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EPR linewidth variation, spin relaxation times, and exchange
in amorphous hydrogenated carbon
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Electron paramagnetic resonance~EPR! measurements have been made of amorphous hydrogenated carbon
~a-C:H! films grown by plasma enhanced chemical vapor deposition~PECVD! with negative self-bias voltages
Vb in the approximate range 10–540 V. ForVb,100 V, as the film changes from polymerlike to diamondlike,
the changes in linewidth and shape are interpreted in terms of changes to two contributions—one due to dipolar
interactions between the unpaired spins and one due to unresolved lines arising from hyperfine interactions
with H1. The former yields a Lorentzian line, the latter a Gaussian, and the resultant spectrum has the Voigt
shape. The empirical relationDBpp

G ~in Gauss!5~0.1860.05!3~at. % H) between the peak-to-peak Gaussian
contribution~in Gauss! DBpp

G and the hydrogen content in atomic percentage is obtained. ForVb.100 V the
linewidth is shown to be dominated by the dipolar interactions and exchange and it decreases asVb increases;
the change is shown to arise primarily from a change in the exchange interaction. Evidence for this comes from
measurements which show that the spin-lattice relaxation time appreciably shortens and the spin-spin relax-
ation time lengthens as the bias voltage is increased. The magnitude and variation with bias of the linewidth are
consistent with the EPR signal originating from thep-type radicals.
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I. INTRODUCTION

Hydrogenated amorphous carbon,a-C:H, is a fascinating
material because the possibility of varying the bonding c
figurations of the carbon atoms and also the hydrogen c
tent allows it to be prepared with a wide range
characteristics.1,2 One method of preparinga-C:H is plasma-
enhanced chemical vapor deposition. The film properties
strongly affected by the incident ion energy which in turn
determined by the gas pressure and the negative self
voltage Vb which develops between the live electrode a
the glow space.3 At low bias voltages the films are ‘‘poly
merlike’’ ~PLC!, soft, with wide optical gaps, a high photo
luminescence efficiency and a high~'50%! hydrogen
content.4 As the self-bias is increased the film initially be
comes ‘‘diamondlike’’ ~DLC!, harder, with a smaller gap
and a lower hydrogen content; with further increases in
bias thesp2 content increases4 until eventually they become
graphitelike~GLC!. a-C:H with a particularly high~'80%!
proportion of tetrahedrally bondedsp3 carbon sites is often
referred to asta-C:H.

All the above forms ofa-C:H contain defects which ar
believed to affect the photoluminescence efficiency5 and the
ability to dope the material. It is, therefore, of interest
know about these defects. One technique which has o
been used to characterize those defects which are para
netic is electron paramagnetic resonance~EPR!. In most
cases a single resonance is reported which has ag value of
about 2.0028.6–8 However, it is still uncertain what thes
defects are and they could, for example, be eithersp2 clus-
ters with an odd number of sites or single dangling bon
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Changing the incident ion energy has little effect on theg
value but it does alter the linewidth.8–13 Several authors8–10

have reported that when the ion energy is increased f
very low values there is an initial increase in the linewid
One explanation proposed for this is that the spins are
able to tunnel to neighboring graphitic clusters as the ene
is initially increased.8 At higher ion energies the linewidth
decreases as the ion energy is further increased.8–13 In this
latter region the line is usually reported8–10,12,13as having a
Lorentzian shape although it has also been assumed t
Gaussian.11 In the latter case the change in width was attr
uted to a change in unresolved hydrogen hyperfine li
brought about by a change in the local H/C ratio11 and it has
been shown14 that changing the hydrogen content can affe
the linewidth. On the other hand many authors8,12,13 have
proposed that, on the basis that other mechanisms are i
propriate and that the line shape is Lorentzian, the narrow
is produced by exchange.

This work has two main aims—first, to find more ev
dence for the exchange narrowing process and second
provide a comprehensive interpretation of the variation
linewidth as thea-C:H is changed from polymerlike to dia
mondlike to graphitelike material. To try to achieve the
aims we have made EPR measurements on a set of sam
prepared by the plasma enhanced chemical vapor depos
~PECVD! method with a wide range of bias voltages fro
about 10 up to 540 V. To look for evidence of the exchan
interaction between the unpaired spins we have measure
spin-lattice,T1 , and spin-spin,T2 , relaxation times becaus
it is known, for example, from the case of solid solutions
a-a-diphenyl b-picryl hydrazyl ~DPPH! in polystyrene,15

that increasing the strength of the exchange interaction
3546 ©2000 The American Physical Society
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PRB 61 3547EPR LINEWIDTH VARIATION, SPIN RELAXATION . . .
the effect of shorteningT1 and lengtheningT2 . There have
been a few measurements16 of T1 andT2 for different types
of a-C:H but this paper presents a systematic study of
effect onT1 andT2 of changing the bias voltage.

In Sec. II we briefly outline the sample preparation a
EPR measurement procedures. Measurements of the
width, shape,g value, and spin concentration are presen
in Sec. III A. In Sec. III B we consider the analysis of th
linewidth for samples grown withVb.100 V, present the
measurements ofT1 and T2 , and consider the evidence fo
exchange. The dependence of linewidth and shape onVb for
Vb,100 V is analyzed in Sec. III C; in this region the tran
formation from PLC to DLC occurs.

