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Double electron-muon resonance experiments on muonium in quartz
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Double electron-muon resonance experiments on muonium in quartz are described. The
observed muon-spin —rotation spectra show a structure resulting from the coherent response

of the system to the radio-frequency magnetic field. The theory of this structure is

developed and agreement with experiment is within experimental error.

I. INTRODUCTION

A positive muon implanted in a semiconductor or
insulator often binds an electron to form a muoni-
umlike defect center. Usually these centers are very
similar to muonium in vacuum, hence they have
large hyperfine splittings. However, in the group-IV
crystals, diamond, silicon, and germanium, a defect
center called anomalous muonium is observed to
have a very small hyperfine interaction (which is
also very anisotropic). Any of these muoniumlike
defects can be studied by muon-spin rotation
(@SR).' This technique allows one to deduce the
time history of the muon-spin precession by obser-
vation of the muon-decay positrons. The type of in-

formation obtainable from pSR studies is similar to
that found from nuclear-magnetic-resonance (NMR)
or electron-paramagnetic-resonance (EPR) studies
on stable defect centers. However, the @SR spec-
trum corresponds to observation of allowed magnet-
ic dipole transitions of the muon spin. In magnetic
fields large enough to decouple the electron and
muon spin, i.e., the Paschen-Bach region, electronic
magnetic dipole transitions are not seen and conse-
quently there is little information obtained about the
electronic Zeeman interaction or nuclear hyperfine
coupling to surrounding nuclei. Since the bulk of
the @SRdata on anomalous muonium is obtained in
this high-field limit, this information, which may be
quite valuable in constructing and testing models of
anomalous muonium, is not readily available. In
this paper we describe and demonstrate a new tech-
nique which can be elaborated to observe EPR tran-
sitions which do not appear directly in the @SR
spectrum. These transitions should provide the in-
formation not observable by @SRalone.

This paper concerns the effects of a large radio-

frequency magnetic field at a frequency near reso-
nance with a magnetic dipole transition of the elec-
tron spin. The EPR spectrum can be deduced be-
cause of the structure produced in the pSR spec-
trum and its dependence on the frequency and am-
plitude of the applied field. The analogy to electron
nuclear double resonance (ENDOR) and other
double-resonance techniques is apparent, leading to
the name double electron-muon resonance
(DEMUR). Because the radio-frequency field is
large and relaxation is slow the coupled electron-
spin —muon-spin system follows the field coherently.
These coherence effects produce structure in the
@SR spectrum which can be used to locate the EPR
transitions. Although this paper demonstrates
DEMUR using muonium, and in muonium the al-
lowed electronic and muonic magnetic dipole transi-
tions are identical, the relative ease of the observa-
tion of coherence effects together with the variety of
experimental circumstances under which they occur
makes the study of DEMUR in muonium a goal in
itself.

The basic phenomenon can be understood by con-
sidering a spin- —, system subject to a strong radio-
frequency field of amplitude Hi perpendicular to a
much larger static field H. When the frequency is
adjusted to be on resonance, the spin will simply
precess about the properly rotating component of
amplitude —H& in the rotating frame with preces-
sional frequency —,yHi. A measurement of spin po-
larization transverse to H in the laboratory frame
then will show three frequencies: yH and
yH+ —,yHi.

Muonium is, of course, not a two-level system.
The two coupled spin- —, particles lead to the stand-
ard' Breit-Rabi diagram of Fig. 1 which defines
our notation for the energy levels. A complete cal-
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1.6 6 as determined from the DEMUR splittings;
no line broadening attributable to rf-field inhomo-
geneity was observed.

The quartz sample was a synthetically grown sin-

gle crystal in the form of a 2.5-cm cube. The secon-
dary coil was wound so that the rf magnetic field H~
was parallel to the crystal c axis. The coil and sam-
ple could then be placed in the apparatus so that HI
was either parallel or perpendicular to the initial
muon polarization, but always perpendicular to the
static field. All measurements were carried out at
room temperature.

