on the same samples and will
be treated in detail elsewhere. The same conclu-
sion has been reached by Regnard, Chappert, and
Ribeyron' from Mossbauer measurements.

The lowest excited states of the ferrous ion are
split from the triplet ground state by spin-orbit
interactions. Crystal-field theory predicts a sep-
aration of -190 cm ' but the actual magnitude of
the spin-orbit splitting can be reduced by the
DJTE. This spin-orbit splitting can be obtained
theoretically from the calculations of Ham,
Schwarz, and O'Brien using the JT energy pre-
viously derived from the measured g factor. A
reduced spin-orbit separation of 97 to 126 cm '
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FIG. 3. The width (~) of the g~ = 1 transition as a
function of temperature. The curve corresponds to an
expression containing an inhomogenous-broadening
term and an Orbach term ~ = ~0+6p exp(- s/kT),
where ~o = 300 0 and g = 94 cm '.

results from this calculation using the local-mode
frequencies indicated previously. A feature of
the EPR spectra which suggests an energy level
in this region is the temperature dependence of
the width of the &m =1 transition. As seen in Fig.
3, at low temperature the width of the 4nz=1
peak is constant and may be broadened due to
strains resulting from lattice imperfections.
The width increases above about 16 and can be
fitted by an Orbach process (indirect transitions)
with an energy of 94 cm '. This value is slightly
less than the DJTE-reduced values derived above,
although the small difference may well be ration-
alized by the introduction of some covalency,
which virould further reduce the theoretical values.
'.Xhe energy level determined from measurement
of the 4m =1 width appears to be the first excited
state of the ferrous ion 94 cm ' above the ground
state. This value contradicts conclusions deter-
mined from infrared absorption measurements
where features have been seen at this energy but,
because of an unusual concentration dependence'
or magnetic-field behavior, have been ruled out
as an electronic state. ' Our result does agree
more closely with some earlier infrared measure-
ments. '0

The ferrous ion in KMgF, exhibits behavior sim-
ilar to the ferrous ion in MgO in many respects,
although the DJTE is slightly reduced. The g is
closer to the crystal-field value in KMgF, as de-
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termined from the SHF spectra. The first excited
state is observed at 94 cm ' which agrees with
the calculated position due to spin-orbit splitting
reduced by a dynamic Jahn- Teller effect.

We appreciate the many discussions with L. H.
Halliburton during the course of this investigation.
Our work was supported by the National Science
Foundation.

'F. Ham, W. Schwarz, and M. O' Brien, Phys. Rev.
185, 548 (1969).

'D. McMahon, Phys. Rev. 134, A128 (1964).

3Grown in the Crystal Growth Facility, Oklahoma
State University.

4J. Orton, P. Auzins, and J. Wertz, Phys. Rev. Lett.
4, 128 (1960).

5F. Ham, Phys. Rev. 138, A1727 (1965).
J. Vallin and W. Piper, Solid State Commun. 9, 823

(1971),
7J. Begnard, J. Chappert, and A. Ribeyron, Solid

State Commun. 15, 1539 (1974).
T. Bay, J. Regnard, J. Laurant, and A. Bibeyron,

Solid State Commun. 3, 1959 (1973).
~A. Hjortsberg, B. Nygren, and J. Vallin, Solid State

Commun. 16, 105 (1975).
R. . Frankel, C. Abeledo, and A. Misetich, Solid

State Commun. 12, 1147 (1973).

Quasiatomic Auger Spectra in Narrow-Band Metals

G. A. Sawatzky
Laboratory of Physicsl Chemistry, Materials Science Center, Unioersity of Groningen,

Zemikelaan, Groningen, The Netherlands
Qeceived 14 March 1977)

In this Letter it is shown that quasiatomiclike Auger spectra in narrow-band metals
are a direct result of electron corre1ation effects. It is shown that if the "on-site" Cou-
lomb interaction is much larger than the one-electron —band width, the Auger spectrum
consists of an intense narrow atomiclike peak together with a weak broad bandlike peak
at higher kinetic energy. On the other hand, if the Coulomb interaction is small the
Auger spectrum will resemble the convolution of the band density of states convoluted
with itself.

Some time ago it was proposed by Lander' that
valence-band density-of-states information could
be obtained from Auger spectra involving valence-
band electrons. Using a one-electron-like pic-
ture and neglecting matrix-elements effects,
Lander argued that the Auger line shape should
be the valence-band density of states convoluted
with itself. In numerous investigations, however,
atomiclike Auger spectra have been found with
hardly any visible band-structure effects. These
atomiclike Auger spectra are common for narrow
d bands whereas the spectra in which band-struc-
ture effects are found usually involve broad s-p
bands. In recent investigations ' of some 3d-
series metals (Cu, Zn, Ga, Ge, As, and Se) it
has been shown that all of the essential features
of the L»M4, M4, Auger spectra can be explained
in terms of an atomic model. The relative inten-
sities of the final-state two-hole terms are in
good agreement with atomic calculations, the
term splittings are close to those calculated for
the free atom, and even the satellite structure in
Cu and Zn as well as the anomalous intensity ra-
tio of the L,M4,M4, to the L,M4,M4, spectra are

explained very well by use of an atomic model
and a Coster-Kronig transition preceding the
Auger transition. 4 The only substantial differ-
ence between the Auger spectrum in the metal
and that in the free atom is a shift of the spec-
trum. This shift is due to extra atomic relaxa-
tion or polarization effects which effectively re-
duce the Coulomb interaction between the two
holes in the final state. This polarization reduc-
tion of the two-hole Coulomb interaction is ex-
pected because of the highly polarizable medium
in which the doubly ionized "atom" is situated.

This quasiatomiclike behavior is at first glance
unexpected and has, to our knowledge, not been
explained. Feibelmann, McGuire, and Pandey'
have shown that matrix-element effects are im-
portant for the L» VV Auger lines of Si. How-
ever this cannot explain the atomiclike spectra of
the 3d and 4d metals because here the individual
final-state terms are clearly seen with widths
much less than the bandwidth.

In this Letter I give a simple physical picture
based on well-known electron correlation effects
and an exactly solvable model which describes
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