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Room Temperature Electrical Detection of Spin Coherence in C6o
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An experimental demonstration of electrical detection of coherent spin motion of weakly coupled, 
localized electron spins in thin fullerene C60 films at room temperature is presented. Pulsed electrically 
detected magnetic resonance experiments on vertical photocurrents through Al/C60/ZnO samples showed 
that an electron spin Rabi oscillation is reflected by transient current changes. The nature of possible 
microscopic mechanisms responsible for this spin to charge conversion as well as its implications for the 
readout of endohedral fullerene (N@C60) spin qubits are discussed.
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The need for very sensitive spin measurement tech
niques for small clcctron ensembles, possibly even single 
spins, in organic semiconductors has grown significantly in 
rcccnt years, bccausc of the following, (i) The development 
of organic spintronic dcviccs has progressed and the pos
sibility of spin injection [11, spin transport [21, and spin 
valves [3,41 is increasingly investigated, (ii) Coherent spin 
measurements have bccomc important for the investigation 
of spin-dcpcndcnt processes in organic dcviccs under op
erating conditions (room temperature). Examples arc 
singlct-triplct mixing mcchanisms in organic light emitting 
diodes [51 or spin-dcpcndcnt recombination in organic 
solar cclls, which arc both relevant in order to assess 
the true energy cfficicncy limitations of these dcviccs. 
(iii) Organic molccular systems such as endohedral fullcr- 
cncs exhibit extremely long spin cohcrcncc times at room 
temperature [61 suggesting a possible use for room tem
perature quantum information applications [6-91.

Traditional clcctron spin m easurement techniques such 
as clcctron paramagnetic rcsonancc (EPR) lack the sensi
tivity required for the minute number of spins present in the 
low dimensional geometries of many organic semiconduc
tor dcviccs. Several experimental demonstrations of much 
more sensitive measurement approaches based on clcctri- 
cal spin detection using spin to chargc conversion m ccha
nisms have been reported for various clcctronic or nuclcar 
spin systems such as localized point dcfccts o f inorganic 
semiconductors [10-131 or semiconductor quantum dots 
[14,151. M ost of these approaches arc confincd to low 
temperatures (T <  5 K), in part due to the short cohcrcncc 
times of the comparatively strongly spin-orbit-couplcd 
spins in inorganic semiconductors at higher temperatures. 
In contrast, organic semiconductors arc known to possess 
paramagnetic centers with extraordinarily long cohcrcncc 
times at higher temperatures and even at room temperature 
[61. However, to our knowledge, there have been no reports 
o f experimental demonstrations for coherent clcctrical spin 
detection in organic semiconductors thus far.

In the following, wc report on the experimental demon
stration of coherent spin measurements of localized para
magnetic states in fullerene C60 layers at room temperature 
by purely clcctrical means, namely, through transient m ea
surements of clcctric currents that arc governed by spin- 
sclcction rules. To this end, pulsed clcctrically dctcctcd 
magnetic rcsonancc (pEDM R) experiments were con
ducted on vertical photocurrcnts through thin C60 films in 
transient nutation style experiments [131.

Several samples were prepared for this study, with 80
300 nm thick fullerene films sandwichcd between two Al 
clcctrodcs, or between Al and ZnO. The influence of these 
variations on the results is minor and will be addressed 
elsewhere. All layers were evaporated in ultrahigh vacuum 
and the samples were encapsulated in quartz tubes in an 
incrt-gas glove box without intermediate exposure to air 
that could negatively affcct the clcctronic properties of the 
thin films. The activc dcvicc area was 2 mm X 2 mm and 
thin contact stripes were extended on a 2.6 mm X 58 mm 
substrate towards a region outside the resonator, in order to 
minimize field mode distortions in the resonator. The 
pEDM R measurements were carried out on a commercial 
pulsed ESR X-band spectrometer (Brukcr E580). The sam
ple was illuminated through the optical view port of the 
resonator and through one of the contact layers with a 
halogen lamp (110 W) and an argon ion laser (488 nm, 
up to 1 W  power). The photoinduced bias current / 0 was 
stabilized by a current source with a long time constant, so 
that the transient current response (extending to ~  100 /xs) 
after the microwave pulses was not averaged out. The 
amplitude B { of the microwave field was calibrated 
using a 4-hydroxy-2,2,6,6-tctramcthylpipcridinc-/V-oxyl 
(Tcmpol) standard (Sigma Aldrich).

