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A systematic study of the behavior of positive muons in orthoferrites RFeO; has been
performed. Measurements as a function of temperature and applied magnetic field have
been made for R =Sm, Eu, Dy, Ho, Y, and Er. Typically several different sites are occu-
pied by the muons at low temperatures, and transitions occur to one stable site with
temperature-dependent rate constants. By comparing the measured internal magnetic fields
with calculated dipolar fields of the iron ions, the position of the stable muon site was found
to be on the mirror plane m about 1 A from the nearest oxygen ion, implying the formation
of the hydroxyl analog (Ou)~. Muon diffusion was observed for R =Sm with about 10

jumps/pus at 296 K.

I. INTRODUCTION

The positive muon has been shown to be a sensi-
tive probe of local magnetic fields in solids.! Since
positive muons prefer positions in the lattice far
from positively charged ions, they sample regions
largely inaccessible to other standard techniques
(Mossbauer spectroscopy, neutron scattering, mag-
netic resonance, etc.). However, in order for the
muon to be a meaningful probe, it is imperative that
the stopping site of the muon be known as well as
the effect the muon has on its own environment.
The understanding of many muon-spin-rotation
(uSR) investigations is greatly reduced by the lack
of this knowledge. Only in a few cases has it been
possible to determine the muon site unambiguously.
For instance, in the ferromagnets Co and Gd the
muon site could be found by a comparison of the
measured and calculated dipolar fields of the mag-
netic ions.! >

Another important question which must be ad-
dressed if one wants to use uSR as a “tool” in solid-
state physics is the formation of metastable states by
the muon. In a uSR experiment, muons with high
energy (typically many MeV) are brought to rest in
the sample to be investigated. There has been much
discussion about the time needed for the complete
thermalization of the muon. It is usually assumed
that this happens in about 10~'>—10~° s and that
the results of the experiments are, therefore, not ap-
preciably affected. Recently, however, the question
was raised® whether the muon could form long-lived
metastable states, i.e., states with lifetimes compar-
able with the muon lifetime 7,=2.2 us. The ex-
istence of such states is difficult to deduce from ex-
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periments with nonmagnetic materials. Metastable
states apparently occur in the previously studied an-
tiferromagnets a-Fe,0; and Cr,05."® To investigate
these problems in greater detail we have chosen the
rare-earth orthoferrites (RFeO3;) as model systems.
It was expected that the well-known crystallographic
and magnetic properties of these crystals could be
used to understand the behavior of muons in oxides.
Our measurements were performed for R =Sm, Eu,
Dy, Ho, Y, and Er.

The orthoferrites crystallize with the orthorhom-
bic space group (Ref. 9) Pbnm (D35). An idealized
unit cell is shown in Fig. 1 with the quite substantial

E <
[ = -
o @2 O
+ + -
Fe3 Re3 02
FIG. 1. Idealized unit cell of the orthoferrites omitting

deviations of the rare-earth and oxygen ions from ideal
positions. Iron spins correspond to the ' configuration.
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viations of the oxygen and rare-earth ions omitted
from their ideal positions. One unit cell contains
four RFeQ; formula units.

Though crystallographically very similar, the
orthoferrites show a rich variety of magnetic proper-
ties.!® The iron spins are coupled essentially antifer-
romagnetically, with Néel temperatures in the
range!! 740—620 K, whereas the spins of the rare-
earth ions remain unordered down to typically 4 K.
To describe the magnetic ordering of the iron spins,
we adopt the widely used notation of Bertaut,'?
forming the following combinations of iron spins S;
(Fig. 1):
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Allowed spin configurations'? (see Fig. 2) are de-
noted by T (4,,G,C), I,(F,C,G,), and
T4 (Gx,A4,,F;), where the components given in
parentheses are the only ones different from zero.

In all cases except R =Sm, the configuration at
room temperature (RT) is I'y. The canting angles
indicated in Fig. 2 are of the order of 0.5°, implying
that G has a magnitude much larger than the other
vectors in Eq. (1) for any particular configuration.
In several of the orthoferrites studied here, there is a
transition from I, to T';. As will be shown in Sec.
III C, such spin reorientations are particularly help-
ful for determining possible muon sites.

The results of this investigation are presented as
follows. In Sec. III A we give the observed frequen-

cies in zero applied magnetic field as a function of
temperature. These frequencies v are proportional
to the internal magnetic field B, at the muon sites
[v=(13.5537 MHz/kG)B,]. Typically several fre-
quencies were observed at low temperatures, whereas
at RT and above only one signal with large ampli-
tude corresponding to almost all muons was ob-
served. This is taken as evidence that at the end of
the muon slowing-down process several sites or
states are occupied and that intersite transitions
occur with temperature-dependent rate constants.

The measurements with applied magnetic field,
made to determine the direction of the internal
fields, are presented in Sec. IIIB. The analysis of
the internal field and possible muon sites are
described in Secs. III C and III D.