Time-differential pSR data were obtained over a
1.6-psec range for several rf frequencies, amplitudes,
and orientations. A total of one to four million
events were recorded in each of the two histograms
for each set of operating conditions. The data were
analyzed by Fourier transformation to find approxi-
mate peak-frequency positions and amplitudes.
More precise frequencies and amplitudes were de-
rived by fitting each time spectrum to the expression

I

(a)

(b)

(c)

N(t)=Noe " 1+ ga;cos(co;t+P;) +B .

Here No is a scale factor, 8 is the background (as-
sumed flat}, and r& is the muon lifetime. The
parameters a;, co; and P; specify the amplitude, fre-
quency, and phase, respectively, of each frequency
component. Relaxation effects were unimportant
and were neglected. The parameters of Eq. (1}were
adjusted for the best least-squares fit to each histo-
gram, using up to five frequency components for
muonium and one for the free-muon signal. Param-
eters derived from the two histograms were then
combined. All errors quoted are one standard devia-
tion for the combined parameters. The results ob-
tained from fits using Eq. (1} and from Fourier
transforms agree within errors.

Figures 3 and 4 display data for a constant exter-
nal field of 124.8 6 and several different rf frequen-
cies. The external field, rf field, and initial muon
polarization were chosen to be mutually perpendicu-
lar. Data were also obtained with H& parallel to the
muon polarization but are not shown because they
are identical to the HI perpendicular case as expect-
ed when the rf phase is uncorrelated with the muon
stopping time.

For the data shown in Fig. 3, the rf frequency was
set near m23 (180.4 MHz), the midpoint, and near
co~2 (167.2 MHz}. When the applied frequency is
near either co&2 or co23 that line splits into a triplet.
The other transition, which shares level 2 with the
driven one, splits into a doublet. When the rf is

165 170 175 180

Frequency (MHz)

FIG. 3. Results of DEMUR on quartz. These three
Fourier power spectra show the effects of applying an rf
magnetic field at (a) 167.30 MHz near the lower pSR fre-
quency, (b) 173.90 MHz near the midfrequency point, and
(c) 180.51 MHz near the upper @SR transition frequency.
For all three sets of data, the dc magnetic field was 124.8
and the rf magnetic field was held at 1.0 G amplitude.

midway between col2 and ~23 the spectrum is experi-
mentally indistinguishable from that without rf.
The numerical solution discussed in Sec. III shows
that in this case the spectrum is composed of two
unresolved doublets plus a line at the rf frequency
which is too weak to observe.

The results of a more detailed examination of fre-
quencies near resonance are presented in Fig. 4. Us-
ing the largest available rf amplitude, the frequency
was set in turn very slightly below co23, very slightly
above co23, and then about 1 MHz above co23 for
Figs. 4(a)—4(c). The relative amplitude of the doub-
let lines is clearly a sensitive detector of the reso-
nance condition. Even if the transition at co23 were
not visible in the pSR spectrum, it could be located
quite accurately by examining the doublet induced
ncai' co i2.

III. QUANTITATIVE ANALYSIS

The data presented in Sec. II can be analyzed in
detail using the results of a companion paper.
Since that treatment is quite general and therefore
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4 i=(gpsHi S g—zp„Hi I )cos(cot+/} (3)

to the Hamiltonian. The time-dependent solutions
of the total Hamiltonian A =A p+A ~ are denoted
Wt} and the observable muon polarization at time t
is given by

(b) P(t) = 2( P(t)
I
I 1%1(t)} . (4)

(c)

Note that since the effects of A ~ are much larger
than those from relaxation, a perturbative solution is
not appropriate.

If the eigenfunctions and energy levels of A p are
P„and Ace„ for n = 1—4, we can write

4(t) = g a„(t)g„e (5)

Inserting Wt) into the time-dependent Schrodinger
equation gives a set of coupled equations for the

a„(t),

165 170 175 180

Frequency (MHz)

dan . ice g

dt
i g—a (t)Q„e cos(ait+P), (6)

FIG. 4. Results of DEMUR on quartz. The three
power spectra shown here were taken with the rf near the
upper resonance frequency and (a) slightly below reso-
nance, (b) slightly above resonance, and (c) approximately
1 MHz above resonance. Effect on the relative amplitude
of the doublet lines is clearly shown. For all three spec-
tra, H = 124.8 G and H ~

——1.6 G.

complicated we present here an abbreviated deriva-
tion of the needed equations using the simplifica-
tions appropriate to muonium in quartz.

