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The hyperfine (hf) couplings of all the '°F nuclei in the muonated free radical - C¢Fs-Mu have

been measured using a level-crossing-resonance technique.

Slow damped oscillations of the

muon-spin polarization in a large longitudinal magnetic field or frequency splittings in transverse
field occur at particular field values at which there is a near degeneracy in the muon fluorine hf
levels. Thus a resonantlike effect is observed in the muon-spin-rotation spectrum as a function of
magnetic field. The positions of such level-crossing resonances allow an accurate determination of
the magnitude and sign of the fluorine hf parameters relative to the muon hf parameter.

One of the interesting aspects of muoniumlike systems,
such as muonated free radicals and muonium defect
centers in solids, arises from the fact that the ,u+ mass is
only +th that of a proton. The u* exhibits an enhanced
zero-point motion compared to a proton in a similar envi-
ronment, and this may alter the electronic structure of the
radical or muonium center. The resulting hyperfine (hf)
isotope shifts are useful in elucidating the relationship be-
tween internal dynamics and electronic structure. In high
transverse magnetic fields (TF) where the spin system is
almost decoupled, the muon-spin-rotation (uSR) tech-
nique can be used to measure the hf interaction between
the muon and the unpaired electron.!”* Often the spin
Hamiltonian contains terms describing the hf interaction
between the unpaired electron and the surrounding nuclear
spins. The muon frequency spectrum is insensitive to the
nuclear hf interaction in high TF and is too complicated to
resolve in low TF fields (except in a few ideal situa-
tions.>*) Resolution of the nuclear hf structure would pro-
vide new information on the electron spin density at the
neighboring nuclei, which could be used to test theoretical
models of the electronic structure and to determine the site
of the muon.

The possibility of using level-crossing-resonance (LCR)
spectroscopy in uSR was first pointed out by Abragam.®
The first successful uLCR experiment was performed in
copper.” In this Rapid Communication we report on a new
type of uLCR which allows precise measurements of nu-
clear hf parameters in muoniumlike systems. The effect is
demonstrated in the case of a muonated free radical,
-C¢F¢-Mu, but may also be applied to muonium defect
centers in semiconductors.

During the experiment a 4-cm-diam beam of 28.6-
MeV/c polarized positive muons from the M20B beam
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line® at TRIUMF was detected by a thin scintillation
counter and stopped in liquid hexafluorobenzene (CgFs).
The C¢Fg had been purified by fractional crystallization
and degassed with a series of three freeze-pump-thaw cy-
cles prior to being sealed in a welded 321 stainless-steel
cell. A superconducting coil® was used to apply a magnetic
field parallel to the muon momentum direction. The field
was calibrated with the diamagnetic muon precession sig-
nal in C¢Fg. Positrons from muon decay were detected
with four scintillation detectors which served either as
forward-backward or up-down telescopes depending on
whether the muon-spin polarizations was parallel or spin
rotated® perpendicular to the magnetic field direction.

An integral technique was used to search for level cross-
ings, which for radicals may occur over a wide range of
magnetic fields, 0-3 T. The integral technqiue permits a
large increase in the data rate compared to the more stan-
dard time-differential uSR technique. In this part of the
experiment the positron detection rate was typically 5x 10°
s~!. Figure 1 shows the uLCR spectrum in C¢Fs. The
signal A* — A~ is defined in terms of integrated muon-
decay asymmetry

At=(F*—-BET)/(FT+B?%) , (1)

where F* and B ¥ are the total number of positron events
in the forward and backward telescopes, respectively, nor-
malized to the number of incoming muons. The =+ refer
to the direction of a small square-wave modulation field
(5.2 mT) which was alternated at a frequency of about 1
Hz. This modulation was necessary to average out the sys-
tematic fluctuations observed in the raw integrated asym-
metry. When the LCR’s are broad, as in C¢F, the signal
is approximately equal to the derivative of the muon-decay
asymmetry with respect to the applied magnetic field.
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0.03 T T T T ed using degenerate perturbation theory, treating the off-
Es R Fo  Fy Fa diagonal parts of the muon and fluorine hf interactions as
0.0z - My <" the perturbation. Approximate eigenstates and eigen-
% 0.01 - Fe) values for the two mixed levels are then obtained by di-
’ agonalizing a 2X2 matrix. Substituting these into a gen-
| 0.00 - eral formula for the time evolution of the muon polariza-
. tion in a longitudinal magnetic field,2 leads to the follow-
X -0.01 ing result:
002 - P#(t) =4+ [cos?0+sin*cos2nvi] | (4a)
~0.03 L ! ! L where v and 8 are approximately given by
200 400 600 800 1000 1200 [Vfcs+ (v— —vF + )2] 1/2 (4b)
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: . Vres =A“A /2 YeBr , (4c)
FIG. 1. Muon level-crossing spectrum for the - C¢F¢-Mu radi-
cal. The magnetic field was applied along the muon-spin direc- Sin@ = v/ v . (4d)

tion.