Figure 1 shows the transient current response A l  to 
microwave pulses as a function of time t [l(a)l and mag
netic field B 0 [l(c )l. The 2D data set [l(b )l was modeled 
with a global 2D fit [l(d )l. The fit function A I { t ,B 0) =  
Iph{t)A{BQ) is a product function of the time evolution of
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FIG. 1 (color online). Transient current A l  of a N@C60 film 
illuminated with a halogen lamp ( ~  10 mW/cm2, 1Q =  10 pA )  
after 320 ns long microwave pulses (B\ ~  63 pT). Time 
traces (a) were recorded at different magnetic fields Ba to afford 
the 2D data set (b). ID cuts along the field dimension (c) reveal 
the spectral behavior, (d) Displays a global fit of the data in (b) 
together with ail indication where the cuts (a),(c) were taken; in 
these, the data are represented by markers, whereas the global fit 
is drawn as lilies.

the current
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and the spectroscopic function
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which is a multiple Lorentzian normalized to unit area 
containing Planck’s constant h, B ohr’s magneton fj,B, the 
microwave frequency and the Lande factor g k and full 
width at half height AB k for each resonance line k. The 
time evolution is described by the signed weights / ,  and 
time constants t ;- of the multiexponential decay expected 
from theory [[16], Eq. (25)], a pulse trigger delay tlh and a 
saturation time ts describing the response of the detection 
circuit which is due to a finite rise time.

Because of the product decomposition of A / i  t. B 0), the 
spectroscopic information can be interpreted indepen
dently of the time evolution of the current if the latter is 
integrated out. The resulting charge-equivalent pEDMR 
signal Q(B0) =  /  A l( t ,  B 0)dt  contains all spectroscopic 
information. In general, the integration limits are chosen 
to give maximal Q and the integration can be carried out 
using the hardware of the ESR spectrometer. Careful 
analysis reveals that the spectroscopic information con
tained in Q(B0) does not depend on that choice. The 
magnitude of Q is a direct measure of the number of

carriers involved in the spin-dependent process. It turns 
out that our room temperature pEDM R signal is due to 
~  (1-2) X 104 elementary charges. In this small-ensemble 
regime, an exact model of the charge carrier dynamics is 
needed in order to relate the number of charges to the 
number of spins since the constants / ,  and t depend in 
general on numerous parameters such as capture and em is
sion cross sections of traps as well as carrier generation and 
recombination rates. Even in the best of cases, these pa
rameters are hard to deconvolve quantitatively [17], and we 
do not attempt this in this Letter. The spectroscopic infor
mation obtained from the data of Fig. 1 and similar data 
(not shown here) can be summarized as follows, (i) The 
signal is observed on some, but not on all samples pre
pared. (ii) It is observed only under illumination, and 
consistently absent in the dark, (iii) The initial sign of 
the signal is negative, corresponding to current quenching 
while at times t S  20 /xs the sign reverses to current 
enhancement, (iv) The signal magnitude |A /| depends on 
the samples investigated (by a factor of 2 at least), but 
(v) |A /| depends only weakly on the illumination intensity 
or wavelength, (vi) The resonance condition is fulfilled at 
g  =  2.0018(5), and (vii) the smallest observed linewidth is 
A B a <  0.3 mT. (viii) M easurements at low amplitude 
B i <  0.2 mT show a second, much broader line (AB h ~
3 mT) at the same g factor within our resolution.

Figure 2 shows the evolution of Q as a function of 
microwave pulse length t  for three different microwave 
amplitudes B\.  The observed oscillatory behavior is due to 
transient nutation of the spin pair state. The coherent pulses 
induce Rabi oscillations of angular frequency coR =  
2 ko) x =  2 k j B x, where y  =  gfxB/h  is the gyromagnetic 
ratio. The Rabi frequency coR is indicative of the spin 
quantum number 5 via the factor k [16], expected to be 
k =  1 /2  for resonance of only one of the two weakly 
coupled 5 =  5 spins ( “doublet” ), k =  y T /2  for a strongly 
coupled pair with 5 =  1 ( “ triplet” ), and k =  1 for a pair of 
coupled 5 =  |  spins when their spectroscopic separation is 
small; tiAa)L =  Ig, -  gil/^iiBo  ^  J  where J  is the 
effective spin-spin coupling constant. As demonstrated in 
Fig. 2(a) by the comparison of the data to the “ transient 
function” T (a )  with a  =  k j B xt [16], we observe a Rabi 
frequency coR =  co{ =  y B \ ,  as expected for 5 =  j .  It can 
easily be shown that T (a )  is related to the Bessel function 
of the first kind J 0,

