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Novel Muonium Statein CdS
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A new type of muonium defect center has been observed in undoped CdS below 20 K. The
hyperfine interaction amounts only to approximatély * of the vacuum value, and is shown to have
axial symmetry along the Cd-S bond direction. Results suggest that the muon is close to the sulfur
antibonding site and the paramagnetic electron density is distributed over a large volume. In contrast to
the behavior in other semiconductors, muonium forms a shallow center in CdS. By implication, analog
isolated hydrogen impurity atoms act as electrically active shallow-level defect centers in CdS.

PACS numbers: 61.72.Vv, 71.55.Gs, 76.75.+i

Muon spin rotation SR) spectroscopy has played only weakly bound to the positive muon (the occupation
a pioneering role in the discovery and identificationprobability at the muon site and consequently the contact
of intrinsic hydrogenlike states in semiconductors. Ainteraction are very small). This new muonium state is
first overview of muon states in semiconductors wasobserved only at low temperatures and in undoped mate-
presented by Patterson [1]. Recent reports by Cox andals. In a heavily doped CdS sample no muonium signal
Lichti [2] and by Chow, Hitti, and Kiefl [3] update was found at 4 K.
the experimental data and summarize the present statusFor the experiments reported here, we used commer-
of this field. Muonium behaves in solids similarly to cially available (from CrysTec, Berlin), undoped, hexa-
a hydrogen atom in the sense that the muon modelgonal (Wurtzite structure), single crystalline CdS slabs
the intrinsic behavior of a proton. The muon is fairly with areas of approximately0 mm? and thickness of
insensitive to defects since it is implanted and comes td.2 mm. The samples were oriented with t8801) axis
rest in most cases in an undisturbed lattice area. At leagterpendicular to the plane. The muon spin rotation experi-
at low temperature, where diffusion to defects within thements were performed at the GPS instrument at the Paul-
lifetime of the muon is unlikely, the properties of the Scherrer Institute (PSI) in Switzerland and at the EMU line
intrinsic state can be detected. This contrasts withat the ISIS facility of the Rutherford Appleton Laboratory
the time scale of most conventional spectroscopies, whictn England. A perpendicular geometry was used [1-3].
observe hydrogen paired with other defects or impurities.Part of the PSI data was recorded with the recently installed

In the Group IV elemental semiconductors and Ill-V option MORE (Muons On Request) which allows measure-
compounds, usually one finds [1-3] a diamagnetic statenents of time spectra encompassing wide time windows.
with a muon Larmor frequency corresponding to the exter- Figure 1 shows theuSR MORE spectrum and its
nal magnetic field, together with one or two paramagnetid¢-ourier transform, obtained with an external applied field
states characterized by hyperfine splittings. Experimentadf B = 0.01 T parallel to thec axis and at 2.1 K. In
muon data on the II-VI compounds are scarce. In ZnSaddition to the Larmor precession signal at 1.38 MHz, the
and ZnSe a spherically symmetric muonium center withFourier spectrum shows two pairs of lines positioned sym-
a rather large hyperfine interactio®00> and77% of the  metrically around this central line. The outer palr =
vacuum value, respectively) is reported; for CdS only the335(7) kHz] and the inner pair4»v = 214(5) kHz] to-
diamagnetic state has been observed so far [1]. gether with their intensity ratios can be assigned to two

In this Letter we present the first observation of a paraorientations of the muonium defect center. The new muo-
magnetic state in CdS. This state has unusual propenium center is therefore described by a hyperfine tensor
ties, the most pronounced feature being that the hyperfinehich can be oriented along definite crystallographically
interaction is extremely small (in the order ®0~* of  equivalent directions (specific bond directions) which are
the vacuum value) indicating that the unpaired electron islifferentiated by the applied magnetic field.
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FIG. 1. uSR spectrum and its Fourier transform for undoped
CdS at 2.1 K. The magnetic field of B = 10 mT was parallel
to the hexagona (0001) axis which was also norma to the
plane of the disklike sample. In this geometry, one Cd-S bond
direction (suggested to be the symmetry axis of the hyperfine
tensor) is at 0° and three are a 70.6° to the field direction.

Further angular and field dependence measurements
show that all spectra can be explained by assuming an
axialy symmetric hyperfine interaction with symmetry
axis aong the Cd-S bond direction. It is noteworthy that
neither the intensity ratio of the spectral lines nor their
orientation dependence can be attributed to dipole-dipole
interactions with the dipolar nuclei in CdS. One should
bear in mind that in the hexagonal structure the bond
along the c axis and the three other bonds are not exactly
equivalent, and therefore the hyperfine parameters as well
as the formation probabilities of the muonium complex
could be different for these two configurations. On the
other hand, the local environment of muonium associated
with the various Cd-S bonds is not significantly different,
and therefore the local properties (e.g., the hyperfine
parameters) are expected to be similar. The available data
are consistent with a unique hyperfine interaction for all
configurations although more refined measurements may
reveal slight deviations. The formation probabilities seem
to depend dightly on the bond configuration.

