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Hyperfine interactions at dangling bonds in amorphous germanium
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Isotope-engineered amorphous germaniarGg) films with *Ge concentrations in the range of 0.1 to
95.6 % have been investigated by electron spin resond@®B and electrically detected magnetic resonance
(EDMR) at microwave frequencies between 0.434 and 9.35 GHz. The hyperfine interactions of dangling bond
(DB) defects with many°3Ge nuclei and their spin localization radius have been extracted from the broadening
of the EDMR signals in isotope enriched samples at differé@e concentrations. Linewidths as low as
AB;7=2.6 G have been observed at 0.434 GHz in a sample withige nuclear spins. At low/3Ge con-
centrations, the frequency-dependent IinewiBﬁﬁ/v:4.4 G/GHz is determined byg-factor anisotropy and
disorder. A frequency-independent linewidth contribution of about 1 G is attributed to dipolar broadening
between the DB electronic spins. Over a large range of intermediate concentrations, the statistically distributed
nuclear spins of *Ge atoms on sites close to the DB defect atom are responsible for the overall linewidth. The
large linewidthA Bgﬁp= 300 G of samples witH3Ge concentrations of 95.6% requires a model wave function
with a Fermi contact interaction @;;,=29 GX gug at the defect atom, indicating that a fraction of 3.4% of
the DB wave function originates frosilike orbitals there. The decay of the rest of the DB wave function can
be described with a spin localization radius of 3.5 A by a numerical model for the statistical hyperfine
broadening. The delocalization of the DB spin is much smaller than that of the DB charge density determined
in transport measurements.
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I. INTRODUCTION contrast to crystalline and amorphous Si, no detailed model
for the structure of the defect orbital is available from mea-

Dangling bonds(DB’s) are the intrinsic defect states in surements of the hyperfine interaction, for neither crystalline
group-IV semiconductors and were found to be responsibler amorphous germanium.
for both midgap acceptor and donor levels. Neutral DB’s in  For both elemental semiconductors Si and Ge only one
Si have been studied in great detail, e.g., at the SiSiOjsotope exists with nonzero nuclear spin and at low natural
interfacé® and in amorphous silicona¢Si).”~** In both  abundance. The composition of natural Si?iSi (92.29%,
cases, their electronic structure can be described as a linea¥s;j (4,799, and 3°Si (3.1%). Natural Ge consists of°Ge
combination of the valence orbitals of an undercoordinatedag 504, 72Ge (27.4%,73Ge (7.8%, “Ge (36.5%, and
central Si atom and of small contributions from the three7sge (7 gog. It can be expected that the hyperfine splitting of
backbonding hybrid orbitals. This was quantified experimen-, dangling bond electronic spin is smaller f&iGe (17

tally via electron spin resonan¢ESR) measurements of hy- =09/2) than that for?Si (1,4=1/2), because the theoretical
perfine interactions of the dangling bond electron spin with

. .~ atomic hyperfine interactions from Hartree-Fock-Slater inte-
tzr;e_nuclear splnszgz 1/2 of the centr_al and the backbonding rals at ¥§Ge are about two times smaller than those at
Si atoms. Owing to the technological importance of metal 295 17,18 3 because DB's ia-Ge are expected to be more

oxide/semiconductofMOS) field effect transistors based on . 14
crystalline Si, and of large area electronics such as displaydélocalized than ire-Si™ Unfortunately, the peak-to-peak

and solar cells based on hydrogenated amorphous silicdfewidth ABp’=48 G observed for DB's ira-Ge at 9.35
(a-Si:H), DB’s in Si have been comparatively well studied. GHz is much larger thadB;’=8 G for DB’s in a-Si, so

In particular for photovoltaic applications, amorphous al-that the chances for the observation of resolved hyperfine
loys of Si with Ge are frequently used. After deposition, satellites ina-Ge are rather low. The hyperfine contribution
such films suffer from large concentrations of electricallyto the ESR linewidth of DB's ire-Ge was estimated in Ref.
active DB’s in the range of #§2°cm™3, which can be 19 from the method of momerfs! to 17 G, assuming a
reduced by hydrogenation down to*§0” cm™3.2415The  localization radius of 5 A. However, the authors suggested
resulting hydrogenatea-Si, _,Ge, :H films are then suitable that these numbers should be verified using isotopically en-
for electronic applications. As shown experimentally by elec-riched samples.
trically detected magnetic resonan@DMR),'® it is the Ge In this work we investigate isotopically engineered amor-
dangling bond that is responsible for most of the recombinaphous Ge samples containing different concentrations of
tion processes also in Si-rich-Si;_,Ge,:H alloys. This  "Ge with the help of conventional ESR and EDMR at dif-
makes it important to understand DB’s @&Ge in detail. In  ferent microwave frequencies. We find a hyperfine broaden-

0163-1829/2003/620)/20520816)/$20.00 68 205208-1 ©2003 The American Physical Society



T. GRAF et al. PHYSICAL REVIEW B 68, 205208 (2003

a-Ge, [ °Ge] = 31%
2.00 GHz

ing of 10 G at the natural isotope concentration, which is [
somewhat smaller than that predicted in Ref. 19, and deterg
mine the isotropic hyperfine interaction at the central defects
atom to 29 &Xgug. From a numerical simulation of the g
EDMR linewidth over the complete’3Ge concentration
range, we are able to extract a spin localization radius of 3.£2 |
A for DB’s in a-Ge. After the description of the experimental &
details and the electrical properties of the investigatedg
samples in Sec. Il, the EDMR spectra observed are discusse3
in Sec. Il for a-Ge films deposited from pura-"°Ge mate-
rial, from Ge with the natural isotope composition, and from
SGe-enriched samples at microwave frequencies from R
0.434-9.35 GHz. Analytical models and numerical simula- .. ~. ., . , . | L
tions for the interpretation of the observed broadening are 200 400 600 800 1000 1200
presented in Sec. IV and then discussed with respect to th: Magnetic Field (G)

properties of DB'’s ina-Si in Sec. V. Taking into account the
similarity of DB's in crystalline and amorphous Si, the re- _ FIG. 1. Example for the temperature dependence of the EDMR

sults presented below can also be used as a first estimate fs?;?nal normalized to the background caused by magnetoconductiv-
. . ity. The broad EDMR b ted f th t back-
the structure of DB's in Ge crystals or at the Ge/GéRer- ! e broa can e separalen from the nonresonant bac

- L S . ground via its different temperature dependence. The inset shows
face. In addIII%n, this Investlg_atlon is a case study _Of thethe temperature dependence of the dc dark conductivity with the
effects of th_e Ge nucle_ar spins on the electron spins OfEXF{(T/TO)flM] dependence typical for variable range hopping. The
paramagnetic states, which are relevant for recent proposal§icroscopic interpretation o, in terms of the density of states and
for quantum computation applicatioffs. the localization radius is discussed in the context of @6).
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of the EDMR signal is challenging because of the small
sample conductivity.

The a-Ge films under investigation were deposited on For the electrical measurements, interdigitated Cr-Au con-
glass substrate€Corning 7059 by electron-beam evapora- tacts with finger spacings of 50m were deposited on 4
tion of natural Ge and of isotopically enrichedGe and X 10 mnt sample pieces. Because of substantial peeling off
SGe target crystals with’*Ge concentrations of 0.1 and from the glass substrate during lithography, somewhat larger
95.6 %, respectively. The preparation of these crystals is desontacts had to be prepared manually with silver paint for
scribed in more detail in Ref. 23. For tleeGe films with  one sample with "3Ge]=31%. For the EDMR measure-
intermediate’*Ge concentrations of 31 and 51 %, the appro-ments, a dc voltage around 100 V was applied to the con-
priate amounts of °Ge and’°Ge were electron-beam melted tacts, resulting in typical currents of the order ofuA at 70
in a single Be crucible before deposition in order to ensure &. Resonant current changes below 1 pA, which correspond
homogeneous mixing. The substrates were cooled down t relative changes of the conductivity on a levelXof/o
77 K for the deposition of amorphous Ge films with a thick- ~10 8, were resolved with good signal-to-noise ratio after
ness around Jum. For the samples with low®Ge concen- amplification with a Stanford Research SR570 low-noise
tration, the densities of DB’s could be determined by con-current preamplifier via magnetic field modulation, lock-in
ventional ESR and were in the range of!80°cm 3.  detection, and, in some cases, signal averaging for several
Defect densities of the samples with highéGe concentra-  days.
tions were similar, based on conductivity and optical absorp- As shown previously foa-Si,?*~?the spin dependence of
tion measurements. EDMR measurements were performed the hopping processes between adjacent DB’s can be ex-
a conventional CWX-band ESR spectrometéBruker ESP-  ploited for a very selective and sensitive detection of their
300, with a TEq, cavity) operating at 9.35 GHz, in a split- ESR signal, which would be impossible otherwise for the
ring Sbhand resonatofBruker Flexling operating at 2.00 films with high "*Ge concentrations under investigation here.
GHz using an HP 83640A microwave generator and a 1 Wn addition, ESR spectra of thin film samples typically suffer
power amplifier as the microwave source, and in a homefrom background impurities in the glass substrate and in
built helicalL-band resonator operating at 0.434 GHz using aother parts of the spectrometer. This is avoided in EDMR of
YAESU UHF ham radio transceiver and a 100 W powera-Ge, as in measurements of spin-dependent dark conductiv-
amplifier as the rf source. Care was used to avoid artificialty only the resonant changes of paramagnetic states close to
broadening of the EDMR signal by magnetic field modula-the Fermi level contribute. Typically, a nonresonant back-
tion and the incident microwave power. Unless otherwiseground is observed in EDMR because of the magnetic-field
specified, the measurement temperature was adjusted tiependence of the conductivity. A possibility for the separa-
around 70 K. No temperature-dependent broadening was olion even of broad EDMR spectra from this magnetoconduc-
served in EDMR up to 100 K consistent with ESR studies ortivity background is shown in Fig. 1. While the EDMR in-
a-Ge:H, which report lifetime broadening of DB's ®Ge:H  tensity scales approximately asox=T in the investigated
above 150 K*24At temperatures below 40 K, the detection temperature range, the magnetoconductivity features were

Il. EXPERIMENTAL DETAILS
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found to scale rather similar thmeT2. Therefore, the rela- PSR RPN D
tive intensityAo/AmeT ™1 is greatest at low temperatures, a-Ge, ["Ge]=0.1% ABSS | =59G
as shown in Fig. 1. In contrast to conventional ESR experi-_ | 0434 GHz J AB | =28G
ments, no quantitative information on the spin density can beg !
extracted from the resonant changes in EDMR without the>

w{

ABX =27G
detailed knowledge of the relevant hopping rates. Therefore§ ABZgl =13 G
: & | 2.00GHz . P |l
the spectra shown below have been normalized to theitg A + H
peak-to peak amplitude. Because of the high overall samplec‘lgjv i \-/N'ABSO —s9G
impedance, the best signal-to-noise and signal-toy /T\ pp L™
background ratio is obtained at temperatures around 70 K. & L= £\ ABpp) =28G