T (a )  =  77 J  J 0(2x)dx. (3)

For large arguments (a  >  tt/ 2), T{a)  is a quasiperiodic 
function of the nutation or “ turning” angle 2 a  =  cor t 
resembling a damped sinusoid. This “built-in” damping 
is due to the fact that selective excitation of an inhomoge- 
neously broadened line was assumed for the derivation of 
T (a )  and is not indicative of spin relaxation in itself, it 
reflects a coherent dephasing process amenable to refocus
ing techniques [18]. Figure 2(b) shows the fast Fourier
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FIG. 2. (a) Oscillatory part of the observable Q  as a function of 
microwave pulse length at different pulse amplitudes for a 
Cgj film illuminated with an argon ion laser ( <  100 m W /cm 2, 
/ 0 =  50 f iA ) .  The lines arc fits using the thcorctical curve 
T ( a  =  K-yBiT) given in Eq. (3). (b) Fast Fourier transforms of 
the data in (a) and Lorentzian fits, (c) Rabi frequencies f K (open 
symbols) and resonance widths Af K (solid symbols) extracted 
from the fits in (b). The full line in (c) is f K =  y B i / l i r ,  the 
expected behavior of a spin S =  j .  The dotted line is the 
prediction of the linewidth as a function of based on the 
assumption of a »  15% field inhomogcncity.

transform (FFT) of the data displayed in Fig. 2(a), together 
with Lorentzian fits, a priori, the width of the Lorentzian 
A f  K should not depend on the microwave field strength B^. 
The observed slight increase in width, reported together 
with the Rabi frequency in Fig. 2(c), may be due to an 
inhomogeneity in the B ] microwave field. In a simple 
model, the detected FFT width can be described by A f j f  =  
A/?m + (A cd̂ / I tt)2, where A / int — 1.7 MHz is due to the 
built-in damping and a relative B  ̂ field inhomogeneity 
which turns out to be A ca^/ca^ — 15% for the data pre
sented in Fig. 2(c). To summarize the coherent properties at 
room temperature, Rabi oscillation experiments similar to 
those reported in Fig. 2 reveal (i) a B  ̂ dependence of the 
Rabi frequency consistent with 5 =  1 character of the 
signal, (ii) a damping behavior consistent with an inhomo- 
geneously broadened “ partner line," which is visible in the 
spectra only at low B  ̂ amplitudes, and (iii) coherent os
cillations with a damping time A/j~1 — 0.6 /xs, which is 
limited by the inhomogeneity of the spin ensemble and not 
by the intrinsic T2 decoherence time. An estimate for T2 
may be obtained using Rabi echoes and other refocusing 
techniques [18].

The experimental data presented in Figs. 1 and 2 show 
that the magnetic resonant current imprint of the paramag
netic centers with Lande factor around g — 2.0018(5) and 
with weakly coupled (5 =  4) systems can be observed by 
means of transient measurements of the photocurrent 
changes after coherent spin excitations at room tempera
ture. The magnetic field spectra of the current response 
suggest that two different resonances are present with 
line widths of — 3 and — 0.3 mT, respectively. With the 
given accuracies, an undisputable association of the Lande 
factors with particular spin systems is difficult since vari
ous paramagnetic states in C60 are known [ 19-21 ], such as 
the corresponding fullerene radical states and other impu
rity states, as they may occur in the used device system. 
With the given experimental data, it is possible that the 
current is governed by spin-dependent recombination of 
excess charge carriers similar to the model described for 
inorganic semiconductors [ 16] assuming that the observed 
spins are due to localized defect levels which enhance 
recombination. It is also possible that the currents are 
controlled by polaron pair quenching upon polaron pair 
encounter with radicals. The latter has been referred to as 
the radical-triplet pair mechanism in the literature [22]. 
Thus, while the experimental data presented here cannot 
conclusively rule out any of these different explanations for 
the observed signals, there is strong evidence for a spin- 
dependent recombination mechanism of weakly coupled 
spin pairs ubiquitous in fullerenes [ 19] since (i) the nature 
and spectroscopic properties of these pairs are in accor
dance with the two observed resonances, (ii) the mecha
nism requires the detection of spin 5 =  4 pair partners 
which have been confirmed by the data, and (iii) the theo
retically well investigated dynamical nature of such pairs 
after coherent spin excitations [7,16,23] is entirely consis
tent with the current transients observed here. The well 
understood current quenching followed by current en
hancement is characteristic for such mechanisms: It is 
due to the electronic relaxation of first singlet and then 
triplet pair densities. In spite of this strong agreement, we 
want to point out nevertheless that, in the absence of 
theoretical predictions for pEDMR transients due to the 
other spin-dependent mechanisms described in the litera
ture, the microscopic nature of the observed signals cannot 
be verified with certainty.