In the geometry where the magnetic field is along the
(0001) axis, there is a Cd-S bond with # = 0° (6 being
the angle between the bond direction and the externa

field) and three bonds with # = 70.6°. Theintensity ratio
in Fig. 1 suggests that the outer pair of lines corresponds
to # = 0° and the inner pair to § = 70.6°. In the high
field limit (A < y.B/2 = 140 MHz for B = 10 mT)
and axial symmetry the following relation holds:

Av(9) = A(B) = |Ajcos’0 + A, sind|, (1)

where Av(#) is the separation of two lines symmetrical
around the centra line, A(#) is the hyperfine interaction
for agiven angle 6, and A and A, are the hyperfine in-
teraction parallel and perpendicular to the symmetry axis,
which we assign to the Cd-S bond direction. The analy-
sis of the spectrum of Fig. 1 yields A = 335(7) kHz and
A, = 199(6) kHz.

Measurements at different angles confirm that A; and
A, have the same sign, but both could be either positive
or negative. In what follows we quote the absolute value.

A useful choice of a different geometry is—in analogy
to the magic angle geometry in the cubic structure—a
rotation of the c axis by an angle of 54.7°. In this way,
five of the eight bonds of the unit cell have a 6 close to
that value and the predicted hyperfine value is 244(5) kHz
(A and A, as given above). For the three remaining
bond directions, somewhat different hyperfine values are
predicted but their center of gravity is again 244 kHz.
Thus, in this geometry and with a moderate resolution
a single pair of hyperfine lines is expected. Figure 2
shows the Fourier transforms of time spectra obtained for
this specific field orientation and different temperatures.
Only a single pair of lines shows up as expected. The
experimental value of the hyperfineinteraction at thisangle
at 2.1 K is 243(4) kHz, in excellent agreement with the
predicted value of 244(5) kHz for 8 = 54.7° obtained
using Eqg. (1).

Figure 2 shows that the three lines, which are well
separated at 2.1 K, do merge when temperature increases
and that the intensity of the middle line increases. This
behavior is more clearly seen in the contour plot in Fig. 3.
The separation of the outer lines, corresponding to the
hyperfine interaction, gradually decreases, and spectral
weight is transferred to the middle line with increasing
temperature. In a second sample, of different origin but
also nominally undoped, this variation with temperature
was similar but not identical. Above about 20 K only the
central single line is observed.

In the temperature behavior, two regimes can be dis-
tinguished: below 20 K the lines are very broad and con-
sist of the two hyperfine lines discussed above and a
broad background under the line spectrum. Above 20 K, a
single, very sharp line with a depolarization rate of o =
0.025(5) us ! showsup. Thislineisclearly identified as
the diamagnetic muon precession in the external field. The
depolarization rate has a value as expected considering the
dipole-dipoleinteraction with nuclei of the odd Cd isotopes
(abundance 25%). The broad lines below 20 K definitely
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FIG. 2. Fourier transforms of wSR spectra for undoped
CdS a B = 10 mT, 0 = 54.7° (see text), and three different
temperatures.

require the interaction of the muon with an electron mo-
ment and are therefore indicative of muonium formation.
The transition between the two regimes occurs in a narrow
temperature range around 20 K as shown in Fig. 4 where
the summed amplitude of all broad lines and the amplitude
of the narrow diamagnetic line are plotted as a function of
temperature. An activation energy of 9 meV is obtained
from the slopes of these curves.

We suggest that two different mechanisms are active:
the spectral changes observed below 20 K are attributed
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FIG. 3. Contour plot of the uSR data Fourier transforms at
different temperatures for CdS at 6 = 54.7° and B = 10 mT.

The widths of the contours in the temperature axis direction
were chosen for purposes of presentation only.
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to spin exchange dynamics and will be discussed below,
whereas the rather abrupt transition to the diamagnetic
stateis assigned to ionization. A continuous extrapolation
of the spin dynamics towards higher temperatures would
imply a gradual decrease of the hyperfine splitting leading
to a broad centra line which finally should narrow with
further increasing temperature. The observed behavior
was found to be quite different. In the transition region,
the lines remain broad but their intensity decreases and a
sharp diamagnetic line grows at the expense of the broad
lines (Fig. 4). This is taken as evidence that the center
becomes ionized, i.e., that the electron is no longer bound
to the muon, above the transition region. The binding
energy of the electron derived from the observed activation
energy viatherelation E; = 2E, (where E; is the defect
level energy and E, the activation energy) yields for
the present case E; = 18 meV, suggesting that muonium
forms a shallow level with a widely distributed electron
wave function as already suggested by the low hyperfine
interaction.

