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Single Molecule Electron Paramagnetic 
~esonance Spectroscopy: Hyperf ine-Spli t ting 

Owing to a Single Nucleus 
J. Kohler, A. C. J. Brouwer, E. J. J. Groenen, J. Schmidt* 

Individual pentacene-d,, molecules doped into ap-terphenyl-d,, host crystal have been 
studied by optically detected electron paramagnetic resonance spectroscopy. The mag- 
netic resonance transitions between the triplet sublevels of the pentacene molecule and 
the splitting of the resonance lines for a molecule that contains a carbon-1 3 nucleus have 
been observed in an external magnetic field. This splitting is caused by the hyperfine 
interaction of the triplet electron spin with the single carbon-13 nuclear spin. 

I n  recent years, the feasibility of using spec- 
troscopy in the condensed phase on the 
level of a single molecule has been demon- 
strated (1 ,  2). As a result, studies free from 
the averaging over molecular ensembles 
that is inherent to conventional swectros- 
copy became possible, and phenomena such 
as spectral diffusion (3-5), photon bunch- 
ing (2, 6), and antibunching (7) have been 
made visible. Meanwhile. a wealth of ex- 
perimental techniques have been applied to 
single molecules in various environments 
(8). In addition, the optical detection of 
single molecules has been combined with 
magnetic resonance techniques to make 
oossible the detection of the triwlet sublevel 
transitions of a single pentacene molecule 
in a p-terphenyl host (9, 10). The broaden- 
ing of the triplet transitions owing to the 
interaction of the single t r i~ le t  electron 
spin with a single 13(5 nucleus has been 
observed through the selective excitation of 
a pentacene molecule containing a 13C nu- 
cleus at a particular position (1 1) .  With this 
contribution we really enter the domain of 
magnetic resonance spectroscopy, and we 
report here the observation of a single trip- 
let electron spin in a external magnetic 
field. 

Thin, sublimation-grown crystals of p- 
terphenyl-d14 containing about lo-' mol of 
pentacene-d14 per mole of p-terphenyl-d14 

were cooled to 1.2 K. As described in detail 
in (1 1 ), the crystals were mounted between 
a LiF substrate and a quartz cover in the 
joint focus of a lens and a parabolic mirror. 
Even for these high-quality crystals, the S1 
+ So transition of pentacene is inhomoge- 
neously broadened owing to the slight dif- 
ferences in the local environments of the 
guest molecules. Exciting the system by a 
single-mode laser tuned into the wing of 
this transition, where the density of absorb- 
ers per unit frequency is low, allows the 
detection of single molecules. The fluores- 
cence emitted to the red of the absorution is 
collected by the parabolic mirror and re- 
corded by a photomultiplier and photon 
counting. When the molecule is excited 
into the S, singlet state, it can escape from 
the So - Sl excitation-emission cycle to 
the lowest triplet state TI with a probability 
of 0.5%. Consequently, the fluorescence 
photons are emitted in bunches with an 
average dark period that corresponds to the 
mean residence time of the molecule in the 
triplet state. The three sublevels of T I ,  la- 
beled T,, T,, and Tz, are selectively popu- 
lated and depopulated by intersystem cross- 
ing. Because levels T, and T, have a short 
lifetime and a high population probability 
compared to level Tz (12), the mean res- 
idence time of a molecule in the triwlet 
state is prolonged under the influence of a 
microwave field in resonance with the 
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nance (FDMR)]. In order to do this, the 
laser is tuned to the peak of the absorption 
line of a single molecule. A small grounded 
loop close to the sample provides for a mi- 
crowave field that is on-off-modulated at 37 
Hz. The microwaves are generated by a mi- 
crowave sweeper that is stabilized to within 
5 kHz by a frequency counter and a software 
feedback loop. The stabilized frequency is 
stepped with a typical dwell time of 4 s, and 
the difference in the number of ohotons 
counted during the "microwave-on" and the 
"microwaye-off ' periods is recorded. The 
FDMR spectra are obtained by averaging 
over a number of these stepped frequency 
scans. For the experiment in an  external 
magnetic field, the sample holder is inserted 
in a superconducting magnet. 