In Sec. IV we discuss the implications of the
found sites on the electronic structure of the muon
centers formed in the orthoferrites. We also com-
pare the results with recent infrared-absorption in-
vestigations on closely related centers formed by hy-
drogen impurities in some other oxides.

II. EXPERIMENTAL DETAILS
AND DATA ANALYSIS

All the orthoferrite samples except HoFeO; were
obtained from Cristal Tec, Grenoble. These crystals
were grown using a flux composed of PbO and
B,0;. It has been shown!?® that orthoferrites grown
in this manner may contain up to 0.3 wt. % of Pb,
which replaces rare-earth ions in the lattice. Other
impurities are expected to be very much less abun-
dant.

The masses of the single crystals were 2.5—3.5 g
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FIG. 2. Iron-spin configuration I’y and I',, adopted from Ref. 30.
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for R =Eu, Dy, Ho, and Er, and 9 g for R=Y. Be-
cause of the large mass and exceptional quality, a
more complete set of measurements was performed
on the YFeOj; crystal than on the other orthoferrite
crystals. Samples consisting of many small crystals
and a total mass of about 10 g (R=Sm, Dy, Er)
were also used for measurements without applied
field. No SmFeO; crystal of sufficient size was
available to allow measurements with applied field.

The uSR experiments were performed at the
Swiss Institute for Nuclear Research. A setup with
two positron counters, one parallel and one perpen-
dicular to the beam axis, was used. Magnetic fields
up to 5 kG could be generated by Helmholtz coils.
A more detailed description of the apparatus may be
found in Ref. 1. The temperature of the samples
was controlled by a He-flow cryostat below RT, and
above RT a high-vacuum hot-finger oven was used.

In magnetic materials one generally expects the
muon spin polarization to precess with several fre-
quencies v; due to several inequivalent muon sites.
Then the uSR spectrum has the form

—t/T

N(t)=Nge ~*“[1+X(8)]+b, (2a)
X(t)= iaje—}"'tcos(Zﬂvjt+¢j) . (2b)
j=1

In the analysis, a time-independent background b
and an exponential damping of the polarization with
rate constants A; was always assumed. To deter-
mine the number n of significant signals and ap-
proximate frequency values, the modulation spectra
X (t) were Fourier transformed. Then least-squares
fits of the data to Eq. (2) were performed.

The amplitudes a; were taken to be measures of
the fraction of the muons precessing with frequen-
cies v;. The normalization was done by measuring
the amplitude with a Cu target assumed to represent
100% of the stopped muons. A correction was
made for the fraction of muons stopped in the cryo-
stat walls. Typically (5—10)x10° good positron
events per run were collected.

III. EXPERIMENTAL RESULTS

A. Temperature dependence in zero applied field

1SR measurements have been made on six of the
rare-earth orthoferrites. Figure 3 shows the ob-
served frequencies as a function of temperature in
zero applied magnetic field. No measurements were
made above RT for EuFeO;, DyFeO;, and HoFeO;,
or above 460 K for ErFeO;. Therefore, there are no
data points in these temperature ranges . Below RT,
however, missing data points indicate that measure-
ments were attempted, but no signal could be found.

This was the case for DyFeO; below 140 K, for
HoFeO; below 100 K, and for ErFeO; below 50 K.
The signal in SmFeO; disappeared slightly above
RT (see below). It could again be detected, though
with a much smaller frequency, above the spin
reorientation I',—T', which occurs'* at about 480
K.

The discontinuity of the frequency in ErFeO; is
obviously related to the spin reorientation'® in this
crystal. This transition is known to occur over a
finite temperature range of about 10—15 K, though
there is some disagreement about the absolute tem-
perature.”>~!" Our measurements gave no signal in
the range 85—94 K.

To show more details, we have replotted the
YFeO; data in Fig. 4. YFeO; has the I'; configura-
tion over the whole temperature range, i.e., there is
no phase transition which could account for the
splitting of the lines at low temperatures. The same
is true for EuFeO;. It should be noted that there is
no anomaly or discontinuity at least within 0.2 MHz
for one frequency around the temperature where the
other frequency disappears. This clearly shows that
the disappearance of the multiple lines is not related
to an averaging process like diffusion or local tun-
neling. In particular, this shows that the state asso-
ciated with lowest frequency (curve a in Fig. 4) ob-
served over the whole temperature range does not
change qualitatively. We will come back to this
point when we discuss the measured amplitudes.

The crosses in Fig. 4 are Mossbauer hyperfine
fields'® normalized such that they coincide with fre-
quency (a) at low temperatures. The former quanti-
ty is usually taken to be proportional to the iron sub-
lattice magnetization M (T). There is then also an
approximate proportionality of frequency (a) to
M (T). However, up to 460 K, the uSR frequency
decreases slightly faster than M (7). We will show
in Sec. III D that this can be at least partly explained
by thermal lattice expansion. At about 480 K there
is a discontinuity in the slope, which coincides with
a rapid increase of the relaxation rate (see below).
Frequencies (b) and (c) decrease significantly faster
than M (T).