The inset of Fig. 1 shows that the temperature-dependen™ | 9.35 GHz g, =2026 \g,= Z'V
dc conductivity falls off asrxexf(T/Ty) Y], as expected

for variable range hopping in unhydrogenated amorphous | |
semiconductors with a large density of DB’s close to the .20 -100 -80 -60 -40 -20 ©0 20 40 60
Fermi level**?®2%According to Ref. 30, the average tunnel- Magnetic Field - B(gy) (G)

ing range in such a material is proportional 8%, since

with increasing temperature a larger number of localized FIG. 2. EDMR signal of purea-"°Ge at different microwave
states is involved in the tunne“ng processes. To exclude Sig‘[equencieg. The magnetic field axes are offset SUCI”! that the fields
nificant exchange narrowing of the EDMR signals due tocorre_spondlng to the resonance (_)f free electrons with 2.0023
wave function overlap at large defect densiﬁ%sve addi- _(:0|_nC|de. The dashed Il_nes are fits bas_t_ad on the ppwder patte_rns
tionally investigated hydrogenategGe:H films with natural |nd|é:§1ted by the dotted !lnes and gg additional Gaussian broadening
isotope concentration, where the hopping rates are so smadlEps(?) because of disordedByy and =0° corresponds to
that no spin-dependent dark conductivity can be observed?® S Oriented parallel to the magnetic field direction, 2bB;,
because of the much lower defect density of the order ofmd 6=90° to DB's in perpendicular orientation.

10" cm™ 3. To perform EDMR on these samples, charge car- for all N ,
riers were exited into the bands by illumination with white S2Me powder pattern for all spectra due to the random orien-

light or with the visible lines of a 5 W argon ion laser, and ttion of DB's in the amorphous network. This powder pat-

the spin-dependent effects on recombination were monitoreff™ iS indicated by the dotted lines in Figs. 2 and 3 and is
defined by the extrema factorsg, =2.026 andg=2.013

through photoconductivity measuremetftdn contrast, no y , @
significant photoconductivity was observed in the unhydro-for the orlentatlons of the extern'al magnetlc field parallel and
perpendicular to the defect axis, i.e., the long axis of the

genateda-Ge films because of the higher defect density. i ) MY ) ) )
dangling bond hybrid orbitdt!’ In addition, a Gaussian dis-

L. EXPERIMENTAL RESULTS tribution of g factors n_eeds to be cqn;idered for.the simula-
' tion of the observed line shapes, similar to the fitting proce-

A. EDMR and ESR of pure a-"%Ge dures of Refs. 7-9. Typically, the widthB52(6) of such a

distribution will depend on the orientatiof of the defect

The unhydrogenated-"°Ge sample is virtually free from
nuclear spins and therefore allows one to investigate the ori-
gin and magnitude of the contributions to the spin resonance
linewidth other than hyperfine interaction. The remaining _ 0.434 GHz
broadening mechanisms are dipolar and exchange broadetg ________
ing with neighboring DB’s, lifetime broadening, as well as 3
broadening by a distribution @f factors. The former mecha-
nisms are expected to depend only weakly on the magneti<
field, whereas the last mechanism is directly proportional to 5
the field and to the microwave frequen@®ee Sec. IV A As
shown in Fig. 2, where the EDMR spectra are given as a=
function of the applied magnetic field, the experimental
linewidth for a purea-"°Ge sample depends strongly on the

a-Ge, [ Ge] =

0.1%

EDMR Signal (arb

. . powder pattern ; ~~~~~
employed microwave frequency and varies from only 2.6 G T

at 0.434 GHz to 43 G at 9.35 GHz. This indicates that it is P e e
mostly determined byg-factor broadening. Therefore, the -0 2% 206 204 202 200 198 196 194
same spectra are shown versushv/ugB in Fig. 3, with g-Factor

Planck’s constanh, Bohr's magnetonug, and the micro- FIG. 3. Spectra and fits of Fig. 2, but now plotted versus a
wave frequency. Much closer similarity of the three spec- reverseg-factor axis. In the absence of nuclear spins, the linewidth
tra is indeed observed in this plot, as expectedgfdactor s aimost proportional to the microwave frequency, indicating that it
broadening. However, also in Fig. 3 the linewidths and linejs influenced dominantly bg-factor anisotropy. The smaller width
shapes still do not coincide completely. at 9.35 GHz indicates a frequency-independent broadening mecha-

The dashed lines in Figs. 2 and 3 show a simultaneougism, probably caused by dipolar electron-electron spin interactions
curve fit assuming a distribution gffactors according to the of the order of 1 G aNg=10"° cm™3.
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axis with respect to the external field. To reduce the numbet oo T T
of possible fitting parametemng’( 0) was assumed here to e
be proportional to theg-factor shift g(8)—g, from go
=2.0023 of the free electron. Such a proportionality implies
that the g-factor fluctuations causing the frequency-
dependent broadening are caused by fluctuations of the spir
orbit interaction, which is also responsible for thdactor
shift with respect to the free electron value. The validity of
this assumption is supported by the scaling of the linewidth
AB;’=8 G of DB's in a-Si with the average-factor shift
g—0go=3.2x10"2 in comparison to DB’s ina-Ge with
ABP=48 G andg—go=20x10"3, which is proportional L
to the magnitudes of the spin-orbit coupling constaxgs 3200 3250 3300 3350 3400 3450
=149 cm ! and A ge=940 cm 1.1432 The averagey factor Magnetic Field (G)

g=2.022 of the powder patterns in Figs. 2 and 3 agrees with
g P P 9 g FIG. 4. Different line shapes of the ESR and EDMR signals of

the reported values fay= 3g”+ 39. , which were fOL_md N the samea-""Ge sample under identical measurement conditions. A
the range of 2.0018-2.023, and below 2.018 only in case Qfjy;jar difference was observed in Ref. 16 ®Ge:H with natural
complex  formation due to significant  0Xygen jsotope concentration.

contamination>~>° For DB’s at the Ge/GegQinterface of

crystalline germaniumg, =2.022 andg;=2.005 was re- exclude strongly clustered DB's in owGe films, unless

ported in Ref. 36. exchange narrowing exactly compensates for the dipolar
The width of theg-factor distributions visible in Fig. 8or broadeningsee Sec. Ill B.

the ratios of the linewidth and the corresponding microwave A further peculiarity of EDMR of amorphous Ge, which

frequencies given in Fig.)seems to decrease at higher mi- was already reported earlier in Ref. 16 #6Ge:H with natu-

crowave frequencies, indicating a frequency-independerta| isotopic composition, however without a detailed analy-
broadenlng mechanism of the order of 1 G. It can be eStlsiS, is found in the nuc]ear-spin fr@7OGe_fi|m in an even

mated from the linewidths of th@Ge-enriched Samples that more pronounced way. As shown in F|g 4, the ESR and
such a broadening could only be accounted for by hyperfingpMR spectra of the san®e’°Ge film show a very different
interactions with "*Ge, if the "*Ge concentration in this jine shape, although experimental conditions such as the ap-
nominally purea-’°Ge sample was around 1%. This is not plied microwave power, the modulation amplitude, and the
the case, as the residu&fGe concentration of the target speed of the magnetic field sweep were the same in both
crystal is only 0.1%, which suggests the presence of anoth&xperiments. In particular, the EDMR line is somewhat
frequency-independent broadening process in addition to thgroader and more asymmetric than the resonance line ob-
hyperfine interaction. Most probably, this process is the diserved in conventional ESR. In contrast to the experiments
polar interaction between adjacent dangling bonds due to thef Ref. 16, in which spin-dependent photoconductivity was
high defect concentration in the investigated samples. Afneasured under illumination, lifetime broadening due to re-
estimate for this dipolar broadening can be calculated basegbmbination does not play a role here, where the hopping
on the statistical theory of dipolar broadenirigee Sec. conductivity of ana-"°Ge sample was monitored in the dark.
IV B). For dipolar coupling between the electronic spBis The possible influence of the hopping processes on the line-
=1/2 of adjacent DB's, the calculation of Ref. 19 predicts awidths will be found to be negligible in Sec. Ill B. It there-
Lorentzian line with a linewidth fore appears likely that the main contribution to the spin-
dependent dark conductivity comes from a particular
- subensemble of DB’s im-Ge, whereas all spins present in
ABYP=—4oupgNs=Ngx0.82<1071° GenP. (1)  the sample, possibly also complexes of DB's with oxygen,
° contribute equally to the microwave absorption in conven-
tional ESR measurements. A subensemble of DB’s dominat-
Dipolar broadening of the orderfd G isindeed expected ing the EDMR signal could, e.g., be composed of those de-
from this calculation for the spin densitiNg of this  fects, which have a greater overlap than typical of their wave
a-"%Ge sample, which is about ¥ocm™3. Therefore, dipolar  function with that of adjacent DB’s. Consequently, the hop-
electron electron spin interactions probably account for a sigping rates will be increased at these DB'’s, which makes them
nificant fraction of the EDMR linewidth of the more likely to participate in electronic transport, and the
a-"%Ge films at 0.434 GHz. AK-band microwave frequen- EDMR linewidth to be increased by dipolar interactions. Al-
cies, this contribution can be neglected for the analysis, beernatively, a subensemble with increased coupling to neigh-
cause the observed linewidths are larger than 40 G. The eboring spins could be characterized by relatively large
fective dipolar distance would be reduced for ang-factor fluctuations due to site-dependent fluctuations of the
inhomogeneous distribution of DB’s, so that Efj) predicts  spin-orbit coupling. The hopping rate between such adjacent
a lower limit for the effective dipolar broadening. As the DB’s is not high enough for the opposite effect on the line-
linewidth broadening observed is close to this limit, we canwidth to occur, a significant motional narrowing as observed

