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By measuring the i� v characteristics of Y3N@[C80]6� anionic solid at various temperatures and

electric field strengths, four conducting phases with i / v, i / v2 with low resistance, i / v4 and

i / v2 with high resistance were observed. First, at temperatures below 100 K and field strengths

below 30 Vcm�1, the current passing through the sample was a linear function of the d.c. bias

voltage due to free moving charges. Second, at the same field strengths, the trapped carrier was

thermally activated with activation energies of 13.6 meV for temperature range of 100� 250 K and

88.7 meV for 250� 450 K. In this conducting phase, the carrier transport was governed by space

charge limited conduction mechanism. Third, when the electric field increased from 30 to 120

Vcm�1, the i became a quartic function of the v because the carrier mobility is a quadratic function

of the field strength. A conducting phase with high resistance was observed at temperatures below

100 K. The trapped carrier was thermally activated with activation energies of 146.5 meV for

temperature range of 100� 250 K and 288.5 meV for 250� 450 K. Finally, in the electric field

strengths of 120� 2000 Vcm�1, a high resistance phase appeared in the anionic solid at

temperatures below 100 K. The current was a quadratic function of the d.c. bias voltage, and the

carrier mobility was independent of the field strength. VC 2015 Author(s). All article content, except
where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4918665]

I. INTRODUCTION

Trimetallic nitride endohedral fullerenes, M3N cluster

encapsulated in C2n carbon cage, have attracted increasing

attentions for their potential applications in electronics,1

magnetics,2 photonics,3 and bio-technology.4 Many studies

have been carried out for interactions between the cluster

and the carbon cage. The charge transfer from the cluster to

the carbon cage has been widely investigated,5–9 as these

materials are expected to display remarkable electronic and

structural properties associated with this charge transfer.10–12

Dipole polarizability of the M3N@C2n fullerenes have been

studied by using density functional theory (DFT).13–15

Unlike nonmetal endohedral fullerenes, M3N@C2n show

smaller dipole polarizability than the corresponding C2n

empty cage because the induced electric field of the carbon

cage is reduced by inserting the M3N cluster.

Functionalization of Sc3N@C80 has been accomplished

using both a Diels-Alder reaction and an azomethine ylide

addition.16,17 In the case of Diels-Alder reaction, addition

products were formed at the 5:6 ring junction of the C80

cage. On the other hand, azomethine ylide addition to

Y3N@C80 produced an adduct at the 6:6 ring junction.18,19

Namely, the internal metal ions appear to exert control over

the site of addition. While molecular properties of the

M3N@C80 fullerenes have been reported, to best of our

knowledge, the electronic interactions between the

M3N@C80 molecules or between the M3N clusters in crystal-

line phase are not still studied.

The Y atoms are the formal 3þ oxidation state in

Y3N@C80 molecule. Three and six electrons from the Y

atom transferred to the N atom and the C80 cage. NMR

investigations of the nuclei of Y3N cluster revealed that the

pentalene group strongly binds to one yttrium atom and pre-

vents the cluster rotation, whereas in Y3N@C80 molecule the

cluster undergoes nearly free isotropic rotation.20 Moreover,

Dorn et al. have suggested that the rotation energetic barriers

of the Y3N cluster is dependent on the ionic radius of the

Y3þ ions.21 The Y3N cluster is slightly pyramidal inside the

C80 cage22 and cannot rotate freely as planar M3N, such as

Sc3N, Lu3N, and Er3N, does inside the cage. Recently, we

have studied the carrier transport properties of Sc3N@C80,23

Lu3N@C80,24,25 and Er3N@C80
26 by measuring the current-

voltage (i-v) characteristics. No significant temperature and

electric field effects have be observed on those M3N@C80

molecules because of small diameters of the endohedral

clusters.

In this study, we characterized carrier transport proper-

ties of the Y3N@[C80]6� anionic solid at various tempera-

tures and electric field strengths. The i-v characteristics in

this study showed that there is an interaction between the

ionized Y3N clusters through the carbon cages in crystalline

phase. The interaction depends on both temperature and the

applied electric field. At temperatures above 100 K, charge

carriers in the Y3N@[C80]6� anionic solid were thermally

activated with various activation energies as well as the i-v
characteristics were a quadratic function for low fields and aa)E-mail: sun@ele.kyutech.ac.jp

0021-8979/2015/117(15)/154308/9 VC Author(s) 2015117, 154308-1
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quartic function for high fields. On the other hand, at temper-

atures below 100 K, the i-v characteristics were a linear func-

tion for low fields and a quartic function for high fields.