For later use we have collected the measured fre-
quencies and the corresponding internal fields at RT
for 'y in Table I. The value for SmFeO; has been
extrapolated from the high-temperature results us-
ing Mossbauer data.!®

The amplitudes of the observed signals below RT
were temperature dependent in all cases measured.
The results for YFeOj; are plotted in Fig. 5. The
sum of the amplitudes at low temperature is 0.11,
which accounts for 70% of the stopped muons, if
compared with a Cu target and with the fraction of
the muons stopped in the cryostat walls subtracted.
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FIG. 3. Measured muon precession frequencies in zero applied field for the combined set of samples. Solid lines only

connect data points. Iron-spin configurations are indicated.

The amplitude of the only signal observed at 290 K
corresponds within the errors indicated to all muons
stopped in the sample. Details at intermediate tem-
peratures are complicated, but the gross features
may be described as follows. When a signal disap-
pears with rising temperature, there is a subsequent
increase of the amplitudes of the remaining signals
which finally accounts for the amplitude of the lost
signal.

The observations for the other orthoferrites were
qualitatively similar. As an example, we show in
Fig. 6 the results for ErFeO; between the spin-
reorientation temperature and RT. At RT and
above, only one signal was observed in all cases, and
this signal had an amplitude corresponding to al-
most all (80—100 %) stopped muons.

All these phenomena are most readily understood
if one assumes that there are several sites at which a



5298 HOLZSCHUH, DENISON, KUNDIG, MEIER, AND PATTERSON 27
c 1 T T T 1 T
'-0_0—.—,.‘~~
S0 YFe O 1
’:IN; b Bexf =0
E 40 -—Hﬂ\\ —
N ~
=2 30 x 4
Ll x
8 \
W 20r ‘x\ -
(™
i £
10 A
Tn |
O 1 1 1 1 1 1
0 100 200 300 400 500 600

TEMPERATURE (K)

FIG. 4. Measured muon precession frequencies (points) in zero applied field for YFeOs Crosses are normalized

Massbauer hyperfine fields from Ref. 18.

muon can be trapped after it is stopped in the target.
Some of these sites are metastable, and one observes
transitions to sites with lower energy. Crucial to the
question of how this will manifest itself is the time
scale of the transition. The analogous problem of
the time evolution of the muon spin polarization
(the experimentally observed quantity) in the pres-
ence of chemical reactions has been discussed exten-
sively in uSR chemistry."

Suppose there are two sites with parallel internal
fields B; and B,, with initial occupations P, and P,
and a transition time 7 from (1) to (2). For 7 larger
than about 0.1 us and Awt=7, | B;—B, | 7>>1, one
observes two signals with frequencies proportional
to B; and B,. The relaxation rate of signal (1) is
1/7 plus possible contributions from other process-
es. Making 7 smaller, one loses signal (1) when
7<0.1us, and for AwT<1, the amplitude of signal

TABLE 1. Measured frequencies v and corresponding
internal fields B, for the I'; iron-spin configuration at
RT.

v (MHz) B, kG)
SmFeO, 13.5 1.00
EuFeO, 15.8 1.17
DyFeO, 27.9 2.06
YFeO, 320 2.36
HoFeO;, 31.0 229
ErFeO, 340 2.51

(2) continuously increases. The transfer of polariza-
tion is complete when AwT<<1. In addition, there
is a Aw7-dependent phase shift for signal (2).

One expects 7 to decrease with increasing tem-
perature, and for a thermally activated process, 7
may be expressed by an Arrhenius law. Making this
assumption, the data of Fig. 4 imply that there are
transitions from site (or state) (c) corresponding to
frequency (c) to sites (b) and (a). Subsequently,
state (b) is transformed into state (a), and around
RT all transitions are complete. We should mention
that the expected phase shifts for the signals of the
product states were observed in some cases. But
since the magnetization of the sample, which deter-
mines the direction of the internal fields (see Sec.
IIIC) were usually unknown during the measure-
ment in zero field, these results could only be taken
as qualitative indications.

This model could easily be extended to several
concurrent transitions and to arbitrary directions of
the internal fields. However, to describe the data
one would have to introduce too many unknown
parameters to make a least-squares fit meaningful.
We would like to stress that the state which is ob-
served around RT in all cases is clearly the most
stable one, whereas the states corresponding to the
other signals at low temperature are only metastable.
We will, therefore, concentrate our discussion in the
following on the former one.

