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Muonium Fluorescence: Anomalous Muonium Center and Relaxed Excited State in KBr
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A slowly decaying fluorescence [lifetime =13.3(S) Its] induced by implanted positive muons has been
observed in KBr by using the time-resolved direct-photon-counting method with a total yield of one pho-
ton per four incident muons below 30 K. The temperature dependence of the fluorescence yield shows a
remarkable coincidence with that of the amplitude of the anomalous muonium center in KBr observed
by the muon-spin-rotation method, strongly suggesting a coupled state between muonium centers and
radiation-induced relaxed excited states as a model for the anomalous muonium centers.

PACS numbers: 61.70.Yq, 32.50.+d, 36.10.Dr, 76.75.+i

The relaxation process of energetic charged particles
implanted into crystalline solids is one of the central is-
sues both for radiation physics and for radiation detector
applications. It is widely believed that the energetic par-
ticles are instantaneously ( ( 10 ' s) degraded into
thermal energy in solids due to energy dispersion predom-
inantly by ionization of the host materials. While mount-
ing experimental and theoretical works have been accu-
mulated for the energy-transfer processes of the radiation
particles at high energy, relatively little is known about
the deexcitation of the implanted particles near the end of
the process which must be largely dependent on the prop-
erties of the host crystal.

In this Letter we report the first successful measure-
ment of the time-resolved luminescence spectrum associ-
ated with implanted positive muons which are known to
form anomalous muonium (p+e ) centers at low tem-
peratures in KBr. The temperature dependence of the
luminescence yield in KBr has a strong correlation with
the amplitude of the anomalous muonium center: Both
are observed only below —50 K. This correlation as well

as the relatively long lifetime of the luminescence (i.e. ,

Iluorescence) compared with that of muons strongly sug-
gests a coupled state between muonium centers and re-
laxed excited states (e.g. , self-trapped excitons) induced

by radiation as a model for the anomalous muonium
centers.

Muonium defect centers provide a unique opportunity
to compare the electronic structures of simple defects in a
wide range of materials which now include elemental and
compound semiconductors [I], solid noble gases [2], and
ionic insulators [3]. The muon-spin-rotation (ItSR) spec-
troscopy under high transverse field has revealed two
types of muonium centers distinguished by the hyperfine
(hf) parameters in some crystalline solids, i.e., "normal"
muonium (Mu) and anomalous muonium. Mu is a state
analogous to the neutral interstitial hydrogen centers
(e.g. , H; or U2 center in alkali halides [4]) characterized
by a large isotropic hf interaction. While in semiconduc-
tors the anomalous center (Mu*) with highly anisotropic
hf interaction has been identified as located in the bond

center of the host crystal [5,6], the structure of the low-
temperature centers (Mu') in KBr [3] or in copper
halides [7] is still unclear, except for the known isotropic
hf parameter which is either reduced (in KBr) or
enhanced (in copper halides) compared with that of the
high-temperature center (Mu"). The striking similarity
of the nuclear hyperfine (nhf) structure between Mu' and
Mu" in CuC1, demonstrated recently by means of level-
crossing resonance (LCR), indicates that both centers are
in the same tetrahedral interstitial site [8]. Thus, the
diAerence between those two centers in CuC1 lies only in

the relative shift of the electron spin density between the
muonium center and the neighboring Cu and Cl shells.

Unfortunately, the extremely high LCR field prevents
us from applying this technique to either Mu' or Mu" in
K Br. However, the very recent development of the
muonium spin Tl relaxation technique has provided both
dynamical and structural information on muonium
centers in various host crystals including those in ionic in-
sulators [9] and in compound semiconductors [10]. In
particular, the average nhf coupling constants deduced by
this technique have confirmed that in KBr the Mu"
center is a state analogous to the H; center [9] (corre-
sponding to the "normal" Mu in other alkali halides) as
suggested previously by a systematic study of muonium
hf parameters in various alkali halides [3]. In compar-
ison to Mu" the enhanced spin density at the four
nearest-neighbor anion sites together with the reduced hf
coupling [3] strongly suggests that Mu' is in an extended
state which is stable only at lower temperatures.

In order to further investigate the structure and dy-
namics of the anomalous muonium centers from the
standpoint of the host crystal excitation, we have mea-
sured the time-resolved luminescence in three alkali
halide crystals including KBr under muon irradiation.
The present experiment was conducted at Meson Science
Laboratory, University of Tokyo (UTMSL, located at
KEK) which provides a pulsed beam of —103 positive
muons per pulse with 50 ns width coming at a rate of 20
Hz. The single-crystal samples of KC1, NaC1, and KBr
([100] plane, 40 mm in diameter by 3 mm thick) were

1991 The American Physical Society 3689



VOLUME 67, NUMBER 26 PHYSICAL REVIEW LETTERS 23 DECEMBER 1991

obtained from Rare Metallic Co. Ltd. Muons of momen-
tum 29 MeV/c (=4 MeV in energy) were stopped in

those samples and photons with 185-850 nm wavelength
were measured directly by using a photomultiplier
(Hamamatsu Co. model R2027). The arrival time of the
discriminated signals from the photomultiplier relative to
the incident muon beam pulse was recorded by a multi-
stop time-to-digital converter (40 ps range) developed at
UTMSL [11].