II. EXPERIMENTAL DETAILS

The a-C:H samples were deposited using a 13.56 MHz
powered, capacitively coupled, PECVD system. All but o
of the samples were deposited on silicon substrates place
the rf driven electrode with feed gases of CH4 ~10%! and Ar
~90%! at a constant pressure of 300 mTorr and with the
power varied such that the dc self-bias voltageVb took val-
ues between250 and2540 V ~from now on the minus sign
will be omitted!. The driven electrode was kept at room tem
perature by a closed-loop cooling system but the surfac
the samples during deposition was at a slightly higher te
perature. The atomic hydrogen content measured using
tic recoil detection analysis~ERDA! is 25 at. % at Vb
550 V, 13 at. % at 100 V and thereafter probably decrea
only slightly asVb is raised to 540 V. The percentagesp2

content was estimated to be 63, 54, 66, 78, 72, 80, 76,
and close to 100~610%! for Vb values of 50, 100, 150, 180
265, 320, 380, 460, and 540 V, respectively. Thesp2 content
was obtained by the method proposed by Bergeret al.17 us-
ing a CM30 Philips microscope equipped with a dedica
Gatan model 666 electron energy-loss spectrometer and
erated at 100 keV. Strictly speaking, the value obtained is
thep content and, therefore, it gives thesp2 percentage only
if there is little or nosp1 bonding within thea-C:H matrix.
This trend towards highersp2 content~p hybridized bond-
ing! at higher ion energies is typical for such films.4,11 One
sample was deposited on a silicon substrate placed on
earthed electrode at room temperature. The feed gases
CH4 ~30 sccm! and He~75 sccm! ~sccm denotes cubic cen
timeter per minute at STP!, the total pressure 200 mtorr an
the rf power 200 W. For this arrangement the accelera
self-bias voltage is only about 10 V. The hydrogen cont
was measured using ERDA to be about 50 at. %, thesp2

content 60610%, and the Tauc andE04 gaps are 2.6 and 3.
eV, respectively.18 This film was removed from the substra
before the EPR measurements were made.

EPR measurements were made at room temperature u
100 kHz field modulation, a microwave frequency of abo
9.9 GHz, and a TM011 mode cavity. To avoid distortion o
the spectrum the modulation amplitude was kept less tha
equal to one third of the peak-to-peak linewidth. Eachg
value was calculated by comparing the field position of
resonance with that of a resonance with knowng value—for
example that of F1 centers in MgO withg52.0023. The
field range was calibrated with a proton NMR probe whi
also gave absolute field values. Spin populations were fo
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by comparing the integrated area of the signal with that o
standard Varian sample of pitch in KCl; the absolute s
populations~and average spin densities! are estimated to be
correct to within a factor of 2, but their relative values a
correct to within approximately620%.

III. RESULTS, ANALYSIS, AND DISCUSSION

A. Line shape, width, and spin concentration—the results

Figure 1 shows that one effect of increasing the nega
self-bias voltageVb from 50 to 540 V is to narrow the EPR
line. However, whenVb is reduced from 50 to about 10 V
~substrate on earthed electrode! the peak-to-peak linewidth
DBpp, is decreasedto 11.360.8 G. Figure 1 also shows tha
another effect of increasingVb is to change the line shap
from one which is intermediate between a Gaussian
Lorentzian to a Lorentzian. One parameter which is indi
tive of the line shape is the ratio of the full width at ha
height, DB1/2, of the integrated spectrum toDBpp;
DB1/2/DBpp is 1.1776 for a Gaussian and 1.7321 for
Lorentzian.19 The values for the spectra are 1.4260.15,
1.4860.09, 1.5760.12, 1.6360.11, 1.6960.11, 1.72
60.16, and 1.8060.19 of samples deposited atVb510, 50,
100, 190, 265, 500, and 540 V respectively. These val
and the fits in Fig. 1 show that atVb5100 V the line shape is
close to Lorentzian and that atVb>190 V they are all
Lorentzian within experimental error. Figure 1 shows that
Vb550 V the spectrum can be well fitted by a Voigt line20

which is a convolution of a Gaussian and a Lorentzian an
appropriate when these two contributions are independ
From the fit we obtain DBpp

L 511.160.5 G and
DBpp

G 58.270.5 G for the above two components, respe
tively. The total linewidth of this fit is 15.5 G, which is th
same as the experimentally determined width and, since
components are not both Lorentzian, is different from th
sum. The spectrum atVb5100 V, which is nearly but not

FIG. 1. EPR spectra showing the effect of changing the nega
self-bias voltage from 50 to 540 V. The smooth lines are compu
fits. Only Lorentzian line fits are shown forVb5100, 190, and 540
V. For Vb550 V, Lorentzian~L! and Gaussian~G! fits are shown
but the best fit has a Voigt~V! line shape with parameters given i
the text. Peak-to-peak heights have been normalized.
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quite a Lorentzian, can be better fitted to a Voigt shape w
DBpp

L 511.760.5 G and DBpp
G 55.170.5 G. We have also

tried fitting the spectra forVb550 and 100 V to superposi
tions of a single Gaussian and single Lorentzian line with
sameg value. These fits are as good as those with the Vo
shape; the parameters of the fits for theVb550 and 100 V
spectra, respectively, areDBpp

L 515.3 G, DBpp
G 53 G,

hpp
L /hpp

G 51.3 and DBpp
L 513.2 G, DBpp

G 515.8 G, hpp
L /hpp

G

52.9, wherehpp is the peak-to-peak height of the spectru
Although the nature of the fit is uncertain there is no do
that asVb is reduced from 100 to 50 V the line shape b
comes less Lorentzian and more Gaussian in character.
cause of the poor signal/noise ratio of the weak spectrum
Vb510 V we have not attempted to fit the spectrum but,
the ratioDB1/2/DBpp51.4260.15 makes clear, it too is in
termediate between a Gaussian and Lorentzian shape.