The relaxation rates A for the orthoferrites for
which measurements were also made above RT are
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FIG. 5. Measured muon precession amplitudes in zero applied field for YFeOs. The frequencies given refer to Fig. 4.
Amplitude at RT corresponds to about 100% of the stopped muons. The lines are only guides to the eye.

shown in Fig. 7. An averaged value is plotted for
YFeO; below RT, which appeared justified since no
significant difference between the A’s of the indivi-
dual signals was observed. Below about 250 K the
relaxation rate stays roughly constant at about 4
ps~! in all cases. Above 250 K up to about 350 K
there is a slight decrease for ErFeO; and YFeO; and
a steep increase for SmFeQ;. An increase is also ob-
served for ErFeO; and YFeO; above about 400 K.
To account for these phenomena we have to anti-
cipate some results about the direction of the inter-
nal fields at muon sites (Sec. IIIB). For the iron-
spin configuration Ty (YFeO; and ErFeO; above 90
K), the internal field is parallel to the ¢ axis, and

moreover, it is equal at all equivalent muon sites in
one unit cell. The internal field is approximately
parallel to the b axis for the I', configuration
(SmFeO; up to ~480 K and ErFeO; up to 85 K)
and has opposite directions on chemically equivalent
sites. “Plus” and “minus” sites occur with equal
abundance. The data below 400 K are now readily
explained if we assume that the muon starts slow
diffusion at about 250 K. In ErFeO; and YFeO,
the moving muon averages small nonuniformities of
the local field due to, e.g., crystal defects leading to
the slight decrease of A with rising temperature,
whereas in SmFeO; a hopping muon sees fields of
opposite directions and is, therefore, rapidly de-
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FIG. 6. Measured muon precession amplitudes in zero applied field for ErFeOs.
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FIG. 7. Measured relaxation rates. The curves for ErFeO; and YFeOj are from fits to Eq. (3).

phased. The latter process has been observed for
muons in a-Fe,0; (Ref. 8) and theoretically leads
for slow hopping to a relaxation rate equal to the in-
verse of the mean time between jumps.?’ Thus the
muon performs about 10 jumps/us in SmFeO; at
RT, which should also be the correct order of mag-
nitude for the other orthoferrites.

The increase in A above 400 K for YFeO; and
ErFeQ; fitted well to the expression

MT)~[M(T)/M(0))%exp(—E /kT) , (3)

indicating a thermally activated process. The tem-
perature dependence of the prefactor’! presumes a
relaxation related to the sublattice magnetization.'®
Measurements above the Néel temperature with an
applied field indeed showed that the relaxation rate
there is zero. The fits to the data, indicated in Fig.
7 by solid lines, gave activation energies
E=0.27%0.02 eV for YFeO; and E =0.34+0.03 eV
for ErFeO;. It is difficult at present to be more
specific about this process.

B. Field dependence in the I'; and I’y phases

Valuable information about the origin of the local
field at the muon and about possible muon sites in

the lattice may be obtained from the dependence of
the muon precession frequencies on applied magnet-
ic fields. Figure 8 shows the results for YFeO; at
RT with the external field applied parallel to the ¢
axis (easy axis of weak ferromagnetism) and parallel
to the [110] direction. To a first approximation, the
local field at the muon is obtained by adding By
with B, where B, is a unique internal field paral-
lel to the ¢ axis and independent of the external
field. The behavior for small applied fields parallel
to the c axis and the small splitting for B.,, parallel
to [110] are details which will be discussed below.
The same kind of measurements at RT were also
performed for EuFeO;, DyFeO;, and ErFeO;, with
qualitatively the same results. It should be noted
that all these orthoferrites have the I'y configuration
at RT.

At first sight these results are peculiar in two
ways. First, the orthoferrites are essentially antifer-
romagnets for which one might expect differently
oriented internal fields, as related to the differently
oriented sublattice magnetizations at chemically
equivalent muon sites within one unit cell. This was
found to be the case for muons in a-Fe,0;,” where
with an external field parallel to the ¢ axis two fre-
quencies | Bey *Biq, | v, /27 were observed. Second,
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the direction of the internal field is related to the
domains of the weak ferromagnetism in the sense
that a reversal of the domains by an applied field
also reverses the internal field. However, the cant-
ing angle ¢ of the iron spins (see Fig. 2), which is re-
sponsible for the weak ferromagnetism, is so small
that this relation can only be indirect.

Measurements with applied field were also made
for ErFeO; at 80 K, where the iron spins are in the
I', configuration. Figure 9 shows the field depen-
dence for the upper zero-field line (see Fig. 3), which
could be identified by its amplitude with the muon
state which was observed in the I'y phase. The split-
ting of the line with the external field parallel to the
b axis shows that there are now chemically
equivalent muon sites in one unit cell where the b
component of the internal field has opposite signs.
The amplitudes of these two signals were within er-
rors equal, indicating that these sites occur with
equal abundance as is required by the crystal sym-
metry. No splitting and a decrease of the frequency
was observed with the external field parallel to the a
axis (easy axis of weak ferromagnetism for I';). As
shown in the inset of Fig. 9, these measurements im-
ply that the internal field is in the a -b plane and has
the following components:
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internal fields as indicated and with components given by

Eq. (4).