The four resonances in Fig. 1 are attributed to the level
crossings in the muonated free radical - C¢Fg-Mu, whose
muon hf parameter has been reported previously at room
temperature.'® The resonances occur at magnetlc fields
where a muon spm flip transition frequency (v,, ) matches
a corresponding '°F transition frequency (vF ). Here, =
refer to the z component of electron spin. Such resonances
will always be observable, provided the muon and nuclear
hf parameters are sufficiently different so that the level
crossings occur in high magnetic fields. On resonance
there is a near degeneracy between two muon-fluorine hf
levels, which mixes the levels and results in flip-flop oscil-
lations between the muon and the fluorine spins. The os-
cillations, which are suppressed away from the level cross-
ing, result in a change in the 1ntegrated muon-decay asym-
metry. In the hlgh field limit v— and vg are approxi-
mately given by?

2
i= AT L
V# 7#B+ 47eB + 2Au s (2a)
2
VF—=}’FB+4 B—'AF, (2b)

where A4, and AF are the isotropic muon and fluorine hf
parameters, respectively, and B is the magnetic field. The
gyromagnetic ratios for the electron, muon, and °F nuclei
are all positive in our notation. An approximate condition
for the LCR is obtained by equating the right-hand sides
of Eq. (2), yielding

AF+2| A, — Apl v Br+4r.(ye— v, )BE— A2 =0, (3)

where By is the magnetic field where the LCR occurs. For
the - C¢F¢-Mu radical the solution of Eq. (3) gives AF in
terms of Bg and A4, to within about 0.01%. There are four
possible solutions of Eq. (3) for each value of Bg. Two re-
sult from the fact that from a measurement of Bg alone
one does not know whether v =v# or v." =v; . This am-
biguity can be resolved in transverse fields (see below). In
most cases one of the two remaining solutions is unphysi-
cally large.

The time evolution of the muon polarization near a level
crossing involving a single spin-4- nucleus may be estimat-

On resonance, 4 of the muon polarization is expected to
oscillate at a frequency vies, where h v is the energy split-
ting between the two mixed levels. In TF the level crossing
manifests itself as a small splitting in either v, or v:',
equal to vres. A more complete theory of level crossing in
radicals, allowing for equivalency of nuclei, is given else-
where.!! The most remarkable feature of the LCR’s in
high field is that the position and magnitude of each reso-
nance are insensitive to the number of nuclei off reso-
nance. Consequently, this type of uLCR can be used to
measure nuclear hf parameters in complicated spin sys-
tems. In conventional TF-uSR the amplitudes of the pre-
cession frequencies decrease rapidly as the number of
neighboring nuclei with spin increases. This prohibits the
use of conventional TF-uSR to measure nuclear hf param-
eters in all but the simplest cases.

The observed time dependence of the muon-decay asym-
metry, which is proportional to the muon polarization, is
shown in Fig. 2, on and off the LCR for the F(6) nucleus.
A time-independent component, which depends on the
probability for muons to thermalize in a diamagnetic envi-
ronment and a small offset in the position of zero asym-
metry, has been removed. On resonance a single fast re-
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FIG. 2. Time evolution of the muon-decay asymmetry in a
longitudinal magnetic field on and off the F(6) level-crossing
resonance.
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TABLE 1. Comparison of the isotropic hyperfine parameters A; of the - C¢Fs-Mu and - CsF¢H radi-
cals at 321 and 265 K, respectively. The '°F hyperfine parameters for the CsF¢-Mu radical are deter-
mined from level-crossing resonances which occur at the magnetic fields Bg. The '°F nuclei are labeled

as in Fig. 1.
A; in A; in
Nucleus Br® - CsFsMu - C¢FsH?
i (mT) (MHz) (MHz)
pt/p ce 63.04(1)¢ 54.1
F(6) 830.0(2) 357.27(4) 353.7
F(1,5) 694.4(2) 67.20(4) 67.5
F(2,4) 1133.1(2) —16.27(4) —16.2
F(3) 497.7(2) 104.62(4) 105.4

2The error estimate is primarily due to a systematic uncertainty in the magnetic field calibration.

°From Ref. 14.