a-Ge, [°Ge]=0.1% |
9.35 GHz
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FIG. 5. EDMR signals of-Ge with natural isotope concentra-  FIG. 6. The EDMR spectra od-Ge with natural isotope con-
tion at different microwave frequencies. The magnetic field axes aréentration of Fig. 5 plotted versus a decreagiFfgctor axis. Note
offset such that the fields correspondingdg=2.0023 coincide. the much widemg-factor scale in comparison to Fig. 3. The EDMR
The dashed lines are spin-dependent photoconductivity measuréignals of a-Ge:H were again inverted for better comparison.
ments of hydrogenated-Ge:H samples with significantly lower Whereas the unresolved hyperfine broadening due to the nuclear
defect density. Under resonance conditions, the dark conductivity o$Pins is negligible at 9.35 GHz, it is significant at lower microwave
a-Ge is enhanced, while the photoconductivity afGe:H is  frequencies.
quenched. For better comparison, the EDMR signals-Gie:H are
therefore inverted. The larger linewidth of _unhyd_rogenad_la@e a-"%Ge sample. However, the probabilit/(1—c) to find
compared ta-Ge:H is probably caused by dipolar interactions be'DB’s at a central’3Ge nucleus is still below 10% for this

tween the electronic spins at 0.434 GHz. nuclear spin concentration. Therefore, this broadening must
originate from hyperfine interactions with a large number of
in nearly metallic Si or SiC samples with similar concentra-surrounding nuclei.
tions of shallow donord™*’ In the "3Ge-enriched samples To compare the effects of different spin-dependent pro-
discussed below, the ESR background caused by defects gesses and the total defect density on the EDMR signal, hy-
the substrate completely overwhelms the broad ESR sign@lrogenateca-Ge:H samples of natural isotopic composition
of DB’s in a-Ge, which is much weaker because of the hy-have been investigated. In Figs. 5 and 6, the spectra obtained
perfine broadening taking place there. Since samples withia spin-dependent recombinationarGe:H are compared to
similar densities of DB’s of 18— 10'° cm™2 were used for the spectra obtained for spin-dependent hopping-(e at
the EDMR experiments studied here, the same subensembige same”>Ge concentration, but at a much lower density of
of DB's participating in hopping transport will be relevant DB’s in the a-Ge:H sample. While an enhancement of spin-
for the EDMR in the different films, independent of the dependent hopping occursarGe under spin resonance con-
nuclear spin concentration. The additional broadening of thelitions, a resonant quenching of the photoconductivity is ob-
EDMR resonance lines in these samples can therefore hgerved in a-Ge:H1® For better comparison, the EDMR
attributed to hyperfine interactions. spectra fora-Ge:H have been inverted in Figs. 5 and 6. For
spin-dependent recombination at low defect concentrations,
both the resonance of holes in the valence band tail, as well
as a superposition of the resonances of DB’s and electrons in
the conduction band tail are observed in the spin-dependent
The EDMR linewidths observed for the sample free ofphotoconductivity ofa-Si:H. However, at defect concentra-
3Ge nuclear spins now enable us to identify the additionations of 13’ cm~2 and above, the signal from DB’s domi-
broadening due to hyperfine interactions #Ge-enriched nates in that material, as the spin-dependent hole diffusion
samples. A comparison of Fig. 5 with the EDMR spectra ofprocess in the valence band tail is replaced by direct spin-
a-Ge with natural”*Ge concentratioo=7.8%, and of Fig. 2 independent tunneling of the hole to a doubly occupied dan-
for purea-"°Ge shows that the EDMR lines of natualGe  gling bond®® The same appears to be the case ina@e:H
broaden significantly at microwave frequencies of 0.434 andilms, where no indication of the valence band tail reso-
2.00 GHz, while only a small broadening is caused by thenances with g=2.054 is found in spin-dependent
73Ge nuclear spins at 9.35 GHz. The difference of the broadrecombinatiort* The nearly identical EDMR resonances of
ening effects is even more evident from a comparison of-Ge:H with Ng=10"cm ™2 and a-Ge with Ng
Figs. 6 and 3, where the spectra are shown versusgthe ~10' cm 2 at 2.00 GHz and 9.35 GHz show that at this
factor. The linewidth at 0.434 GHz increases to 11 G by’°Ge concentration, hyperfine argifactor broadening are
more than a factor of 4 in the sample with natural much stronger than the dipolar broadening of adjacent DB’s,
SGe concentration compared to the nuclear-spin fre@nd that the effects of exchange interactions and the lifetime

B. EDMR of a-Ge and a-Ge:H with natural isotope
composition
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FIG. 8. EDMR spectra at 9.35 GHz for the complete range
FIG. 7. Broadening of the EDMR spectra measured at 2.00 GHof *Ge concentrations. Note that the narrow spectrum with
of a-Ge depleted of’3Ge, with natural*Ge concentration, and =0.1% is identical with the broadest spectrum of Fig. 2. The arrow
enriched with 73Ge. The spectra are normalized for the sameindicates the onset of a shoulder in the spectrum wit51%.
peak-to peak amplitude and shifted to a common zero-crossing

magnetic field. =51%, which is interpreted as a remainder of the unresolved
central Fermi contact interaction in the following sections. A
dependence of hopping and recombination are negligible fogimilar shoulder around- (100-200) G from the center of
the low-temperature linewidth. Only at the lowest micro- the spectrum is weakly observed in the wings of the 2.00
wave frequency of 0.434 GHz, the EDMR spectragbe:H  GHz spectrum of the sample with=51%. In this case, it
anda-Ge differ significantly(see Fig. 6. The observed line- overlaps less with the central line, but cannot be separated
width change is opposite to the hyperfine broadening exfrom the magnetoconductivity background unambiguously.
pected from the nuclear spins of hydrogerai®&e:H, which The peak-to-peak linewidths measured by EDMR in this
is expected to be below 1 G, similar to the observations ofvork at different isotope concentrations and microwave fre-
Ref. 39 fora-Si:H. Therefore, the different low-frequency quencies are summarized in Table I. As discussed above, the
linewidths are most probably again related to the electronkinewidths increase significantly with th€Ge concentration.
electron spin dipolar broadening in the unhydrogenat€ke  The largest change is observed at 9.35 GHz betveeefl
sample, to which the frequency-independent part of theind 95.6 %. The uncertainties ABp listed in Table | arise
EDMR linewidth of thea-"Ge sample was already attrib- mostly from the possible errors during the subtraction of the
uted. Here, it is observed directly under the same experimenmagnetoconductivity background. Also included in Table |
tal conditions as a linewidth difference in two samples withare the line shape factors obtained via double integration of
very different defect densities. the measured derivative EDMR specyrdB) with the peak-
to-peak amplitudedy,
C. EDMR of "3Ge-enriched samples

_A further increase of the concentratiorof 7_3Ge nuclear _ |=2JJyI(B)dBZ/Ay’IJpAB’2)p_ )
spins does not lead to a resolved hyperfine structure in

EDMR, as shown in Figs. 7 and 8. Instead, the spectrum

broadens continuously to a linewidth of about 300 G at 9.3or the double integration, a spectral range of at least 8
GHz for the pure’3Ge sample. This type of broadening is X AB,, was employed for all values except for the line
remarkable, as sudden increases of the linewidth or the dehape factors marked explicitly. The line shape factor defined
velopment of substructure in the outer parts of some spectiday Eqg. (2) is 1.033 for a Gaussian line and 3.628 for a
would be expected for any characteristic hyperfine interactorentzian line. Mostly Gaussian line shape factors are
tion. Because of the magnetoconductivity background andound for the spectra at 9.35 GHz and lo(iGe concentra-

the large EDMR linewidth, no resonances were resolved fotions, as these spectra can be understood to be caused by a
the a-"3Ge sample withc=95.6%, and for 0.434 GHz @t  powder pattern and a Gaussian distributiongdfictors. At
=31%. In addition to the EDMR linewidth, which varies higher "*Ge concentrations, the line shape factors increase
over more than two orders of magnitude due to the variationowards the Lorentzian value at all microwave frequencies.
of the concentration of nuclear spins, the line shapes ar®nly the very broad EDMR spectrum a& 95.6% shows a
changing significantly from a close to Lorentzian shape atlear Gaussian line shape again. The reasons for this charac-
c=<51% to a Gaussian shapecat 95.6%. The arrow in Fig. teristic behavior will be discussed in detalil in the following

8 indicates the onset of a shoulder in the spectrum with sections.
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TABLE I. Observed peak-to-peak linewidthsByi and line shape factorsfor the derivative EDMR

spectra of Figs. 2—8. The uncertetinties.étﬂgj,p arise mostly from the possible errors due to the subtraction
of the magnetoconductivity backgrounds. For the double integration, a spectral rangeAB & was
employed for all lines except when a narrow integration rang&oﬁXABgﬁpls indicated by an asterisk. In
these cases, the wings had to be estimated from the well resolved central part of the EDMR spectra.

["Ge] Linewidth ABpY (G) Line shape factor

(%) 0.4 GHz 2 GHz 9 GHz 0.4 GHz 2 GHz 9 GHz
a-Ge 0.1 2.60.2 12+1 432 2.4+0.3 2.6:0.3 1.6:0.2
a-Ge 7.8 11 21+1 48+ 2 2.2+0.4 2.8£0.2 2.1+0.2
a-Ge:H 7.8 a1 21+1 47+2 2.8+0.4 2.950.3 2.2£0.2
a-Ge 31 523 734 3.00+0.4 2.650.3
a-Ge 51 785 112+7 3.3 +0.7 3.0£0.3
a-Ge 95.6 30610 1.7+0.2

IV. HYPERFINE INTERACTIONS WITH  "*Ge listed in Table | do not exceed the respective resonant mag-

netic field by more than 12%, it is sufficient to restrict the
linewidth analysis to the first-order terms of Eg) only.