Under high electric fields, molecular interactions change its

potential and result in an order phase transition of theY3N

clusters in the C80 cages in broad temperature range from 15

to 450 K.

II. EXPERIMENTAL

Y3N@C80 powder with purity >97 wt. % was purchased

from LUNA Innovations to make a sample specimen for

measurement. The Y3N@[C80]6� powder was pressed into a

pellet at room temperature at 1.25 GPa for 50 min. The so

formed pellet was 5.0 mm in diameter and 0.50 mm in thick-

ness. Two gold electrodes on the surfaces of the sample were

prepared using an Au nano-particle paste (NAU-K05B,

Daiken), and the sample was annealed at temperature of

450 K in vacuum for 30 min in order to degas for the sample

as well as to reduce the gold as the electrodes. Prior to

electrical measurements, the samples were characterized by

x-ray photoemission spectroscopy (XPS, AXIS-NOVA,

SHIMATSU/KRATOS) and x-ray diffraction (XRD, JEOL

JDX-3500 K). In the XPS analysis, the beam diameter of

Al Ka line was 55 lm, and the binding energy resolution was

0.15 eV.

In the measurements, the current passing through the

sample was measured using a digital electrometer

(ADVANTEST R8252) with a current resolution of 1.0 fA at

various d.c. bias voltages from 0.001 V to 100.0 V. The pellet

sample was set in a vacuum chamber of a cryostat during the

measurements. The base pressure of the vacuum chamber

was less than 10�5 Pa. The current measurements were car-

ried out in the course of heating up or cooling down process

between the temperatures from 15 K to 450 K. The rate of

heating or cooling was 0.14 K min�1 with a stepwise incre-

ment of 1.0 K.

The a.c. impedance Z ¼ Z0 þ jZ00 of the sample was

measured at room temperature in atmosphere to characterize

contact resistance between the electrode and the sample by

using a Cole-Cole plot method. The Cole-Cole plot was

drawn using the imaginary part �Z} ¼ �Im½Z� and the real

part Z0 ¼ Re½Z�.

III. RESULTS AND DISCUSSION

Typical x-ray photoemission spectrum of the pellet sam-

ple at room temperature was show in Fig. 1. It was obtained

from the surface of the Y3N@[C80]6� sample after Arþ ion

sputtering for 25 s. Eight peaks at binding energies of 24, 45,

156, 285, 299, 311, 394, 531, and 990 eV were observed in

the spectrum. The 24 and 45 eV peaks are attributed to pho-

toemissions from 4p and 4s electrons of Y atoms. The double

peaks at 156 and 158 eV were photoemissions from Y 3d5/2

and Y 3d3/2. The peaks at 299, 311, and 394 eV were related

to photoemissions from 3p3/2, 3p1/2, and 3s electrons of Y

atoms. The peak around 285 and 531 eV comes from C 1s
and O 1s core level, respectively. The peak around 990 eV

corresponds to O KLL Auger electron emission.

The enlarged photoemission spectra from O 1s core

level at binding energy of 531 eV were shown in Fig. 2(a)

for various Arþ ion sputtering times of 0, 5, 15, and 25 s.

The Arþ ion sputtering results in both the decrease in the

peak intensity and the peak shift toward low energy side.

The oxygen atoms adsorbed only on the surface of the pellet

sample because both intensity and position of the peak do

not change when the Arþ ion sputtering time is above 15 s.

Figure 2(b) shows the photoemission spectra from C 1s
core level at binding energy of 285 eV for various Arþ ion

sputtering times of 0, 5, 15, and 25 s. No significant changes

on both intensity and position of the peak were observed af-

ter the Arþ ion sputtering. The result suggests an oxygen

adsorption molecular or small amount on the surface of the

sample.

