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Effect of oxygen adsorption on the magnetoresistance of a disordered nanographite network
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Activated carbon fibers (ACFs), comprising a three-dimensional disordered network of metallic nanograph-
ite domains, have huge specific surface areas due to the presence of nanosized pores (nanopores) surrounded by
nanographite domains. Around the edge of the nanographene sheets, there are localized spins originating from
the nonbonding m-electron state (edge state). We investigate the effect of molecular adsorption on the magne-
totransport of ACFs using oxygen, nitrogen, argon, and helium as the guest species. The magnetoresistance,
which has a large positive value at the liquid helium temperature, is considerably reduced upon the adsorption
of magnetic oxygen molecules in spite of the insensitivity to nonmagnetic molecular species. This change in
the magnetoresistance induced by the oxygen molecule uptake can be explained in terms of the antiferromag-
netic internal field of oxygen molecules affecting the edge-state spin. The change in the magnetoresistance
yields the strength of the exchange interactions in the temperature range from —10 to —8 K, suggesting the
presence of strong interactions between the spin of the oxygen molecule and edge-state spin. A theoretical
analysis effectively explains the interaction mechanism on the basis of the interaction between the electric
dipole of the edge state and the quadrupole of the adsorbed oxygen molecule. This finding, which demonstrates
an important role of exchange interactions between the graphitic 7 electrons and the spin of the adsorbed
oxygen molecules, suggests that the adsorbed oxygen molecules are weakly bonded to the graphitic planes

through charge transfer.
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I. INTRODUCTION

Nanosized materials have shown increasing relevance to
materials science and cutting-edge device technologies for
their unique and useful physical and chemical properties. In
particular, nanosized carbon materials, such as carbon nano-
tubes and fullerenes, have been intensively investigated as
nanoscience and/or nanotechnology subjects in recent years.
Nanosized graphite (nanographite) is also included in the
family of nanosized carbon materials. In contrast to carbon
nanotubes and fullerenes (having closed 7r-electron systems),
nanographite and nanographene (single-layer nanographite)
are planar m-electron systems having an open-edge structure.
Recently, nanographite and/or nanographene has been found
to have a nonbonding m-electron state (edge state) topologi-
cally originating from the edge structure.'~® According to
these studies, the edge state appears at around the Fermi
level in the case of zigzag-shaped edges, and it results in
anomalous features in the electronic and magnetic properties
of nanographite and/or nanographene. Therefore, the elec-
tronic structure of nanographite and/or nanographene be-
comes entirely different from that of bulk graphite exhibiting
diamagnetic properties. Interestingly, the presence of local-
ized spins of edge-state spins induces strong spin magnetism,
where even ferromagnetism has been predicted.” In addition,
the edge-state spins embedded in the conduction 7 electrons
are expected to govern the electron transport in nanographite
systems.’

Activated carbon fibers (ACFs) are interesting
nanographite-based materials that can be used to investigate
the anomalous electronic and magnetic features of
nanographite.3-1% A single strand of ACF consists of a three-
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dimensional (3D) disordered network of metallic nanograph-
ite domains; each of these domains is composed of a stack of
three to four nanographene sheets with a mean in-plane size
of 2—3 nm.!! Naturally, they have huge specific surface areas
(~2000-3000 m?/g) due to the presence of nanosized pores
(nanopores) between the nanographite domains,'>!3 which
can accommodate a large volume of guest species through
physisorption and chemisorption processes. Around the
edges of the nanographene sheets, there are localized spins
that originate from the nonbonding 7r-electron states of the
edge origin.> Our recent study has revealed that the adsorp-
tion of guest species, such as water,'* bromine,"> oxygen,'®
and so on, into the nanopores affects the magnetic features of
the edge-state spins. Interestingly, the mechanical effect of
the physisorbed nonmagnetic guest species generates an on
and off magnetic switching phenomenon. From the view-
point of host-guest interactions, the adsorption of magnetic
oxygen molecules into the nanopores is one of the most in-
teresting subjects for understanding the role of the magnetic
edge state in the nanographite.

In the present study, we investigate the magnetotransport
of ACFs as a function of the adsorption of magnetic oxygen
molecules in comparison with that of nonmagnetic guest spe-
cies such as helium, nitrogen, and argon. A theoretical analy-
sis of the experimental results is carried out for elucidating
the interaction mechanism between the adsorbed oxygen
molecules and the edge-state spins.

