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Positive tnuon spin rotation and relaxation measurements have been
carried out on the antiferromagnets, pure MnF,, and site-diluted
(Mn0>5Zn0#5)F2, above and below the Neel temperature t^ using single-
crystal specimens. Two different tuuon signals have been found in the
pure MnF2; with the precession frequency v^ = 1.3 GHz for the site A and
Vg = 152 MHz for the site B measured in zero external magnetic field at
T = 5 K. We propose a picture that the signal from the A site repre-
sents the "tnuonitun" state, and discuss the characteristic features of
muonium in magnetic materials. The spin relaxation rate 1/1], measured
in zero external field, decreases rapidly with decreasing temperature
below TN. The mechanism of the spin relaxation above Ty is explained
by the exchange fluctuations of the Mn moments, while below IM by the
Raman scattering of spin waves. At the same normalized temperature 1'/%,
1/T] observed in the diluted (HRQ^^ZUQ 5)£"2 *-s significantly larger than
that in the pure M r ^ below T^. The difference between the pure and
diluted systems is related to the large spectral weight of low-energy
magnons in (Mny^Zn^ g)F2 found by neutron scattering.

3. Introduction

MnF, is a representative antiferromagnetic spin system which has been studied
in details by various magnetic measurements /I-3/. Mn moments in the rutile-type
insulating crystal form a typical example of 3-dimensional Heisenberg antiferro-
magnets. Small dipolar anisotropy makes the Mn spins ordering along the c-axis
below the Neel temperature TH » 67.37 K.

A uSR study on MnF2 and C0F2 was previously reported by De Renzi et al. ,/4/.
The experiment on MnF2 was open to future improvements, since the signal from
•v 70% of the stopped mouns was missing, and since the measured precession
frequency for the 30% of muons was not conclusive.

In this paper, we report a detailed 11SR st^dy on a single-crystal of H11F2
which we carried out at TRIDMF. This includes the first observation of the
possible "muonium" state in magnetic materials.

With the magnetic Mn atoms of MnF2 randomly substituted by the non-magnetic
Zn atoms, the diluted antiferromagnet {MnjjZn^)!^ forms an ideal system for
studying the effect of randomness on the spin fluctuation and ordering. Therefore,
we have measured the zero-field muon spin relaxation also in the diluted
(Mn0 gZnQ 5)F2- We compare the results with the case of pure MnF̂ ,* and discuss
the characteristic features of the spin dynamics in random systems.
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2. u SR in Pure MnF,

A single crystal of MnF2 (3 cm in diameter, 0.3 cm thick, in disk shape with
the c-axis perpendicular to the disk face) was placed in the cryostat with the
c-axis parallel to the direction of muon beam. We first performed the standard
zero-field uSR measurement /5/. Here we stop the muon beam in the specimen witn
the direction of the incident muon spin parallel to the beam direction, and
measure the muon spin polarization via the asymmetry of the muon-decay time
spectra for the forward and backward positron counters (configuration 1}
illustrated in Fig. t).

Figure 1 shows the observed relaxation function. Above the Mel temperature
Tfj, we found two signals with different relaxation rates, which suggests two
different muon sites (and/or states) in the specimen. The first site (site A)
shows the muon spin relaxation rate 1/Tj ^ 20 psec"' at I - 80 K with the
population of about 65% of the incident tnuons, while the second site (site b) has
1/Tj 3f 0.25 usec"' with *>» 35% population. At lower temperatures below T^, we
observed the full initial asymmetry of muon spins, similarly to the case at the
paramagnetic state. No muon spin precession signal was observed with this
configuration below TJJ. These results indicate that the internal magnetic field
Hint from the ordered Mn moments is parallel to the c-axis at both the A and iJ
sites.
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Figure 2. Muon spin relaxation function £z(t) observed in the single
crystal of pure MBFJJ in zero external magnetic field. The experimental
configuration used for the measurement is shown schematically- The full
initial asyrmetry was observed even betow the M4el temperature 1^ = 6?.S?
suggesting that the internal field at the muon sites is parallel to the
c-axis. Tuo signals with different relaxation rates are seen at I = ?? K.



In order to measure the internal field Hj n t below TJJ, we rotated the union
spin direction by 90° using the electromagnetic spin ratator for the surface ration
beam. This makes the muon spins polarized perpendicularly to the c-axis. The
muon-decay positrons were detected by tha counters placed at "up" and "down" of
the specimen, as illustrated in Fig. 2, With this configuration in zero external
magnetic field, we observed two muon precession signals at 1.3 GHz (Hint * 9* kt»^
and at 152 MHz <H£ t - 11.2 kG) at T * 5 K. Ihey can be attributed to the signals
from the A and 8 sites respectively. Ihe temperature dependence of the two
frequencies below TN is shown in Fig. 2.

We would like to propose that the high-field A site represents the muoniun
state in MnF2, based on the following points: (1) Ihe observed internal field
of -v 100 kG is an order of magnitude larger than the dipolar field from the Mn
moments calculated for some possible union sites in the crystal /4/. (2) The
observed frequency does not follow the sub-lattice magnetization. (3) The para-
magnetic shift of muons at the A site measured above TN was nagative in sign and
showed the temperature dependence clearly different from that of the uniform
susceptibility. (2) and (3) imply the involvement of a bound electron at the mucn
site, coupled with its own exchange interaction to the Mn moments, just like in
the case for magnetic impurity atoms in magnetic host materials.
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Figure 2. Temperature dependence of the muon spin precession frequency
observed -in the pure MnF.j below the M&l temperature IN = £?.37 X. For
this measurement, ths sptn direction of the incident muons is rotatea £>y
90° and the positrons were detected by the "up" and "doum" counters.



