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We report measurements on the dynamics of negatively charged muonium) ((vam 295 to
1000 K in heavily dopedn-type GaAs:Si. The Mu center begins to diffuse abov&0 K with
a hop rate described by an Arrhenius function= voe Ex/*T where v, = 5.6(5) X 10'2 s7! and
E, = 0.73(1) eV. Above700 K, relaxation from charge-state fluctuations is observed. The analysis
of these data implies Mu<— Mu® conversions occur via alternating capture of holes and electrons,
establishing Mu as a deep recombination center. Similar dynamics are expected for the isolated H
center inn-type GaAs. [S0031-9007(96)00189-5]

PACS numbers: 71.55.Eq, 66.30.Jt, 76.75.+i

Considerable work [1] has been devoted to obtainingulting quantum effects, these results provide a semiquanti-
microscopic descriptions of hydrogen centers in elementahtive model of the dynamics of isolated Hrirtype GaAs.
and compound semiconductors. Any of the three charge The techniques used to study Mu require only a small
states of isolated interstitial hydrogen®HH*, H") may  number of muons (typically one) in the sample at a time;
contribute to the diffusivity and hence reactivity of H hence, Mu-Mu interactions are nonexistent. Furthermore,
in semiconductors. However, experimental informationbecause of their short average lifetin®2(ws), they are
on the physical and electronic structure of these centerstudied within a few microseconds after implantation.
is available only for neutral atomic H, and only for Si, This allows experiments ofisolated Mu to be carried
while information on thedynamicsof all three centers out with relative ease. In the past such experiments
is virtually nonexistent. Consider the Hcenter inn-  have provided detailed information on the local electronic
type GaAs. Although its existence has been inferredstructure of theneutral (paramagnetic) muonium centers
from reverse-bias annealing experiments [2], alternativg5]. The (diamagnetic) Mu center in heavily doped
explanations for these data have been proposed [3jh-type GaAs [6] was characterized only recently and
Furthermore, the diffusion profile of H is complicated [4], quantitative information regarding the diffusion of Mu
leading to speculation that more than one charge sta@nd Mu is currently unavailable. Experiments at high
is involved, in particular, ¥ and H . Therefore any temperatures show that the charge on Mu cycles is due
additional source of information on either the diffusionto repeated ionization and recapture of electrons or holes
or charge states of H in GaAs would enhance ouf7,8]. Such processes can be probed much more directly
understanding of these impuirities. for Mu than for H and should be the same for the two

Muonium (Mu= u*e™) is well established as an ex- species since they depend only weakly on the mass of the
perimental model for H in semiconductors. The positivenucleus. In contrast, as stated above, comparison of the
muon (™, spin I/2) has a masa,, approximately ¥9th  diffusion rates is more complicated.
that of the protonn, and therefore Mu behaves like alight  The majority of the experiments were performed
isotope of H. In this paper we report detailed measureat TRIUMF and some at ISIS. Positive muons with
ments of the diffusion and charge-state dynamics associ=100% spin polarization were implanted into the sam-
ated with the negatively charged muonium center (Mu ple, a wafer of Bridgman-growm-type GaAs:Si (from
in metallic n-type GaAs:Si. Our results demonstrate thatLaser Diode, Inc.) with a net donor concentration of
the diffusion rate of Ma is orders of magnitude slower 4.5 X 10'® cm™3 and a (110) face. In muon spin ro-
than for the neutral tetrahedral interstitial fin semi- tation (wSR) experiments [9] the observed quantity is
insulating GaAs. At the highest temperatures investigatedhe time evolution of the muon spin polarization. In
these data provide the first demonstration of Mu as amhe transverse-field (TF) geometry the initial muon spin
electron-hole recombination center and yield the most deis perpendicular to the applied magnetic fiell and
tailed information to date on the nature of one of the Muundergoes Larmor precession about the sum of this field
charge cycles which have been observed in many semand any internal fields. In the longitudinal-field (LF)
conductors. Although direct comparisons of Mu and Hgeometry, B is directed along the initial polarization
dynamics are complicated by the large mass ratio and readirection while in zero field (ZFpB = 0.
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The muon polarization in a TSR experiment can
be written asPrr(t) = Grr(t) cOSw , 1) Wherew, =y, B
is the Larmor frequency with a muon gyromagnetic ratio
of y,=2m X 13554 us ! T~1. Information about the
dynamic processes is obtained from the relaxation function
Gre(z). Ifthe Mu™ center is static, the surrounding nuclear
spins give rise to a spread in the internal fields which is well
described by a Gaussian relaxation function; () o«
exp(—o?t?) whereo is a measure of the distribution of
nuclear magnetic dipolar fields at the muon sites [9]. If
the muon is hopping at a rate=1/7. which is fast
compared withr, the linewidth is reduced since the dipolar
interaction is motionally averaged. Furthermo€gs(7)
deviates from Gaussian, approaching an exponential if
is large [9]. A second source of spin dynamics may occur
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!f Mu IS underghOIfng Charge—statg C?]anges_ as a resql':] G.1. (a) An example of a TSR spectrum, measured at
interactions with free carriers. Such reactions are eitheL,gs i with B||(110) axis in ntype GaAs:Si. The solid line