The spin Hamiltonian of isolated, singly occupied dan- A purely isotropic hyperfine interactiof;s, as discussed
gling bonds is dominated by the Zeeman interaction given bybove is characteristic for spin states with spherically sym-
the axialg-tensorg and the external magnetic fieBl. Ad-  metric (s-like) dangling bond wave functions. The simplest
dltlonally, the Hamiltonian contains all hyperfine interactionsapproach for a complete microscopic description of a dan-
A,, with the surrounding nuclear spis gling bond wave function¥ 4y, involves the linear combina-
tion of the 4 and 4p valence orbitals¥’s and ¥, of the

outer shell of Ge atoms at the atomic siﬁas

A. Spin Hamiltonian

H=,¢LB§§I§+; SA, I, (3)

For axial hyperfine tensors with only small anisotropic com- - - - - -
ponents, the effective hyperfine interactions are given by qfdb(r):in: anws(r_r“)+ﬁnq’vapyvpz(r_r”)' (5)
An=An isot An anisd 3 c0$6—1) for orientations of the hy-
perfine axes at an angkewith respect to the magnetic field.
At the microwave frequencies used, the resonance fields f
ESR transitions are given approximately by

eglecting the overlap of the different atomic orbitals within
is superposition, and the core states and bonding orbitals
such as the & states not included in this form oFg,, a

hy A, s A1(1+1)-m?] one-to-one correspondence between the hyperfine parameters
QMB QMan n 2gughv o e —— ,

. 40 A =29Gxgug 2522 7 ]
where the magnetic quantum number takes the valygs [ ° Z222 ]
—1,...,+1 for the "®Ge nuclei with nonzero nuclear spin . =t ]
I—9/2 and with|=0 otherwise. The energy eigenvalues 20r Z ]
and the magnetic fields, at which the strongly allowed ESRcu L :
Frangltlons occur atz_ 0. 434_1 GHz and 2. _00 GH; are shown > 00 0.434 GHz 00 GH ]
in Fig. 9 for an isotropic Zeeman interaction with 5
=2.022, i.e., forhv/gug=154 and 707 G, and for an iso- g [ S
tropic hyperfine interactiog ;=29 GXgug with a single 20 S .
nuclear spin. To first-order perturbation theory, the transition I Sy
fields are given by P+ 1 equally spaced hyperfine satellites aol §§§§ L ]
centered around the dominant Zeeman field. All transitions ™
are shifted towards lower magnetic fields due to the second 0 200 200 500 300 1000

order term of Eq(4), which must be taken into account, e.g.,
for the[GeQ,] ~ center ina-quartz atX-band frequencie®
We will show below that hyperfine interactions as large as g, 9. Breit-Rabi diagram for the spin Hamiltoni&®) with a

29 GxXgug are indeed present iaGe, but have significant  gingle isotropicg factor g=2.022 and hyperfine interactiofy s,
influence on the linewidth only at>60%. Since the EDMR =29 Gx gug. The transition fields for electron spin resonance at
spectrum of the sample witb=95.6% could be separated 0.434 and 2.00 GHz are shown by the vertical lines. Indicated by
clearly from the magnetoconductivity background onlyvat the dashed lines are the energy levels and transition fields without
=9.35 GHz, and since also the other hyperfine broadeningserturbations by a nuclear magnetic moment.

Magnetic Field (G)
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Aniso @and A nisor @nd the projectionsy? and B2 of the 350 ' ' A
; ; i i . 0,is0 = B
danglmg bond Wave»fun»ctlon onto the atomic wave functions _ a00f hyperfine patterns 'S°(2) ]
Wy(r—rp) and Wy(r—ry,) is obtained for locally axial @ s fori=9;2 | N ]
symmetry?*"**The isotropic hyperfine parametekg s, are  go 250F T ]
thgn interpreted as local Fermi contact int_eraction of the® s00f | ¢=50% ¢=90% cony ]
s-like components of the model wave function of H§). £ s ABp, = ¢ x 130 G
The anisotropic parametess, i, are interpreted as the local 2 150} (3)\ 3
dipolar interaction of the-like components of the electronic £ p 9.35 GHz N
spin with the "*Ge nucleus with index, so that x 100 \ 200GHz 2>~ .- :
- D e A :
2 2 - - i
An,iso= anAq,S= an 3 g/"'BgnMn|\Ps(0)|2’ 0 X == (V‘I/0434Q:Hz(‘Il)gfactort:roadenmgl_
0 20 40 60 80 100

210 "®Ge-Concentration ¢ (%)
2 2 _
An,aniso: IBnA\I'p::Bnmg#B(}]nMn<r 3>1 (6)

FIG. 10. Experimentally determined peak-to-peak linewidths
wherewo=4mx10" 7 Vs/Am, g, andu, denote the nuclear ABg of the spectra shown in Figs. 2—8. The continuous lines were
g factor and the nuclear magnetdn4(0)|? and(r %) are calculated from a convolution assumifit) a frequency-dependent
the characteristic atomic spin density and dipolar distance>@ussian broadening due togefactor distribution,(2) a central
andn=0 is used to label the central defect atom. Long-rangdYPerfine interaction of 29 8gug, which itself would lead to a
dipolar broadening of electronic spins centered at the centrgP'¢2d of hyperfine satellites over 261 G, agfi a Lorentzian
defect atom with the nuclear spins of the surroundiiGe .roaden'r.'gABPP due to t.he surround'.ng spins, Wh'.Ch Increases
nuclei can be estimated via the statistical theory in the pointI_|nearly with the nuclear spin concentrationThe intensity patterns
dipole approximation, similar to Eqd). This broadening is for c=50 and 90% shown in the inset explain the qualitative
foﬁnd topge belos 1 G and insignificént at all nucleargspin change around=70% due to contributioni2), which causes the

. . . . . sudden increase of the linewidth by more than 100 G.
concentrations. The atomic hyperfine mteractlomi,S

=843 GXgoug and Ay =17 GXgoug have been calcu- p ions, which are indicated by the dotted lines in Fig. 10.
lated using Hartree-Fock-Slater integrélisso that in prin-  The first contribution is an approximately Gaussigfactor
ciple the fractionsa? and 82 of the dangling bond wave broadening independent of th&Ge concentration, but de-
function can be mapped out with the measured hyperfinpendent on the employed microwave frequency. This contri-
parameters. bution is known explicitly from the nuclear-spin free’°Ge

In a-Si:H, it was concluded tha:t§=6% of the electronic  film discussed in Sec. Il A. Secondly, a hyperfine pattern is
spin wave function comes from as3rbital at the central taken into account, which is caused by a single isotropic
defect atom, and aboys3=50% from a nonbonding 8  hyperfine constant;s,=29 Gx gug arising from the Fermi
orbital. About a?+ 82~10%-20% of the spin wave func- contact interaction with the central defect atom. As shown by
tion in a-Si:H comes from at least one of the backbondingthe inset in Fig. 10, the intensity of the hyperfine satellites of
sp® hybrid orbitals>~'* Similar to 2Si, which is the only Si @ single “Ge nucleus is rather small a&50% and compa-
isotope with nonzero nuclear spigy=1/2, only "*Ge with a rable to the intensity of the central line only @ 90%, so
natural abundance of 7.8% has a nonzero nuclear Isgin that this contribution can be extracted best from the line-
=9/2. The relative intensity of each of thé 21 hyperfine  Width of the sample witle=95.6%. The third, at this point
satellites at a given nuclear spin concentratioin a-Ge is ~ empirical component is a Lorentzian line whose peak-to-
expected to bec/(2l,5+1)=c/10, which is five times peak linewidth ABJ;™=cx130 G varies linearly with
smaller thanc/(2l,9+1)=c/2 in a-Si. In addition to this the 3Ge concentratiort. This component is important for
lower intensity, the smaller atomic hyperfine interactions ofthe increase of the linewidth from=7.8 to 51%. The re-
Ge compared to Si would lead to smaller hyperfine splittingssulting linewidths from the convolution of these three con-
in a-Gel” even if the wave functions would be the same intributions are included as solid lines for the different mea-
both materials. Even smaller hyperfine splittings can be exsurement frequencies in Fig. 10. One of the most
pected from the larger delocalization of the dangling bondcharacteristic features of this calculation is the slow increase
wave function in a-Ge estimated from electrical of the linewidths at low nuclear spin concentrations, and the
measurement¥. sudden increase by more than 100 G arogrd70%. As

In contrast to DB’s ina-Si:H, no resolved satellite peaks indicated by the inset of Fig. 10, this feature is not unex-
are therefore observed ferGe in Figs. 7 and 8. However, pected, and based on the intensity ratios of the hyperfine
characteristic changes in the EDMR |inev\/idﬂsgép are patterns of a single’*Ge nucleus. The central resonance
found upon”Ge dilution and enrichment, as summarized indominates the experimentally observed linewidiB} at
Fig. 10, where the experimental peak-to-peak linewidth is"*Ge concentrations below 70%, and the much broader en-
shown for alla-Ge samples and resonance frequencies inves#elope of the hyperfine satellites above. The only free param-
tigated. In a first approach, the large range of linewidths caters in such a convolution are the magnitude of the central
be understood empirically by a convolution of three contri-hyperfine interaction, and the slopeB 7™/c of the linearly
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increasing broadening component, which can be estimatec [ " " TGz T T T T T T T T ]
from the observed linewidtha B at low microwave fre- [ @) 1 Atom, [7Ge]=50% . An=29Gxg g |
guencies. Such a simple convolution seems to describe si | pp
multaneously all linewidths and line shapes obtained. How-2 | 2 ABg"'=29G
ever, particularly the third component lacks a microscopic 5 —————— A ATRKIA A AZAAT s
interpretation, and will therefore be discussed in detail in theg [ b) 3 Atoms
following sections. I
First, a limit will be defined in Sec. IV B for the number
of interacting spins at a giveffGe concentration, for which
EDMR spectra with a resolved envelope of such a hyperfine
structure could be expected. Although this limit is based on a
hypothetical example, it agrees fairly well with the more
realistic numerical calculations presented in Sec. IV D. Close N A
to this limit, the well known analytical models of line broad- -390 -200 -100 0 100
ening summarized in Sec. IV C are known to be unreliable, Magnetic Field - B, (G)
which are the method of moments for a convolution of many ] S
discrete hyperfine constants,, and statistical theory for a FIG. 11. Hyperfine patterns of an electronic spin with 1, 3, or 10

continuous distribution function of hyperfine constaffs). ~ toms with a probability o€ =50% to havel =9/2 andA,=29 G
Therefore, in Sec. IVD the spin localization radiug is < 9#e- All patterns have been normalized to the maximum inten-
obtained by comparind BX™ to numerical calculations. s_,lty. The spegtra have been calculated with two dlffer_ent Gaussian
pp lineshapes withAB; "X gug/A,=0.1 and 1. Even without any
resolved hyperfine linesAB,"'=29 G), the shoulders resulting
B. Convolution of hyperfine interactions with many nuclear from the interaction with a singlé3Ge spin are visible if only a

spins small number of nuclei with a hyperfine interactioh,/gug

The large broadening without resolved substructure ob=2Bpp are participating in the hyperfine interaction.
served at 0.434 GHz even at the natuf¥e concentration _ o ] ] )
can only be explained by hyperfine interactions with a largeéhetical hyperfine interactioA, =29 Gx gug . The intensity
number of Ge nuclei. At defect concentrations aroundf the hyperfine satellites for these patterns increases as the
10" cm ™3, the large majority of atoms around the defect Probability of finding at least one nuclear spin increases with
atom are fourfold coordinated with a hybridization close toth® number of nuclei involved. As the probability of interac-
sp’, so thataﬁ%%Bﬁ andA,, > A, anicer SiNCE it is known tions with multiple nuclear spins is shared among a large

from the atomic interactions thdt\p?A\pp. In a disordered nNumber of satellites at=9/2, their individual intensity is

material, the average over many sets of hyperfine constan fill lower than the central resonance up to rather higae
' 9 Y S ype bncentrations. The individual satellites are completely re-
must be calculated for a quantitative description of the ob-

served EDMR spectra, as the orientation and the microscopst’:OIVecj In the example of Fig. 11 with an additional Gaussian