The double peaks from Y 3d5/2 and 3d3/2 core levels of

Y atoms were plotted in Fig. 2(c) in the enlarged energy scal-

ing. The positions of the double peaks are observed at 158

and 160 eV, which shifted toward high energy side as com-

pared with theoretical values of 156 and 158 eV. This may

be due to a screening from the C80 carbon cage. The peak in-

tensity increases but its position does not change with

increasing Arþ ion sputtering time. This result suggests that

there is not direct electronic interaction between the Y atoms

with the oxygen atoms adsorbed on the surface of the C80

cage. On the other hand, desorption of the oxygen atoms

from the surface of the C80 cage results in larger photoemis-

sion from the Y atoms. From the spectrum after the Arþ ion

sputtering of 25 s, atomic ratio of Y/C is evaluated to be 3.47

at. %, which closes to stoichiometric ratio of 3.75 at. % for

Y3N@C80. Also, the photoemission from N atoms cannot be

detected due to its smaller relative sensitivity factor (RSF,

0.505) and concentration as well as the screening of the C80

cage.

XRD pattern of the Y3N@[C80]6� powder was shown in

Fig. 3. Few diffraction peaks can be recognized for the pat-

tern, a strong peak at 2h ¼ 9:30 � and two broad peaks cen-

tered at 2h ¼ 17:9 and 24:95�. For comparison, the XRD

FIG. 1. X-ray photoemission spectra of the Y3N@[C80]6� anionic solid pre-

pared at a pressure of 1.25 GPa. The spectrum was detected on the surface of

the sample after Arþ ion sputtering for 25 s.

154308-2 Sun et al. J. Appl. Phys. 117, 154308 (2015)
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pattern of C60 powder was also shown in this figure. The

2h ¼ 9:30 peak was ascribed to the diffraction from (111)

planes of a face-centered cubic (fcc) crystal structure with a

lattice constant of 1.61 nm. Other two broad peaks are related

to overlapped diffraction results from several crystal planes.

The peak at 2h ¼ 17:9 corresponds to (220), (311), and

(222) planes and the peak at 2h ¼ 24:95 is related to diffrac-

tions from (331), (420), (422), and (511) planes. The grain

size of the Y3N@[C80]6� powder was estimated to be 7.6 nm

from full width at half-maximum (FWHM) of the (111)

peak.

Cole–Cole plots of the a.c. impedance of the Au/

Y3N@[C80]6�/Au structure at room temperature at ampli-

tudes of 0.05, 0.5, and 5.0 V at zero d.c. bias voltage were

shown in Fig. 4. The Au/Y3N@[C80]6�/Au structure and its

equivalent circuit were shown in the inset of the figure. The

Cole � Cole plots are almost linear and perpendicular to

Re½Z� axis. From these results, we can conclude that the

Y3N@[C80]6� sample has a small capacitance CB and an

Ohmic contact with the Au electrodes. Therefore, we can

ignore the contact resistance from the electrodes and obtain

directly the i-v characteristics of the Y3N@[C80]6� sample.

A. Field and temperature-dependent mobility of charge
carrier

1. Field and temperature-dependent mobility

The currents at the d.c. bias voltages of 0.5, 1.0, 1.5, 2.0,

3.0, 5.0, 6.0, 10.0, 20.0, 50.0, and 100.0 V during cooling

down process were shown in Fig. 5 as a function of recipro-

cal temperature. The current increases with increasing tem-

perature and no significant difference between cooling down

and heating up processes has been observed. It is clear in the

figure that the temperature dependences are quite different as

two groups, depending on the d.c. bias voltage. When the

d.c. bias voltage is above 10.0 V, resistance of the sample

FIG. 3. X-ray diffraction patterns of the as-received Y3N@C80 and C60

powder.

FIG. 4. Cole-Cole plots of impedance of the Au/Y3N@[C80]6�/Au structure

at room temperature at the a.c. voltage of 0.05, 0.5, and 5.0 V at zero d.c.

bias voltage.

FIG. 2. (a) Enlarged x-ray photoemission spectra from O 1s core level

before and after Arþ ion sputtering for 5, 15, and 25 s, (b) the spectra from C

1s core level before and after Arþ ion sputtering for 5, 15, and 25 s, and (c)

the spectra from Y 3d5/2 and 3d3/2 core levels before and after Arþ ion sput-

tering for 5, 15, and 25 s.