Further evidence for the ionization hypothesis comes
from a comparison of the spin dynamics and the transition
to the diamagnetic state of the two different investigated
samples, both nominally undoped. The spin dynamics
behavior below 20 K is different (as expected for dightly
different carrier concentrations). On the other hand, the
transition to the diamagnetic state, which is a property of
the center, is the same. In addition, the assumption of
a strongly bound electron localized at surrounding atoms
(eg., a the Cd atom of the Cd-S-Mu radical molecule),
in order to be consistent with the low contact interaction,
would hardly be reconciled with the small dipolar field
observed at the muon.

Thus the present data provide convincing evidence that
the muonium in CdS is a shallow center (donor or ac-
ceptor) with a binding energy of approximately 18 meV.

20 OO0 o i
X 154 o ® -
P
T 1o- ° ]
= o
E
@ 57 1
< o

0 I.. T EI] 1 m

0O 10 20 30 40 50 60

Temperature (K)

FIG. 4. Paramagnetic fraction (open squares) and diamagnetic
fraction (closed circles) as a function of temperature for CdS at
B = 10 mT and an angle of 54.7°.
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The electron distribution of such a center may be roughly
described by a dilated hydrogenlike wave function in
a dielectric medium. In this picture the hyperfine in-
teraction scales inversely with the cube of the Bohr
radii of the corresponding 1s wave functions. In the
present case the isotropic part of the hyperfine interac-
tionisA; = (A + 24,)/3 = 244 kHz which has to be
compared with Ay = 4463 MHz for the free muonium,
i.e, A()/Ad = 1.8 X 10*. This leads to ag = 26ag =
1.4 nm, where a, is the Bohr radius for the defect cen-
ter and aq the Bohr radius for the free muonium.

This finding is in qualitative agreement with the esti-
mated value calculated with the CdS dielectric constant
e = 9 [4], and effective electron mass of approximately
m, = 02mqg [5], i.e, aq = (g¢/m./mg)ag = 45a9. A
closer agreement is not expected within the rough mod-
els considered.

We aso considered the possibility that the observed
muonium corresponds to a metastable excited state, the
formation of the ground state being hindered by a barrier
a low temperature. However, this interpretation seems
unlikely since in this case we would expect the formation
of the ground state at higher temperatures, where the
barrier could be overcome. Experimentaly, we find
no evidence for a paramagnetic state, neither static nor
fluctuating, between 30 and 300 K. Thus, the existence
of a paramagnetic deep level seems unlikely.

The present shallow muonium center may be compared
to the phosphorus defect center in silicon, for which case
extensive EPR studies are available [6]. There, the low
temperature changes of the spectrum are attributed to the
excitation of a bound excited state which has a zero hyper-
fine interaction. The fluctuation between these two states
leads to a shift of the hyperfine splitting as the tempera-
ture is increased, since the probability of the electron be-
ing in the excited state increases. In the present case,
a bound excited state seems unlikely, but it seems pos-
sible that an electron fluctuates between the bound and
the unbound states without a spin change due to the ex-
tremely low electrical conductivity of undoped CdS at low
temperatures [7,8]. This process preserves the structure
of the separated lines, but the hyperfine interaction de-
creases. At somewhat higher temperatures, but still below
the 20 K transition, spin exchange processes will come in
and lead to spectral changes due to spin dynamics until, at
around 20 K, the center is ionized and the electron disap-
pears permanently.

A possible scenario is that the muon is covalently
bound to sulfur near the antibonding site. Such a position
has been proposed for the muon in the chalcopyrites
CulnSe, and CulnS, on the basis of nuclear dipolar

broadening measurements [9]. Since the local bonding
structure in CdS is similar to the structure in chalcopyrites
and since the observed hyperfine parameters have the
symmetry corresponding to the bond direction, such an
assignment seems reasonable also for the present system.
The observed dipolar width of the diamagnetic state
(o = 0.025 us™!) is consistent with this assignment if
we assume that this is caused by the Cd nuclear moments
of the odd Cd isotopes. The bond-center position would
give a much larger dipolar width and therefore can be
discarded on the basis of the experiment.

The extremely weak hyperfine interaction and the
disappearance of the center at around 20 K by ionization
strongly suggest that muonium in CdS forms a shallow
center. It appears to be the first example of a muonium
center with such an electronic structure. By implication,
hydrogen atoms form an electrically active shallow center
in CdS, in contrast to the deep-level centers formed in
other semiconductors and dielectrics [1-3].
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