The S, + S, fluorescence-excitation 
spectrum of pentacene in p-terphenyl shows 
four distinct, inhomogeneously broadened 
zero-phonon lines labeled 0, to O4 in order 
of increasing absorption frequency. These 
corresnond to the four ineauivalent sites in 
the p-terphenyl host crystal that can be 
occupied by pentacene (1 3). Magnetic res- 
onance transitions have been optically de- 
tected in zero field for 0, and 0, pentacene 
molecules, both for ensembles and for single 
molecules (9 ,  10. 12, 14). The results ob- , . 
tained for 0, and 0, are equivalent, apart 
from a slight shift of the (T,-T,) and (T,- 
T,) transitions. Both triplet transitions 
show a considerable, asymmetric broaden- 
ing caused by the hyperfine interaction of 
the triplet electron spin with the surround- 
ing proton nuclear spins (9,  12). In order to 
reduce this effect for the present experi- 
ments, the protons of the guest and the host 

Microwave frequency (MHz) 

Fig. 1. Comparison of the line shape of the (T,- 3) 
magnetic resonance transition in zero field for an 
ensemble of molecules for (A) pentacene-h,, in 
p-terphenyl-h,, and (B) pentacene-dl, in p-ter- 
phenyl-dl,. The signals correspond to a decrease 
of the fluorescence. The full width at half maxi- 
mum (FWHM) for each line is given in the figure. 

molecules are replaced by deuterium. This 
leads to a drastic decrease of the linewidth 
(Fig. 1). The figure compares the (T,-T,) 
transition for an  ensemble of 0 ,  molecules 
for a pentacene-h14 (Fig. 1A) and a penta- 
cene-d14 (Fig. 1B) sample. The nuclear 
magnetic moment of deuterium is about 
15% of that of the proton, which reduces 
the linewidth by a factor of about 40 be- 
cause the hyperfine interaction is a second- 
order effect in zero external magnetic field. 
The width of 120 kHz in Fig. 1B corre- 
s ~ o n d s  to the limit of low microwave Dower. 

The isotopic substitution of deuterium 
for hvdrogen also leads to a shift of the 
optical absorption toward higher frequency 
caused bv a decrease of vibrational energies " 

and, consequently, of zero-point energies in 
the ground state and to a lesser extent in - 
the excited electronic state. The optical 
absorption of pentacene-d14 is shifted by 
32.8 cm-' for 0, and by 34.5 c m '  for 0, 
relative to that of pentacene-h14. In Fig. 2A, 
the 0' spectral region of the fluorescence- 

16915.0 16915.5 16916.0 
Photon energy (crn-l) 

1480 1485 1490 1495 
Microwave frequency (MHz) 

Fig. 2. (A) Fluorescence-excitation spectrum of 
the 0, spectral region for pentacene-dl, in p- 
terphenyl-d,,. The incident laser power was 70 
mW cm-'. The scale is valid for the lower trace; 
for the upper trace, the spectrum has been mul- 
tiplied by 5. The "noisy" structure of the spec- 
trum results from statistical fine structure (SFS) 
(18). Arrows indicate the spectral positions of 
molecules I and I I .  (B) Fluorescence-detected 
magnetic resonance transition (T,- T,) for mole- 
cule I in zero field and (C) for molecule I I  in zero 
field. The vertical scale in (B) and (C) represents 
the relative decrease of the fluorescence. 

excitation spectrum of pentacene-d in p- 
'4. 

terphenyl-d14 is shown. The absorption at 
(16,915.529 t 0.003) cm-' has a linewidth 
of 0.085 cmpl  (2.5 GHz) and is accomna- 
nied by a weak satellite structure at higher 
energies. The shift of satellites 1, 2, and 3 - 
with respect to the main line amounts to 
0.30 cm-', 0.49 cmpl ,  and 0.62 cmp', re- 
spectively, in close agreement with the 
shifts observed for pentacene-h14 molecules 
containing single 13C nuclei (1 1 ,  15). By 
analogy with our earlier study (1 1 ), we as- 
sign the main line to pentacene-d14 con- 
taining exclusively 12C (with a probability 
of 78.8% given the 1.108% natural abun- 

%, 

dance of 13C), and we assign the satellites to 
deuterated Dentacene molecules containing " 
a single 13C nucleus in position a or 6 
(satellite I ) ,  E (satellite 2), and y (satellite 
3 )  (see Fig. 3). Lines corresponding to 13C 

nuclei in other positions, which we ob- 
served for pentacene-h14 in p-terphenyl-h14, 
are not resolved here because of the inho- 
moeeneous linewidth of 2.5 GHz. which - 
causes these satellites to be hidden under 
the wine of the main line. " 

