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linear behavior in the 20–300 K temperature range, the so-called Korringa law, evidencing a metallic 
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© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

1 Introduction 

Low energy excitation of single-wall carbon nanotubes (SWCNTs) can be studied with the help of mag-

netic resonance. It is neccessary to attach a spin probe to the tubes as the tubes are known to have no 

intrinsic ESR signal [1, 2]. Magnetic fullerenes, N@C60 and C59N are ideal candidates for this purpose as 

fullerenes occupy preferentially the interior of the tubes, forming the “peapods” [3], and can be removed 

from the outside [4]. Encapsulation thus ensures that the local electron spins probe the properties of the 

tubes in analogy with nuclear magnetic resonance. We recently reported the encapsulation of C59N inside 

SWCNTs [5, 6]. As neighboring C59N molecules form ESR silent dimers, we separated them by adding 

C60 molecules so that C60 and C59N molecules enter the tubes together. It turns out that at low tempera-

tures C59N and C60 form a bonded heterodimer molecule [7]. Measurements of the electron spin–lattice 

relaxation time, T1 of the heterodimer is expected to yield information about the low energy excitations, 

i.e. about the vicinity of the Fermi surface of the host nanotubes. 

 Here, we report ESR measurements on the energetics of the heterodimer formation and on the meas-

urement of the temperature dependence of T1. We deduce T1 from the homogeneous ESR line-width. The 

analysis is supported by direct time-domain and saturation ESR studies. The relaxation rate, 1/T1, follows 

the Korringa law and this is evidence for a metallic character of all SWCNTs in the bundles. 
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2 Experimental 

Synthesis of the current samples were reported previously [5]. In brief, we used commercial SWCNTs 

with suitable tube diameters to accommodate fullerenes. A mixture of functionalized and air-stable C59N 

derivatives and C60’s were encapsulated with the solvent method [8]. ESR active C59N was obtained by 

heat treating the sample to remove the functional group. After this, the material is air sensitive and is 

sealed under He in quartz tubes. ESR and saturation ESR studies were performed on a Bruker Elexsys  

X-band spectrometer. We also prepared C59N embedded in the C60 crystal as a reference material, which 

we call crystalline material to distinguish from the peapod C59N. Relaxation times were measured on the 

crystalline material with spin-echo ESR on a Bruker W-band pulsed spectromer. 

3 Results and discussion 

At room temperature, the ESR signal of C59N:C60@SWCNT consists of two components: a triplet struc-

ture corresponding to rotating C59N monomers and a singlet line corresponding to the static C59N–C60 

heterodimer molecules [5]. The spectra, its temperature evolution, and the deconvolution to the triplet 

and singlet lines are shown in the inset of Fig. 1a. Clearly, the heterodimer dominates the low tempera-

ture spectrum and vanishes at higher temperatures. The coexistence and the temperature dependence of 

the two signals was understood for crystalline C59N:C60 as a thermal equilibrium between the ground 

state heterodimer and the rotating C59N monomers [7]. The heterodimer signal intensity normalized to 

the total (heterodimer + triplet) intensity gives the heterodimer concentration and is shown in Fig. 1. 

Similarly to crystalline C59N:C60 [7], the heterodimer concentration can be fitted with 
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where kB is Boltzmann’s constant and 
a

F E T SD = - D  with 
a

E  being the binding energy of the het-

erodimer and SD  being the entropy difference between the rotating monomer and the static heterodimer  
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Fig. 1 a) Concentration of C
59

N–C
60

 bound heterodimers in C
59

N:C
60

@SWCNT. Inset shows the evolution of the 

spectra with the temperature. The deconvolution of the 300 K spectrum is also shown. b) The temperature normal-

ized free energy difference, F TD /  between the heterodimer and the monomer in units of k
B
. Solid curves in both 

figures are fits with parameters explained in the text. Dashed curves show the respective quantities for crystalline 

C
59

N:C
60

 above the 261 K phase transition. 
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states. The relation described by Eq. (1) between the heterodimer concentration and the free energy dif-

ference allows to determine the temperature dependence of the temperature normalized free energy dif-

ference, F TD / , which is shown in Fig. 1b in units of kB. Clearly, a linear relationship between F TD /  and 

1 T/  with a non-zero crossing at 1 T/  is observed. This shows that the above model of the heterodimer 

concentration, that is described by Eq. (1), is correct and that it is neccessary to invoke an entropy differ-

ence between the two states of C59N in addition to the binding energy. 

 A fit with Eq. (1) for the peapod material is shown in Fig. 1a as a solid curve and gives 

a
(peapod) 2800(200) KE =  and (peapod) 9(1)SD = . This compares to the results for the crystalline mate-

rial with 
a
(cryst) 2400(600) KE =  and (cryst) 11(2)SD =  [7]. The higher heterodimer concentrations for 

the peapod material is caused by the larger Ea and smaller SD  values. The latter is explained by the lim-

ited rotational freedom of encapsulated C59N. The same fits appear as lines for F TD /  in Fig. 1b. 

 In analogy to NMR spectroscopy, the ESR spin–lattice relaxation time, T1, of the localized het-

erodimer spins yields information on the electronic structure of the host SWCNT material [9]. ESR T1 

can be measured using several methods depending on the system investigated. The time-resolved spin-

echo ESR yields a direct measurement of T1, however it is limited to spin–lattice and spin–spin relaxa-

tion times (T2) longer than a few µs. Shorter T1’s of a few hundred nanoseconds can be measured using 

continuous wave ESR spectroscopy from the line-width, ,HD  by separating the homogeneous, relaxation 

related line-width from the inhomogeneous one. Relaxation times between the micro and hundred nano-

seconds domain can be measured using the so-called saturation ESR but this method has a limited preci-

sion to provide absolute T1 values. T1 of the crystalline material is sufficiently long to enable spin-echo 

measurements. However, as we show below, T1 of the heterodimer spins in the peapod material lies in 

the few hundred nanosecond domain, where T1 can be measured from the homogeneous broadening and 

saturation ESR can be used to check for the consistency of the values obtained. 