H conv__
wave function are expected to vary from one defect site to roader;:ng to fA't?A Bc;ne'_lz A/‘”/g’“ B_i_hHowever, t:\ey a:}re
another. Methods have been developed to account for ma@;nezre L out wi e o 9us- ; e reasdqfr; or such a .
dipolar hyperfine interactions analytically. However, in par- roadening could, e.g., originate from a different set o
ticular for the present problem of a dominant Fermi contacf!UClear spins with a smaller unresolved hyperfine splitting.

interaction, the analytical approaches are not applicable foNote that a different pattern would arise from fluctuations of

the complete range of nuclear spin concentrations. Althoug e hyperfine constant, _itself, Wh.iCh would dom.inan_tly
all approaches yield very similar results in the low concen-roaden the outer hyperfine satellites. As shown in Fig. 11,

: . ; . the envelope structure of the satellite groups can still be re-
tration limit and for concentrations close te=1, they dis- P groups

agree depending on the underlying assumptions in the re&0lved even if the individual broadenings3,,, ™ are larger
gime of intermediate concentratiofis. than the hyperfine splitting.,, . Approximately Gaussian line
The basic convolution problem is illustrated with the help Shapes are obtained only with a large enough vhlue for
of the very simple example shown in Fig. 11. For clarity, the numbe_r of nucl_e| c_ontrlbutlng with one nuclear spin.
only a single hyperfine splittind\,=29 GXgug has been _A quantitative criterion _for the number of Ge_ nuclei par-
considered here at a nuclear spin concentration=050%. ticipating in a spectrum without resolved satellites, but with
According to Eq.(4), the pattern produced by hyperfine in- & str_uctL_Jred 6_‘r_1velope function can be gshmated from the
teraction with one single Ge nucleus consists b¥2 equi- relative intensities of the narrow central line and the broad
distant satellites if this nucleus happens to b&@e atom structures in Fl_g. 11. In the case of interaction with a single
with a nuclear spin, and of a central resonance otherfgise ~ "ucleus only[Fig. 11(@)], the area under the central reso-
Fig. 11(a)]. This corresponds to the situation of a very local-N@nce is proportional to the fracUg)g;]c_. Therefore its in-
ized dangling bond wave function interacting only with a tensity is proportional to (+c)/AB,", if all lines are con-
single nucleus. Figures () and 11c) show the result of a voluted with the same broadening function of widtB™" .
threefold and tenfold convolution of this pattern with itself, No resolved hyperfine satellites are expected LE(B,‘;‘,’)“"
which would be caused by the spread of the dangling bongA,,. In this case, the shape of the envelope function de-
wave function over three or ten nuclei with the same hypo{ends on the broadening function only in the wings. It is flat

Intensity (al

200 300
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in the central region, as all hyperfine satellites occur with thaments add up linearly for convolutions of symmetrical lines,
same probability for hyperfine interactions with a singlethe second moment of any resonance pattern resulting from
SGe nucleus only. The area of this structure is proportionathe interaction with a series of nuclei with=9/2, concen-

to the fractionc of interacting "*Ge nuclear spins, so that its tration ¢, and arbitrary hyperfine interactiors, is given by
intensity is proportional ta/[21(A,/gug)+AB ™. The

shape of the satellite intensity pattern is different for each 33 ( A,

number of interacting nuclei, e.g., rectangular for a single Ma(c)=c— > T

n

2

®

nucleus, triangular for two, and of Gaussian shape for many

. . 73 - . . 3 i 3 . . }
nuclei. Up to high™Ge concentrations, the contribution of o the dipolar interactions between pointlike magnetic mo-
configurations with more than on&Ge nucleus is s_mall ments in a regular lattice, the rapidly decreasifiganiso
comparr?d tlo the rect?ngular pgttern former(]j ?y the mtertz)ac&(l_?, cogd.)r,,* let the sums converge despite the increas-
tion with only one nuclear spin because of the larger numbe 3 f : : L
of satellites. This can be seen in Fig.(i1 where a similar _fng nurr_lberN(r_n)ocrn of interacting spins within a sphere of

increasing radius,,. ThereforeM,>c over the whole range

shape is found for the broadened envelope function of thre f concentrations. For a purely Gaussian line shape, the sec-

nuclel compared fo the case of only one nucleus even at ond moment can be compared directly to the experimentally

=50%. The probability isNc(1—c)N~? for finding exactly L Gauss, 1 Gauss
one nuclear spin out dfl nuclei, which could interact with observed linewidth, aaB,, M, and therefore\ By,

the dangling bond wave function. Therefore, the intensity of - Jc. For other line _shapes, the_ hi_g_her moments must be
the rectangular structure caused by interactions with on&2lCulated, as they influence significantly 2t1he observable
H H exX]
nuclear spin is now increased tol,~Nc(1 Peak-to-peak linewidthAB P~m/3yM5/M,. = For ex-
—)NY[21(A, /gus) + ABL™. At the same time, the in- ample, the moments of a Lorentzian line diverge, and be-
i\ PR ’ come finite only after an arbitrary cutoff, which removes

tensity of the central line is reduced tdy~(1 ) & Lorentz,,
—c)M/ABG". Neglecting the rounding effects on the spec-tthog'n‘{zirgen and leads toABg;"">M; and to
C.
p

trum by multiple interactionsl,,ls, ..., with several

nuclear spins, which become important at largé@e con- It has been shown from the analysis of dipolar interac-
centrations only, the ratio of intensitidg/l,~1 defines a tONS between identicadl=1/2 nuclear spins in a cubic lat-
critical numberN, of interacting nuclei, below which a re- tice, that in such a system approximately Gaussian line

solved wing structure and above which a Gaussian line shapd'aPes are expected for0.1, because in this regintd,,
is expected «c®. For ¢<0.01, however, Lorentzian line shapes are

expected? as in this regimév ;cc. The empirical deconvo-
1-¢ lution of the experimental data shown in Fig. 10 is only
AR (7)  possible with a broadening componeAByi™xc, corre-
pp sponding to a Lorentzian lineshape, at least ug+561%.

For a given number of atoms, one could similarly define alhe line shape factors of the experimental EDMR spectra
critical nuclear spin concentration, above which no resolvediven in Table | also show that in the intermediate range of
wings are observed. This criterion provides an estimate foponcentrations from 7.8 to 51 %, where a linear increase of
the number of interacting nuclei responsible for a significanthe frequency-independent linewidth is observed, the EDMR
broadening at a given concentrationAlthough it is based lines are nearly Lorentzian. Such a hyperfine broadening is
on very simple considerations, it agrees very well with theln agreement with E¢(8), however, it requires the low con-
results from the numerical line shape simulations discusse@entration limit to be extended over a much larger concen-
below. This critical number is around 10 foABE™ tration range ira-Ge co_mpr?lred to the calcul_atlons Qf Ref. 43
~A,/gus and c=50%, while a structureless Gaussian for 1=1/2 nuclear spins in a regular lattice. This can be
shape af “Ge concentrations af=10% would require more Understood with the help of E¢7), taking into account the
than 90 nuclei with similar hyperfine interactions. F&Ssi  higher nuclear spiri;3=9/2 and a smaller numbeN, of
nuclei with the smaller nuclear splpg=1/2, only one third effe_ctlvely similar hyperfine constants mGe. Smaller ef-

of these nuclei would be sufficient to lead to a Gaussian lindeCtive values oN are expected foa-Ge because of struc-

at the same nuclear spin concentration. The criterion of Equral disorder, and because the hyperfine interactions of the
(7) is similarly valid for the derivative lines observed in ESR dangling bond wave function probably fall off exponentially
experiments, which particularly emphasize the slopes at th@t large distances(n), i.e., faster than the long-range dipo-

edges of the central line and of the flat region of the hyperl@r interactions. _
fine satellites. It has been discussed previously by other groups that the

few nearest neighbor spins are over-weighted in a linewidth
calculation based on the method of moments, as(the
cases of nearest neighbors with nuclear spin contribute rather
Analytical expressions for the second momém; and  strongly to all finite moments. If the wings of the resonance
some higher momentM = [y(B)B"dB/[y(B)dB of the lines cannot be measured with sufficient accuracy, the results
line shape functiong(B) have been calculated for the full from the method of moments can therefore be
range of nuclear spin concentrations for the case of dipolamisleading®®*’ In this case, the statistical theory discussed
hyperfine interactionsA,(6).2%4?~%¢ Because second mo- in Refs. 21, 44—47 provides a very powerful alternative to

21(An/gup)

c

Cc

C. Analytical line shape calculations
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obtain the Fourier-transformed line shape. This method is 30 L S e e B e
well suited for the continuum approximation required in an 5 TIITS p=53A
amorphous network and becomes particularly simple in they 1°F I e T n=35A
low concentration limit, where a Lorentzian line shape is\_’s_;_ h

obtained. At high nuclear spin concentrations, however, cor-< 5[ | a
relations in the occupation of the hypothetical continuum of :
possible nuclear positions become inevitable, in particularg
for the volume around several central atcth&ew atoms
with almost discrete hyperfine constants are expected tc=
dominate the linewidth in this regime. As these are problem-= 5L

25F M crystalline
20F —TTT amorphous
continuous

atol

N

atic to describe via the statistical theory, numerical simula-<
tions will be considered instead in the following section. ~ § '}
©
= °F b
D. Numerical line shape simulation O obw
0 1 2 3 4 5 6 7

To make predictions for the hyperfine broadening over the
full concentration range, many hyperfine patterns similar to
those of Fig. 11, but with different hyperfine constants have |G, 12. (b) Radial distribution functions of crystalline Germa-
been convoluted numerically via the fast Fourier transformyium [N(r), barg, of a-Ge[D(r), dash-dotted line, after Ref. 49
algorithm. We start with the description of a simple numeri-and of a homogenous medium wiE(r) = 4ar2p (solid line). The
cal example without anisotropic contributions of the hyper-discrete atomic positions,=3/3n/(47 @) are chosen fror(r) for
fine interaction B2=0) and without fluctuations ofr> to  a homogeneous medium such that the area below each of the resuit-
avoid the averaging process over many random configurdng segments corresponds to a single atgan.Set of hyperfine
tions. For the wave function amplitudes at the nuclear spirgonstants;, i, resulting from Fermi contact interaction of the dan-