II. EXPERIMENT

The ACF samples used in the experiments were a com-
mercially available product (FR-20, Kuraray Chemical Co.
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Ltd.), which was derived from phenol resin precursors after
activation at temperatures of 1073—1373 K in oxygen, water,
carbon dioxide, or other oxidizing atmospheres.'>!” The
FR-20 sample has a specific surface area of ~2000 m? g~'.

All the dc electrical conductivity measurements were car-
ried out for a single fiber along the fiber axis by means of a
two-point probe method using an electrometer and/or high-
resistance meter (Keithley Co. Ltd., 6517) in the temperature
range from 2 to 300 K under a magnetic field up to 15 T.
The sample was mounted on a sample holder in a variable
temperature insert of a cryostat equipped with a 15 T super-
conducting magnet (Oxford Instruments Co. Ltd.). In order
to reduce the leakage current in the high-resistance measure-
ment, a triaxial cable was used as the guarding system for the
sample current. The electrical contacts of a single ACF were
made from gold electrodes using a carbon paste. The interval
between the electrodes and the diameter of a single fiber
were ~0.05 mm and ~10 wm, respectively, as confirmed by
the optical microscope and scanning electron microscope. To
observe the effects of molecular adsorption on the ACF, a
specially designed sample chamber was fabricated. This
sample chamber enables continuous heating, evacuation, and
atmosphere control without exposing the sample to air after a
single ACF is set onto the sample mount. The wires and
thermometer inside this chamber were confirmed (in ad-
vance) to be heat resistant and nonvolatile at 473 K by
temperature-programed desorption. The insulating resins of
the wires were made of PTFE (poly-tetra—flouro—ethylene) or
polyimide, and a rhodium iron thermometer (Oxford Instru-
ments Co. Ltd., PHZ002) was placed on the sample mount.
The use of the specially designed sample chamber enabled
the investigation of the detailed behavior of the effect of gas
adsorption on conductivity and provided a new insight into
the electron transport of ACFs, following earlier papers,®!8
in which special care has not been taken with regard to
sample handling and measurements. After setting a single
ACF onto the mount, the heat treatment was carried out in
vacuum well below 1 X 107 Torr at 473 K for 30 h in order
to remove the adsorbed molecules. Subsequently, the atmo-
sphere was controlled after the introduction of guest gaseous
species; then, the electrical conductivity measurements were
carried out. For atmosphere control, the nonadsorbed sample
was held in vacuum, and the samples with adsorbed mol-
ecules were obtained by turning a chamber valve to intro-
duce guest molecules (~1 atm) at room temperature or at a
temperature in between the room temperature and their boil-
ing temperatures (for example, oxygen at around 100 K and
nitrogen at 77 K).

The magnetic susceptibility and magnetization measure-
ments were carried out using a superconducting quantum
interference device magnetometer (MPMS-5, Quantum De-
sign Co. Ltd.) in the temperature range from 2 to 380 K in a
magnetic field up to 5.5 T. The samples for the susceptibility
measurements were vacuum sealed at room temperature in
glass tubes or sealed in an oxygen atmosphere in glass tubes
at room temperature after heat treatment at 473 K for 48 h at
a vacuum level of approximately 1X 107 Torr. The amount
of oxygen molecules adsorbed in ACFs in the low-
temperature region below the boiling point was estimated
from the volume of the oxygen gas introduced in the sample
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FIG. 1. (a) Temperature dependence of the conductivity o (In o
vs T-12 plot) in the temperature range from 10 to 280 K. The solid
line represents the fitting with the equation of the Coulomb-gap-
type variable range hopping conduction. For clarity, the plots of the
oxygen-adsorbed ((J), nitrogen-adsorbed (A), argon-adsorbed (V),
and helium-adsorbed (<) samples are shifted up by 0.75, 1.5, 2.25,
and 3, respectively, with reference to the plot of the nonadsorbed
sample (O). (b) The temperature dependence of conductivity in the
temperature region from 74 to 96 K. For clarity, the data of the
oxygen-adsorbed (OJ), nitrogen-adsorbed (A), argon-adsorbed (V),
and helium-adsorbed () samples are shifted up by 1, 6.5, 6.5, and
7, respectively.

chamber at room temperature; this was confirmed by the
change in the magnetization upon oxygen molecule uptake.

III. RESULTS

Figure 1(a) shows the conductivity vs temperature plots
(In o vs T-'2) for the ACF samples in vacuum and in the
atmospheres of the guest molecules (helium, argon, nitrogen,
and oxygen). For all the samples in vacuum and gas atmo-
sphere, the conductivity conforms to the Coulomb-gap-type
variable range hopping formula'®?! expressed as

o= 0., expl- (TyT)"], (1)

where o, is the conductivity at T=o; further, T, is given as
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TABLE 1. Values of T, and o in the Coulomb-gap-type variable range hopping mechanism for the
nonadsorbed sample and the samples adsorbed with oxygen, nitrogen, argon, and helium.

