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Demonstration of the effect of uniaxial stress on the electronic structure of bond-centered
muonium in Si
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We demonstrate that compressive uniaxial stress modifies the electronic structure of bond-centered muonium
(Mu$,) in Si. The stress was applied along the (100) direction of the sample and results in a significant change

in the hyperfine parameters of Mugc.
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Muonium [Mu=(u*e”), spin 1/2] centers in semiconduc-
tors are defects which have electronic structures essentially
identical to those of hydrogen. These similarities have led to
the frequent use of Mu as an experimental analog for the
isolated states of hydrogen in semiconductors, where the lat-
ter is widely recognized as a very important interstitial im-
purity in these technologically relevant materials.'~!?

In high resistivity crystalline silicon, two neutral (i.e.,
paramagnetic) muonium centers, now commonly labeled as
Mu$} and Mu} in the literature, are formed when positive
muons are implanted into the sample at low temperatures.
About 37% of the implanted muons form Mu}. while ~61%
end up as Mu(} (a small fraction of the muons also end up as
diamagnetic centers, i.e., likely Mu* or Mu)."3 The elec-
tronic structures of these centers are now well
characterized.'* Mu(} has an isotropic muon-electron hyper-
fine parameter about half that of the vacuum state and is
believed to be diffusing between tetrahedral interstitial sites.
The other center Mu$- is located close to a Si-Si bond-center
(BC) position.'? It is immobile on the time scale of the muon
lifetime (2.2 ws) and it ionizes at =150 K. As a consequence
of its location, the hyperfine interaction of Mu}. is axially
symmetric about a (111) crystalline axis and is described by
two parameters A, and A | which are approximately an order
of magnitude smaller than the contact interaction for Muf,
ie., A, (A)=-16.82 MHz, A | =-92.59 MHz)."-1#16

In this paper, we address the following question: Will a
reasonable amount of uniaxial stress produce measurable
changes in the hyperfine interaction of Mugc in Si? There are
a number of reasons for establishing whether stress produces
observable effects in the local electronic structure of Mujy.
The first motivation is one of scientific curiosity. Holzschuh
et al.'” have measured the hydrostatic pressure dependence
of the hyperfine parameter A,, for Mu(} in Si at 273 K, but
found no significant pressure dependence in A, up to
~1500 bar (0.15 GPa). [Using the bulk modulus'® of Si
(0.988 X 10'! N/m?) this pressure corresponds to a compres-
sive strain of da/a=~500 ppm.] In the case of Mujy, it is
also not clear whether a reasonable amount of applied stress
will have any affect since in order to accomodate this defect
at the BC position, there is already significant stretching of
the Si-Si bond.'>!? It is true that the hyperfine parameters of
Mugc change with temperature, but it was argued by the
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authors responsible for these studies’®?! that the observed
monotonic variation implies that lattice dilation/ expansion??
effects are not responsible. On the other hand, due to the
strong coupling between the lattice and the muonium state
located at the BC position, we anticipate the local strain
could induce a large change in the hyperfine parameters of
Mugc. Except for our current experiments, described below,
we are not aware of any reported measurements on the ef-
fects of externally applied stress on the hyperfine parameters
of Mul.

Another reason for our experiments is that successful ob-
servation of a stress-related effect on the hyperfine param-
eters of Mugc could prove interesting to theorists calculating
the details of muonium (or hydrogen)-lattice interactions.
The properties, i.e., how the crystal parameters change, of
conventional semiconductors under stress are well under-
stood. Hence, a study of the behavior of the hyperfine pa-
rameters of muonium centers in semiconductors could pro-
vide a stringent test of theoretical models which are
dedicated to estimating hydrogen or muonium hyperfine pa-
rameters. A third reason is that future experiments on muo-
nium in semiconductors may be focussed on investigating
the dynamical aspects of muonium in a strained lattice, in-
cluding formation probabilities of muonium, transition rates
for interconversion between states, etc. Hence, it would be
useful to have a means of verifying that stress has been in-
troduced into the material at the microscopic level: detecting
stress related changes in hyperfine parameters of certain
muonium states (e.g., Mu%.) could be such a means.

The experiments described in this paper were performed
at TRIUMF. Positive muons of nominal momentum
~30 MeV/c and spin polarization close to 100% are im-
planted into the sample. The sample studied is a slightly
p-type silicon sample obtained from TOPSIL with a (100)
face and impurity concentration 3 X 10'! cm™. The sample is
rectangular with dimensions =15 mm X9 mm X2 mm
(thickness). The two 15 mm X 2 mm surfaces of the sample
are perpendicular to a (110) direction, while the two
15 mm X 9 mm faces are perpendicular to a (100) direction.

