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Results of the recently reported muon-spin-rotation (tt,SR) study on the rare-earth orthoferrites
(RFe03) are discussed. An outline for a more complete interpretation of the p, SR results of RFeo3,
based on muon bonding and motion and covalency, is presented. Muon behavior appears to be similar in

various magnetic oxide structures.

Recently Holzschuh et al. ' reported muon-spin-rotation
(lt, SR) investigations of the rare-earth orthoferrites
(RFe03). Basically it was found that in RFe03 the muon
localizes near an oxygen and engages in a muon-oxygen
bond. Their results, supported by excellent dipole calcula-
tions are in reasonable agreement with the interpretation of
the p, SR data on the antiferromagnetic corundum-structured
oxides like hematite (n-Fe203). In both studies the ori-
gin of the local magnetic field at the muon site is of great
importance in order to understand muon behavior. Its
source may come from local magnetic dipoles or unpaired
spin density arising from covalency effects (supertransfer
hyperfine field contributions). Muon motion at elevated
temperatures plays a role in averaging these local fields.

p, SR results, obtained for 0.-Fe203, provided for the first
time and in a most direct way evidence that muon-oxygen
bonding can occur in oxides, and that long-lived metastable
muon states" may be present in magnetic oxides well below
room temperature. The p, SR-orthoferrite results and the in-
terpretation as brought forward by Holzschuh et aI. are con-
sistent with these earlier findings; however, their interpreta-
tion contains some serious flaws: important details have not
been worked out correctly and their analysis is not complete
enough to support some of their conclusions. In this Com-
ment we would like to address these omissions and outline
directions to obtain a better interpretation of the p, SR
results in the orthoferrites.

In their presentation it is claimed that the muon hyperfine
field at the muon site in the orthoferrites can be explained
in terms of dipolar fields (Ba;~) only Although ther. mal lat-
tice expansion is used to try to explain a minor, but impor-
tant (see later), detail (a small deviation from the magneti-
zation curve, see Sec. III D of Ref. 1), they fail to report the
Bd'p variation as a function of the lattice parameter in the
orthoferrite series.

It is reasonable to assume that the muon stopping site for
the most stable state located in site (2) (Ref. 1), which we
shall call henceforth the Holzschuh site, is the same for all

the orthoferrites. The Holzschuh site can be described as to
be near the center of a slightly distorted square of the
nearest rare-earth ions (see Fig. 10, Ref. 1). It can be easily
shown that these Bd;p variations are of the order of 5%
while the muon hyperfine field (extrapolated to 0 10 varies
300% for the measured set of orthoferrites. In Fig. 1 and
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FIG. 1. Actual (x) and predicted (. ) (based on results of Ref.
1) muon hyperfine field behavior as a function of Ac (= c~ —cE„).
c is an average measure of the lattice parameter, defined in the
Table I caption. As.can be seen the predicted trend (based upon
pure dipole calculations) of the measured internal field, when going
through the orthoferrite series is not correct.
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Table I we show the predicted B„behavior (based on the
8@, only interpretation) and the comparison with the actual
behavior. As a calibration point we have chosen the
Holzschuh site found for ErFe03 (see Table II, Ref. 1);
very similar results can be obtained if the other sites as re-
ported for YFe03 or SmFe03 are taken as reference.

It must be noted that Bq;~ varies strongly with position
(about 10 kOe/A) near these sites. This fact makes it pos-
sible to find 8~;~ values for sites very near each other fitting
the measured muon fields in ErFe03, YFe03, and SmFe03
as reported by Holzschuh et al. However, this also causes
their error in the muon-oxygen distance to be of the order
of 0.1 A.

We would like to stress that for muon states in RFe03
the p, -O distance has to be taken to be 1 A if one assumes
a p, -O bond. Potential-energy considerations2 5 strongly
support this characteristic bondlength. Taking this feature
explicitly into account, the obvious discrepancy sho~n in
Fig. 1 indicates that pure dipolar fields cannot explain the
observed behavior.

p, SR studies2 in antiferromagnetic oxides have shown that
in addition to 8~;~ a supertransfer hyperfine field contribu-
tion (B„hr) must be considered. As reported by Holzschuh
et al. ,' two extreme assumptions (Ba;,=0 or B,thf —0) re-
garding the muon hyperfine field resulted in nearly the
same possible stopping sites, one of which is the Holzschuh
site. Relying heavily upon theoretical results, concerning
the magnetic ordering and relative orientation of the iron
spins, it was concluded that a hyperfine field contribution
could be neglected.

This result was substantiated by the field-induced spin
canting effect in YFe03, which strongly indicates that the
major part of the muon hyperfine field is of dipolar origin. '
Another experimental argument for a major dipolar field
contribution is that denly very slight deviations from a trend
following the magnetization curve for the p, SR frequency
signals are observed. Owing to covalency effects strong de-
viations occur for o. -Fe203.

Simple theoretical considerations, similar to arguments

used in a covalency model for the antiferromagnetic oxides
show that for the Holzschuh site B,thf can be estimated to
be zero to first order. 2 As discussed above, however, a pure
dipole field cannot explain the muon hyperfine field data in
RFe03., thus, second-order covalency effects need to be
considered.