154308-3 Sun et al. J. Appl. Phys. 117, 154308 (2015)
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increases rapidly and exceeds the limit of the current mea-

surement at temperatures below 80 K, 1=kT � 0:15

ðmeVÞ�1
. The temperature dependences in this group sug-

gest that there are various thermal activation energies for

charge carrier transport at various d.c. bias voltages, namely,

the mobility of charge carrier depends on both the applied

electric field and temperature.

In general, when carrier transport is governed by space

charge limited conduction (SCLC) mechanism,27,28 the i is

represented by

i E; Tð Þ ¼ 9Sere0l E; Tð ÞE2

8L
; (1)

where E is the strength of the applied electric field, T is the

absolute temperature, S is the area of the electrode, L is the

thickness of the sample, ere0 is the permittivity, and lðE; TÞ
is the mobility of the charge carrier. Namely, the i is a quad-

ratic function of the electric field E ¼ v=L if the lðE; TÞ is

independent of the field. Usually, the mobility lðE; TÞ is

field and temperature dependent and is described as

follows:29

l E; Tð Þ ¼ qR2�

kT

� �
exp � �a � D�a

kT

� �
; (2)

where R is the distance between nearest-neighbor molecules,

� is the thermal vibration frequency of the host molecule, q
is the unit of electronic charge, �a is the activation energy of

the trapped charge carrier, and D�a ¼ ðE=4pere0qÞ1=2
is the

change of �a after the electric field E is applied. Here,

ere0 ¼ e1e0 is the permittivity at high frequency. For the

SCLC mechanism, the mobility of charge carrier depends on

both the applied electric field and temperature. One can

notice from Eq. (2) that � is dependent of temperature.

Therefore, Eq. (2) can be written as follows:

l E; Tð Þ ¼ Ta exp � �a � D�a

kT

� �
; (3)

where a is a constant depending on scattering mechanism of

the charge carrier during transport.

2. Activation energy of charge carrier

In the case of the d.c. bias voltages below 10.0 V,

Arrhenius plots of ði=TaÞ � 1=kT at 0.01, 1.0, and 6.0 V dur-

ing cooling down process were shown in Fig. 6(a). The i
increases with temperature in the range of 15–450 K and can-

not been fitted using a single exponential function. There are

two linear regions in these Arrhenius plots, high temperature

region of 300 � 400 K, and low temperature region of 120 �
250 K. There are also different a and �a at high and low tem-

perature regions as seen from these linear relationships of

i=Ta � 1=kT curves. We have conformed from these

Arrhenius plots that the i can be fitted by using a ¼ �1:5 for

high temperature region and a ¼ 1:5 for low temperature

region, respectively.

Good linear relationships in the Arrhenius plots indicate

that electrical transport properties of the Y3N@[C80]6�

sample can be explained using Poole-Frenkel model.29 The

a ¼ �1:5 in high temperature region and a ¼ 1:5 in low

FIG. 5. The current passing through the sample at the d.c. bias voltages of

0.5, 1.0, 1.5, 2.0, 3.0, 5.0, 6.0, 10.0, 20.0, 50.0, and 100.0 V during cooling

down process as a function of reciprocal temperature.

FIG. 6. (a) Arrhenius plots of ði=TaÞ � 1=kT at the d.c. bias voltages of

0.01, 1.0, and 6.0 V during cooling down process and (b) activation energies,

�a, in high and low temperature regions during cooling down and heating up

processes as a function of d.c. bias voltage.

154308-4 Sun et al. J. Appl. Phys. 117, 154308 (2015)
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temperature region suggest various scattering mechanisms of

the charge carrier. In high temperature region, phonon scat-

tering is a dominant process, corresponding to a ¼ �1:5. On

the other hand, ion scattering is a major process in low tem-

perature region, corresponding to a ¼ 1:5. These properties

are similar to the transport of charge carrier in normal semi-

conductors such as Si and Ge crystals.

From Arrhenius plots in Fig. 6(a), we obtained the acti-

vation energies of the trapped charge carrier to excite to the

conducting states. The activation energies, �a, in high and

low temperature regions during cooling down and heating up

processes were shown in Fig. 6(b) as a function of the d.c.

bias voltage. In high temperature region, the activation

energy is almost constant, about 88.7 meV at the d.c. bias

voltages below 2.0 V. But, it decreases somewhat when the

d.c. bias voltage is above 2.0 V. On the other hand, the acti-

vation energy is also constant, about 13.6 meV, and increases

when the d.c. bias voltage is above 2.0 V. The D�a is very

small and can be ignored as compared with �a.