The process responsible for the signals discussed above 
represents a spin to charge conversion for weakly coupled, 
localized spin states in a C60 solid at room temperature. We 
believe that this finding may have important implications 
for the development of highly sensitive spin quantum read
out schemes for endohedral fullerene (N@C60) based elec
tron spin qubits [6]. For spin-dependent recombination 
through weakly coupled spin pairs as assumed above, an 
identification of the integrated current (corresponding to 
the number of detected charge carriers and therefore the 
number of detected spin-dependent transitions) with the 
number of paramagnetic centers involved in these transi-

216601-3



PRL 98, 216601 (2007) P H Y S I C A L  R E V I E W  L E T T E R S week ending
25 MAY 2007

FIG. 3 (color online), (a) Schematic illustration of an electrical 
readout of a N@C50 endohedral fullerene spin. The localized 
spin involved in spin-dependent transitions, marked by a sur
rounding sphere, is dipolarly coupled to the adjacent N@C50 
spin, (b) The expected spectrum for 52 MHz strong coupling of 
the S = |  N@C60 spin to an S = ^ state in C60.

tions is possible [16]. Hcncc, for the macroscopic samples 
used in this study, a sensitivity of =  104 spins is given. This 
is many orders of magnitude more sensitive than conven
tional EPR measurements on C60 and endohedral N@ C60 
molcculcs. Note that the given sensitivity limitations were 
causcd by shot noise due to spin-indcpcndcnt shunt cur
rents. Tt is conccivablc that the same signals rcach even 
higher sensitivities by improved sample designs oppress
ing these shunt currents. Thus, wc believe the spin to 
chargc conversion m cchanism  observed here may be suit
able for a dipolar coupling mediated readout o f clcctron 
spins of endohedral fullcrcncs as illustrated in Fig. 3. Here, 
the localized paramagnetic state whose spin governs 
chargc carricr recombination is represented by a elosed 
sphere due to its unknown nature. If  this probe spin is in 
spatial proximity to an N@ C60 qubit molcculc, the state of 
the probe spin will be shifted by the four eigenstates of the 
5 =  |  qubit. For the ease of maximal dipolar coupling 
(rcachcd at an angle 6 = 0 between the qubit-probc spin 
axis and the direction of an applied magnetic field) and an 
assumed distance of r =  I nm, a splitting of the probe spin 
rcsonancc into four lines with 1.855 mT separation can be 
cxpcctcd. Hcncc, if wc assume a line width of 0.3 mT (see 
Fig. 1) for the clcctrically read probe spin, the given line 
separation should be sufficient for a distinction of the qubit 
eigenstates required for a readout.

Tn conclusion, wc report on a very sensitive clcctrical 
dctcction of coherent spin motion o f localized, weakly 
couplcd clcctron spins in thin C60 films at room tem pera
ture which has been demonstrated by means of transient 
photocurrcnt measurements after short coherent clcctron 
spin resonant cxcitation. The observed data reveal the 
prcscncc of clcctron spin Rabi oscillation of paramagnetic 
ccntcrs at a Landc factor of g =  2.0018(5). The nature of 
the observed signals is in agreem ent with dcscribcd spin- 
dcpcndcnt chargc carricr pair recombination models. Tt has 
been pointed out that the ability to coherently measure 
(read) localized clcctron spin states in C60 solids with 
high sensitivity may be utilized as a potential readout 
mcchanism for endohedral N@ C60 fullerene qubits.
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