B, =—2.53+0.07 ,
B,=+7.44+0.04 @)
arctan | B, /B, | =18.7°+0.5°,

where B, and B, are measured in kG. It should be
noted that the sign of B, is opposite to the sign of
the macroscopic magnetization when the domains
are aligned by an external field parallel to a. Also
remarkable is that | B, | is only slightly different
from the internal field measured above the spin
reorientation at 100 K: B;,(100 K)=2.819
+0.007 kG.

C. Analysis of the internal fields
and possible muon sites

In general, the local field at a muon in a magnetic
material may be decomposed into the following con-
tributions (see, e.g., Refs. 1 or 5):

B, = Bey, + Baip+ Bit - (5)

The hyperfine field or Fermi contact field By is pro-
portional to the electron spin density at the muon
site. The dipolar field By, is usually further decom-
posed:
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Bap= —NM+ 477131, +Blp )

where —NM is the sample shape-dependent demag-
netization field, (47/3)M, is the Lorentz field
L(M ),M = (saturation) magnetization dens1ty], and
By, is the dipolar field of the magnetic ions within
the Lorentz sphere.

We may now describe the inset in Fig. 8. The ex-
periment was started with a demagnetized sample
(M=0). With increasing field parallel to the ¢ axis
the sample becomes magnetized in such a way that
B, is canceled by —NM up to B,=NM;=23 G,
where the sample is completely magnetized and the
external field can penetrate the sample. The satura-
tion field B, is reasonable when compared with (Ref.
22) M;=8.4 G for YFeO; at RT, though the sample
did not have a nice ellipsoidal shape. This M, value
is also typical for the other orthoferrites and implies
that the Lorentz field gives only a small contribu-
tion to the total field at the muon.

Thus the only remaining terms which could con-
tribute significantly to B (for B, =0) are Bdlp and
Bhf For detemlmn&muon sites two extreme points
may be assumed: Byr=0 or By,=0 for the T,
configuration. The latter assumption has been made
in earlier papers,”?* where some preliminary results
have been reported. Sites with By,~0 for I'y are
(0,y,7), ( 1, 1,0) or equivalent sites, where the
coordinates are 1glven in units of the lattice con-
stants. The (~ +»7,0) site can be ruled out since it is
much too close to an oxygen ion. For the I'; config-
uration, there is a strong dipolar field at (O,y,%), SO
that it is possible to find sites on this line where the
calculated dipolar field fits the measured internal
fields [Fig. 9 and Eq. (4)]. There is, however, one
serious problem with this previously made assump-
tion: The sign of B, in Eq. (4) is “wrong.” One
would expect a hyperfine field to rotate in the same
sense as do the iron spins at a spin reorientation
I'y,—T,. The measured field for 'y, which has the
same direction as the bulk magnetization M, should
therefore appear as the x component of the internal
field for Iy, with B, and M, having the same sign.
However, the opposite is the case. _

We are thus led to assume that By¢ can be neglect-
ed. In the following we will show that with this as-
sumption reasonable muon sites can indeed be found
where the calculated dipolar fields fit the measured
internal fields, and that even fine details can be ex-
plained consistently. We will, however, concentrate
on the site which is associated with the signal ob-
served at RT and which was shown above to be the
most stable one.

For calculating dipolar fields we first define dipo-
lar tensors’ for the four iron sublattices as shown in

Fig. 1 with v=1,2,3,4 and i,j:l 2,3:

=23 (3R;R; 5,,R2) (7)

R v
The R” are vectors from the muon site to iron posi-
tions, and the summation extends over a sufficiently
large portion of the sublattice (v). These tensors are
symmetric and traceless and allow a convenient
separation of magnetic and geometrical quantities.
The dipolar field in terms of these tensors is given
by

4
Baip,i= 2, Djjuj (8)
v=1
where u" is the magnetic moment of an iron ion in
sublattice (v), and where summation over duplicate
indices is implied.

However, to take full advantage of the crystal

symmetry, we form linear combinations of the D" in
analogy with Eq. (1), e.g.,

DG Dl 22+23_24’ 9)

and similarly for the other vectors of Eq. (1). Since
the magnitude of G is about 10* times larger than
that of F, A, and C, the main contribution to Bd,p is
given by

ByS =u°Dfef (10)

where €° is a unit vector parallel to G, and uCis the
component of [ i along G, which is equal within
107% to | @ l. Thus for the time being we may
neglect the other contributions to the dipolar field.