Distance r (A)

sitesr,, a hydrogenic envelope function gling bond wave function of Eq9) with different localization radii
ro.
W gp(rp)ce” /Mo ©)
at each distance,, at which the area under the continuous
is used, which according to Eqé) and(6) leads to distribution functionf D (r)dr=4/3mr3p =n corresponds to
S o it a full atom, i.e.,
An’iso(rn)ocanocllldb(rn)oce nto, (10
r,=33n/(4mo), n=0.1,.... (12)

This kind of wave function is commonly assumed for the
description of the delocalization of DB's in transport experi- This ensures that at large distances the macroscopic atomic
ments, however, it is a very crude assumption compared tgensity 0 ~0.0442 A3 is obtained. In this approximation,
the set of hyperfine constants calculated for Baecenter in  the nearest-neighbor positions are distributed between 1.8—
Ref. 3. It is not thought to be a realistic description of a true2.8 A, which is a significantly larger spread than of 2.2—2.7
dangling bond wave function, but it is very helpful to under- A in the RDF ofa-Ge. However, the results from simulations
stand the limits to which information can be extracted frombased on Eq(11) were virtually the same as those from
the experimental data. simulations withr;_;=2.44 A. The errors introduced by the
To define a set of hyperfine constaigvia Eq.(10), the  actual choice ofr,, are therefore negligible, in particular
positionsr , of the host atoms need to be modeled in additioncompared to the effects of spin polarization discussed in Sec.
to the shape of the dangling bond wave function. The probV A. The resulting hyperfine constants from E¢$1) and
ability of finding a Ge atom at a certain distancérom a  (10) are shown in Fig. 12) for three different localization
central Ge atom is given by the radial distribution functionradii and A;=29 GXgug. Note that for a spin density of
(RDF) D(r), which has been determined from x-ray or elec-DB's of about 18° cm 3, each defect occupies the volume
tron diffraction experiments. The local environment of Geof a sphere with a radius of 205Ar,. The sum of the dif-
atoms consisting of the nearest neighbors and the next feferent sets of hyperfine constants of Fig(d2s of interest
shells of atoms in amorphous Ge still resembles that of crysfor the normalization conditiorﬁnaﬁ+3§=1 of the dan-
talline Ge, however, broadened by structural disofdién  gling bond wave function. It is about 190 G for the set of
particular, the maximum of the RDF around 2.44 A in Fig. hyperfine constants with,=3.5 A, and about 85 and 620 G
12 can be identified with the four nearest Ge neighborindor those withr,=2.5 and 5.3 A, respectively.
atoms, one of which is missing in the radial distribution The derivative spectra, which result from the convolution
function of DB’s ina-Ge. For larger distanceB,(r) rapidly  of the hyperfine patterns obtained for the three sets of hyper-
approaches the limit of a homogenous medium, for whichfine constants of Fig. 13) are shown in Fig. 13. Whereas
D(r)=4mr?p with the macroscopic atom density of the second moments of the simulated spectra fulfill @.
a-Ge, which is similar to that of crystalline Gep( for all concentrations, their line shapes are obviously differ-
=0.0442 K°3). Figure 12 illustrates how a set of discrete ent than both Gaussian and Lorentzian curves. The overall
nuclear positions , were chosen for the first numerical ex- shape of the simulated spectra is more similar to a Lorentz-
ample discussed here. A new Ge atom with indeg placed ian curve up tac=60%, and to a Gaussian curve for higher
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-300  -200 -100 0 100 200 300 FIG. 14. Peak-to-peak linewidtABy;" extracted from the
Magpnetic Field - B, (G) maximum and minimum field positions of the spectra obtained for

the three sets of hyperfine constants of Fig(al2The satellite

FIG. 13. (a) Simulated spin resonance spectra for the model ofstructures causing the step around 80% in the linewidth at localiza-
Fig. 12 for a localization radius af,=3.5 A. The resolved shoul- tion radii of (c) ro=2.5 and(b) ro=3.5 A vanish at a localization
ders originate from the hyperfine interactid ;=29 GXgug radius of (a) ro=>5.3 A because of the larger number of similar
with the central’*Ge defect atom. In the experimental spectra, thesényperfine constants. The dashed line was simulated without a cen-
shoulders are averaged out because of fluctuations of the hyperfitieal atom (1>0), and the shaded areas indicate the linewidths cal-
constants, e.g., due to a dipolar hyperfine interaclign,s&=5 G culated for the hyperfine constants with the nearesk0, andn
X gug at the same defect atom. Pén} shows the simulated spec- <100 nuclei.
tra obtained for,=2.5, 3.5, and 5.3 A at=60%. ) ) o

attributed to one of the backbonding neighbors in this model.

c. A shoulder structure similar to that found in Fig. 11 and atAs the linewidth of the central line far,=5.3 A is around
the position of the experimentally observed wings of Fig. 8 is200 G atc=60%, the satellites collapse with the central line
resolved at low concentrations. Obviously, the assumed hyfor the solid curve in Fig. 1®). Because an accumulation of
perfine interactionAg ;5= 29 Gxgug of the central”®Ge  sufficient nuclei with similar hyperfine constants occurs for
defect atom differs enough from\,-,;<11 GXgug as- this localization radius according to E) already for con-
sumed for the backbonding neighbors, so that in this modetentrations above 5%, the line shapes are rather Gaussian, as
the shoulders of Fig. 11 remain visible. shown in Fig. 16a), where the line shape factbdetermined

The peak-to-peak Iinewidt}ABB‘;,m of the simulated de- numerically from the simulated spectra is plotted with solid
rivative spectra can be determined numerically from theines for the same model used in Figs. 13 and 14. As ex-
magnetic field separation of its global maximum and mini-pected for a Gaussian line shapeB ;™= Jc is found over
mum. The theoretical linewidths obtained via this method foralmost the entire concentration rangee Fig. 14)].
the three different radii of localization are shown in Fig. 14, In contrast, the satellite structure is clearly resolved for
with the linewidths corresponding tg=3.5 A in Fig. 14b).  spectra simulated with a shorter localization radius
An increase of the linewidth approximately linear with the =2.5 A. In this case, a central line is resolved between two
3Ge concentration is observed up ©=60% for r, distinct satellite peaks, which makes the definition of a single
=3.5 A. Abovec=80%, the linewidth rapidly approaches linewidth AB:™ difficult. Consequently, a jump of the line-
AB;"~300 G. The resulting step of the linewidth around width occurs again, when the intensity of the outer satellites
c=80% is related to the cross-over between the central linbecomes larger than the intensity of the central line. At suf-
of this pattern from DB’s centered at nuclei witk=0 and ficiently low concentrations, the linewidth increases almost
the 21+ 1 equally intense contributions of hyperfine satel-linearly with the "3Ge concentration, as appropriate for a
lites already discussed in the context of Fig. 10. Lorentzian line shape. The line shape factors obtained nu-

This step is not present assuming a langer 5.3 A[Fig.  merically for these spectra are shown in Fig(d%nd are
14(a)]. In that case, the linewidth of the spectrum @t close to the Lorentzian value in the intermediate concentra-
=60% shown in Fig. 1®) is large enough to cover the tion range. They can be compared better with the experimen-
satellite pattern of the central atom, mainly because of th¢al values of Table |, if the additional broadening mecha-
smaller difference between the largest hyperfine constantisms at the different microwave frequencies are taken into
Ap=29 GXgug of the central atom and\;~15 GXgug  account. The dominant mechanism at 9.35 GHpg-factor
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— lengths and for other radial distribution functions consistent
with the macroscopic density @&Ge. A quasi-continuous
RDF can be modeled numerically, e.g., with a large number
. of DB’s, each with its characteristic distribution function of
= atomic distances, and hyperfine constanss, . The average
ESR spectra for these DB's, and the corresponding line-
widths and line shapes are not much different from the re-
sults of Figs. 14 and 15. Independent of the specific defect
model, the approximately Lorentzian line shape o
«c up toc=60%, as well as the sudden increase to a line-
width of about 300 G are typical for those sets of hyperfine
constants withAg ;5.=29 GXgug and a localization param-
eter around 3.5 A. The available experimental data points,
which indicate a hyperfine broadening of 10 Gcat 7.8%,
of 70 G atc=51%, and of 300 G at=95.6% could be
reproduced by those defect models containing 1-2 atoms
with A,~29 GXgug, 3—-6 atoms with A,=4—-10G
Xgug, and 100-200 atoms witA,~0.5-1 GXgug, ir-
73 . respective of the exact distribution functions. Within the
Ge Concentration (%) given ranges, the larger number of nuclei is always to be
used in conjunction with the smaller hyperfine constant. The
ranges of validity were obtained by numerical simulations,
lines). For a localization radius,=5.3 A, | is close to the Gaussian but CQUId have been deter_mmed as well W'th the numb(_ars of
value of 1.033. For smaller,, a Gaussian line is only expected for nuclei from I_Eq.(?) for a given conce_ntrat_mn and a typ|cal_
large *Ge concentrations. In the intermediate concentration range3€t Of hyperfine constants, and the linewidths from the ratio
| is closer to 3.628, which would be expected for a purely Lorent-Of the cumulated momentd, andM,.
zian line. Also included are the lineshape factors expected for the The sum of all isotropic hyperfine interactions with the

three cases when Gaussigrfactor broadeningAB>0~40 G at dangling bond wavefunction is in the range of 160-190 G
9.35 GHz is includeddotted lines. for those sets of hyperfine constants, which are consistent

with the experimental data. Also for the model of Fig. 12 this

broadening, as discussed in Sec. Il ijxm;g‘p)~4o Gand sum is about 190 G at a localization radius of 3.5 A. Com-
an approximately Gaussian shape. The line shape factors Bred to the tabulated atomic hyperfine interaction of
the numerical spectra with such an additional broadening ar843 GX goup for an ideal 4 orbital, this suggests that about
shown by the dotted lines in Fig. 15. In agreement with thel9—23 % of the dangling bond wave function occuysdike
experimental data, the line shapes start from a Gaussia#omic orbitals. Only 3.4% of an atomgwave function is
shape at low nuclear spin concentrations, whegsactor ~ found at the central Ge atom. The nsilike 77—-81 % of the
broadening dominates, become Lorentzian at intermediat¢ave function are expected to occupyike atomic orbitals,
concentrations, and Gaussian agaicat80%. probably with ans/p ratio significantly smaller than 1/3 at