The fluorescence-excitation spectrum in 
Fig. 2A suggests that single molecules with- 
out 13C are most likely to be encountered to 
the red of the main line, whereas single 
molecules containing a 13C nucleus sholld 
be abundant to the blue of satellite 3. In 
Fig. 2, B and C, the (T,-T,) magnetic res- 
onance transitions of two different mole- 
cules in zero magnetic field are shown. The - 
single-molecule FDMR spectra were record- 
ed with a microwave power 100 times that 
used for the spectrum in Fig. 1B. For mole- 
cule I, which most probably contains only 
12C nuclei, a magnetic resonance transition 
with a linewidth of 670 kHz was observed. 
We  attribute this broadening to saturation 
because a similar linewidth is obtained for 
the ensemble spectrum if it is recorded with 
the same microwave Dower. For molecule 11. 
which contains a 13C nucleus, the width of 
the magnetic resonance transition amounts 
to 4.8 MHz and the transition is shifted by 
6 MHz toward higher energy compared to 
that for molecule I. The shift is due to the 
interaction of the triplet electron spin with 
a single 13C nuclear spin in position y of the 
pentacene molecule. 

The hyperfine interaction, second-order 
in zero field, can. be approximated by per- 
turbation theory. For a single nucleus, this 
results in a negligible shift of the T, level, 

Fig. 3. Schematic representation of the pentacene 
molecule with the labeling of the carbon positions. 
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whereas the shift of the Tx level is given 
by '/4p,2A,,2/(Ex - E,), where p, represents 
the spin density in the 2p7 orbital of carbon 
number i, AZ7 is the z component of the 
hyperfine-interaction tensor of the nucleus 
(that is, 13C at position i or 'H bound to the 
carbon in position i ) ,  and (Ex - E,) is the 
energy difference between the triplet sub- 
levels T, and T,. For a (hypothetical) spin 
density of 1 at a certain carbon atom, this 
would cause a shift of about 200 MHz owing 
to a 13C in that position and a shift of about 
190 kHz owing to a 'H. Hence, the 13C 
hv~erfine..interaction is bv far the more 
dominant shift and leads tb a shift of the 
zero-field transition whereas the distribu- 
tion of the 14 2H nuclei over all possible 
spin states modulates this shift and thereby 
broadens the line. Using the known spin- 
density distribution (16), we estimate a shift 

A Molecule I 

7.5 rnT 

t 3.8 rnT 

1.9 rnT 

I , , , , , , 1 , , , 1 , , 

Zero 
field 

I C Molecule III I 

1500 1550 1600 
Microwave frequency (MHz) 

Fig. 4. Fluorescence-detected magnetlc reso- 
nance trans~t~on (T,-Tz) (A) for molecule I ,  (B) for 
molecule I I ,  and (C) for molecule I l l  in weak mag- 
netic fields. The scales of spectra (A), (B), and (C) 
are different. 

of the (Tx-T,) transition of 7 MHz for a 13C 
nucleus in one of the two center positions 
(y)  of the pentacene molecule, which is in 
agreement with the observed shift. The 
present situation is essentially different 
from the pentacene-h14 case, for which the 
hyperfine interaction with the 14 proton 
spins is sufficient to compensate the 13C 

contribution and only an asymmetric 
broadening rather than a shift of the tran- 
sition is observed (1 1 ). 

Upon application of external magnetic 
fields up to 7.5 mT, a shift, broadening, or 
splitting of the (T,-T,) and (T,-T,) transi- 
tions has been observed as illustrated for the 
(Tx-T7) transition of three different mole- 
cules in Fig. 4. Molecules I and I1 are 0, 
molecules, whereas molecule 111 is an O2 
molecule excited to the blue of the O2 zero- 
phonon line; molecule I consists completely 
of 12C nuclei, whereas molecules I1 and 111 
contain a 13C nucleus in position y. The 
magnetic field leads to a mixing of the zero- 
field states T,, T,, and Tz, and the proper 
eigenstates of the system are found by diago- 
nalization of the spin Hamiltonian, which 
includes the zero-field and the electronic 
Zeeman interaction. They can be expressed 
as linear combinations of the zero-field 
states. The coefficients of the linear combi- 
nations are determined by the strength of 
the applied magnetic field and its orienta- 
tion with respect to the molecule. Because 
only weak magnetic fields have been used in 
this study, we will still refer to the triplet 
substances by their zero-field labels. 