unidirectional or cyclic and also result in an exponentialis the best fit to the data. (b) The temperature dependence
decay of the precession. of the Gaussian linewidth parameter The three regions are

It is difficult to distinguish between fast hopping and described in more detail in the text.
charge-state changes solely from the functional form of
Grr(#) since both processes give rise to exponential relaxtemperature dependence @fis plotted in Fig. 1(b). Al-
ation functions. ZF and LF measurements can, howevethough the relaxation approaches an exponential at the
distinguish between the two types of dynamics, as welhighest temperatures, only tlygialitative dependence of
as provide better quantitative estimates of dynamical pas is needed in our investigation. Previous experiments
rameters. If the muon is stationary, its polarization in zercat room temperature have established that the diamagnetic
field is described by the static Kubo-Toyabe function [10]:center in GaAs:Si samples of similar dopant concentra-
p() = + 3(1 — A% ex{—5A%*?]. The parameter tion is isolated Mu located near &, site [6] (tetra-
A = 7/»(3%)1/2 characterizes the distribution of the local hedral interstitial with Ga nearest neighbors). We label
fields. If the muon is diffusing, the muon polarization this center as Mg. The Gaussian form of the relaxation
is given by the “dynamic Kubo-Toyabe” (DKT) func- establishes that the muon is not undergoing long range
tion [10]: Pzr(t) = p(t)e "' + v f(t)p(T)e_’”PZF(t — diffusion during periods of a few muon lifetimes. As il-
7) dr which can be solved numerically fatzz(r). Ina lustrated in Fig. 1(b), the temperature independerin-
system such as GaAs where the internal fields at the mudticates that Mg remains static untik500 K (region ).
are due to nuclear dipoles, a magnetic field of magniAbove this temperature, Mubegins to diffuse, as evi-
tudeB = 0.01 T is sufficient to “quench” or suppress the denced by the decreaseadn(region Il). Application of a
relaxation for diamagnetic Mu, i.e., to give g(r) = 1.  small longitudinal magnetic field of0.01 T is sufficient
In contrast, if Mu is undergoing cyclic charge changes o fully quench the relaxation, indicating that it is due to
significantly larger fields are needed. Suppose that th@eak nuclear dipolar fields. The increasevirbeginning
charge changing reaction involves the neutral centet Muat =700 K (region 111} is attributed to cyclic charge ex-
with an isotropic hyperfine (hf) interaction and one change involving a neutral center RMu An irreversible
charged (diamagnetic) center, in our case MuThe re-  transition such as My — Mu® is not consistent with the
laxation is described [7] b@g(r) = ¢~ /T1, with LF-uSR data discussed below.