No dependence on bias voltage was observed in thg
value, which remains within60.0002 of 2.0025 asVb is
increased from 10 to 540 V, but Fig. 2 shows that the s
concentrationNs , as well as the linewidth, does depend
Vb . Several other authors8–11,21 have reported the large in
crease inNs from '1017cm23 up to'1020cm23 as the bias
is increased from close to zero up to'100 V. The increase
has been attributed to an increase in disorder,1 a loss of
hydrogen,1,11 an increase in strain,8 and an increase in th
correlation energyU.9 AboveVb'100 V the spin concentra
tion is less sensitive to changes inVb as noted, too, by
others,8,9 although in the case ofta-C:H a drop from
231020cm23 to 731019cm23 was found13 as the energy pe
C atom increased from 100 to 270 eV and Arconet al.22

found 2.531019g21 in a-C:H deposited atVb5400 V. The
reason for the scatter inNs values in our samples forVb
>300 V is not clear.

Along with the change in behavior ofNs versusVb there
is a change in the bias dependence of the linewidth. Sev
other authors8–10 also report thatDBpp initially increases in
a-C:H as the bias increases from zero and many report th
a-C:H ~Refs. 8–11! as well asta-C:H ~Ref. 13! and ta-C
~Ref. 12! DBpp then decreases as the bias continues to

FIG. 2. The dependence on bias voltage of the peak-to-p
linewidth and spin concentration.
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crease. Fora-C:H the value ofVb at which the maximum
DBpp occurs depends slightly on the deposition system
conditions: Risteinet al.9 find the maximum atVb590 V
and, using a magnetically confined plasma, Silvaet al.10 find
it at Vb534 V. It is well known that many of the other cha
acteristics ofa-C:H change as the bias is increased. As h
been pointed out4 three regions can be identified—a low bia
region with a highsp3 and hydrogen content giving so
‘‘polymeric’’ films, a medium bias region with a lower hy
drogen content but still quite a highsp3 content giving
harder ‘‘diamondlike’’ films, and a high bias region whic
gives more graphitelike films with a highsp2 content. The
transition from PLC to DLC is estimated to be essentia
complete atVb'100 V.9,23 It is clear, therefore, that the
rapid increase inNs and increase inDBpp as Vb increases
mark the change from PLC to DLC, and that the next sta
of little change inNs and a decrease inDBpp corresponds to
the transition from DLC to GLC. It is convenient, therefor
to consider what determines the linewidth and its dep
dence on bias in two stages—first forVb>100 V ~DLC to
GLC! and second forVb,100 V ~PLC to DLC!.

B. Analysis of linewidth variation for VbÐ100 V:
Relaxation times and exchange

Several authors6,8,12,13 have attributed the narrowing o
the line, as bias voltage increases in the above range, to
exchange interaction between the spins. This attribution
been arrived at largely by excluding, at least as domin
contributions, other factors which might contribute to t
linewidth. The width cannot be determined by a spread ig
values becauseDBpp was found to be independent of th
field at which the resonance was recorded, i.e., of microw
frequency,14 and also the line shape would not then
Lorentzian. Nor can the decrease in linewidth be determi
solely by a change in the dipolar interaction between
spins since, as Fig. 2 shows, the decrease is not always
companied by a decrease in spin concentration and is so
times accompanied by an increase inNs .10,11 Nor, in this
bias region, can the linewidth be determined by unresol
hydrogen hyperfine interactions since, first, these lead t
line shape which is close to Gaussian24 rather than Lorentz-
ian; second, as noted elsewhere,12 the linewidth of the reso-
nance inta-C varies withsp2 fraction in a way very similar
to that observed forta-C:H; and third, the hydrogen conten
does not greatly decrease as the bias is increased. Fo
ample, Kleberet al.11 found that fora-C:H, increasing the
ion energy from 30 to 170 eV@corresponding approximatel
to a bias increase of 75 to 425 V~Ref. 4!# causedDBpp to
decrease from 18 to 3 G although the hydrogen content on
dropped from 45 to 32 at. %, and inta-C:H ~Ref. 13! a drop
in DBpp from 3.8 to 1.8 G was only accompanied by a r
duction of hydrogen content from 27 to 22 at. %. This leav
exchange narrowing as a possible mechanism which is p
sible for the following reasons. Whether the film isa-C:H,
ta-C:H, or ta-C, the decrease inDBpp, in this higher bias
region, is always accompanied by a decrease in the op
gap and an increase in thesp2 fraction;8–13 a correlation of
linewidth and gap has already been noted.25 Regarding the
gap, Robertson and O’Reilly2 showed that the most stabl
arrangement ofsp2 sites is in compact clusters of fused si

ak
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fold rings and that the gap varies inversely as the cluster s
This model was later modified26 to account for the reduction
in clustering produced by disorder and the presence of
finic chains as well as aromatic rings. Olefinic chains co
also of course delocalize thep electrons and therefore act a
a pseudocluster. Nevertheless increasing thesp2 content is
still expected to increase the cluster size and decrease
gap. As noted earlier, many authors6,8,12,13,25have put for-
ward the hypothesis that the Lorentzian line shape ar
from exchange narrowing and that the reduction in the li
width as thesp2 content increases is associated with t
greater delocalization of the unpaired electrons as the clu
size increases. It should be noted, however, that it is
increased overlap of the wave functions brought about by
greater delocalization rather than the greater delocaliza
itself which increases the strength of the exchange inte
tion. Because the spin-lattice,T1 , and spin-spin,T2 , relax-
ation times are sensitive to the existence of fluctuating fie
produced by the motion of the spins which arises, in effe
from exchange or other causes, we have sought to test
hypothesis by measuring them as a function of bias volta