Nitrogen Argon Helium

Vacuum Oxygen
Ty (K) (5.2+0.2) X 10> (5.0+0.2) X 107
o, (Sm™)  (55x02)x 10> (5.5%0.2) X 10>

(5.3+0.2) X 10?
(5.5£0.2) X 10%

(5.1+0.2) X 10?
(5.3+0.2) X 10?

(4.9+0.2) X 102
(5.1+0.2) X 10?

6f 11

o= z
Tk 4me 80 &

2)

where €,, g, and ¢ are the dielectric constant of the sample,
permittivity of vacuum, and localization length, respectively.
The conductivity behavior is in good agreement with that
obtained in an earlier report,® which suggests that the inter-
nanographite-domain hopping process governs the electron
transport in the Coulomb-gap-type variable range hopping
mechanism. The values of o,, and T, obtained from the fit-
ting of the experimental results to Egs. (1) and (2) are sum-
marized in Table I. There are only small differences (—6% to
+2%) between the values obtained from the samples in
vacuum and those in the atmospheres of the guest molecules.
In addition, as shown in Fig. 1(b), there is no observable
change in the conductivity values at the respective boiling
temperatures of the adsorbed molecule species (90 K for
oxygen, 77 K for nitrogen, and 87 K for argon), below
which these adsorbed molecules condense in the nanopore
space. This suggests that the electron transport mechanism is
not seriously affected by the molecular adsorption at tem-
peratures ranging from 10 to 300 K.

Figures 2 and 3 show the plots of magnetoresistance vs
magnetic field at 7=2.19 K in the magnetic field up to 15 T
for the nonadsorbed and molecule-adsorbed ACF samples.
The magnetoresistance MR is defined as

_ R(H)=R(0)

MR RO)

, 3)
where R(H) is the resistance as a function of the magnetic
field. In Fig. 2, a large positive magnetoresistance is ob-
served, where its value is a concave function of the applied
field. The value indeed goes up to ~670% at 2.19 K under a
magnetic field of 15 T in the nonadsorbed sample and also in
the presence of the nonmagnetic guest molecules (helium,
nitrogen, and argon). The magnetoresistance is replotted in
the double logarithmic scale in Fig. 2(b). The plots prove that
the functional form of the plot of MR vs H cannot be repre-
sented by a quadratic function, unlike the case of typical
semiconductors.?? The comparison of such plots of MR vs H
reveals the presence of only a negligible difference in the
behavior of the magnetoresistance between the nonadsorbed
and nonmagnetic molecule-adsorbed samples, as shown in
Fig. 2(b). The negligible effect of the nonmagnetic molecules
on the magnetoresistance is also confirmed by the result of
the nitrogen-adsorbed sample in which the nanopores are
completely filled with nitrogen molecules after 1 atm of ni-
trogen is introduced at its boiling point, 77 K.!' As shown in
Fig. 3, in the presence of magnetic oxygen molecules, how-
ever, the positive magnetoresistance is reduced to ~40% of

that of the nonadsorbed sample when 1 atm of oxygen is
introduced at room temperature. This finding proves that the
magnetic moment of the adsorbed oxygen molecules is re-
sponsible for this change.

In Fig. 4, the temperature dependence of the magnetore-
sistance at 15 T is plotted in the low-temperature range of
2.2-4.0 K for the nonadsorbed and oxygen-adsorbed ACF
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FIG. 2. (a) Magnetic field dependence of the magnetoresistance
for the nonadsorbed (O) and nonmagnetic-molecule-adsorbed
samples at 2.19 K. Further, 1 atm of nitrogen gas is adsorbed at
77 K and room temperature, while 1 atm of helium or argon is
adsorbed at room temperature. For clarity, the plots of the argon-
adsorbed (V, 1 atm at room temperature), helium-adsorbed (<,
1 atm at room temperature), nitrogen-adsorbed (A, 1 atm at room
temperature), and nitrogen-adsorbed ([J, 1 atm at 77 K) samples
are shifted up by 1, 2, 3, and 4, respectively. (b) The double loga-
rithmic plot of the magnetoresistance vs magnetic field. The solid
line represents a quadratic function (0.03H2).
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FIG. 3. Magnetic field dependence of the magnetoresistance for
the nonadsorbed ACFs (O) and the oxygen-adsorbed ACFs (OJ);
1 atm of oxygen molecules is adsorbed at room temperature for the
latter case. H, , and H, o4 are the effective field acting on an edge-
state spin and the internal field of the oxygen molecules acting on
an edge-state spin, respectively. See text for details.