1 Ao A 272A2 More precise estimates of the muon hop raie region
— = ( 0-~-0 ) 3 “2 , (1) Il were obtained from ZFwSR measurements. Typical
T, Ao— + A0 ) Ag- + oy data are shown in Fig. 2(a). First, the static Kubo-Toyabe

function is used to fit the ZF data below400 K where

the muon is static, givingh = 0.165(5) us~!. The value

of A is then fixed and the data from 475 to 625 K are

fitted by the DKT equation to obtain. The temperature

dependence af is plotted in Fig. 2(b). A fit by an Arrhe-

is the gyromagnetic ratio of the electron. nius law(T) = voe /b7 yields vy = 5.6(5) X 10'2 571
Figure 1(a) shows a typical TRSR spectrum from and an activation energg, =0.73(1) eV. In a simple

Mu~ in our heavily dopedn-type GaAs sample. The model where the muon makes random jumps in three

damping of the precession is Gaussian near room tempedimensions between the neareguivalenttetrahedral in-

ature, characterized by the linewidth parameter The terstitial sites in the zinc-blende lattice [5], the diffu-

where A_o and Ao— are the rates of conversion for
Mu~ — Mu® and M# — Mu~, respectively. The field-
dependent frequenayys = 27 A, (1 + x2)!/2 whereA, is
the isotropic hf parameter of Mun frequency unitsy =
B(y. +v,)/2mA,, and y, =27 X 2799248 us ! T~!

3791



VOLUME 76, NUMBER 20 PHYSICAL REVIEW LETTERS 13 My 1996

GaAs. The former is immobile at the bond center [14]
and has a small highly anisotropic hf interaction while the
latter is a highly mobile state characterized byisoiropic

hf interactionA,, = 2884 MHz at low temperatures [15].

azr Pze(t)

349 K

0.0, 5 ’ 6 8 Our measurements of the field dependencég/df; at 900
TIME (ps) and 1000 K clearly show that the neutral center has a large
10k E and isotropic hf interaction. Hence, we assume that only

Muz and MLS} are involved in the charge dynamics, i.e.,
Muz — Mu$. This also represents the simplest and most
3 E plausible cycle since both states should be located near a

TGa site.
At each temperature, the transition ratg- for con-
ik (0) d version from M to Mu; and the rater_, for the re-
Y T I verse can be determined from the measurgd, rates
1/T (in 1073 K1) at two fields using Eg. (1). Since the hf parameter is

FIG. 2. (a) Examples of ZESR spectra for-type GaAs:S assumed to be close to that of Muit is not neces-
. 2. X -ty :Si. : : g
The solid lines are best fits to the data. (b) The temperatur ary to invoke detailed balance or to assume a func

dependence of the hop rate The solid line is the best fit tonal form for the temperature dependence of the rates,
assuming an Arrhenius functional form. as was done in Ref. [7]. The experimentdll’; rates at

B =48 mT andB = 2.9 T are shown in Fig. 3(a) and

_ _ _ _ the Ao and Ao- rates obtained from these data are dis-

sion constant i9, = a’v/12, wherea is the lattice con-  played in Figs. 3(b) and 3(c), respectively. The dashed
stant 5.64 A in GaAs). Thus we obtai, =1.5(1) X |ine through the data fok_ [Fig. 3(b)] represents a fit by
1072 ex—0.73(1) eV/kzT] cnP/s.  As a comparison, )_, = e Eo/%T and gives Mido/ws~") = 25.1(1.5)
Chevallieret al. [4] report a diffusion constant for deu- and E_y = 166(7) eV. E_, is close to the value of
terium in heavily dopedh-type GaAs of4 X 1072 cn?/s  the gap in GaAs, providing strong evidence that a band
at 513 K whileD (513 K) =1.1 x 107" cm?/s. Thera- gap excitation governs this process. In contrast, the rate

tio of these diffusion constants is considerably larger thar,  [Fig. 3(c)] is only weakly dependent on temperature,
predicted by classical mass scaling arguments assuming

the same processes, suggesting that quantum or nonadia-
batic effects are important as might be expected with such 0.15f ' ' ‘]

light particles. However, the differences may also be a T o (a) . + ]
consequence of the different time scales of the two types S . M
of experiments. The bulk diffusion constant of deuterium K 005r ¢« .0t

may be limited by trapping and detrapping at dopant atoms oola 1 .

whereas on the short time scale of the;Mmeasurements, 850 900 950 1000

TEMPERATURE (K)

such interactions are unimportant.