The uniaxial compressive stress was applied perpendicu-
lar to H and along one of the (110) directions (i.e., the stress
is applied to the two 15 mm X 2 mm surfaces of the sample).
Figure 1 summarizes the experimental situation. Since our
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FIG. 1. The LF-uSR precession signal due to Mugc at 175 K
(a) in the absence of applied stress and (b) with an applied uniaxial
compressive stress. The data are displayed in a rotating reference
frame (RRF) with a reference frequency of 18.0 MHz. The solid
lines are fits to the data as described in the text. The schematic
[above panel (a)] summarizes the directions of the applied stress
and the magnetic field H with respect to the rectangular sample.

goal is to perform a proof-of-principle demonstration that
uniaxial stress can affect the Mugc hyperfine parameters, we
used a relatively simple arrangement for applying stress to
the sample. The silicon was placed in a groove, machined to
the size of the sample, in a piece of copper. A snug fit was
obtained by placing sufficient pieces of thin aluminum foil
(thickness 0.01 mm) between the sample and the copper
groove. Upon cooling the system to 17.5 K, the different
thermal expansion coefficients between the metals and the Si
result in uniaxial compression of the Si sample (along the
(110) direction). We approximate the strain and stress very
roughly to be 2000 ppm and 0.34 GPa, respectively (error
estimates are = =+500 ppm and =~0.09 GPa for the strain and
stress, respectively).

The muon spin polarization was studied using the longi-
tudinal (LF) uSR technique' where the applied external field
H is applied parallel to a (100) direction of the Si sample, as
well as the the initial muon spin direction. Due to the highly
anisotropic hyperfine interaction of Mugc, and in a suffi-
ciently high applied field H, half the muons can be
visualized!>1¢ as precessing about an effective field corre-
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sponding to the electron quantum number m =+1/2 while
the other half precesses about an effective field correspond-
ing to my=—1/2. (The two precession frequencies are usually
labeled as v;, and vy, in the literature.) In general, these
effective fields differ from H in both magnitude and
direction."!> As a consequence, although the initial muon
spin is parallel to H, a precessing signal(s) of significant
magnitude can be observed at certain applied magnetic
fields. Of particular interest in our experiment is the exis-
tence of a so-called “magic field” of magnitude H,,,, where
the precession frequency v,,, is essentially independent of
the angle 6 between H and the Mugc hyperfine symmetry
axis'? (also the bond axis). The analytical approximations for
H,.q and v,,,, are given by

A+A
Hppe= | ——— (1)
4y,
and
A-A
Vinag = ’— | )

where %¥,=13.554 MHz/kG. In the case of unstressed sili-
con, and using the known hyperfine parameters for Mugc,
these equations give H,,,,=2.02 kG and v,,,,=18.94 MHz.
(A more accurate numerical calculation gives H,,,
=2.002 kG and v,,,,=19.10 MHz.) The advantage of carry-
ing out measurements at (or close to) H,,, is that since the
precession frequency does not depend on the orientation be-
tween the crystal and the magnetic field, a long lived preces-
sion signal is expected in the absence of any dynamics. In
other words, the four (111) bond directions all give the same
frequency if their hyperfine constants are equal (this is the
case in an unstressed sample), and the exact orientation of
the sample relative to the external field is unimportant.
Hence, any significant changes of the muon spin polarization
under stress can be attributed to changes in the hyperfine
parameters due to the applied stress.

Initially, measurements were carried out in the absence of
stress. The experiments were performed at 17.5 K with an
applied field H of 2.02 kG [as estimated from the value of
the precession frequency shown in Fig. 1(a)], close to the
magic field, applied parallel to one of the (100) directions
(i.e., the face) of the crystal as well as the initial muon po-
larization. In this configuration, the Mu$. centers are all
equivalent with #=54.7°. Figure 1(a) shows the asymmetry
plot, and Fig. 2(a) its Fourier transform, in the absence of
stress. As shown in Fig. 1(a), the data are well fitted in the
time domain to a single Gaussian damped precession signal.
Note that as expected, the fitted frequency of 19.001(3) MHz
is close to the “magic frequency” discussed above. Further-
more, the spectrum shows very little relaxation. This is not
surprising since in undoped Si samples at these temperatures,
Muj. is stable (on the lifetime of the muon), there are very
few free charged carriers, and hence so-called charge and/or
spin exchange interactions are negligible.?3%*