samples. The magnetoresistance of the nonadsorbed sample
steeply increases up to 670% when the temperature is low-
ered to 2.19 K. The adsorption of the oxygen molecules con-
siderably reduces the temperature dependence, where the ef-
fect of the oxygen molecules becomes stronger as the
temperature decreases. Actually, the magnetoresistance de-
creases by 46% and 75% (at 3.60 K) and 56% and 80% (at
2.36 K) for the samples in which 1 atm of oxygen is ad-
sorbed at room temperature and at 100 K, respectively. Fig-
ure 4 also shows that the increment in the magnetoresistance
for the nonadsorbed sample is 4.3 when the temperature is
lowered from 4 to 2 K, whereas this value is 1.6 and less
than 1 for the oxygen-adsorbed samples in which 1 atm of
oxygen is introduced at room temperature and at 100 K, re-
spectively.

Figure 5 shows the magnetization curves at 2.0 K for the
nonadsorbed and oxygen-molecule-adsorbed samples. The
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FIG. 4. Temperature dependence of the magnetoresistance at
15 T for the nonadsorbed sample (@) and the samples into which
1 atm of oxygen molecules is adsorbed at room temperature (H)
and 100 K (A).
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FIG. 5. Magnetization curves of the nonadsorbed sample (O),
oxygen-adsorbed sample (+), and adsorbed oxygen molecules ([J)
at 2.0 K. The amount of adsorbed oxygen molecules is 6.8
X 10> mg (g of ACFs)~!. The solid curve is the fitting to the Bril-
louin curve (S=1), in which the distribution of the internal field
values is considered. A Gaussian distribution is employed with a
mean value of (zgJo)=—61 K and standard deviation =41 K,
where the positive region of zgJoy is excluded. The dashed curve is
the Brillouin curve (S=1) with a unique internal field value
ZoxJox=—35 K. See text for the definitions of zq,, Jox, and o.

magnetization of the oxygen-adsorbed sample is ~100 times
larger than that of the nonadsorbed sample. The amount of
adsorbed  oxygen is  estimated to be 6.8
% 10> mg (g of ACFs)~!, which corresponds to ~200 oxy-
gen molecules accommodated in a nanopore; here, the aver-
age volume of a nanopore (4.2 nm?) is taken into account.!?
The magnetic susceptibility of the oxygen-adsorbed ACFs at
55 K is calculated to be 3.4X107* emu (g of oxygen)~!,
which is almost the same as that of solid oxygen at 54 K
[3.19X 107* emu (g of oxygen)~'].2>?* This means that the
magnetization in the oxygen-adsorbed sample is governed by
the contribution of the spins (S=1) of the adsorbed oxygen
molecules. Therefore, by subtracting the magnetization of
the nonadsorbed sample from that of the oxygen-adsorbed
sample, we estimate the magnetization of the adsorbed oxy-
gen molecules, as shown in Fig. 5; here, we assume the
additivity of the magnetization contributions of the ACFs
and the adsorbed oxygen molecules because of the small
contribution of the former. Here, the value of magnetization
(0.18up) at 5.5 T, which is the largest magnetic field inves-
tigated, is 1 order of magnitude smaller than the expected
saturation magnetization (=goupS=2uz for S=1, where gox
is the g value of the oxygen molecule). This means that the
spins of the oxygen molecules are strongly coupled to each
other through antiferromagnetic interactions. This is consis-
tent with the fact that the presence of antiferromagnetic cou-
plings has been found not only in the solid oxygen phase®
but also in the condensed state of oxygen molecules in the
nanopores of ACFs.?

Here, we estimate the strength of the internal field acting
on the spin of an oxygen molecule. The effective field of the
adsorbed oxygen molecule H, o, is given as
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He,Ox =H+ HOx + HOx-fn—’ (4)

where Hp, and Hg, . are the internal field of the oxygen
molecules acting on the spin of the oxygen molecules and
that of the edge-state spins acting on the spin of the oxygen
molecules, respectively. The contribution of H,_ ., can be
neglected because of the small number of edge-state spins
existing in the nanographite domains (one to three spins per
nanographite domain) in contrast to the large number of
magnetic oxygen molecules in the nanopore (~200 per nan-
opore). The magnetization of the adsorbed-oxygen-molecule
spins M, is given as