The hop rate for the neutral Micenter in GaAs [11] at
room temperature is roughly 9 orders of magnitude faster
than reported here for Mu The reduced diffusivity of
Mur is consistent with theoretical calculations [12]. The

minimum energy configuration for both states is expected 10) 5 s - I

near theTg, site. However, although both tHE;, and 1/7 Gn 1073 k7Y

T, Sites are comparable in energy for fuhe ionicity ~ 10 - -

of GaAs lowers the energy for Muin the Tg, region ‘o (c) (#

due to Coulomb interactions and raises the energy of the 6 o o0 %

Tas region. Consequently, the energy barrier for Mu £ o

to hop to the next equivalent site is larger than forfMu 270 . .

In addition, a significant lattice distortion around Mas 850 900 950 1000
suggested by previous data [6] would reduce the tunneling TEMPERATURE (1)

matrix element. FIG. 3. (a) The temperature dependence of thg, rates

The LF data above 700 K (region Ill) are well describedat B = 2.9 T (triangles) andB = 48 mT (circles). (b) The

- 0
by P(1)=e "/T1. Large fields are required to quench the témperature dependences of the rate for Mu Mu”. The
. . e .__.._dashed line is the best fit to the data assuming an Arrhenius
relaxatlon [Se_e Fig. 3(a)] verifying that the deDOIanzatlor_‘function while the solid line is the best fit assuming that
is due to cyclic charge changes [13]. Two paramagnetigiy- + * — Mu’. (c) The rate for Ml— Mu~ and the

centers, labeled as Mjg and Md}, are known to exist in  corresponding fit.
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implying that the conversion from Muto Muy is not an is controlled by the transient Hspecies present during
activated process. charge cycling.

The cyclic reaction Mg — Mu$ can occur via inter- In conclusion, the dynamics of the Mucenter were
action with either electrons or holes. As discussed belowinvestigated from 295 to 1000 K. Mubegins to diffuse
the most consistent explanation of the data is that chargabove =500 K with a hop rate well described by an
conversions occur via alternating capture of holes fromArrhenius function. Cyclic charge-state changes occur
the valence band and electrons from the conduction ban@pove=700 K and are modeled assuming Mu— Mu(}.
ie., Mup + ht — Mu(} and ML}} + ¢~ — Muy. The The results imply that the conversion from Mto Mu~
rates are then given by_y = o, pv, andAg- = o.nv, occurs via electron capture whereas the procesg Mu
wherep andn are theh™ ande™ concentrations, respec- Mu? involves hole capture, demonstrating that Ms a
tively, v, and v, are their thermal velocities [16], and recombination center in GaAs.

o, and o, are the cross sections far" ande™ capture This work is partially supported by NSERC of Canada
(i.e., the free parameters in our analysis). Since the mgK.H.C., R.F.K., S.R.D.), the Robert A. Welch Foun-
terial is very heavily dopeds is essentially constant in dation [Grants No. C-1048 (T.L.E.) and No. D-1053
this temperature region and has the extrinsic [16] valu¢R.L.L.)], and the U.S. National Science Foundation
(4.5 x 10" cm™3). Theh* concentration isp = n?/n  [Grant No. DMR—9220521 (T.L.E. and B.H.)]. K.H.C.
where n; is the intrinsic carrier concentration [16,17]; would also like to thank Dr. W. Hayes for his support.
hencep « exfd(—1.52 eV)/kgT]. The functional forms
of v, andv, are given in Ref. [16] and have wedK/?
dependences. Hence, provided that and o do not 1] Hydrogen in Semiconductors, edited by J. Pankove
vary drastically in this temperature region, the functional and N.M. Johnson (Academic Press, New York, 1990);

forms of Ao~ and A_y assuming alternate electron and S.J. Pearton, J.W. Corbett, and M. Stavadiydrogen
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. S Since this sample is heavily doped, we assume=
fluctuations should not depend significantly on. and niJ/n whereJ is the Joyce-Dixon correction factor; see
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