Homogeneously broadened lines have a Lorentzian sh
and for them it is appropriate to use the Bloch equatio
which yield for DBpp and the peak-to-peak heighthpp of the
signal the expressions27

DBpp5@DBpp
0 #S21/25@2/~31/2gT2!#S21/2 ~1!

and

hpp/B15@ lim
B1→0

~hpp/B1!#S3/2, ~2!

where the saturation parameterS5(11g2B1
2T1T2)21 and

B1 is the amplitude of the rotating component of the mic
wave field at the sample;g is the gyromagnetic ratio.

We determinedT2 from DBpp
0 , the linewidth in the limit

S51, andT1T2 from a fit of Eq.~2! to the plot ofhpp versus
B1 . The relevant value ofB1 is that at the sample. Since th
introduction of the sample, in particular the Si substrate,
alter the cavityQ and hence alsoB1 , it is necessary to cali-
brate B1 versus the incident microwave power with th
sample in place; this we did for each sample by also in
ducing a small piece of DPPH for whichT1 and T2 are
known.15

The values found forT1 andT2 are shown in Fig. 3. For
completeness we have included values ofT1 , T2 for Vb
510 and 50 V. The spectra of these two samples are
Lorentzian and the Bloch equations do not apply but, nev
theless, following Abragam and Bleaney28 we loosely define
a time T2 by Eq. ~1!, and T1T2 is estimated as describe
above; although the actual values are uncertain it is clear
T1 for the polymerlike sample (Vb510 V) is much longer
than for the other samples. Since the spectrum forVb
5100 V is much closer to a Lorentzian, there is less unc
tainty about theT1T2 value for this sample.

Figure 3 shows that as the bias is increased,T1 decreases
andT2 increases. A similar trend is observed for theT1 ,T2
values of DPPH in polystyrene as the exchange interactio
increased by increasing the DPPH spin concentration.15 It is
interesting to compare pairs of values ofT1 ,T2 for a-C:H
with those of DPPH measured at 300 K. Three of these p
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for DPPH are shown in Fig. 3; the pairs correspond to DP
spin concentrations of 131020cm23, 331020cm23, and 5
31020cm23. They have been plotted such that theT2 value
for DPPH most closely matches its value fora-C:H. Given
the uncertainties inT1 it is remarkable how well the pairs
match up. Furthermore the values for the earthed electr
sample are similar to the DPPH values ofT151.331025 s,
T250.531028 s at the spin concentration of 1018cm23 be-
low which bothT1 and T2 become approximately indepen
dent of the spin concentration in DPPH. Our values
(T1 , T2) at 300 K agree reasonably well with the pairs
values (,1027s, 1.831028 s), (231027s, 2.531028 s),
and (231024s, 0.431028 s) for what was labeledta-C, dia-
mondlike and polymerlike carbon, respectively;16 we have
evaluatedT2 from the values ofDBpp at 300 K. There is not,
however, a single pair of values of (T1 , T2) for a given type
of a-C:H as both thesp2 content and energy gap can va
within any type. It is interesting to note that theT1 values of
carbon radicals in dextrose were found to decrease as
pyrolytic temperature was raised from 250 to 450 °C.29 We
suggest that this occurs for the same reason thatT1 decreases
with increasingVb for a-C:H, namely, that there is an in
crease in thesp2 content leading to greater spin delocaliz
tion and a stronger exchange interaction.

To further analyze our results we make use of the dens
matrix method of Redfield which is described by Slichter30

It is supposed that the spins experience a fluctuating fi
with componentsBx , By , andBz , in addition to the static
field B0(//z). Such fluctuations may arise from variations
the dipolar or hyperfine field produced by the motion of t
spins arising, in effect, from exchange or, for example, fro
hopping.Bz will affect T2 but not T1 . However, contribu-
tions toBx andBy at the Larmor frequencyv0 will affect T1
andT2 . Assuming a simple exponential correlation functio
gives30

FIG. 3. The dependence on bias voltage of the spin-lattice,T1 ,
~h! and spin-spin,T2(s) relaxation times ofa-C:H. Also plotted
are three pairs ofT1 T2(j,d) values for DPPH in polystyrene,15

which in order of decreasingT1 correspond to spin concentration
of 131020, 331020, and 531020 cm23; they have been plotted
such that theT2 values match up with those ofa-C:H.
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1

T1
5g2~Bx

21By
2!

tc

11v0
2tc

2 ,
1

T2
5g2Bz

2tc1
1

2T1
, ~3!

where tc is the correlation time of the fluctuation; the b
indicates the average value. Assuming further thatBx

25By
2

5Bz
25B2 then

1

T1
5

2g2B2tc

11v0
2tc

2 , and
1

T2
5g2B2tc1

g2B2tc

11v0
2tc

2 . ~4!

Equation~4! implies that astc is decreasedT1 will de-
crease, will reach a minimum value ofv0 /vp

2 at tc
21[vc

5v0 and then increase again and thatT2 will continuously
increase and become equal toT1 for v0tc!1; we define
vp

25g2B2. In the regionvp,vc,v0 Eq. ~4! gives

1

T1
'

2vcvp
2

v0
2 and

1

T2
'

vp
2

v0
, ~5!

so that

vc'v0~T2/2T1!1/2. ~6!