The spectrum is dramatically changed when uniaxial
compressional stress is applied along one of the (110) direc-
tions (and perpendicular to H). This is shown in Figs. 1(b)
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FIG. 2. Fourier transforms of the data displayed in Fig. 1, i.e.,
(a) in the absence of any applied stress and (b) with the application
of uniaxial compressive stress.

and 2(b). As indicated in Fig. 1(b), the time-domain spec-
trum is well fitted to a sum of two Gaussian damped preces-
sion signals. One frequency is at 18.992(5) MHz, very simi-
lar to that measured in the original unstressed sample, while
the second frequency is at 18.788(7) MHz.>> Note that after
these measurements, the unstressed Si sample is studied
again. A single frequency at 19.001(2) MHz is observed, i.e.,
the same as initially. This implies that no permanent local
deformation of the sample has taken place.

The observation that the unstressed line splits into two
upon the application of a uniaxial compressive stress is ex-
pected, given the direction of the applied stress with respect
to the crystalline axes of silicon. Since the stress is applied
along a (110) direction, and Mugc resides in a Si-Si bond,
half of the Mugc centers are at ¢»=35.3° while the other half
are at ¢»=90°. The symbol ¢ designates the angle between
the principal axis of the hyperfine tensor (i.e., Si-Si bond
direction) and the direction of the stress field.

Given that we have applied a stress of —2000 ppm along
the (110) direction, we can use the tabulated elastic constants
of silicon?® to calculate that the (111) lattice vectors along
which the Si-Si bonds lie should change by —1092 and
+326 ppm for ¢=35.3° and ¢$=90°, respectively. The break-
ing of the crystal symmetry by the strain allows the two Si
sublattices to move relative to each other along (001), allow-
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ing the bond lengths to remain nearer to equal to each other.
This effect is described by the internal strain parameter .
Using the experimental value for silicon of {=0.73+0.04
(Refs. 27 and 28) we obtain bond length changes of —575
and —192 ppm—although both bond lengths now decrease,
the ¢=35.3° bond still undergoes the larger strain. There-
fore, we assign the lower frequency signal in Fig. 2(b),
which has changed most from the unstrained measurement,
to the ¢»=35.3° centers and the upper frequency signal to the
$=90° centers. Note that the observed frequencies, when
compared to the unstressed signal, do not change in the 3:1
ratio predicted above. This could indicate that either the elas-
ticity of the Si-Mup-Si bond is different from the Si-Si bond
and/or the hyperfine constants are not functions of the bond
length alone.

For both sites, the applied stress breaks the initial D,
threefold symmetry about the bond axis to C,;, so we could
expect the axial symmetry of the hyperfine constants to be
broken. The bond direction can also rotate, as local distor-
tions around the bond are permitted in addition to the bulk
rotation of the (111) lattice vector towards (001). Therefore
we now have, for each site, four parameters that will deter-
mine the value of the observed frequency: the new 6, and the
three principal hyperfine constants A, (formerly A;) at 6 to
(001), A, (formerly A | ) at 90° + @ in the plane containing the
bond and (001) directions, and A5 (formerly A | ) perpendicu-
lar to that plane.

Note that the bonds at ¢=90° rotate differently than the
ones at ¢=35.3° since the Poisson’s ratios €ig)/ €0y and
€001)/ €110y are not equal and the sample expands much more
along (001).

The changes in frequency at constant field close to
H,,,1I{001) can be calculated (and confirmed by simula-
tions) as

dv| cos’ @ 1
=T (3)
dA| 2 6
v sin? @ 1
e _7 (4)
dA, 2 3
dv]
—=0. (5)
A5

The measurements indicate that we have observed a change,
compared to the unstressed values, of (AA;—2AA,)=
—1.28+£0.05 MHz for one site (probably ¢=35.3°) and
—-0.054+0.036 MHz for the other. The value of (2AA,
+AA,) remains unknown as do A# and AAj;.

There is insufficient information in our current measure-
ments to establish which hyperfine constants are changing.
Hence, we are unable to ascertain whether the pressure de-
pendence is due to the change of the contact interaction, the
change of axial-dipolar interaction, or even the appearance of
a nonaxial dipolar term in the hyperfine interaction. Such
information can potentially be obtained by carrying out
analagous measurements at different applied fields and field
orientations, which are being planned.
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In summary, we have demonstrated that uniaxial compres-
sive stress can produce significant changes in the electronic
structure of Mugc. The redistribution of the unpaired spin
density in the vicinity of the muon modifies the hyperfine
parameters of Mugc and produces easily noticeable changes
of its precession signatures.
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