In the case of the d.c. bias voltages above 10.0 V, we

observed an interesting transport property of the

Y3N@[C80]6� sample for the first time that ion scattering

is a dominant process over the temperature range of

100� 450 K. This is quite different from the case at the d.c.

bias voltages below 10.0 V as shown in Figs. 5 and 6(a).

Arrhenius plots of ði=TaÞ � 1=kT at the d.c. bias voltages of

10.0 V, 50.0 V, and 100.0 V during cooling down process

were drawn in Fig. 7(a). Linear ði=TaÞ � 1=kT curves with

different a and �a in high temperature region of 270 � 400 K

and low temperature region of 120 � 220 K were observed.

The i can be fitted using a ¼ 0:5 or high temperature region

and a ¼ 1:0 for low temperature region, respectively. Those

positive values of a ¼ 0:5 and 1:0 indicate a dominant ion

scattering mechanism during charge carrier transport. The

results also suggest that there is an order phase transition of

the dipole on the Y3N cluster inside the C80 cage under high

electric fields in temperature range of 100 � 450 K because

ionic scattering is always beyond lattice scattering. The a
values in Fig. 6(a), a ¼ �1:5 in high temperature region and

a ¼ 1:5 in low temperature region, indicate that the effects

of Y3N@[C80]6� anions on carrier transport can be ignored

when the Y3N cluster dipoles are on a disorder distribution

under low electric fields. On the other hand, when the Y3N

cluster dipoles are on an order distribution under high elec-

tric fields as shown in Fig. 7(a), ionic scattering is beyond

lattice scattering due to a long-range ordered array of the

Y3N cluster dipoles.

The activation energies in high and low temperature

regions during cooling down and heating up processes were

shown in Fig. 7(b) as a function of the d.c. bias voltage. The

activation energy in high temperature region decreases with

increasing the d.c. bias voltage and reaches to a constant

value of 288.5 meV at 100.0 V. On the other hand, the activa-

tion energy in low temperature region also decreases with

increasing the d.c. bias voltage and reaches to a constant

value of 146.5 meV at 100.0 V. Compared with the sample

under low electric field, the charge carriers are difficult to

freely move in this anionic solid due to larger activation

energies.

B. Field-induced order phase transition of Y3N cluster

1. Field-dependent distance between Y3N@[C80]62

anions

The i-v characteristics of the Au/Y3N@[C80]6�/Au

structure at temperatures of 100, 300, and 400 K were shown

in Fig. 8. In the temperature range of 100� 400 K, the cur-

rent passing through the sample is strongly dependent of the

d.c. bias voltage or the electric field E in the sample. There

are three unique regions on the i-v characteristics at tempera-

tures of 100, 300, and 400 K. First, at the d.c. bias voltages

below 2.0 V, the current can be fitted as a quadratic function

of the d.c. bias voltage. The quadratic i-v characteristic is

similar to a hopping conductance of charge carrier in molec-

ular materials30 and is distinctly different to an exponential

i-v characteristic of the Schottky barrier or a linear i-v char-

acteristic of metal. Second, at the d.c. bias voltages ranged

from 2.0 to 6.0 V, the current was fitted as a quartic function

of the d.c. bias voltage. Third, the current decreased discon-

tinuously and can be fitted as a quadratic function of the d.c.

bias voltage when it was above 10.0 V.

As showed in Eq. (1), the current is a quadratic func-

tion of the d.c. bias voltage if the mobility lðE; TÞ is

FIG. 7. (a) Arrhenius plots of ði=TaÞ � 1=kT at the d.c. bias voltages of

10.0, 50.0, and 100.0 V during cooling down process and (b) activation ener-

gies, �a, in high and low temperature regions during cooling down and heat-

ing up processes as a function of d.c. bias voltage.
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independent of the electric field E. This is consistent with

our results measured at the d.c. bias voltages below 2.0 V.