Since, for a Lorentzian line, the half-width at half heig
1
2 DB1/251/gT2 , then Eq.~5! implies that

1
2 gDB1/25vp

2/vc . ~7!

This is the expression given by Anderson and Weiss31 for an
exchange narrowed line wherevc represents the exchang
frequencyve .

In the slow motion limit whentc>T2 the model breaks
down and the linewidth is given by the static field distrib
tion over the spin sites together with any contribution fro
the spread ing values. In the case of dipolar broadening
magnetically diluted substances, which is appropriate
a-C:H with typically less than one unpaired spin per 100
atoms, the statistical theory32 predicts that the line shape
Lorentzian with

1
2 DB1/25

2p2

3)
gmBNs , ~8!

whereNs is the spin concentration in cm23 and the field units
are Gauss. Takingg52.0025 and takingDBpp5DB1/2/)
for a Lorentzian gives

DBPP58.12310220Ns . ~9!

We now consider how the observed linewidths can
understood in terms of the above ideas. We will first consi
the situation forVb>100 V. At Vb5100 V the line shape is
close to Lorentzian and the measured values areDBpp
512.260.6 G andNs51.531020cm23. Equation ~9! pre-
dicts that under these conditions the dipolar interactionalone
would yield a Lorentzian line withDBpp512.2 G. The
agreement is fortuitously good but clearly no other facto
required to explain the width and shape. This is analogou
the situation in DPPH forNs<131020cm23 when DBpp is
no longer influenced by exchange. AtVb5190 V the shape is
Lorentzian within error,Ns is unchanged butDBpp has
dropped to 6.2 G. TheT1 ,T2 values have changed to one
n

e
r

s
to

close to those for a DPPH spin concentration
331020cm23. The changes for DPPH are attributed to
increase inve as the greater proximity of the spins at th
higher concentration leads to increased wave funct
overlap.15 For a-C:H we also attribute the changes to a
increase in exchange interaction but in this case due to
increased delocalization of the spin wave functions ass
ated with the large increase in thesp2 content from 54% to
nearly 80%. It is tempting to use Eq.~6! and the ratio of
T2 /T1 to evaluate vc and hence also (B2)1/2; for Vb

5190 V we get vc573109 rad s21 and (B2)1/2546 G
~which satisfies vp,vc,v0). However, these value
should be treated with caution. When we apply the sa
procedure to DPPH withNs5331020cm23 we get ve

57.83109 rad s21 and (B2)1/2550 G. As has been pointe
out31 the half-width at half height,1

2 DB1/2, should be
about equal to (B2)1/2 in the absence of exchange. Equati
~8! implies that at Ns53320 cm23 1

2 DB1/2
521 G so that the agreement is not very good.

As Vb is increased further the width continues to decre
until at 540 V the width is close to that for DPPH a
Ns5531020cm23. Here we get for DPPH ve

52.731010rad s21 and (B2)1/2550 G; the latter does agre
better with the value of12 DB1/2535 G evaluated from Eq
~8!. At Vb5540 V the values arevc51.231010rad s21 and
(B2)1/2542 G. The latter value so exceeds the1

2 DB1/2
52.5 G expected forN53.531019cm23 that it suggests that
at least forVb>400 V, the spins have clustered. A loc
concentration of about 631020cm23 is required to give
(B2)1/2542 G. Assuming that fora-C:H vc also represents
ve and thatve'J/q, whereJ is the exchange constant, the
the value ofve51.231010rad s21 gives J/k'0.1 K. Inter-
estingly, evidence of clustering of spins in samples prepa
under similar conditions has already been reported.22

We have seen that the changes in (T1 , T2) for Vb
>100 V can be accounted for by motional effects and
have assumed that, as in DPPH, these arise from exchan
is known, however, that below about 300 K conduction
ion-beam sputtereda-C arises from variable rang
hopping33–35 and probably in ta-C:H also,35 so what justifi-
cation is there for assuming that the ‘‘motion’’ is effective
produced by exchange rather than by hopping? Typically
conductivity falls by more than three orders
magnitude,33–35 reflecting the change in probability of a
energy-upward hop, as the temperature drops from 300 to
K. If linewidth narrowing is associated with hopping, a si
nificant dependence of linewidth on temperature would
expected, but over the above temperature range the linew
has been found to change by<20% in ta-C, diamondlike,
graphitelike, and polymerlike carbon.16 On the other hand,
this is consistent with exchange narrowing sinceve should
depend primarily on wave function overlap and hence
relatively insensitive to changes in temperature.

In summary, we explain the magnitude of the linewid
and its dependence on bias voltage in the rangeVb>100 V in
terms of a combination of dipolar broadening and excha
narrowing. AtVb'100 V the exchange is too slow to affe
the linewidth which primarily is determined by dipolar inte
actions between the spins; the exchange may howeve
strong enough to shortenT1 , as is the case for DPPH.15 As
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TABLE I. EPR parameters, bias voltage, hydrogen content, and optical gap ofa-C:H films deposited at
low ion energies.DBpp

T is the measured peak-to-peak linewidth,DBpp
L is calculated using theNs value and Eq.

~9!, andDBpp
G is calculated using the above values ofDBpp

T , DBpp
L , and Eq.~12!.

Peak to Peak widths~G!

Max/Min DBpp
T DBpp

L DBpp
G Ns~cm23! Vb~V! H~at %! Gap~eV! Ref.