 In Fig. 2a, we show HD  for the heterodimer signal as determined from fits with derivative Lorentzian 

lines. Clearly, HD  has a temperature dependent component in addition to a 
0

0 089(2) mTHD = .  residual 

line-width, which is obtained by averaging the line-widths below 50 K. The line-shape of the het-

erodimer signal does not change with temperature, which indicates a uniform, homogeneous broadening 

in addition to the inhomogeneous residual width. 
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Fig. 2 a) Temperature dependence of the ESR line-width for the heterodimer signal. b) The homogeneous line-

width with a linear fit (solid line). Corresponding T
1
’s are shown on the right axis. c) Saturation curves for crystal-

line C
59

N:C
60

 at 260 K and peapod C
59

N:C
60

@SWCNT at 20 K. Solid curves show the calculated saturated ESR 

intensities as explained in the text. 
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 To obtain the homogeneous line-width, 
Hom

HD , we subtracted 
0

HD  from the line-width data: 
Hom

HD = 
2 2

0
.H HD - D  Figure 2b shows 

Hom
HD  and 

1 e Hom
1 T Hγ/ = D , where 

e
/2π 28 0 GHz Tγ = . /  is the electron 

gyromagnetic ratio. 

 To check the consistency of the measurement of T1 from the homogeneous line-width, we performed 

saturated ESR measurements. In this method, the ESR signal intensity is progressively saturated upon 

increasing microwave power and the ESR signal intensity follows [9, 10]: 

 
2
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where p is the microwave power, T2 is the spin–spin relaxation time of the individual spin-packets, and 

C is a constant which depends on the microwave cavity and describes how large microwave magnetic 

field, 
1

,H Cp=  is produced for a power of p. For the TE011 cavity with a quality factor of 4000Q = , 
8 2

1 59 10 T WC
-

= . ¥ /  [11]. In Fig. 2c, we show the saturation curves, ( ) ,S p p/  normalized by the low- 

est power signal intensities for the crystalline C59N:C60 at 260 K and for the peapod C59N:C60@SWCNT 

at 20 K. Clearly, the ESR signal of the heterodimer saturates at much larger microwave powers for the 

peapod material indicating a much shorter relaxation time, which is attributed to the interaction of the 

heterodimer spins and the tubes. 

 Solid curves using Eq. (2) for the crystalline and peapod materials are shown with the T1 and T2 value 

in Table 1. T1.2 were measured for the crystalline material using spin-echo ESR for the crystalline sam-

ple. For the peapod material, we took the T1 ≈ 300 ns from the homogeneous line-width analysis and 

assumed the equality of T1 and T2 due to the very short T1. The calculated and measured saturation ESR 

data show a reasonable agreement for both the crystalline and the peapod material. This, on one hand 

shows that the saturation ESR measurement is compatible with the T1 and T2 values determined in the 

spin-echo experiment on the crystalline sample. On the other hand, it proves that the measurement of T1 

from the line-width for the peapod material is correct. 

 Now, we discuss the temperature dependence of the spin–lattice relaxation time. The most important 

property of 1/T1 is its linear T dependence in the 20–300 K temperature range. Below 20 K, the homo-

geneous broadening becomes too small to enable the measurement of T1. The linear relation can be fitted 

with 1 4 1

1
( ) 4 2(2) 10 (sK)TT

- -

= . ¥  (fit shown in Fig. 2b). This suggests that Korringa relaxation, i.e. the 

interaction with conduction electrons [9] gives the relaxation of the heterodimer. An effective coupling 

constant (averaged for tube chiralities), J, of localized spins and conduction electrons is 11 meV as de-

termined from the Korringa relation [9]: 

 
2 2B

F

1

1 4π
( )

k
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TT
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where 
F

( ) 0 014 states eV atomn E = . / /  is the DOS at the Fermi level for a d ≈ 1.4 nm metallic tube in the 

tight-binding approximation [12]. The above discussed uniformity of the homogeneous broadening sug-

gests that the heterodimer spins do not sense separate metallic and semiconducting tubes as it would be 

expected based on the geometry of tubes alone [12]. This can be explained by charge transfer in the 

SWCNTs bundles, which shifts the Fermi level and renders all tubes metallic, however there is a clear 

need for further experiments and theoretical studies in this respect. 

 
Table 1 Spin–lattice and spin–spin relaxation times for the crystalline and peapod materials used to 

calculate the saturated ESR data. 

 T1      T2  

crystalline C59N:C60 (260 K)  120 µs      2 µs 

peapod C59N:C60@SWCNT (20 K)  300 ns  300 ns 
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4 Summary 

C59N magnetic fullerenes inside single-wall carbon nanotubes (SWCNTs) are used to probe the density 

of states (DOS) on the host tubes using electron spin resonance (ESR). The C59N radicals are separated 

by C60 fullerenes to prevent dimerization and C59N–C60 heterodimers are formed at low temperatures. 

The electron spin–lattice relaxation time, T1, of the heterodimers is deduced from the homogeneous ESR 

line-width. The analysis is supported by saturation ESR studies. The inverse of the heterodimer T1 fol-

lows a linear behavior, the so-called Korringa law, evidencing a metallic DOS on all tubes in a bundle. 
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