It has been reported already that there is a charge transfer

between the Y3N cluster and the C80 carbon cage. As a

result of the charge transfer, six electrons moved to the C80

cage and led to that all Y3N@C80 molecules become to

Y3N@[C80]6� anions in the sample. In the Y3N@[C80]6�

solid phase, the anion density is the same with molecular

density, and the mean free pass of the charge carrier is

comparable to the intermolecular distance, R. One can

notice from Eqs. (1) and (2) that the i-v characteristics

become to a quartic function of the d.c. bias voltage, if the

R is proportional to the applied electric field E. In fact, the

ionic radius of Y3þ (1.01 Å) is larger than that of Sc3þ

(0.87 Å) and Lu3þ (1.00 Å). Thus, the Y3N cluster in the

C80 cage has a pyramid form while the Sc3N and Lu3N

clusters have a plane form.8,31 This asymmetric structure

of the pyramid cluster unit results in a dipole d which

points from N� to Yþ as shown in Fig. 9. The dipole d
results in an attractive force between the clusters, so that,

between the Y3N@[C80]6� anions under the applied elec-

tric field. If change of the R due to the E is small, we have

R Eð Þ ¼
X1

0

R E0ð Þ nð Þ

n!
E� E0ð Þn � Aþ B E� E0ð Þ; (4)

where A and B are constant. Therefore, we obtained from

Eqs. (1) and (2) that the i-v characteristic is a quadratic func-

tion of the d.c. bias voltage when the R is independent of the

E. On the other hand, the characteristic is a quartic function

if there is a linear relationship between the R and E.
At the d.c. bias voltages above 10.0 V, a new order

phase appears because resistance of the anion solid increases

over three orders of magnitude at temperatures of 100, 300,

and 400 K as seen in Fig. 8. In the new order phase under

high electric fields, the mobility of charge carrier may be in-

dependent of the field E because the anions are on the equi-

librium positions in the new order phase. Therefore, the

current becomes a quadratic function of the d.c. bias voltage

again. In order to clarify mechanisms of the order phase tran-

sition, further studies using other measurement techniques

are necessary.

We also must point out that there are free charge car-

riers of a small amount in the sample at temperatures below

100 K while the trapped carriers with activation energies of

13.6, 88.7, 146.5, and 288.5 meV cannot be completely

excited. The i-v characteristics of the Y3N@[C80]6� anionic

sample around 100 K were listed in Table I. On the i-v

FIG. 8. The i-v characteristics of the Y3N@[C80]6� anionic solid sample at

temperatures of (a) 100 K, (b) 300 K, and (c) 400 K.

FIG. 9. Diagrams of the Y3N@[C80]6� anion. (a) Top view, (b) side view,

and (c) side view under an electric field.

TABLE I. The i-v characteristics of the Y3N@[C80]6� anionic sample

around the temperature of 100 K.

Temperature (K) i-v characteristics

110 i ¼ 3� 10�6v2 þ 2� 10�5vþ 7� 10�8

105 i ¼ 3� 10�6v2 þ 1� 10�5vþ 6� 10�8

100 i ¼ 2� 10�7v2 þ 1� 10�5vþ 1� 10�8

99 i ¼ 1� 10�5v1:00

95 i ¼ 1� 10�5v1:00

90 i ¼ 1� 10�5v0:98
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characteristics of i ¼ av2 þ bvþ c, the constants of a and c
become small and b is constant with decreasing temperature

in the narrow temperature range. In Table I, it is clear that

the i-v characteristic can be fitted by i ¼ av2 þ bvþ c for

temperatures above 100 K and by a linear function of i ¼ bv
for temperatures below 100 K at the biases below 1.0 V.

The result suggests that the Y3N@[C80]6� anion sample

is a conductor with a constant conductance of b ¼ i=v
at temperatures below 100 K. On the other hand, at

temperatures below 100 K and the biases ranged from 1.5

to 10.0 V, the i-v characteristic is a quartic function of

i ¼ av4 þ bv3 þ cv2 þ dvþ e, which is consistent with the

results in Fig. 8. The i-v characteristic at 15 K, a linear rela-

tionship between the current and the d.c. bias voltage, was

shown in Fig. 10.