Moy = NoxgoxtgBs=1(H, 0,) = NoxgoxmpBs=1(H + Hpy),
(5)

if Hp, has a unique value. Here, N, up, and Bg_(H) are the
number of adsorbed-oxygen-molecule spins per unit amount
of ACFs, Bohr magneton, and Brillouin function for S=1,
respectively. The mean-field treatment can relate M, to the
internal field Hq, given as

2
H0x= |:—ZOXJOX:|MOX’ (6)
ZVO)((ng/-‘“B)2

where zo, and Jg, are the number of nearest-neighbor ad-
sorbed oxygen molecules around each molecule and the ex-
change interaction parameter between the spins of the oxy-
gen molecules, respectively. Here, the value of zp,Joy 1
assumed to be the same for all the nearest-neighbor interac-
tions. The fitting of magnetization to Egs. (5) and (6) yields
ZoxJox=—35 K as the exchange field of the oxygen mol-
ecules acting on the spin of an oxygen molecule. However, it
should be noted that there is a deviation from the experimen-
tal result in the Brillouin curve fitting, as shown in Fig. 5.
This is reasonably understood since the oxygen molecules
adsorbed in the nanopores form a disordered structure in
which the strengths of the exchange field vary randomly in
space.'® Therefore, the distribution of the exchange field val-
ues should be introduced in the molecular field analysis. In-
deed, a slightly convex magnetization curve in the experi-
mental result demonstrates the distribution of the field
strengths in which the magnetization of the oxygen mol-
ecules interacting through weaker interactions has a convex
feature in the lower magnetic field range. On the basis of the
necessity of the field distribution in the analysis, the follow-
ing Gaussian distribution function is employed:

— (zoxox = {zoxdox)*

207 ’

1
P(ZOX‘IOX) = ~ ex
\2mo

ZOxJOx = Ov (7)

where (zoxJoy) 1S the mean value and o is the standard de-
viation, \{(zoxJox—{zoxJox))?)- In the distribution function,
the positive value region is excluded because the exchange
interaction between the spins of the oxygen molecules is
usually antiferromagnetic. By using Eq. (7), the magnetiza-
tion can be expressed as
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MOX(H9 <ZOX‘IOX>’ U) = f P(ZOxJOx’)M[H

+ HOX(ZOX‘IOX)]d(ZOX‘IOX) s (8)

where Hoy(zoxJox) 1s @ function of zqJo,. The fitting of Eq.
(8) effectively reproduces the experimentally observed mag-
netization curve with the mean value of (7 Jox)=—61 K and
o=41 K, as shown in Fig. 5.

IV. DISCUSSION

A. Effect of adsorbed magnetic oxygen molecules on electron
transport

As discussed in previous papers,®!® the Coulomb-gap-

type variable range hopping in the electron transport indi-
cates the importance of the electron correlation effect on the
inter-nanographite-domain electron hopping process. The in-
sensitivity of conductivity to the adsorption of the guest
gases proves that only a slight change takes place in the
interdomain hopping process under the presence of guest
molecules, including the magnetic oxygen molecule whose
magnetic susceptibility is considerably small in the tempera-
ture range in which the conductivity is investigated. Compar-
ing a previous study?® on conductivity, the thermoelectric
power and Raman spectra in relation to oxygen molecule
adsorption reveal the manner in which the adsorbed oxygen
molecules modify the electronic structure of the nanograph-
ite. The conductivity of the nonadsorbed sample is slightly
increased with a change in the sign of the thermoelectric
power from negative to positive upon oxygen molecule up-
take. At the same time, the Raman experiment indicates a
low frequency shift in the stretching mode of the oxygen
molecules. These findings prove the presence of a slight
charge transfer from the nanographite to the adsorbed oxy-
gen molecules, even though its effect on interdomain hop-
ping is small.

The important change in the electron hopping process is
evident from the large positive magnetoresistance, which is
seriously influenced by the adsorption of magnetic oxygen
molecules. Further, this effect is enhanced as the temperature
decreases. Therefore, a discussion should be devoted to the
effect of molecular adsorption on the magnetoresistance. In
general, a large positive magnetoresistance in the hopping
process can be explained in terms of the spin-polarization
effect?’-?® and the wave-function shrinkage effect.”®? In the
former case, the electron in a domain is allowed to hop to the
neighboring domain only if it has the spin state with a spin
orientation opposite to that of the electron that has already
been accommodated, as shown in Fig. 6. The application of a
magnetic field, which forces all the spins to be oriented par-
allel to its direction, reduces the hopping rate, resulting in a
large positive magnetoresistance (as observed). In the latter
case, the wave-function shrinkage under the magnetic field
reduces the wave-function overlap. In the present experi-
ment, the former seems to be the major effect in comparison
to the latter. The latter is usually applicable in doped semi-
conductors such as germanium, silicon, and their derivatives,
where the decay length of the wave function of the impurity
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FIG. 6. Allowed and forbidden hopping paths depending on the
spin orientation between the edge-state spins on the neighboring
nanographite domains.