The spin Hamiltonian appropriate for muonium
in quartz is

P p ——gp gH. S—gpppH I +A I.S . (2)

The g factors and the hyperfine coupling constant A

are taken to be isotropic. (The small anisotropy' of
A is accounted for by treating A as a field-dependent
paraineter. For H =125 6, 3=4634 MHz. ) In
agreement with observation we neglect nuclear hy-
perfine couplings and relaxation effects.

For a static field H the solutions of Eq. (2) are
well known'; the resulting energy levels are shown
in Fig. 1 labeled with the high-field values of

I M„M& ). In a DEMUR experiment there is an rf
field Hicos(tot +P) which can cause transitions
among these levels. This implies a time-varying
contribution

where conm n m and

&Q. =(P. I gpaHi S—gpiui. Hi'I }14~& .

I
~—~121 +

I Q121

I
~+~»

I
» I Qi21

I
~+~;I» IQg I

(iV+12}.
(10)

Retaining only the near-secular terms, Eq. (6)
reduces to

da4 da3 =0,
dt dt

Note that Q„ I
is proportional to the rf-field

magnitude Hi I. The initial conditions are speci-
fied by

n„(0)=(t(„ I'P(0)),

with 4'(0) the wave function at t =0. To fix %(0),
we assume that the electrons are unpolarized and the
muons are completely polarized along the beam
direction. Equation (6) can be simplified by noting
that terms involving level 4 oscillate at high fre-

quency and hence usually cannot be observed. The
remaining equations can only be solved numerically

unless further approximations are made.
If, as is the case for quartz in moderate fields, the

allowed transition frequencies are well separated, it
is possible to proceed analytically. Suppose the rf co

is chosen to be near co&2, in the sense that
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g + g(co—cu&2)t gf

dt 2
= ——Q]2a]e e'

d01 l —g(N —rd$2)t gy

dt 2
Qi202e e

(13}

(14)

and the partial polarization P „(t),

P „(t)=4Re[a (t)a„(t)e "(P
i
I

i g„}],
(16}

A similar set of equations would be obtained if co

were chosen to be near co23.
The solution of these equations is straightforward

but lengthy. Here we simply present the solution in
a form appropriate for quartz when co=co&2. Let us
define the reduced frequency displacement

CO —COi2

I Q|21

where

P(t)= g P „(t) .
m(n

Note that the partial polarization
i P~„ i

is the atn-
plitude of the @SRsignal near co „. The two partial
polarizations of interest are P&2 and P23, given by

'2

P,2
——Re (1(', i

I if')a&(0}a2(0) 1+ 2,i2 e
( + 1)1/2

'2
2 g[co+(s +1)

i Qi2 i ]te ggo e
z +1 {z +1)'

T

P23 ——2Re ($2i I
i $3)a2(0)a3(0) 1

2 i' e "" ' + 1+
(z +1)' (z +1)'

(17)

(18)

where

t02 = —,[z+(z + I)'i ] i Qi2 i
. (19)

co,to+(z + 1}
i Q|2 i

and the transition near co23 splits into two lines at
Equations (17) and (18) display the expected effects:
The transition near co&2 splits into three lines at co23 ——,[z+(z +1)'i ] i Q|2i .

TABLE I. Results of DEMUR on quartz. These three data sets show the effects of apply-
ing the rf near (a) the lower @SR transition, (b) the midfrequency, and (c) the upper @SR tran-
sition. These results correspond to the power spectra shown in Fig. 3.