From the analysis of the magnetic field- 
induced shifts of the (Tx-T7) and (T,-T,) 
transition for O,,  we have obtained the 
orientation of the maenetic field with re- - 
spect to these pentacene molecules. Orien- 
tations as deduced from ensemble and sev- 
eral single-molecule experiments did not 
differ significantly (experimental accuracy 
? 5"). Tuning the laser into resonance with 
the 0, zero-phonon transition allowed a 
similar study for the 0, molecules. If we 
assume that the pentacene molecules in the 

host crvstal are oriented like the b-terohe- 
L .  

nyl mdlecules they replace, the different 
field-induced shifts observed for the mag- 
netic resonance transitions of 0, and O2 
pentacene molecules lead us to conclude 
that these occupy lattice sites with a signif- 
icantly different orientation. The p-terphe- 
nyl molecules in lattice sites P, to P4 can be 
grouped into two pairs (PI and P2) and (P, 
and P,) such that the p-terphenyl molecules 
within a pair are oriented nearly parallel 
with resDect to each other, whereas the 
molecules from different groups are rotated 
with respect to each other about the long 
axis of the molecule by roughly 60' (13). 
Consequently, only the combinations of 
lattice sites (PI and P,), (PI and P4), (P2 
and P,), and (P, and P4) can be occupied by 
those pentacene molecules responsible for 
the (0, and 0,) zero-phonon lines. The 
combination (P3 and P4) for (0, and 02) as 
given in (17) can be ruled out. 

The FDMR swectra for molecule I (Fie. 
~ - 

4A) show a shift of the magnetic resonance 
transition and a broadening of the line in - 
the magnetic field. The shift results from 
the electronic Zeeman interaction, whereas 
the broadening is caused by the hyperfine 
interaction with the 14 'H nuclear spins. 
Figure 4B shows the FDMR spectra of mol- 
ecule 11. ~es ides  a frequency shift of the 
transition similar to that observed for mol- 
ecule I, the magnetic resonance transition 
of molecule I1 splits into two components. 
We assign this splitting to the hyperfine 
interaction of the triplet electron spin with 
the single 13C nuclear spin. For molecule 111 
(Fig. 4C), both the observed shift and the 
splitting of the magnetic resonance transi- 
tion are different from those obtained for 
the 0, molecules owing to the different 
orientation of O2 and 0, molecules with 
respect to the magnetic field. Using a spin 
Hamiltonian that takes into account the 
zero-field splitting, the electronic Zeeman 
interaction, and the 13C hyperfine interac- 
tion, and using the known orientation of 
the magnetic field with respect to the mol- 

Table l .  Comparison of the calculated and observed hyperf~ne splitting for varlous molecules. The 0, 
and 0, molecules were identified by their different zero-field frequencies. The labels E and y refer to the 
position of the I3C nucleus in pentacene (see Fig. 3). 

Molecule 
(ty pel 

3C 
position 

Field 
(m-c 

Splitting (MHz) 

Observed Calculated 
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ecule under study, we have calculated the 
freauencies of the four ~ossible transitions 
for various molecules. Two pairs of close- 
lying lines result, and the calculated hyper- 
fine splitting between these pairs (Table 1)  
agrees well with the experimental values 
given the underlying approximations. 

Interestingly, both hyperfine compo- 
nents show up in the FDMR spectra, as is 
clear for molecules I1 and I11 in Fig. 4, in 
spite of the fact that we study single quan- 
tum systems. Apparently the triplet spin 
experiences both 13C nuclear spin configu- 
rations during the time (about 30 min) 
needed to accumulate the spectra. When 
the pentacene molecule is in So, the 13C 

nuclear spin can undergo energy conserving 
flip-flop transitions caused by the dipole- 
dioole interaction with other 13C nuclei. If 
the mean distance between two 13C nuclei 
is of the order of 10 nm, a rough estimate of 
this flip-flop time is 1 to 10 s, which is short 
relative to the accumulation time. We 
therefore observe a time average that is 
equivalent to the ensemble average accord- 
ing to the ergodic theorem. 