electron is usually greater than 10 nm and can be easily
squeezed by the magnetic field.>” However, the nonbonding
7 electrons on the edge site of the nanographite having a
decay length of approximately 0.2—-0.3 nm (Ref. 30) are
hardly squeezed by the magnetic field.

From Fig. 4, it can be seen that the magnetoresistance
increases with decreasing temperature. This result is qualita-
tively consistent with the proposed spin-polarization mecha-
nism of the positive magnetoresistance. Indeed, as the tem-
perature decreases, a decrease in the spin fluctuation leads to
an increase in the forbidden hopping rate. Therefore, this
leads to a larger positive magnetoresistance (as observed).

The important feature of the magnetoresistance is the
large molecular adsorption effect, which appears when mag-
netic oxygen molecules are introduced as guest species, as
shown in Figs. 3 and 4. For understanding the effects of
oxygen molecule adsorption on the magnetoresistance, we
focus our discussion on the internal magnetic field of the
spins of the oxygen molecules because it can modify the spin
orientations of the edge-state spins, resulting in a change in
the magnetoresistance. More precisely, the antiferromagnetic
internal field of the spin of the oxygen molecules acting on
the edge-state spin competes with the external applied field
and therefore the net effective magnetic field becomes
smaller than the external applied field, resulting in a smaller
magnetoresistance.

In the crystalline state of the oxygen molecules below the
freezing point of 54.4 K, the spins of the oxygen molecules
(S=1) are ordered antiferromagnetically through successive
phase transitions from the y phase to the 8 phase at 43.8 K
and from the 8 phase to the « phase at 23.9 K. Here, the
strengths of the antiferromagnetic interaction J are estimated
as J,~-30K, Jg~-22 K, and J,~-14 K.* The oxygen
molecules accommodated in the nanopores form clusters
with their disordered structures, as revealed in a previous
study.? Therefore, the localized spins are randomly frozen in
an antiferromagnetic spin-glass state at low temperatures.
The deviation of the magnetization curve from the Brillouin
function having an internal field with a unique value is in-
dicative of the disordered spin structure with a wide distri-
bution of the strengths of the exchange interaction, as dis-
cussed in the previous section. The estimated mean value of
the exchange interaction, (zo,Jox)=—61 K, is within a rea-
sonable range when the strength of the exchange interactions
in the crystalline state of the oxygen molecules is considered.
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Here, we estimate the strength of the antiferromagnetic
internal field of the oxygen molecules that acts on the
m-electron spin of the edge state on the basis of the mean-
field treatment for the magnetoresistance. The effective field
H, . to the m-electron spins is expressed as

H€,7T=H+H’7T-OX+H7T’ (9)

where H, o, and H are the internal field of the oxygen
molecules acting on an edge-state spin and that of the edge-
state spins acting on an edge-state spin, respectively. The
internal field H, is expressed by the magnetization of the
edge-state spin M., while H_ o, is given as Eq. (10) by
considering the exchange interactions between the spin of
the oxygen molecule and the edge-state spin:

H7T—OX = )2 <Z7T-OX‘]7T—OX> MOX’ (10)

N Ox(g oxMB
where z,..ox and J_ o, are the number of nearest-neighbor
adsorbed oxygen molecules around one edge-state spin and
the exchange interaction parameter between the spin of the
oxygen molecule and the edge-state spin, respectively. Here,
we take the average value as (Z,.ox/,.0x) SINCE Z,.oy and
Jrox are randomly distributed due to the disordered struc-
tures of the oxygen molecule clusters. We can expect lesser
interactions between the edge-state spins than that between
the edge-state spin and the spin of the oxygen molecule,
because the distance [~1 nm (Ref. 12)] between the edge-
state spins on the adjacent domains is much larger than that
between the edge-state spin and the spin of the oxygen mol-
ecule. Therefore, H,. can be neglected in this analysis. In
addition, the magnetization of the edge-state spins M is
much smaller than that of the spins of the adsorbed oxygen
molecules Mg, as shown in Fig. 5.