The validity of Eq.(7) not only for one fixed hyperfine the central atom and significantly larger at remote atoms.
constant, but also for the sets of hyperfine constants digNote that the sums of the isotropic hyperfine constants of
cussed here, is shown numerically in Fig. 14 for a partialFig. 12 forr,~2.5 and 5.3 A of 85 and 620 g ug would
convolution of the hyperfine patterns of the nearest 20 or 100 unrealistic, so that all,, s, would need to be scaled up or
neighboring nuclei only, and for the convolution of the com-down for these cases by a factor of 2—4 to fulfill the normal-
plete set without the central defect atom. The steplike strucization condition. Then, however, the linewidthat 100%
ture abovec=80% can be attributed unambiguously to thewould be far from the experimentally observed values.
central atom, as it is not observed if the central atom is Until now, we have not taken into account any contribu-
removed from the convolution. As seen by the steps in thdions of A, ..o Because all orientations of DB’s are distrib-
curves withn<20 and 100 atoms, the simulated linewidth is uted randomly in amorphous materials, this will lead to pow-
dominated by interactions with the central 20 nuclei for der pattern distributions of hyperfine constants between
=40% and with the central 100 nuclei a&=10%. Both  An 1 =Aniso~An aniso@Nd A || = Ap iso 2An anisoiN addition
numbers are in good agreement with Eg) for ABp" 10 the random fluctuations oA, ;s, due to disorder. Such
~21(A,/gug). fluctuations ofA i, are required to account for the observa-

Obviously, most of the information on individual hyper- tion of a structureless spectrum, eve By P<Ag 5o, Which
fine constants is lost during the convolution process. It igs the case at 0.434 and 2.00 GHz and7.8%. Without
therefore not surprising that similar line shapes and linesuch fluctuations, the simulations of Fig.(&8show a local
widths can be obtained numerically not only for the specificminimum aroundB,+120 G and a maximum arounél,
set of hyperfine constants shown in Fig.(d2but also for +150 G. These features would overlap, if their position
other wave function envelopes with similar localization fluctuated by about 30 G, i.e., with fluctuations A&f of at

N WA O
T

-

Lineshape Factor ¢

= N W s~ O
T

FIG. 15. The line shape factorsletermined from the calculated
spectra for the three sets of hyperfine constants of Figa) 1full
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least 20% or 6 G gug. Because of the sharp peak of the 17 used here. Therefore, the hybridization ratio at the Ge
powder pattern distribution af,, , the interpretation of atomin GeH is probably even lower, indicating nearly com-
these fluctuations as anisotropic hyperfine interaction woulghlete sp? configuration of the Ge-H bonds and a significant
require even larger fluctuations 8§ 4nis=5 GXgup in or-  relaxation of the defect atom into the plane of the backbond-
der to average out the wings of the spectra shown in Figing H atoms. Taking into account the smal&ip ratio of
13(a) according to numerical simulations includidg .ns,»  DB’s in a-Si:H with respect to the Sifiradical, one could
For very large values of\g,nso the true value ofAgj,  expect a hybridization ratio even below 7% for DB’s in
would be somewhat higher than 29<@ug because of the a.Ge, resulting ing2=50% andAg .9 G.

asymmetry of the hyperfine powder patterns. _ However, as indicated by the localization radius Agr;s,
To summarize the results of the numerical simulations, thqn Sec. IV D, large parts of the dangling bond wave function

experimental linewidths and line shapes can be explained by, a-Ge seem not to be located on the dangling bond defect

a dangling bonq model wave function Wimovisoz 2.9 G atom itself. For these sets of hyperfine constants compatible
x gug and a radius of localizationy=3.5 A, irrespective of with the experimental data in Sec. IV D, the sum of the iso-

the particular model employed. In agreement with the Simple{ropic hyperfine interactions with remote NUCEBI_1 A, o i

estimate from Eq(7), at least 20 central nuclei are found to | " ;
: L typically around 130-160 8gug, suggesting that about
~ 0 -
contribute to the linewidth at~40%, and at least 100 cen 15-19 % of the dangling bond wave function occupsidike

tral nuclei to the linewidth at~10%. More complicated G her than th | def A
statistical models with fluctuating hyperfine constants or_StateS at Ge atoms other than the central defect atom. Assum-

. . . . 3 . .
Ag.nis=>5 GX gug are required to account for the structure- N9 @ hybridization ratios/p~1/3 (sp” configuration for
Ie%gm\jvoi?wgs of ?h%Bexperirgental spectra, these remote atoms, this would correspond to 60—76 % of the

complete defect wave function. The sum of the three contri-
butions «3=3.4%, B5=50%, andX,-,4a2=60-76% is
V. DISCUSSION somewhat larger than 100%, but at least of the correct order
qf magnitude. The difference could indicate a lovpefrac-

DB'’s in a-Ge, the microscopic structure suggested from this'o" than s/p~1/3. at the rem-olte atoms, or, a}lternatlyely,
work for DB’s in a-Ge will be discussed in Sec. V A taking some of the atomic spin densmeﬁ to be negative, which

into account the effects of spin polarization. The considere(‘ff)u'd no:j beb distinguished in the experimental broadenings
defect structure is then compared to the localization radiudiscussed above.

obtained from transport experiments and to the structure of Nggat_lve spin denS|t|e§ are only one consequence ,Of spin-
DB’s in a-Si*H in Sec. V B. polarization effects, which are well known for DB’s in

a-Si:H. Although the model wave function of E¢5) pro-

vides a reasonable approximation for the dangling bond
A. Spin polarization charge density, the same wave function is probably inappro-
priate to give a realistic description of the dangling bond spin
densities. Hartree-Fock calculations for the atomic hyperfine
constants include the contributions from core polarization as
a spin-dependent deformation of the Ge inne¢3k shells,

Based on the conclusions for the hyperfine parameters

According to Eq.(5), the hyperfine paramete#s, js, and
A, aniso@re usually evaluated in terms of the fractiapsand
B, of s and p-like atomic orbitals contributing to the full

dangling bond wave function. The corresponding spin densid ibed b f L ioHAs is K f
ties a2 and 82 are obtained via E6) by comparison of the 4€Scribed by configuration Interactiorisis is known from
the hyperfine interactions in small molecules, such a core

experimental parameters with the atomic values from AV : : S
Hartree-Fock calculations. Accordinglfyo =29 GX gus polarization strongly depends on the unpaired spin density in

. o 22 2 40 the valence state. In different bonding configurations, the
gg:ﬁzrg?:; to aslike contribution of a5=3.4% at the spin polarization might vary with respect to the atomic val-
Apanise=D G can only be estimated roughly from the ues. A smglt_a expenmen.tal hyperfine _parameiéror B 1
miss?ﬁgsgructure of the experimental spectracat7.8% then insufficient to quantify these multiple effects, so that the
. f . . 2 . .
which requires a certain random variation &f. If these calculated localization based arf+ 2 is incorrect for the

variations were dominated by anisotropic hyperfine interaccharge density in most cas%'Eurthe_rmore, evenin the ab-
tion, the p-wave fraction at the central atom would 18 sence of net charge or unpaired spin density at one Ge atom,

0 e . charge density on neighboring Ge atoms will cause locally
=30%, and thef;/IO hybridization ratio at the central defec;[ unbalanced positive and negative spin densities at the central
atom aQ/'B0$ 11 /oz,_asocompargd toothe ratio ,Of, abou} 12/°atom by local polarization of the bonds. This spin density
determined fromug=6% andB;~50% for DB's ina-SitH  han occurs with the opposite sign at the other atoms.
in Refs. 8,9. For Sikl and GeH radicals with negligible For the GeH radical, this spin polarization of the bonds
delocalization and small spin polarization of the bonds,sthe 45 measured from the proton interaction to contribute with
character at the defect ag?m was evaluated to lpe around 2L oy gus to the total isotropic hyperfine coupling of the
and 11.5 %, respectivel):>' As the value for Geklis based 73Ge nuclei of 75 &< gug .>*51 Such a shift of positive spin
on the rather small atomic Fermi contact mteractlonﬂ«;,fS density from the ligands to the central atom would be sig-
=535 GX goug from Ref. 18, even smaller fractiongs/35  nificant compared t#\y=29 GXgug andA;=10 GXgug
around 7% would be obtained for DB’s in GgHadicals of the model wave function withy=3.5 A, and hence the
based on the more recent valag =843 GXgoup of Ref.  slike charge density at the central atom is possibly even
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lower than 3.4%. Ira-Ge, the spin polarization at the central o(T), the determination of . from T is regarded as being
atom is probably smaller than in GgHbecause of charge very unreliable. Therefore, the dependencerOfi;) on the
delocalization. However, as pointed out in Ref. 3, also forspin density was evaluated farGe:H in Ref. 14 at a fixed
DB’s at the Si/SiQ interface the spin density at the neigh- temperaturel =200 K with spin densities of DB’s in range
boring atoms is almost cancelled by the transfer of spin denof 107 to 10!8 cm™2 after electron irradiation and stepwise
sity towards the central atom. Spin polarization also explaingnnealing, resulting in a charge localization radius around
the difference between the charge and spin densities caIcyE=11 A. The same hopping processes are also believed to

lated for DB's in a-SiOin Ref. 13, which predict a chargeo be responsible for the lifetime broadening of the ESR signals
localization below 20%, but a spin localization around 50 A’at higher temperaturé&:28:2.33:53

“ tl?t]:c;irs]terilhzt?rlgétion of the dangling bond wave function The charge localization radius,=11 A of DB's in
: ging b I a-Ge:H is about three times larger than the spin localization
is largest at the central atom, the negative contributions tQ

the spin density are largest on the backbonding atoms. Artadiusro=3.5 A determined from the hyperfine broadening

n this work. For DB’s ina-Si:H, a charge localization radius

these atoms, the balance of opposing contributions ma% Ah . p .
cause a reduction of the actual hyperfine interaction to zerg™ourt 4 A has been determined from transport experiments

or below, which once more justifies the assumption of a dis@t 200 K in Ref. 14, while the resolved hyperfine data of the
tinct isotropic hyperfine interactioAq > A, i, at the cen- cer_1tra|_ atoms_ ire-Si:H would be consistent with a spin lo-
tral defect atom, which is one of the characteristic results ofalization radius of 3 A
the numerical simulations of Sec. IV D. The remote atoms, It remains to be shown whether the localization param-
which determine the linewidth at smaller nuclear spin con-eters determined from the central hyperfine interactions at
centrations with their small hyperfine constants, are thereforéhe few central atoms of the DB’s & Si are equivalent to,
an alternative and possibly more universal basis for the defiextracted from the more than 100 remote atoms in this work,
nition of a spin localization parameter of DB’s in different and independent of the relaxation at the central atom. The
materials, as they do not suffer such large spin polarizatiomomparison of both models is possible for DB’saf8i, for
effects as the central defect atoms. which both the hyperfine interactions at the central atom as
As a consequence of spin polarization, a spin-unrestrictediell as the hyperfine broadening at I&8i concentratiors
wave function in contrast to E¢5) cannot be easily identi- have been measured. With a model wave function for DB's
fied with the experimentally _accessible hyperfine parametersy a-Si similar to that of Fig. 1@, but with 1,4=1/2,
Therefore, detailed theoretical calculations are required tg\o ~70 GXgug, andr,=3.0 A, hyperfine broadenings

interpret the experimental parameters quantitatively. Suclaf ’AB;%W/C%4O G can be predicted from numerical simula-

calculations could also clarify, whether the postulated fluc- — 100 e . .
tuations 0fA, aroundAq ., can indeed be ascribed to aniso- tions forc=10%. This is in good agreement with the experi

tropic hyperfine interactions. mental Iow—.frequgncy dqta of Re_f. 9, which showsg’ép/.c
~40 G for isotopically diluteda-Si:H samples. The critical

number of nuclei of Eq(7) is lower in a-Si than ina-Ge
because of the smaller nuclear spin. Therefore, and because