Max? 20.3(C)a 16.2 9.1 231020 2.0(E03) 8
Max 17.2(A)a 5.7 14.0 731019 1.88(E03)
Min 8.7(A)a 0.3 8.5 431018 2.22(E03)
Max 14.6 10.5 7.7 1.331020 90 2.45(E04) 9
Min 8.2 0.06 8.2 7.331017 0 4.00(E04)
Max 1261 16.2 0 231020 34 24 3.05(E04) 10
Min 3.261 0.5 3.0 631018 12 24 3.55(E04)
Max? 18 1.3 17 1.631019 75b 45 1.9(ETauc) 11
Min? 8 0.01 8.0 1.531017 45–50 3.3(E04) 38
Max 15.460.6 4.0 13.2 4.931019 50 25 Current
Min 11.360.8 0.02 11.3 331017 10 50 3.4(E04) Work

aThe films are grown on the cathode~C! or the anode~A!.
bThe Vb value is taken to be 75 V on the assumption~Ref. 4!, that the ion energy of 30 eV is 40% ofVb .
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Vb is raised above 100 V the increase insp2 content leads to
an increasing delocalization of the spin wave function, a
hence to an exchange interaction sufficiently large to p
duce an increasingly strong exchange narrowing. In this
gion the linewidth is correlated to the optical gap. We no
consider the factors which determine the linewidth and
dependence onVb for Vb,100 V.

C. Analysis of linewidth variation for VbË100 V:
Dipolar and hyperfine interactions

When Vb is decreased below about 100 V the linewid
reaches a maximum and then decreases and the spin co
tration falls rapidly; this is shown in Fig. 2 and has be
observed by others.8,10 In addition we find that, as noted i
Sec. III A, the line shape deviates from Lorentzian and
comes a mixture of Lorentzian and Gaussian. Table I su
marizes the values ofDBpp, Ns , and other parameters a
both the maximumDBpp and lowestDBpp ~at the lowest ion
energy used!. The lowest ion energy used by Kleberet al.11

was 30 eV@which corresponds to about 40% ofVb ~Ref. 4!#
at whichDBpp was probably close to its maximum value b
had not begun to decrease. Similarly, for the cathode-t
films of Schütte et al.,8 the value ofDBpp520.3 G is the
largest observed but these films were not deposited at lo
ion energies; on the other hand a turning point inDBpp was
found for their anodelike films.

Table I shows the values of the dipolar contribution to t
linewidth expected on the basis of the measuredNs values
and Eq.~9!. It will be recalled that this fully accounted fo
the linewidth atVb5100 V but the values in the table ind
cate that the minimum valuesDBpp, at the lowest ion ener
gies, greatly exceed the expected dipolar contributions.
question, therefore, is not why does the linewidth decrea
but why does it not decrease much more? We suggest
the answer is that the unresolved hydrogen hyperfine in
actions make an increasingly large contribution as the
energy is reduced.a-C:H deposited by the usual PECV
process has a hydrogen content which increases as the
voltage is decreased11,36 and the increase is most rapid fo
d
-

e-
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en-
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e
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e
e,
at
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ias

Vb,100 V.36 For our samples it is estimated to increa
from 13 at. % at 100 V to about 50%, typical of polymerlik
a-C:H, at about 10 V. Unresolved hyperfine lines are e
pected to give rise to a Gaussian line shape with an ove
full width at half height given by24

~DB1/2!
25~8 ln 2/g2mB

2!(
i ,i

Nij iAi ,i
2 @ I i ,i~ I i ,i11!#/3,

~10!

whereNi is the number of nuclei in theith shell,j i is the
relative abundance of thei th isotope, andAi ,i is the hyper-
fine interaction with the nucleii in the ith shell. For the case
of H1, usingDB1/25(2 ln 2)1/2DBpp for a Gaussian, this be
comes

~DBPP!
25(

i
NiAi

2, ~11!

where Ai is here expressed in units of magnetic field. W
therefore propose that the overall line shape and width
Vb,100 V are determined by a combination of dipolar inte
action and unresolved H1 hyperfine lines and, since thes
contributions should be independent, then the overall sp
trum should have a Voigt profile with a total peak-to-pe
width, DBpp

T given by37

DBPP
T 5

DBPP
G 10.9085DBPP

G DBPP
L 10.4621~DBPP

L !2

DBPP
G 10.4621DBPP

L ,

~12!

where DBpp
G , DBpp

L are the peak-to-peak widths of th
Gaussian and Lorentzian contributions which here are gi
by Eqs.~11! and ~9!, respectively. Using Eq.~12! and each
value ofDBpp

L , given in Table I, we can calculate the valu
required forDBpp

G so thatDBpp
T is equal to that of the re-

corded spectrum; theseDBpp
G values are also listed in Table

We now need to consider the evidence for and against
proposed explanation of the linewidth and shape.
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Firstly, the model implies that asVb falls below about 100
V, such thatNs falls and H at. % rises more rapidly, the lin
shape should change from Lorentzian to a Voigt profile. T
change in shape we observe is consistent with this prop
and Sadkiet al.38 also find that the line shape of a polyme
like sample, with 45–50 at. % H,E0453.3 eV, Ns51.5
31017cm23, and DBpp58 G, has both a Lorentzian an
Gaussian component; by contrast their diamondlike sam
with 25 at. % H, E0451.3 eV, Ns54.531020cm23, DBpp

54 G has a Lorentzian shape~and, we suggest, is exchang
narrowed!. Unfortunately, as noted previously, we cann
determine from the goodness of fit whether the line shap
Vb550 V is a Voigt profile or a superposition of one Loren
zian and one Gaussian line. Risteinet al.9 state, however,
that for Vb>50 V the shape is Lorentzian but did not dete
mine the shape atVb,50 V. Silvaet al.10 and Schu¨tte et al.8

claim that the line shape for their samples at all bias value
Lorentzian. Therefore, although there is general agreem
that the line shape is Lorentzian at the higher bias values
evidence is contradictory for the lower bias values and th
is a need for further careful measurements.