According to a theoretical analysis,’! the magnetoresis-
tance can be expressed in terms of a universal function with
respect to temperature and the effective field acting on an
edge-state spin as follows:

R(H) o Coshz(lgwﬁBHe,ﬂ')

R(0) 2 kT (1

where g and up are the g value and effective Bohr magne-
ton of the edge-state spin, respectively. We employ the effec-
tive Bohr magneton (zz=0.3u5) since the edge state has a
fractional magnetic moment according to theoretical
calculations.? Equation (11) reveals that the functional form
of the MR vs H curve in the nonadsorbed ACF sample holds
well in the oxygen-adsorbed ACF sample when the applied
field H is replaced with the effective field H, . In other
words, the magnetoresistance is uniquely dependent on the
strength of the net effective field, regardless of the presence
and/or absence of oxygen molecules in the nanopores. Based
on this consideration, the difference in the applied magnetic
field values between the nonadsorbed and oxygen-adsorbed
samples at a given magnetoresistance value yields the inter-
nal field H, o, of the spins of the oxygen molecules, as
shown in Fig. 3. According to the results shown in Fig. 3, the
applied field dependence of the internal field is given as that
shown in Fig. 7. The estimated internal field, which is pro-
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FIG. 7. Plot of the internal field H o, of the spins of the oxygen
molecule as a function of the applied field at 2.19 K. Circles and
triangles represent the raw data and the plot corrected by vertically
shifting the plot such that the extrapolation of the plot meets the
origin at H=0. The solid and dashed lines represent {z,.ox/0x)
=-8.1 K and (z,.0x/ 7.0 =—9.6 K, respectively.

portional to the magnetization of the spins of the oxygen
molecules, should be extrapolated to the origin when the
applied field goes to zero, according to the behavior expected
from Egs. (9) and (10). However, the result shown in Fig. 7
exhibits a deviation from the expected behavior. The negli-
gence of the internal field from the edge-state spins and the
simplified model employed are considered to be responsible
for this deviation. Therefore, a simple correction is made by
vertically shifting the plot for the extrapolation to meet the
expectation. The values of the exchange field parameter
(Zmox mox) are estimated as —9.6 and ~-8.1 K from the
fittings at 7=2.19 K without and with the correction, respec-
tively, using the parameters (zoJox)=—61 K and o=41 K
(obtained in Sec. III). The results of the exchange field pa-
rameter for different temperatures are summarized in
Table II.

B. Origin of strong magnetic interaction between the spin of
the adsorbed oxygen molecule and the edge-state spin

The estimated strength of the internal field of the spins of
the oxygen molecules acting on an edge-state spin is 2 orders
of magnitude larger than that expected from the contribution
of the magnetic dipole—dipole interaction, which is usually
observed in the interaction between the physisorbed mag-

PHYSICAL REVIEW B 76, 035442 (2007)

FIG. 8. The electric dipole—quadrupole interaction between the
edge state and oxygen molecule. u, Q, Ry ,, 6y, and 6, are the
electric dipole on the edge site of the nanographite, quadrupole
moment of the oxygen molecule, distance vector from the center of
the dipole u to that of the quadrupole Q, the angle formed by the
intersection of the oxygen molecular axis with R,_,,, and the angle
formed by u with Ry_,, respectively.

netic guest and the magnetic site of the host. Generally, oxy-
gen molecules that are facing a graphene sheet can have the
strength of the magnetic dipolar interaction in the tempera-
ture range from 0.01 to 0.05 K, where we assume that the
mean distance between the graphene sheet and the oxygen
molecule facing it ranges from 0.3 to 0.36 nm (according to
density functional theory calculations).>=* In addition, it
should be noted that the superexchange mechanism, which is
generally exhibited by molecular magnets, cannot operate
here as the distance is too far for the superexchange interac-
tion to occur. Therefore, the experimental finding, which
demonstrates a strong exchange interaction between the gra-
phitic 7r-electron spin and the adsorbed-oxygen-molecule
spin, requires a new mechanism of electronic interaction.
This is also supported by the Raman scattering, conductivity,
and thermoelectric power measurements of the ACFs adsorb-
ing the oxygen molecules,?® as discussed in Sec. IV A. The
mechanism of this strong interaction can be explained in
terms of the interaction between the electric dipole at the
edge site on nanographene and the electric quadrupole of the
oxygen molecule, since it effectively reproduces the ob-
served strength of the internal field. The detailed mechanism
is given elsewhere.’! Here, we briefly discuss the mechanism
for comparing the experimental results and the theoretical
estimation. The scheme of the interaction between the elec-
tric dipole of the edge state on nanographene u and the elec-
tric quadrupole of an adsorbed molecule Q is shown in Fig.
8. The edge state, which appears at the nanographene edge,
has the largest population of edge carbon atoms bonded to
foreign species. Therefore, electric dipoles are created at the
graphene edge at which the edge state is present.