The low temperature transport properties @fSe are  of the smaller localization radius, the linewidtharSi is not
strongly influenced by the extent of the dangling bond defecgypected to rise linearly up to 50%, but to show a second
wave function. The characteristic hopping rates of spinepjike structure at®Si concentrations around 20% due to
independent transport are determined by charge, not spin g backbonding atoms. For DB's @Si, the spin localiza-

caI|z§\t|on. I—.|owever,. bpth types of wave fung:tlons must betion radius derived from the central and outer atoms appar-
considered in a realistic model for the dangling bond wave

function, as pointed out previously for tHe, center and ently agree in the investigated concentration range. The spin
DB's in a-Si:H313The charge localization radius of DB's localization radius can be checked once more at the central

in a-Ge:H has been determined from dc transport measureh-yperfme constant via the normalization condition for the

ments in Ref. 14. According to the Mott model, the variabledanglllng bond wave function ia-Ge. The volume occupied

range hopping conductivity for delocalized DB’s describedby.a deloc_allzed spin wave function scalesré,sso that the
by Eq.(9) is given by spin density at the central atom would be expected to be

about (3.5/3.0)=1.6 times smaller for DB’s ira-Ge com-
goxe n(T/To)*lf“’ (12) pgred 2toa-Si based on the localization radii, consistent with
agt Bi~50-70% fora-Si and about 30-50%, which is
where T, '=r3Ngkg, and with the factory in the range most probable foa-Ge.
between 0.9 and 1.3, depending on the employed theoretical Therefore, both the broadening at low nuclear spin con-
model. The density of states at the Fermi leMgl is linked  centrations and the central hyperfine constants support a spin
to the spin densit\Ng via the density of states according to localization radius of ,=3.5 A for DB’s in a-Ge compared
Ne=Ngx 11 eV !, which can be obtained from deep level to r,=3.0 A for DB’s in a-Si. In a-Ge, however, this spin
transient spectroscop§.From Eq.(12), a localization radius ~ delocalization parameter is significantly smaller than the
of the order of 1 A would be obtained witi,=2x10® K  charge localization radius of 11 A of Ref. 14. This shows that
from the inset of Fig. 1. However, because unwanted influspin-unrestricted calculations will be indispensable to model
ences of temperature cannot be excluded in measurementstofe dangling bond wave functions in amorphous germanium.

B. Charge localization
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VI. CONCLUSIONS Agso—29 GXgug and a spin localization radiug=3.5 A

Broadening of the spin resonance signal of DB'sie are extracted from numerical simulation of thi&e concen-
from 2.6 to 300 G was observed in EDMR investigations oftration dependence of the spin resonance linewidth and line

isotope-engineered a-Ge samples over the whole shape. The spin density is found to be three times more lo-

*Ge concentration range from 0.1 to 95.6 %. The contribu-calized than the charge density at the charge localization ra-

tions ofg-factor broadening od&Bﬁ% 4.4 GX v/GHz and of dius of a-Ge determined from transport measurements.
dipolar broadening of the orderf & G were investigated
separately from these hyperfine contributions with the help
of measurements on a nuclear-spin feeéGe sample. An The work at Walter Schottky Institut was supported by
additional hyperfine broadening of 10 G due to th§e  Deutsche Forschungsgemeinschaft, and the work at Keio
spins is observed at the natural isotope concentration. AlJniversity in part by the Grant-in-Aid from the Ministry of
though no hyperfine satellites are resolved due to the corEducation, Sport, Science and Culture of Japan, Grant No.
tinuously increasing linewidth and the large number of con-14076215. The authors are thankful to E. Bauer for the ex-
tributing nuclear spins, a central hyperfine interaction ofperimental assistance with the 2.00 GHz microwave system.

ACKNOWLEDGMENTS

*Electronic address: tobias.graf@wsi.tum.de

1K.L. Brower, Appl. Phys. Lett43, 1111(1983.

2W.E. Carlos, Appl. Phys. Let60, 1450(1987).

3M. Cook and C.T. White, Phys. Rev. B8, 9674(1988.

4E.H. Poindexter, P.J. Caplan, B.E. Deal, and R.R. Razouk,
Appl. Phys.52, 879(1981).

5T.D. Mishima, P.M. Lenahan, and W. Weber, Appl. Phys. L2t
3771(2000.

A. Stesmans and V. Afanas’ev, Phys. Rev5B 10 030(1998.

D. Biegelsen and M. Stutzmann, Phys. Rev3® 3006 (1986.

8M. Stutzmann and D.K. Biegelsen, Phys. Revi® 9834(1989.

9T. Umeda, S. Yamasaki, J. Isoya, and K. Tanaka, Phys. RE9, B
4849(1999.

104 Yokomichi, I. Hirabayashi, and K. Morigaki, Solid State Com-
mun. 61, 697 (1987).

H. Yokomichi and K. Morigaki, J. Non-Cryst. Solid37-98 67
(1987.

12N, Ishii and T. Shimizu, Phys. Rev. B2, 9697(1990.

BpA. Fedders, D.A. Drabold, P. Ordejo G. Fabricius, D.
Sa'nchez-Portal, E. Artacho, and J.M. Soler, Phys. Re%0B
10 594(1999.

14M. Stutzmann and J. Stuke, Solid State Comntih.635(1983.

15E.C. Marques, M.M. de Lima, Jr., and P.C. Taylor, J. Non-Cryst.
Solids266-269 717 (2000.

16C.F.0. Graeff, M. Stutzmann, and M.S. Brandt, Phys. Re¢9B
11 028(19949.

173. A. Weil, J. R. Bolton, and J. E. WertElectron Paramagnetic
ResonancéWiley, New York, 1994.

18p W, Atkins and M. C. R. Symonisihe Structure of Inorganic
Radicals(Elsevier, Amsterdam, 196.7

19B. Movaghar, L. Schweitzer, and H. Overhof, Philos. Mag3B
683(1978.

203 H.V. Vleck, Phys. Revr4, 1168(1948.

2A. Abragam and B. BleaneElectron Paramagnetic Resonance
of Transitions longOxford University Press, Oxford, 19Y.0

22R. Vrijen, E. Yablonovitch, K. Wang, H.W. Jiang, A. Balandin, V.
Roychowdhury, T. Mor, and D. DiVincenzo, Phys. Rev62
012306(2000.

23K, Itoh, W.L. Hansen, E.E. Haller, J.W. Farmer, V.I. Ozhogin, A.
Rudnev, and A. Tikhomirov, J. Mater. S@, 1341(1993.

24M. Stutzmann and D.K. Biegelsen, Phys. Re2® 6256(1983.

25N, Kishimoto, K. Morigaki, and K. Murakami, J. Phys. Soc. Jpn.
50, 1970(1981).

26\.S. Brandt and M. Stutzmann, Phys. Rev4B 5184(1991).

27K. Lips, S. Schitte, and W. Fuhs, Philos. Mag. &, 945(1992.

1%s. Hasegawa and S. Yazaki, Philos. Magd® 347 (1982.

29B. Movaghar and L. Schweitzer, Phys. Status Solid8® 491
(1977).

%ON.F. Mott and E.A. Davis, Electronic Processes in Non-
Crystalline Materials(Clarendon Press, Oxford, 1971

313, Greulich-Weber, Phys. Status Solidil&82, 95 (1997).

32R.G. Barnes and W.V. Smith, Phys. R&3, 95 (1954.

33G.A.N. Connell and J.R. Pawlik, Phys. Rev.1B, 787 (1976.

34L. Kuebler, G. Gewinner, J.J. Koulmann, and A.gdlae Phys.
Status Solidi B78, 149(1976.

353, Stuke, Amorphous Lig. Semicond,. 407 (1977).

363, Lebib, M. Schoisswohl, J.L. Cantin, and H.J. von Bardeleben,
Thin Solid Films294, 242 (1997.

37pR. Cullis and J.R. Marko, Phys. Rev.1R, 4184(1975.

%8H. Dersch, L. Schweitzer, and J. Stuke, Phys. Re834678
(1983.

39M.S. Brandt, M.W. Bayerl, M. Stutzmann, and C.F.O. Graeff, J.
Non-Cryst. Solids227-230 343(1998.

4OR.J. McEachern and J.A. Weil, Phys. Rev4B 6698(1994.

41C.W. Myles, Phys. Rev. B4, 14 (1976.

“2AF, Kip, C. Kittel, R.A. Levy, and A.M. Portis, Phys. Re91,
1066 (1953.

43C. Kittel and E. Abrahams, Phys. Re0, 238 (1953.

4M.H. Cohen and F. Reif, Solid State Ph{s.321 (1957).

4SA.M. Stoneham, Rev. Mod. Phy41, 82 (1969.

46D K. Wilson, Phys. Revl134, A265 (1964).

4'p A. Fedders, Phys. Rev. Bl, 1020(1975.

48D. Freude and H. Schmiedel, Phys. Status Solid68 631
(1972.

49M. StutzmannAmorphous Semiconductoigol. 3 of Handbook
on Semiconductoysedited by T. S. MosqElsevier Science,
B.V.,, 1999, p. 657.

50G.S. Jackel, J.J. Christiansen, and W. Gordy, J. Chem. BHys.
4274(1967).

51G.S. Jackel and W. Gordy, J. Chem. Phy&, 4274 (1967).

523.D. Cohen, J.P. Harbison, and K.W. Wecht, Phys. Rev. 4&ft.
109 (1982.

533. Hasegawa and Y. Imai, Philos. Mag.4B, 347 (1982.

205208-16