To account for the measured internal fields both
for I'y and I',, D must have the form

0 0 D§
D=0 o0 +D§]|. (11)
D¢ +D§, o

D¢, is positive, and the + sign refers to equivalent
sites within one unit cell. Sltes where D has these
properties are on the z= plane of Fig. 1, which is
the mirror plane m, and on the line with coordinates
(7 . —,z). For the latter sites it follows that
|D,3 | ~| D%, |, which would be exact if the lattice
constants a and b would be equal. Since we need
[Eq. @] p°D¥~2.5 kG and u®Dy;~7.5 kG for
ErFeO;, these sites can be ruled out. It was shown
by numerically calculating D¢ that no sites exist
other than those mentioned above where D¢ has the
form of Eq. (11), so that we can concentrate on the
mirror plane shown in Fig. 10.

In this plane the zeros of D} are at (0,y, 7 r *) and
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FIG. 10. Crystal plane z=
Er and oxygen ions are drawn with their ionic radii (Ref.
27). The coordinates are from Ref. 26. Closed circle indi-
cate muon positions at which the measured internal fields
are equal to calculated dipolar fields with iron-spin cant-
ing neglected.

% (mirror plane) of ErFeO;.

(+ T ) and the zeros of D23 are at (x,0,7 1)
and (x, ; »7 ) for any value of x or y. For other sites,
DS must be calculated numerically. For these calcu-
lations the lattice constants were taken from Refs.
25 and 26. The magnetic moment of the iron ions
was assumed to be u=4.6up at low temperature.?®
For higher temperatures, 4 was extrapolated by us-
ing the previously mentioned Mdssbauer data.!®

The relative orientation of G and F was also needed,
i.e., whether G points in the plus or minus x direc-
tion when the sample is magnetized in the plus z
direction by an external field. Apparently, no exper-
imental information on this point is available in the
literature, but from the theory of Moskvin and Bos-
trem? it follows that G, >0 when F, >0, for I', and
for the labeling of the iron ions shown in Fig. 1. It
should be noted that another labeling than what was

used here is found in the literature in which case G,
would be negative.

Sites satisfying the condition that the calculated
dipolar field for T4 is equal to the measured field for
the case of ErFeO; are indicated in Fig. 10 by
dashed lines. Dots on these lines mark the sites
where, in addition, |u®D$| fits the measured
| By | given by Eq. (4) for the T’ 2 phase. The dis-
tance of site (4) to the nearest Er’* ion is about 0.6
A, which would place the muon within the ionic ra-
dius of this posmve ion. The distance of site (3) to
the nearest oxygen ion is about 0.75 A which is well
below the O—H bond length. For these reasons sites
(3) and (4) can be ruled out. The coordinates of the
other two sites and their distances to the nearest ox-
ygen ions for SmFeO; ErFeOs; and YFeO; (see
below) are given in Table II. It should be point-
ed out that for a given site (x,y, : ) there are three
eqmvalent sites at (5 1 %7 +y,7 =), ( +x,

y.4) and at (1—x,1— y,4)

Havmg now found two plausible candidates for
the muon site, we may refine the dipolar calculation
and take the small canting of the iron spins into ac-
count. The dipolar field for sites on the z =% plane,
written in terms of the dipolar tensors and the cant-
ing angles shown in Fig. 2, has, for Iy, the form

Bd,p—u(D,3 +singD%; +sinyD% )8, , (12)

and, for I',, the form
_ﬁ:ﬁp w(—DY +singDY| +sinXD5)E,
+u(—DS; +singDF, +szD22)ey (13)

Note that there is now a difference between the
magnitudes of the z component for 'y and the x
component for I'; which can be used to discriminate
between sites (1) and (2). Experimentally, this
difference [see Eq. (4) and below] for ErFeO; at
about 100 K is given by | B, | — | B, | =290180 G.
In order to numerically calculate this difference,
we must know the relative orientation of A and C
with respect to F. Again this is unknown experimen-
tally, and for most of the orthoferrites even the
magnitudes have not been measured. Therefore we
again use theoretical relations® which express the

TABLE II. Coordinates of possible muon sites (1) and (2) in the z=% plane and their dis-

tances d (,0) to the nearest oxygen ion.

x(1) »1) x(2) »2) d(1,0) (A) d(2,0) (A)
SmFeO; 0.975 0.806 0.988 0.581 1.81 0.85
YFeO; 0.940 0.793 0.972 0.585 1.62 0.97
ErFeO; 0.934 0.820 0.971 0.571 1.61 0.98
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vectors F, A, and C in terms of the coordinates?® of
the oxygen ions. These relations, without signs,
however, have been tested successfully by recent
NMR experiments.’® Using these theoretical results
and the canting angle ¢ from Ref. 18, we get, from
the calculated dipolar fields and by properly ac-
counting for the Lorentz field [Eq. (6)] of about 40
G for site (1), | B, | — | B, | =170 G, and for site (2),
| B, | — | By | =255 G. We conclude that the muon
occupies sites (2) and that the hyperfine field is
indeed negligible. These conclusions obtained from
the ErFeO; measurements are corroborated by the
following analysis of the data on YFeO;.