Second, the model implies that forNs,1019cm23 the di-
polar contribution toDBpp drops below 1 G and therefore the
linewidth is dominated by the unresolved H1 hyperfine lines.
Considering, first, the minimumDBpp values~Table I! we
see that, with one exception, the estimatedDBpp

G values lie in
the approximate range 8–11 G. The exception is the va
DBpp

G 53 G obtained by Silvaet al.;10 this is interesting be-
cause the H at. % is exceptionally low in this case—o
24%—and Eq.~11! implies that DBpp

G would also be ex-
pected to be low. We now consider whetherDBpp

G

58 – 11 G is plausible for a C:H ratio of about 1:1. On
comparison to make is with the EPR spectrum ofcis-rich
polyacetylene (CH)n which is a single line, nearg52, which
is nearly Gaussian withDBpp58.5 G at 295 K and 11 G a
82 K.39 Unlike thetrans-(CH)n which has a Lorentzian, mo
tionally narrowed line, thecis spectrum is well fitted to an
immobile, delocalized soliton which is computed to have
spectrum of Gaussian shape withDBpp512 G due to the
unresolved H1 hyperfine lines.39 Another comparison to
make is with theDBpp values computed using Eq.~11! and
the isotropic hydrogen hyperfine splittings for the benze
naphthalene, and anthracene anions40 which we calculate are
9.2, 10.5, and 10.1 G, respectively. Of course this igno
contributions from the anisotropic terms but inclusion
these, even if known, would probably not much alter t
values. The above values are reasonable being all about
the ‘‘extent,’’ that is the spacing of the outermost lines,
the above spectra which is 22.5, 27.3, and 27.6
respectively.40 It is worth noting that in these cases th
change in the degree of localization has little effect on
‘‘extent’’ of the spectrum because the anions are isola
from each other in solution and so there is no wave funct
overlap.

Unlike the p-type organic radicals described above, t
s-type radicals have larger hyperfine interactions. Calcu
ing DBpp as above yields about 70 G for the alkyl radic
– CH2–CH–CH2– and 50 G for the mixedp/s allyl radical
– CH2–CH–CH5CH–CH2–. We conclude, therefore, tha
DBpp

G 58 – 11 G is compatible with what would be expect
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from unresolved H1 hyperfine interactions forp-type conju-
gated radicals with 50 at. % H; it is incompatible with th
expected fors-type radicals such as the alkyl radical.

As shown earlier, for the PLC samples, it is possible
estimateDBpp

G if the spin concentration is known and th
spectrum has a Voigt line shape. It would be useful to hav
relation betweenDBpp

G and the hydrogen content from whic
the latter could then be evaluated. Equation~11! suggests
thatDBpp

G might be proportional to~at. % H!1/2 but changing
the hydrogen content is also likely to change the hyperfi
terms Ai . There is also likely to be a distribution o
configurations—that is, ofNi and Ai values. We therefore
put forward an empirical relationship

DBPP
G ~G!5~0.1860.05!3~at. % H!. ~13!

The value of 0.1860.05 is just the mean of the value
DBpp

G /~at. %H!, given in Table I, of 3.2 G at 24%, 8 G at
45–50 %, and 11.3 G at 50%. For the other minimum lin
width values of 8.7 and 8.2 G withDBpp

G estimated to be 8.5
and 8.2 G, the empirical relation implies an atomic H%
just under 50% which is reasonable considering the met
and conditions used in preparing the samples.

Table I shows, however, that for the maximum linewidt
the values estimated forDBpp

G are rather high—higher in
some cases than for samples with the minimum linewid
which, being deposited at lower biases, should have a hig
hydrogen content. Also, in the case of our sample depos
at Vb550 V, the values ofDBpp

L and DBpp
G evaluated using

Eqs.~9! and~12! are less than and greater than, respective
the values obtained from the Voigt fit. The values found
DBpp

G will be too high if those calculated forDBpp
L @using Eq.

~9!# are too low as will happen if theNs values given in
Table I are too low. In the case of those samples withNs

.1020cm23 the increase required to give plausibleDBpp
G val-

ues~<5 G! is quite small—only about 20%—and this is we
within the uncertainty of theNs values. However, forNs
values around 1019cm23 an approximate doubling is re
quired. Of course the values ofNs given in Table I are av-
erage values for the film whereas the dipolar broadenin
determined by the local values. It may be that as the tra
tion from DLC to PLC occurs with the rise in hydroge
content that the spin concentration is not uniformly reduc
so that some local values would exceed the average va
This is plausible since we have seen that the unpaired s
are likely to be associated withp-type radicals but when the
bias voltage is reduced below about 100 V, the protona
fourfold coordinated, C bonding configurations increa
more rapidly that the protonated, threefold coordina
ones.36 However, forNs<1018cm23, theNs value will have
little effect on the overall linewidth andDBpp

G values since
the dipolar contribution is already so small.

In summary, we propose that forVb,100 V the linewidth
and shape are dominated by two contributions—the dipo
interaction which gives a line shape close to Lorentzian a
a Gaussian contribution arising from unresolved H1 hyper-
fine lines. AsVb is decreased and the hydrogen content
creases whileNs decreases, then the former contribution d
creases and the latter increases. Exchange plays no par
this is confirmed by the fact that, as Table I shows, asVb is
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decreased below 100 V the optical gap continues to incre
even though now the linewidth passes through a maxim
and starts to decrease.