‘The muon hyperfine parameter has been multiplied by 0.314 13—the ratio between the proton and
muon magnetic moments. The value given here is for a slightly higher temperature than in Ref. 10.

laxing oscillation is observed, which is described by the fol-
lowing functional form:

A(t) =A0) [ a/dexp(—At)
+ (1 —a/4)exp(—BAt)cosQavest)] ,  (5)

where A(0) is the maximum experimental asymmetry
times the radical formation probability and where « and B
are very close to 3. The fitted value for v [1.46(3)
MHz] is within the expected accuracy of Eq. (4c), using
the experimentally determined values for 4, and Ag (see
Table I). This confirms that the resonance involves a sin-
gle spin-5- nucleus. The fact that the entire radical polari-
zation relaxes in a few us indicates that there is both
fluorine and electron relaxation and that the relaxation
rates are of similar magnitude. This is in contrast to the
situation where there is just electron relaxation from spin-
orbit coupling, in which case only + the muon polarization
is relaxed on resonance. We attribute the fluorine relaxa-
tion, and at least part of the electron spin relaxation, to
fluctuations in the effective local fields on the fluorine and
electron due to the anisotropic part of the fluorine hf in-
teraction.'? The form of Eq. (5) has been verified by an
numerical treatment of the relaxation using a master
equation approach.!3 The on-resonance curve in Fig. 3 is a
fit neglecting electron spin relaxation due to spin-orbit
coupling. A single-fit parameter, A=3.0(2) us~!, deter-
mines a, §, and A. The quantities ¢ and 8 have a very
weak dependence on A whereas 4 is approximately equal
to A/4. The parameter A equals (27A)?%z,, where A is a
measure of the fluorine hyperfine anisotropy, and 7. is the
correlation time for reorientation of the radical in the
liquid. Assuming 7. is of order 5x107!2 (Ref. 13), then
the fitted value for A requires that A be of order 50-100
MHz. The Einstein-Podolsky-Rosen results on the
- Cg¢FgH radical near 300 K also indicate there is incom-
plete averaging of the fluorine hf anisotropy.'®!> The
small muon 7', relaxation rate [0.0104(9) us~'], deter-
mined from the off-resonance spectrum (see Fig. 2) im-
plies that the muon hf anisotropy is considerably smaller

than for the fluorine. The presence of fluorine and elec-
tron relaxation tends to broaden and enhance the size of
the LCR’s.

The muon frequency spectra taken in transverse fields
on and off resonance are shown in Fig. 3. The * assign-
ment of the lines is based on the assumption that A4, is pos-
itive. On-resonance v~ is split by 1.52(21) MHz, whereas
no change in the line shape associated with vt was ob-
served. This implies that 4,—Ar <0 in Eq. (3). The
splitting in v~ is in agreement with the longitudinal field
measurement of vie. In general, transverse field measure-
ments are necessary to unambiguously determine which
muon hf level and which radical is involved in the reso-
nance. The other LCR’s in the - C¢F¢-Mu radical occur

when v =v{. The measured T relaxation rate [3.0(1)
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FIG. 3. Transverse field frequency spectra for the - C¢Fs-Mu
radical on and off the F(6) level-crossing resonance.
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us '] is about twice that expected from the simple model
described above, indicating there may be some additional
electron spin relaxation. Incorporating this into the model
leads to a value for A about a factor of 2 smaller.

The positions of the LCR’s allow an accurate deter-
mination of the fluorine hf parameters. The curve in Fig.
1 is a fit to a theoretical difference signal, assuming that
the integrated muon-decay asymmetry is composed of four
Lorentzian shaped lines. Table I contains the positions of
the LCR’s and the resulting fluorine hf parameters deter-
mined from Eq. (3). For comparison, we include the cor-
responding parameters for the - C¢F¢H radical. The shifts
in hf parameters after substituting a muon for the proton
are on the order of 1% or less. The largest of these hf iso-
tope shifts are for the muon and the adjacent F(6) nu-
cleus, both of which are positive. This is consistent with
earlier, although much less accurate TF-uSR measure-
ments on the - C¢H¢-Mu and Ph— C= CH-Mu radicals
(where Ph is an abbreviation for phenyl), which indicate

that the hf isotope shift on the adjacent protons is posi-
tive.>> The origin of these hf isotope shifts is under
current debate.'®!” It has been suggested recently that the
muonium substitution promotes delocalization of the un-
paired electron over the entire C-Mu-H group, leading to
positive hf isotope shifts for both the proton and muon.'”
Our present results are consistent with this view for the
C-Mu-F group in the - C¢F¢-Mu radical.

In conclusion, we have demonstrated a new type of
#LCR which can be used to obtain detailed information on
previously unresolved hyperfine structure of muoniumlike
systems. There are numerous applications which include
testing calculations on electronic structure and making site
assignments for the muon in muonated radicals and
muonium defect centers in solids.

We would like to thank John Worden for writing the
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