For very small magnetic fields, the widths 
of the two hyperfine components for mole- 
cule I1 differ (see Fig. 4B). Each of the hy- 
perfine components is built up by two tran- 
sitions merged into one line. The width is 
caused by the hyperfine interaction with the 
14 'H nuclear spins. A calculation of this 
interaction shows that for 0 ,  molecules in 
very low fields the mixing of zero-field states 
is such that the second-order hyperfine in- 
teraction determines the linewidth of the 
low-frequency hyperfine component, where- 
as the first-order hyperfine interaction dom- 
inates for the high-frequency component. 
For a magnetic field of 7.5 mT, the hyper- 
fine interaction becomes totally first-order 
and a more symmetrical pattern results. As 
seen for molecule I11 in Fig. 4C, this is 
already true at 3.8 mT for an 0' molecule 
owing to the different orientation of the 
molecule with respect to the magnetic field. 
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Electronic States in Gallium Arsenide Quan tum 
Wells Probed by Optically Pumped NMR 

R. Tycko,*t S. E. Barrett,*$ G. Dabbagh, L. N. Pfeiffer, 
K. W. West 

An optical pumping technique was used to enhance and localize nuclear magnetic 
resonance (NMR) signals from an n-doped GaAslAIo,,Gao,,As multiple quantum well 
structure, permitting direct radio-frequency measurements of gallium-71 NMR spectra 
and nuclear spin-lattice relaxation rates (IIT,) as functions of temperature (1.6 K < T < 
4.2 K) and the Landau level filling factor (0.66 < v < 1.76). The measurements reveal 
effects of electron-electron interactions on the energy levels and spin states of the 
two-dimensional electron system confined in the GaAs wells. Minima in lIT, at v - 1 and 
v - 213 indicate energy gaps for electronic excitations in both integer and fractional 
quantum Hall states. Rapid, temperature-independent relaxation at intermediate v values 
indicates a manifold of low-lying electronic states with mixed spin polarizations. 

Electrons in two-dimensional (2D) systems 
exhibit striking physical phenomena that 
are not observed in conventional 3D mate- 
rials, particularly at low temperatures and in 
high magnetic fields. These phenomena in- 
clude the integer quantum Hall effect 
(IQHE) and the fractional quantum Hall 
effect (FQHE) ( I ) .  The clearest realization 
of a 2D electron system (2DES) is provided 
by the conduction electrons in high-mobil- 
ity semiconductor quantum wells, that is, 
thin layers of one semiconductor (here 
GaAs) embedded in thicker layers of a sec- 
ond n-doped semiconductor with a larger 
band gap (here delta-doped Alo,,Ga0,,As). 
Because of the band eaD differences. the 

u L 

GaAs layers act as potential energy wells for 
the doped electrons and the Al0,,Gao,,As 
layers act as potential barriers. At  low tem- 
oeratures (T << 100 K), where onlv the 
lowest two dimensionally confined electron 
subband is oooulated, and in the absence of 

L L 

electron-electron interactions, the elec- 
tronic properties of an ideal n-doped quan- 
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tum well in a magnetic field B can be 
understood in terms of the single-particle 
energy level diagram in Fig. 1 (2).  The 
translational energy is quantized in Landau 
levels with splittings equal to the cyclotron 
energy E, = fieBJm*c, where fi is Planck's 
constant h divided by 27~, e is the electron 
charge, Bz is the component of the field 
normal to the plane of the wells, m* is the 
effective electron mass, and c is the speed of 
light. The Landau levels are further split by 
the electron spin Zeeman energy EZ = 

g"kB I B / , where g" is the effective g value 
and pB  is the Bohr magneton. Each energy 
level has well-defined values of the orbital 
(N = 0, 1, 2 ,3 ,  . . .) and spin (m = 5 112) 
quantum numbers and is highly degenerate, 
with degeneracy per unit area nB = eBJhc. 
The Landau level filling factor is then de- 
fined as v = n,inB, where n5 is the conduc- 
tion electron density per unit area in a 
single well, so that v represents the number 
of spin-split Landau levels that are occupied 
at T = 0. The IQHE and FQHE refer to 
characteristic and universal plateaus in the 
Hall resistance and zeros in the longitudinal 
resistance of a 2DES at integral and certain 

L z  

fractional values of v. These effects, and 
other ~ostulated ~henomena such as 
Wigner crystallization, depend on devia- 
tions from the simple picture in Fig. 1 
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