Before concluding we discuss two final matters. First, i
a good approximation to ignore the unresolved H1 hyperfine
contribution to the linewidth and shape forVb>100 V. At
Vb5100 V, Ns is typically .1020cm23 and the hydrogen
content typically,40 at. % so Eqs.~9! and ~13! imply that
the dipolar contribution exceeds, maybe considerably
some cases, the hyperfine contribution. AsVb is increased
further,Ns does not change much initially but the hydrog
content continues to decrease. Therefore the approxima
is reasonably good.

Finally, we comment on the results of Hoinkiset al.,14

who measured the effect of changing the hydrogen con
on the EPR linewidth froma-C:H. They found that at abou
24 at. % H DBpp ~measured in vacuum! reached a minimum
of 2.8 G withNs54.531020cm23. As the hydrogen conten
was increased the linewidth started to increase again whe
Ns continued to fall and the approximate values areDBpp
58 G, Ns51.531020cm23 at 36 at. % H andDBpp510 G,
Ns50.531020cm23 at 39 at. % H. They interpreted this in
crease inDBpp, for .24 at. % H, as due to an increase in t
unresolved hydrogen hyperfine contribution. Our interpre
tion is different. First, at 24 at. % H, Eqs.~9! and~13! imply
that the dipolar contributionDBpp

L 537 G and hyperfine con
tribution DBpp

G 54.561.2 G, and Eq.~12! then givesDBpp
T

537.2 G, we suggest that the measuredDBpp
T 52.8 G is

much less than this because thesp2 content is high enough
for there to be exchange narrowing. At 36 at. % H the sa
calculations giveDBpp

L 512.2 G, DBpp
G 56.561.8 G, DBpp

T

515 G, which is closer to but still exceeds the measu
value DBpp

T 58 G. We suggest that there is still some e
change narrowing but much less than before because inc
ing the hydrogen content will tend to decrease thesp2 con-
tent and hence decrease wave function overlap. At 39 a
H we calculate DBpp

L 54 G, DBpp
G 5762 G, DBpp

T 59
62 G, which agrees with the measured value of 10 G. T
we suggest that in the range 25–36 at. % H the domin
contributions to the width and shape are the dipolar and
change interactions which will give a Lorentzian-like line
observed; these contributions change in this range becau
changes to thesp2 content andNs . Only at 39 at. % H~and
above! does the hyperfine interaction make the domin
contribution and it together with the dipolar contributio
then fully account for the linewidth; however, we predict th
this spectrum has a Voigt shape. The effects they obser14

on decreasing from 39 to 24 at. % H are therefore very si
lar to that of increasingVb , in our case, from about 50 t
540 V.

Hoinkis et al.14 also find that decreasing the hydrog
content below 24 at. % H leads to an increase in width a
at 6 at. % H,DBpp has increased to about 88 G. At the sam
time the resistivity has fallen to just below 10V cm and they
reasonably suggest that this increase in width is due t
reduction in the spin relaxation times due to the interact
of the unpaired spins with the conduction electrons. This
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not a situation which arose in our samples, although it
likely to account for the increase in linewidth which has be
reported6,7,41,42for a-C:H annealed to sufficiently high tem
peratures.

IV. CONCLUSIONS

We have provided a comprehensive interpretation of
way in which the EPR linewidth and shape change as
structure of thea-C:H is changed from polymerlike to dia
mondlike to graphitelike by increasing the negative self-b
voltage from about 10 up to 540 V. The change from PLC
DLC in the range 10 to about 50–100 V is accompanied
an increase in linewidth, a line shape change, and a la
increase in unpaired spin concentration. The linewidth
creases because the increase in the dipolar contribution m
than compensates for the decrease in the contribution f
unresolved hydrogen hyperfine splittings. The former con
bution is close to Lorentzian and the latter Gaussian, and
overall line shape should have a Voigt profile, as we obse
at Vb550 V, but gradually becomes Lorentzian asVb is in-
creased. AtVb5100 V the linewidth has reduced, probab
because the hyperfine contribution has fallen to negligi
proportions, and can be accounted for solely in terms of
dipolar interaction. Thus forVb<100 V the exchange inter
action, if present, has a negligible effect on the linewidth a
this is borne out by the fact that, asVb is decreased below 50
V, the optical gap continues to increase whereas the l
width decreases. The hydrogen content is related empiric
to the Gaussian, hydrogen hyperfine, contribution
DBpp

G ~G!5(0.1860.05)3~at. %H).
As Vb is increased above 100 V the linewidth decrea

below that expected from the dipolar contribution alone, a
this is attributed to exchange narrowing which becom
more pronounced asVb is increased. The increase in e
change interaction is attributed to the increased wave fu
tion overlap arising from greater unpaired spin delocalizat
which in turn arises from the increasedsp2 content. In this
regime the line shape is Lorentzian and the optical gap
correlated with the linewidth. At the maximumVb of 540 V
the exchange frequency,ve , is estimated to be
1.231010rad s21 and there is also some evidence for sp
clustering.

Evidence for the existence of exchange is that the sp
lattice relaxation time decreases and the spin-spin relaxa
time increases asVb is increased in a way similar to tha
observed for DPPH as its concentration is increased. Fo
samples investigated the characteristics of the EPR signa
consistent with it being associated withp-type rather than
s-type radicals.
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