Data Applied rf (MHz) Experimental results
set (H i ——1.0 6) Frequency (MHz) Amplitude

Calculated
Frequency (MHz) Amplitude

167.301 166.2520.025
167.24+0.018
168.17+0.05
179.69%0.034
180.84+0.034

0.0133+0.0009
0.0187+0.0009
0.0064+0.0009
0.0098%0.0009
0.0100%0.0009

166.32
167.30
168.28
179.92
180.90

0.0124
0.0189
0.0072
0.0091
0.0108

173.898 167.11+0.011 0.0288+0.0009

180.60+0.014 0.0233+0.0009

167.05
167.15
173.90
180.55
180.64

0.0121
0.0167
0.0016
0.0102
0.0131

180.510 166.56+0.025
167.68+0.03
179.39+0.04
180.42+0.025
181.51+0.05

0.0115+0.0010
0.0139+0.0010
0.0081+0.0010
0.0141+0.0010
0.0061+0.0010

166.61
167.68
179.45
180.51
181.57

0.0116
0.0138
0.0079
0.0139
0.0063
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TABLE II. Results of DEMUR on quartz. The three DEMUR spectra shown here were

all taken with the rf power applied near the upper @SR transition frequency. These results

correspond to the power spectra shown in Fig. 4.

Data Applied rf (MHz) Experimental results
set (H &

——1.56 G) Frequency (MHz) Amplitude
Calculated

Frequency (MHz) Amplitude

180.279 166.44+0.017
168.09+0.02
178.72+0.045
180.30+0.015
181.84+0.038

0.0133+0.0006
0.0114%0.0006
0.0050+0.0006
0.0154+0.0006
0.0061+0.0006

166.47
168.08
178.69
180.28
181.92

0.0130
0.0117
0.0054
0.0131
0.0079

180.490 166.07+0.03
167.75+0.024
178.80+0.048
180.39+0.025
182.03+0.047

0.0117+0.0010
0.0143+0.0010
0.0071+0.0010
0.0138+0.0010
0.0072+0.0010

166.43
168.02
178.90
180.49
182.08

0.0125
0.0135
0.0070
0.0141
0.0070

181.517 165.26+0.06
167.49+0.01
179.63+0.015
181.40+0.025

0.0041+0.0006
0.0224+0.0007
0.0161+0.0007
0.0101+0.0007

165.75
167.61
179.65
181.52
183.36

0.0054
0.0211
0.0167
0.0095
0.0013

The splittings are all equal and proportional to
~

H~
~

through 0~2. The amplitude depends on the
reduced frequency displacement z. On resonance,
z =0, the two lines near m23 have equal amplitude,
and the two outer lines near co&2 have half the ampli-
tude of the center line.

To make a quantitative comparison of our data
with the calculation we estimate z from Eqs. (17}
and (18) and the observed ratios of the amplitudes in
each group of lines. Knowing z, the observed split-
tings are used to estimate

~ 0;J ~. The remaining
spin-Hamiltonian parameters can be obtained from
the no-rf spectrum. With the use of these estimates
frequencies and amplitudes of all the observed lines
are calculated from a set of coupled equations de-
rived from Eqs. (6) by neglecting all explicit time
dependence except that at frequencies co —coi2 and
co co23 The calculated amplitudes are normalized
to the total experimental amplitude in each group of
lines. The estimated parameters are then adjusted
and the calculation repeated to obtain the best agree-
ment with the observed spectra.

Tables I and II, corresponding to the Fourier-
transform spectra of Figs. 3 and 4, summarize our
results. The rf was measured directly, while the rf
amplitude was deduced from the DEMUR results.
The experimental parameters are the best-fit values
of co;/2n and a; from Eq. (1). The calculated
parameters are the result of the adjustment pro-
cedure described above. !n performing this adjust-
ment, an attempt was made to reproduce the ob-
served splittings and amplitudes. Because of cali-

bration differences between the pSR spectrum and
the rf counter, the absolute frequencies are in error
by as much as 0.3%.

Overall, the agreement with experiment is good.
Note in particular that the calculation accurately
reproduces the small changes in splitting and the
substantial changes in amplitude as co is varied
through resonance (Table II}. With the use of these
results it would be possible to locate the resonance
quite accurately even if the driven transition could
not be observed directly.

IV. CONCLUSIONS

We have successfully demonstrated a new
double-resonance technique, DEMUR, which is
applicable to rnuoniumlike defects in solids. Using
DEMUR, one can study EPR transitions which do
not appear directly in the pSR spectrum, thereby
obtaining additional clues to the structure of the de-
fect center. The quantitative agreement obtained
here provides encouragement to its application to
the study of anomalous muoniurn in silicon, ger-
manium, or diamond.
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