2. Cluster dipole effect

As seen in Figs. 8 and 10, the order phase transition

appears in wide temperature range from 15 to 450 K and

only depends on the applied electric field. This result sug-

gests that the phase transition is not a thermal activation pro-

cess. For example, an order-disorder phase transition

associated with molecular rotation with activation energy of

35 6 15 meV appears in the C60 crystal at 260 K.32 If the

transition observed in this study is associated with rotation

of the Y3N@C80 molecules, an activation energy larger than

that of the C60 rotation is necessary because of large molecu-

lar radius of the C80 cage. Theoretical calculations have

showed that activation energy of the rotation of the Y3N

cluster in the C80 cage is 122.0 meV.21 Therefore, at low

temperatures below 300 K, thermal rotation of the Y3N clus-

ter will be frozen because of thermal energies below

25.9 meV. Also, the dipole d cannot be completely screened

by electrons on the C80 cage due to large activation energies

as shown in Figs. 6(b) and 7(b). Based on the above results,

we can conclude that the order phase transition in the

Y3N@[C80]6� anion solid is associated with the Y3N cluster

dipole d under the applied electric field. The rotation

moment N ¼ d� E of the Y3N cluster may overcome the

friction between the cluster and the C80 cage at higher

electric field strengths. Using the data about the pyramidal

structure of Y3N cluster in the C80 cage,31 we obtained

the maximum rotation moment of Y3N cluster,

1:25� 10�22 N � cm�1:

3. Dimerization effect

The endohedral fullerenes have a tendency to form

dimers especially in solid state. The dimerization has been

explained by intermolecular interactions originating from a

permanent dipole moment or an unpaired electron at the full-

erene cage.33,34 Recently, a dimerization effect of the

M3N@C80 molecules was reported that dianionic dimers

were formed when two M3N@C80 molecules get one elec-

tron each.35,36 The dimers result in chemical bond which

decreases molecular distance, as compared with that in van

der Waals solid. The dimerization leads to a structural rear-

rangement of the M3N@C80 anions.36 Also, the M3N@C80

anions are more prone to dimerization and are substantially

more stable than their empty anions.

Superatom molecular orbitals (SAMOs) in the

Sc3N@C80 have been observed by using scanning tunneling

microscopy and spectroscopy.37 The Sc3N cluster in

Sc3N@C80 distorts the nearly-spherical central potential of

the carbon cage, imparting an asymmetric spatial distribution

to the SAMOs. When Sc3N@C80 molecules form dimers or

trimers, the strong intermolecular hybridization results in

highly symmetric SAMOs with clear bonding and antibond-

ing characteristics.

It is possible that the distance between the

Y3N@[C80]6� anions decreases when electrons are supplied

into the anion solid sample due to the effects of the cluster

dipole and superatom, which result in the field-dependent

carrier mobility.

C. Ohmic resistance of the Y3N@[C80]62 anionic solid

An understanding of dielectric properties is very impor-

tant to clarify the carrier transport and lattice polarization

mechanisms of the anionic solid sample. We have measured

dielectric constant of the Y3N@[C80]6� anion sample at the

a.c. magnitudes from 0.01 V to 5.0 V. The relative permittiv-

ities at room temperature at the a.c. magnitudes of 0.05 V,

0.5 V, and 5.0 V were shown in Fig. 11 as a function of fre-

quency. No significant a.c. magnitude dependence was

observed. The relative permittivity, er, decreases with

increasing frequency due to a relaxation time s ¼ CBRB,26,38

where CB and RB depend on frequency as shown in Fig. 4.

The relative permittivitiy has a value of 828 at 1.0 MHz,

which is much larger than 34.0 of the Sc3N@C80 at frequen-

cies above 100 Hz (Ref. 39) and 4.6 of Er3N@C80 at fre-

quency of 5 MHz.26 This large permittivity is related to the

free moving charges which results in an Ohmic resistance on

the Y3N@[C80]6� anion sample. As shown in Fig. 10, the

free moving charges were observed at temperatures below

15 K, which may correspond to an activation energy below

�2.0 meV.
FIG. 10. The i-v characteristic of the Y3N@[C80]6� anionic solid sample at

15 K.
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The impedance of the Y3N@[C80]6� anion sample for a

parallel combination of the bulk capacitance CB and resist-

ance RB can be written as follows:

Z xð Þ ¼ RB

1þ x2C2
BR2

B

� jx
CBR2

B

1þ x2C2
BR2

B

: (5)

From Eq. (5), we have the equivalent capacitance, C0;

C0 ¼ 1þ x2C2
BR2

B

x2CBR2
B

: (6)

When RB !1, we have C0 ¼ CB, and when RB ! 0;
C0 ! 1. Therefore, the C0, measured in this study, decreases

with increasing frequency and have a larger equivalent ca-

pacitance if RB 6¼ 0. This C0 results in a large er due to pres-

ence of the bulk resistance RB. We can obtain the true value

of er when x!1 only.