D. Field-induced canting in YFeO,

There is no spontaneous spin reorientation m
YFeO; which could be used to determine D$;.
However, it is well known that a reorientation can
be induced by a strong magnetic field parallel to the
a axis.3">> We have investigated the angular depen-
dence of the local field at RT in an applied field of 4
kG. To calculate the thereby induced dipolar field
at the muon site, we start with the usual expression’!
for the free energy V of the iron-spin system in the

two-sublattice approximation,
V/Mo =BEI—ﬁ1'Elz“§D '(1'_1"11 Xl'-flz)
—Bgo(miy+m3) —Bee (@ +,) ,  (14)

where M, and m, are unit vectors parallel to §1 +§3
and S,+S,, respectively. The exchange and aniso-
tropy fields for 4 K given in Ref. 30 are B =6400
kG, Bp,=140 kG, and Bg,=1.1 kG. A fourth-
order anisotropy term can be neglected for our rela-
tively small external fields applied in the a-b plane
Measurements of the magnetic susceptlblhty show
that it is very hard to tilt the ferromagnetic moment
towards the y direction, and we therefore assume
that m; and m, are restricted to the a-c plane. To
first order in all tilting angles, the minimization of
Eq. (14) with respect to m; and M, is straightfor-
ward and shows that the canting angle ¢ (see Fig. 2),

¢~Bp /2B , (15)

is independent of _ﬁ,_,x,, and that the vectors G and F
[see Eq. (1)] are tilted by
B ext

y=~¢
Bk,

cosf (16)

in the a-c plane, where 6 is the angle between the
external field in the a-b plane and the a axis.

Within the same approximation, the total field at
the muon B, is obtained using Eqs. (11) and (16) to
calculate the change in the dipolar field. The mag-
nitude of B may be expressed in the form

B,=R |1+Stanat—>—sin(20+a) |, (17a)
cosa
with
B, DS
tana=L:;—iﬁu , (17b)
uD3; 2Bk,
Bl  pD%
5 (17¢)
Bext+B int 2Bg;
_(Bext |2nt)1/2 ’ (17d)

where Bj, is the measured internal field (see Table I)
for B.,, =0.

The experimental results for YFeO; at 296 K
with B,,;=3.986 kG and calculated curves obtained
from a least-squares fit to Eq. (17a) (@=15.5°,
S =0.0279) are shown in Fig. 11 Solving Egs. (17b)
and (17c), one obtains uD$;=7.49 kG and
By, g 99.4 kG/rad for YFeO; at RT. This value
of D3; is similar to those for ErFeO; and SmFeO;
obtained form the spontaneous spin reorientation,
and therefore also gives similar possibile muon sites
(see Table II). The canting angle ¢ is known to be
temperature independent,!’ and with ¢=8.9 mrad
from Ref. 18, we obtain Bg,=0.86 kG for RT, in
good agreement with 0.83(5) kG from Mossbauer
measurements>? at 293 K. .

The splitting seen in Fig. 8 for B, parallel to
[110] is now explained by setting 6~45° in Eq. (17a):

AB,~2RS. (18)

The curves in Fig. 8 were calculated without further
adjustments. As stated earlier, measurements with
B.,: parallel to [110] and to the ¢ axis were also per-
formed for ErFeO; and DyFeO; with results ve
similar®® to those for YFeO;. Since we know D$;
from the spontaneous spin reorientation of ErFeO,
[see Eq. (4)], we may use Egs. (18) and (17¢) to
determine Bg,=1.0 kG for ErFeO; at 296 K.

We showed in Sec. III A that the internal field
(curve a in Fig. 4) decreases faster with the rising
temperature up to 450 K than the sublattice magnet-
ization. Such behavior is expected for dipolar fields
when thermal lattice expansion is taken into ac-
count. The lattice constants for HoFeO; have been
measured>* below 300 K. Taking these values to
also be representative for YFeO;, and extrapolating
to higher temperatures, we find that more than half
of the deviation seen in Fig. 4 can be accounted.

We have also tried to investigate the dependence
of B on Bext at low temperature where more than
one s1gnal is observed. Figure 12 shows the mea-
sured frequencies as a function of the applied field
parallel to the ¢ axis for YFeOj; at 24 K. No further
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FIG. 11. Measured frequencies for YFeO; with an applied field of constant magnitude in the a-b plane. Curves are

from a fit to Eq. (17a).

splitting was observed for this orientation, and the
angles given are formed by the internal fields and
the ¢ axis. External fields parallel to the a axis
caused the upper two signals to disappear, probably

80 T T T T

(MHz)

FREQUENCY
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\
|
|

| | 1 |
1 2

EXTERNAL FIELD (kG)

FIG. 12. Measured frequencies for YFeO; at 24 K as a
function of an applied field parallel to the ¢ axis. Curves
are calculated assuming internal fields at indicated angles
to the c axis.

opn

due to splitting which made the already weak signals
difficult to observe. Such splittings are, of course
required by the crystal symmetry if the internal field
is not exactly parallel to the ¢ axis. However, the
signal with the lowest frequency behaved as expect-
ed from the RT measurements. This clearly indi-
cates that there is no qualitative change of the muon
state associated with this signal when the tempera-
ture is lowered.