In general, the unpaired electron of muonium in magnetic materials can be
strongly coupled with the surrounding ordered moments, and quantized by the
exchange interaction. Then such an electron produces a large static hyperfine
field on the muon spin. In this context, the observed frequency 1.3 GHz at the A
site corresponds to about 607. of 2.2 GHz expected for the case of "inuonium in
vacuum" in the same situation. This reduction can be understood as the result of
the transfer of the muonium electron to the open d-orbitals of the surrounding Mn
atoms.

In the paramagnetic phase, the muonium electron would be involved in the
exchange fluctuation of Mn moments. Indeed, by using the time constant
rex « 5.2 x 10"' sec known for MnF* /1»3/ together with the approximate relation
for the narrowing limit (1/T|) i> (YJl£nt)

2!ex, we obtain the relaxation rate
reasonably close to the observed values both for the A and B sites. In this way,
except for the larger internal field and relaxation rate, tnuonium looks much like
bare u+ both in the paramagnetic and ordered states of magnetic materials. The
key to distinguish the two different states would be the temperature dependence
of H_£nt below TJJ and the paramagnetic shift above TJJ.

3. Spin Relaxation in MnF2 and

We also made the standard zero-field JJSR measurements (configuration I) on a
single crystal of the diluted system (Mng^Zng^^j which has TJJ * 30.7 K.
Figure 3 compares the muon spin relaxation rate l/Tj for the pure and diluted MnF^
samples as plotted versus normalized temperature T/T^ of each system. The
internal field H£nt // c-axis works as the longitudinal field parallel to the muon
spin direction in this configuration below Ty. Therefore, the relaxation rate
below TJJ does not include the effect of static inhomogeneous fields, and purely
reflects the dynamic fluctuations of the Mn spin system.

We notice that there is no critical divergence of 1/Ij above 1$ of pure ^
The critical slowing down takes place only for the staggered component of the Jin
spin fluctuations /3/. The local field from the staggered moments is parallel to
the c-axis, i.e., the direction of muon spins in the configuration 1. Therefore,
the critical behavior does not contribute to the inuon spin relaxation in this
case.

The spin relaxation below T^ is caused as the result of the flipping of tnuon
spins associated with the scattering of spin waves /!/. Due to the energy gap
(AE *\» 0.3 THz) of the spin-wave dispersion relation of MnF2» there is no spin wave
at the energy corresponding to the Zeeman energy of union spins ($ 1.3 GHz).
Therefore, the single-magnon process can not satisfy the energy conservation, and
one has to assume higher order processes involving two or more magnons.

Such processes were studied in details by '% NHR in MnF2 /6/. Indeed, when
we scale (1/Tj)i9 for Î F by using the NMR frequency Wjg • 160 MHz of ' % and the
uSR frequency vp - 1.3 GHz as (1/T])|g * (Vj,/vjg) , we obtain reasonably good
agreement with the uSR result of J/Tj for the site A in the pure MnF2 around
T * 20 K. This suggests that the '^F nucleus and p* at the A site are subject to
the spin relaxation of the same mechanism, i.e., the Raman scattering of spin
waves. The relaxation rate in Fig. 3 increases rapidly when the temperature
approaches to TJJ from the lower temperatures. This can be understood as the
result of the rapid renormalization of spin waves /3/, i.e., the rapid decrease of
the spin-wave energy and the rapid increase of the inagnon population factor at
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Figure 3. Relaxation rate 2/Tj of muon spins in pure MnF2 and diluted
(Mn^^5Zn0^)Fs derived from the measurements of zero-field relaxation
functions'as shown in Fig. I. Too different signals from the high-field {"AV
site and the low-field ("B") site were observed in the both systems. When
plotted versus normalized temperature T/Tj/t the relaxation rate for the two
systems shows significantly different temperature dependence.

Figure 3 clearly demonstrates that 1/Tj for the diluted (Mn^ ^0,^2
significantly larger than the corresponding value for the pure HnF^ at'the same
normalized temperature below TJJ. Recently a neutron scattering measurement on
(MHQ cZnQ c)?2

 w a s performed 111 to study energy spectrum of sj>in waves. Sharp
spin"waves were observed near the zone center, while the width of the energy
spectrum increases rapidly with increasing wavevector and the energy spectrum
Becomes very broad near the zone boundary. This feature was related to the recent
conjecture of "fractons" in disordered media /8/. Furthermore, significantly
lirge spectral weight of low-energy excitations was found near the zone boundary.
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For the spin relaxation caused by the magnon scattering, the spin waves near
the zone boundary make dominant contribution mainly because of the multiplied
phase-space factors /6/. The low-energy states for such magnons would thus
increase the relaxation rate J/Tj of rauon spins. In this context, the above-
mentioned neutron results are qualitatively consistent with the larger relaxation
rate 1/Tj of muon spins in (MnQ^Zn^ j)F2 found in the presect study.

This is the first observation of the effect of random spin network on the
relaxation rate I/Tj of a magnetic probe. Details of the present work will be
published in the forthcoming papers. A systematic difference of the spin
relaxation rate in the pure and random materials was anticipated £» ce£. ,/B/.
Detailed theoretical calculations for 1/Tj in the percolating spin systems would
be invaluable for the better understanding of the spin relaxation studies in
disordered systems.
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