Based on the results above, we obtained that both the i-v
characteristics of the anion sample and the activation ener-

gies of the charge carriers in the sample depend on tempera-

ture and the applied electric field. The i-v characteristics

were listed in Table II. At the temperatures below 100 K and

the field strengths below 30 Vcm�1, an Ohmic resistance,

i / v, is observed. With increasing temperature, the i
becomes to a function of v2. This characteristic indicates that

mobility of the charge carrier is independent of electric field.

When the electric field is beyond 30 Vcm�1, the i is a

function of v4 for which the mobility is a quadratic function

of the field. At the field strengths above 120 Vcm�1, the i
becomes to a function of v2 again. This relationship corre-

sponds to a new order phase induced under high electric

fields.

The activation energies of the carrier mobility were

listed in Table III in the unit of meV. At the temperatures

below 100 K and the field strengths below 30 Vcm�1, Ohmic

resistance was observed. At high temperatures above 100 K,

a thermally activated mobility was observed in the anion

sample.

IV. CONCLUSION

The i-v characteristics of the Y3N@[C80]6� anionic

solid were measured at various temperatures and electric

fields. Four conducting phases were observed in this anionic

solid. These conducting phases correspond to Ohmic con-

duction, space charge limited conduction, field-dependent

intermolecular distance conduction, and Y3N cluster high-

ordered phase conduction in the anionic solid. First, at tem-

peratures below 100 K and field strengths below 30 Vcm�1,

the current passing through the anionic solid was a linear

function of the d.c. bias voltage, namely, a constant conduct-

ance due to free moving charges. Second, at the same field

strengths, the trapped carrier was thermally activated with

activation energies of 13.6 meV for the temperature range of

100� 250 K and 88.7 meV for 250� 450 K. The activation

energies were independent of electric field strength. In this

conducting phase, the carrier transport was governed by

space charge limited conduction mechanism. Third, when

the applied electric field increased from 30 to 120 Vcm�1,

the current became a quartic function of the field strength.

This i-v relationship indicates that the carrier mobility is a

quadratic function of the field strength or a linear relation-

ship between the nearest-neighbor anion distance and elec-

tric field strength. A conducting phase with high resistance

appeared at temperatures below 100 K, and the trapped car-

rier was thermally activated with activation energies of

146.5 meV for the temperature range of 100� 250 K and

288.5 meV for 250� 450 K. Finally, at the electric field

strengths of 120� 2000 Vcm�1, an order phase transition of

the Y3N cluster inside the C80 cage in the anionic solid at

temperatures below 100 K appeared and results in high re-

sistance. In this conducting phase with the ordered structure

of the Y3N cluster, the current was a quadratic function of

the d.c. bias voltage, and the carrier mobility was independ-

ent of the field strength.

TABLE II. The i-v characteristics of the Y3N@[C80]6� anionic sample at

various temperatures and field strengths. The O.R. means over range of digi-
tal electrometer during the current measurement.

T(K)

E(Vcm�1) 15–100 100–250 250–450

0–30 i / v i / v2 i / v2

30–120 i / v4 i / v4 i / v4

120–2000 O.R. i / v2 i / v2

TABLE III. Activation energies of the carrier mobility of the Y3N@[C80]6�

anionic sample at various temperatures and field strengths, in the unit of

meV. The O.R. means over range of digital electrometer during the current

measurement.

T(K)

E(Vcm�1) 15–100 100–250 250–450

0–30 NO 13.6 88.7

30–120 O.R. 146.5 288.5

120–2000 O.R. O.R. O.R.

FIG. 11. Relative permittivities of the Y3N@[C80]6� anionic solid sample at

room temperature at the a.c. magnitudes of 0.05, 0.5, and 5.0 V as a function

of frequency.
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Electrical transport properties of the anionic solid were

very sensitive to the applied electric field due to an ordering

effect of dipole on the Y3N cluster inside the C80 cage. The

field-sensitive properties were also related to a low screening

effect of free moving carriers in the solid because of both

large activation energy and small mobility.
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