Since only partial information about the internal
fields at these “other” sites could be obtained, no
site determination as above was possible. We may,
however, state that these sites are probably not far
away from the z=— plane. A displacement by a
few tenths A would be enough for the dipolar field
to have components in the a-b plane of the required
magnitude.

IV. DISCUSSION

In the analysis of the experimental results, we
considered dipolar field values at certain geometrical
points where the muon should be. Being a light par-
ticle, however, the muon is more appropriately
described by a wave function ¢(T) with appreciable
extension, in which case the measured dipolar field
is an average  with weighting  function
w(T)= | $(T) | >. However, because for a spherically
symmetric w(T) the averaged dipolar field is equal
to the field at the center of w(T),>3 only the non-
spherical part of w(T) causes errors for the deter-
mined muon “sites.” Information about w(T) is
hard to obtain by experiment, and we may only note
that the low diffusion rate indicates that the muon is
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located in a fairly deep potential well. This in turn
may imply that the muon wave function is well lo-
calized. Errors are nevertheless expected, and about
0.1 A may be a reasonable guess.

The results given in Table II show that the dis-
tance of the most probable muon site (2) to the
nearest oxygen ion is about 1 A. This is a very
reasonable result, since it is exactly the bond length
of an (OH)™ molecule. The (OH) ™ is frequently ob-
served with infrared absorption in a variety of ox-
ides such as ALO; and TiO, (Ref. 36), or SrTiO;
and BaTi0;.>"3® The latter two have crystal struc-
tures similar to the orthoferrites. If (Ou)~ is
formed the muon site would be determmed by the
1-A bond length and by Coulomb interactions with
the neighboring ions. A stabilization at site (2) ap-
pears likely since it is almost exactly at the center of
a slightly distorted square formed by the nearest
rare-earth ions (see Fig. 10).

In our analysis we used theoretical results about
the relative orientation of G and F, and we conclud-
ed that hyperfine fields By are negligible. It is in-
teresting to investigate which muon sites would re-
sult if these conditions are changed. If one ignores
the problem with the sign of B, for I'; and assumes
a pure By for Ty, one is led to sites which are ob-
tained from those in Fig. 10 or Table II by setting

x=1 and leaving y unchanged. If, on the other
hand, Bhf is neglected and the sign of G, with
respect to F, is reserved, only the sign of the x coor-
dinate would change. We thus come to the surpris-
ing conclusion that radical changes in the assump-
tions about the internal field lead to only small
changes in the resulting muon sites. The latter two
assumptions also bring site (2) closer to an oxygen
ion, which would make this site very implausible. It
is therefore tempting to reverse the arguments and
state that for 'y, G, must be positive for F, >0,
since only this assumption leads to a reasonable
muon site.

Finally, we have to address the question whether
impurities or defects in the crystals influenced our
results. The measured relaxation rates, particularly
for SmFeOs, imply a diffusion rate which at least up
to RT is too low to lead to trapping at defects
within about 1 us after a muon stop. Even if defects
were present in substantial concentration, the dif-
fusion rate would have to be very much larger to

lead to signals from muons trapped at defects. At
higher temperature, however, diffusion may be fast
enough for muons to be trapped at defects within
their lifetimes. Since one expects that the field at a
muon trapped by a defect is different from that at a
regular site, this could cause strong relaxation. It
appears possible that such a model could explain the
relaxation at high temperature.

V. CONCLUSION

A detailed investigation of positive muons in
orthoferrites has been presented. It was shown that
the muon may occupy metastable states at low tem-
perature, and that the transition times to the stable
state with lowest energy may be long enough that
distinct signals result. For the latter state it was
possible to determine a reasonable muon site in the
lattice. It should be stressed that no a priori as-
sumptions were made to determine this site, in con-
trast to most other site determinations where the
1SR data were only used to make a choice between a
few preselected, mostly symmetrical interstitial sites.
Clearly, the success of the present work is closely re-
lated to the fact that magnetic crystals were used
where spontaneous or induced spin reorientations
occur. It is very hard to see how similar informa-
tion could be obtained for nonmagnetic materials.

The site found implies that the muon may form a
chemical bond with an oxygen ion in the orthofer-
rites. This center appears to be very similar to
(OH)~ found in many other oxides. It would be in-
teresting to know whether (OH)~ is also found in
orthoferrites and whether it is at the same position
as (Ou)~.
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