The exchange field parameter (z,,.ox/ 7-0x) 1S €stimated by
a second-order perturbation with a perturbed Hamiltonian for

the dipole-quadrupole interaction I:IQ_ u

TABLE I1I. Strengths of the exchange field parameter. See text for correction in the exchange field

parameter.

T (K) 2.19 2.36 2.53 3.00 3.24 3.60 3.99
(Zroxdmo0) (K) 8.1 ~79 -7.0 -6.5 -6.5 -59 5.5
(with correction)

(Zrordmon) (K) -9.6 9.6 10 93 -8.9 -8.5 8.1

(without correction)
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HQ"‘:ZR“ cos 6,(3 cos® 6, — 1), (12)

Q-p

where Ro.ps 0y and 0, are the distance between the electric
dipole u and quadrupole Q, the angle formed by u with the
vector Ry, and the angle formed by the intersection of the
oxygen molecular axis with R,_,, respectively, as shown in
Fig. 8. The vector R_,, stretches from the center of u to that
of Q. The second-order perturbation process is mediated by
the electron transfer between the edge state and the oxygen
molecule; the latter is in the triplet state of 32g(02)' After
taking the directional average for 6, the second-order per-
turbation energy AE, can be expressed as

1 -2R 2 30p)?
AE, = = exp< Q-M) Zr0x(301) - (13)
- - EI,O + EA,C + R_

O-p

where Ej o and E, ¢ are the ionization energy of the oxygen
molecule and the electron affinity of nanographite, respec-
tively.

The factor exp(-2Ry.,/a) accounts for the overlap of the
wave functions between the edge state and the adsorbed oxy-
gen molecule, where a is the decay length of the wave-
function overlap between the oxygen molecule and the edge
state of the nanographite. The term —e2/RQ_ « in the denomi-
nator is the Coulomb interaction between the positively ion-
ized oxygen molecule O," and the negatively charged nan-
ographite domain. To evaluate AFE,, the following parameters
are adopted: z,0.=4 (Ref. 35), Ry ,=0.44 nm, a=0.2 nm
(Refs. 30,36), 0=-2.82X10"% esucm’ (Ref. 37), u=2
X 10718 esucm, E;=12.07 eV (Ref. 38), and E, ¢=4.6 eV
(Ref. 39). Then, AE, is calculated to be AE,=-10 K. This
calculated value is in good semiquantitative agreement with
the values (Z,.ox/rox) =—10 to =8 K obtained experimen-
tally in Sec. IV A.

From the above calculation, we demonstrate that the
dipole-quadrupole interaction is responsible for the micro-
scopic origin of the antiferromagnetic exchange interaction
between the edge-state spin and the adsorbed-oxygen-
molecule spin.
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V. CONCLUSION

Activated carbon fibers consist of a random 3D network
of nanographite domains; each of these domains is composed
of a stack of three to four nanographene sheets. We investi-
gate the interdomain electron transport in relation to the
magnetic field dependence and effects of molecular adsorp-
tion with argon, nitrogen, helium, and oxygen used as the
guest molecules.

Nanopores created between nanographite domains lead to
huge specific surface areas, and they can accommodate vari-
ous guest molecules by the physisorption process. The elec-
tron transport is subjected to the Coulomb-gap-type variable
range hopping mechanism with a negligible effect of mo-
lecular adsorption. The application of a magnetic field in-
duces a large positive magnetoresistance at low tempera-
tures. This indicates that the spin-polarization effect governs
the interdomain electron transport in which the spins of the
m-electrons originating from the edge state play an important
role.

The adsorption of magnetic oxygen molecules consider-
ably reduces the magnetoresistance in contrast to a small
effect of the adsorption of nonmagnetic molecules on the
magnetoresistance. This is explained in terms of the compe-
tition between the applied field and the antiferromagnetic
internal field of the spins of the oxygen molecules acting on
the ar-electron spin. Further, it indicates that the exchange
interaction has a major contribution to the internal field in-
stead of the dipole-dipole interaction, which usually occurs
between the physisorbed magnetic species and the magnetic
site of the host system. The analysis of the experimental
results suggests that the interaction of the electric dipole cre-
ated at the graphene edge with the electric quadrupole of the
adsorbed oxygen molecule is responsible for the large ex-
change interaction.
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