Typical examples of photon time spectra from KBr are
shown in Fig. 1. The initial 10 ps of the spectra is dom-
inated by the background events due to energetic posi-
trons from muon decay with a lifetime of 2.2 ps. The
second component with a longer decay time emerges in

the spectra below 50 K. We also found that the second
component is absent in the spectra for either KC1 or
NaC1 at 20-300 K, where no state like Mu' is reported.
These spectra in Fig. 1 demonstrate that the pulsed muon
beam is well suited to measure this kind of delayed rare
event because of the low background level (( 10 ) dur-

ing the pulse intervals. The solid curves in Fig. 1 are the
best-fit results of the photon counting rate n(t) by the
form

n(t) =n„e '"+n„e

where r„(=2.2 ps) and z~ are the decay times of posi-
tron and photon events, and n„and np are the respective
counting rates at time origin. The excellent agreement
between the data and Eq. (1) implies that the spectrum
consists of a single component for the photons in this time
range.

Since the detection efficiencies of the present pho-
tomultiplier including the solid angle are approximately
equal for the photons and the high-energy positrons
(mean energy —37 MeV) the positron component in the
time spectra can be used to estimate the photon yield rel-
ative to the number of incident muons. Figure 2 shows
the temperature dependence of the ratio N„/N„=n~r~/

n„r„which is regarded as the total photon yield normal-
ized by the muon dose. The yield in KBr shows a step-
wise increase below 50 K in coincidence with that for the
Mu' centers [3], whereas no such behavior is observed,
for example, in KC1. A relative yield of about one photon
per four incident muons was observed in KBr below 30 K.
Since more than 75% of the incident muons are known to
form the Mu' state in KBr below 50 K [12] the observed
photon yield corresponds to one photon per three to four
Mu' centers. The lifetime of the luminescence was

uniquely deduced from the fit analysis for the data below
45 K. As seen in the inset of Fig. 2, ~p is almost indepen-
dent of temperature, yielding an average r~ =13.3(5) ps.
The relatively small yield (i.e., N„/N„(1) and the long
lifetime of the luminescence imply that those photons do
not come directly from the initial excitations (e.g. , free
excitons) but rather from a relaxed excited state like a
self-trapped exciton (STE).

It has been shown in a detailed study of the intrinsic
luminescence under excitation by a pulsed electron or
laser beam that the yield of the dominant z luminescence
(2.28 eV) from the self-trapped exciton in KBr shows a
temperature dependence similar to that of the muon-
induced luminescence in Fig. 2 [13]. However, the life-
time of the z luminescence is —100 ps below 35 K which
is far longer than that of the muon-induced luminescence,
thereby indicating that the latter is not associated with
the isolated STE. This, together with the missing muon-
induced luminescence in KC1 or NaC1 in which only the
normal muonium center is observed, suggests that the ob-
served luminescence is strongly correlated with the ex-
istence of Mu', i.e., the muonium Auorescence.

We conclude from the current knowledge of the muoni-
um and hydrogen centers that (a) Mu' is not the ground
state of a charged interstitial center (Mu or p+) which
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would lead to a far smaller hf parameter, and (b) neither
is it a substitutional center for which we would expect a
shift of hf and nhf parameters in the opposite direction
from those for the normal muonium as observed in the
case for the hydrogen centers [14,15]. Meanwhile, the
dynamical property of the normal muonium centers in al-
kali halides implies that they are in a small-polaron state
which is highly mobile [9]. A van der Waals-type attrac-
tive interaction between polarons and excitons is general-
ly expected in ionic crystals [16]. The marked coin-
cidence of the temperature dependence between the pho-
ton yield and the Mu' amplitude suggests that this
polaron(muonium)-exciton interaction is responsible for
the electronic structure for the low-temperature muonium
center. The long z~ compared with z„ implies that the
relaxed excited state is weakly coupled with the muonium
centers; otherwise we would have seen the shorter
compared with the lifetime of the muonium center itself
(=z„). However, we note that this argument is not valid
if the relaxation occurs in two (or more) steps where the
photons are from the later step(s).

The explicit structure of the Mu' center as a complex
of muonium and relaxed excited states is still an open
question. A hint is that fluorescence has been observed
from the interstitial hydrogen centers in alkali halides
doped with I, where the spin quartet of the charge-
transfer-type relaxed excited states (i.e., H; +I ) are
responsible for the long radiative lifetime (—10 s)
[17]. One of the possible analogs for the Mu' is then the
spin multiplet of the charged states coupled with sur-

rounding halogen atoms [18,19], though the observed
small shift for the Mu' hf parameter might be hard to ex-
plain by this model. More probably it may include some
neutral defect centers near the muonium, e.g. , Mu associ-
ated with STE or H centers. In this case the lumines-

cence may be attributed to the STE perturbed by the
nearby muonium. Spectroscopic information on the
fluorescence would certainly be helpful in identifying the
structure.

In conclusion, we have measured the time spectrum of
the fluorescence from KBr immediately after positive
muon implantation. The correlation between the fluores-
cence yield and the Mu' amplitude strongly suggests the
interaction between muonium centers and relaxed excited
states as the origin of the anomalous muonium center in

KBr. The present result also demonstrates the feasibility
of combined spectroscopy between p SR and optical
methods which has potentially many applications in ma-

terials research.
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