That covalency effects are present can be best seen in Fig.
2 (see also Table I) where the iu, SR frequencies, scaled to 0
K, for the configuration is plotted as a function of cos Hi,
where Hi is the measured Fe-0-Fe bond angle along the
c direction, which is the required angle for the Holzschuh
site. An excellent linear dependence can be seen. We note
that this dependence is in the opposite direction as observed
for the hyperfine field at the Fe site and for the Neel tem-
perature in the orthoferrite series. ' Thus, supertransfer
fields for the idealized orthoferrite (ti m. rad) are maximal
at the iron sites and minimal (zero) at the muon site. We
have begun dipolar calculations for this orthoferrite to
search for all (meta)stable stopping sites using extrapolated
field values to 8 = m rad and to 0 K.

Independently, as has been done for cx-Fe203, we have
also started to perform the necessary potential-energy calcu-
lations considering muon-oxygen bond formation. Electro-
static and structural arguments suggest more possible sites
in the perovskite structure than the reported Holzschuh site.
These considerations do not support the suggestion made by
Holzschuh et aI. that the "other" sites are not far away
from the rare-earth-oxygen plane. ' In the perovskite struc-

- ture, there are two structurally inequivalent oxygen sites,
available for muons participating in a muon-oxygen bond.
At least three probable stopping sites may be found: one in
the rare-earth-oxygen plane (Holzschuh site), one in the
iron-oxygen plane, and sites located between oxygen planes.
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TABLE I. Lattice parameters and a comparison of measured and
predicted (based on results of Ref. 1) muon hyperfine fields. L»
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'c = [2{a +b ) +c)/3, where a, b, and c are the lattice con-
stants (taken from Refs. 8 and 9).
"The predicted 8&;~ values, assuming the Holzschuh site, reported
for ErFe03 (Table II, Ref. 1), is assumed to be the same for all the

, orthoferrites. The muon oxygen distance is taken to be 1 A.
'Measured values for the Fe-0-Fe bond angle (et) along the c
direction (Refs. 8 and 9).
Extrapolated values of the local muon field at 0 K. The errors are

of the order of 1% or less, except for Sm, where the absolute error
is 0.04.
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FIG. 2. Extrapolated muon hyperfine field [80 (0 K)] as a func-

tion of cos &i. 6'i is the Fe-0-Fe bond angle along the c direction.
Note the reversed order for Y and Ho with respect to 4c (compare
with Fig. 1).
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In their paper' it is also brought forward that the high
muon relaxation rate at high temperature can be explained
by a crystal defect model. The presence of impurities and
other defects can influence the muon behavior, but here,
owing to the overall presence of the oxygen ions, the
muon-oxygen bonding process is expected to play an
overwhelming role.

If one compares the muon relaxation rates as a function
of temperature for magnetically and structurally different
oxides (tz-Fe20s, Fes04, ErFeOs, and YFeOq)' " for
which no magnetic transitions occur between room tempera-
ture and 600 K it can be seen (see Fig. 3) that the A. in-
crease starts above 360 K. These data suggest that the
muon is behaving similarly in various magnetic oxides, indi-
cating that impurity effects are not dominant.

A consistent explanation is that the muons are localized
in muon-oxygen bonding states well below room tempera-
ture; going up in temperature, local diffusion sets in; above
500 K global diffusion through the whole lattice takes place.
The deviation of the p.SR frequency from the magnetization
curve for YFeOq at 450 K (see Sec. III D, Ref. 1) may then
be due to the transition from local to global muon diffusion,
which changes the manner in which the muon samples the
magnetic environment.

In their discussion muon relaxation processes for SmFeOq
and o. -Fe2Oq are compared and found similar. In both cases
the hopping muon sees hyperfine fields of opposite direc-
tions and thus the relaxation rate (X) increases with tem-
perature. However, for a-Fe20q this strong A, increase starts
above 400 K, while for SmFeOq it begins around 300 K.
This difference may then be due to the combined effect of
the transition from local to global muon diffusion and the
occurrence of the I 2 (instead of I"4) spin configuration
below 480 K.

The activation energies of this thermally activated global
diffusion process are on the order of 400 meV, which is
determined from the temperature-dependent relaxation
data. The activation energies of the local diffusion process
occurring well below room temperature are of the order of
100 meV. Such energies are characteristic for hydrogen
(muon)-oxygen bonding. '

In conclusion, basic concepts in the interpretation of the
muon hyperfine interactions in the rare-earth orthoferrites
are muon-oxygen bonding, muon motion, and covalency.
The latter is responsible for a supertransfer hyperfine field
contribution, which must not be disregarded. Potential-
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energy calculations are needed to complete the hyperfine
field search calculations for the explanation of the p, SR-
orthoferrite results.
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FKjr. 3. Temperature dependence of the relaxation rate in the
temperature region (300,600 K) of the magnetic oxides Fe~04, o. -

Fe20~, YFeO~, and ErFeO~. For comparison purposes the data
have been smoothed. The flattening of the A. (T) curve above 500
K for the orthoferrites is due to the decreasing magnetization (Ref.
1). The Neel temperatures of the orthoferrites are about 650 K.
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