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Magnetism of adsorbed oxygen at low coverage
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We report the magnetic measurement for oxygen adsorbed on different substrates at low coverage. An
intriguing behavior of the oxygen magnetization against the applied magnetic field has been found. We dem-
onstrate that it is an interplay between the substrate orientation of oxygen molecules and a weak antiferromag-
netism of unit spins occurring via the substrate that shows such a behavior. The conclusion is made that the
interaction of the oxygen molecules with the substrate~being neglected in previous work! plays a crucial role
on the physical properties of the system.
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I. INTRODUCTION

The study of magnetic properties of oxygen adsorbed o
surface has a long history. The interest particularly is cau
by the ability of oxygen to create a magnetic phase at
temperatures.1–6 Being adsorbed on different substrates ox
gen can form amorphous layers which are a conven
ground to test theoretical models describing magnetic s
tems. At the same time, despite many years of study of o
gen magnetism, many important aspects of its behavior
main open. So, for low oxygen coverage the care
measurements of oxygen magnetization are lacking. N
that in the papers devoted to the study of magnetism of o
gen adsorbed on different substrates the main attention
paid to the study of theM2T curves,7–13 which may bring
only the general information on magnetic behavior. Such
tails as the characteristics of the oxygen spin-spin interac
and its interaction with the substrate could be extracted fr
peculiarities of theM2H curves at low temperatures appea
ing against paramagnetic saturation. However, such exp
ments have not been done yet. It is worth mentioning that
the analysis of the oxygen magnetization measurements
reliable information on the orientation distribution of oxyge
molecular axes is needed. The best case for the analys
the one when all the axes are parallel. However, such a
is unlikely achieved in the experiment due to the usual n
perfect parallelism of the adsorbing surfaces.2,6 The possible
tilt angle ~as well as its distribution! of the oxygen molecule
on the surface also leads to a lack of the oxygen axis pa
lelism. Another possible case, which can be analyzed, is
alized at the random orientation distribution of the oxyg
molecular axes. This is easily achieved at the random or
tation distribution of the adsorbing surfaces.

In the present work we carefully investigate the magn
zation of oxygen adsorbed on the surface of onionlike car
nanoparticles at low oxygen coverage. These particles c
sist of contiguous graphitic shells~which are the ideal sub
strate for oxygen adsorption!. The choice of the onionlike
carbon nanoparticles for this research is caused by the
ticle purity and uniformity that is crucial for an analysis
the experimental results. Let us emphasize that the rand
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ness of the graphitic shells orientations yields the rando
ness of the oxygen molecular axis orientations.

The onionlike carbon nanoparticles are synthesized ut
ing the same experimental setup as we used to control
size, morphology, and crystalline phase of silica and tita
nanoparticles during their formation in flames.14–17The par-
ticles were generated as a result of the acetylene conver
in a co-flow oxy-hydrogen diffusion flame that is irradiate
by the laser beam. The detail description of the particle s
thesis is going to be done in a forthcoming paper. The tra
mission electron microscope~TEM! images of the particles
are shown in Fig. 1. As one can see in Fig. 1 the synthes
particles are identical in structure and do not have any
purities.

II. EXPERIMENTAL APPROACH

The magnetization of oxygen adsorbed on a substrate
be derived from the experimental data as follows. First,
magnetization of the substrate is measured in an app
magnetic field. Then it is subtracted from the magnetizat
of the same substrate having been exposed to some ox
dose. The obtained difference is ascribed to the magne
tion of adsorbed oxygen. In order to succeed such a pro
dure the accuracy of measurements should be very high
pecially when low oxygen coverage is studied. However
the sample is sealed in a container for the measurement~as
is usually done!, an imperfection of making the exactly sam

FIG. 1. TEM images of the onionlike carbon nanoparticles.
©2003 The American Physical Society10-1
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sealing for both cases~with and without oxygen! does not
allow one to extract the oxygen magnetization unambi
ously at least at low coverage. At the same time if the s
strate is exposed to oxygen adsorption just inside the m
suring system, then the problem related to the magnetiza
variation from a sealing substance disappears, and there
the additional magnetization coming from the adsorbed o
gen can be measured very precisely. Although the descr
method does not allow one to know the exact amount
oxygen adsorbed, the experimental data on oxygen mag
zation at low coverage can be treated in a proper way
scribed below.

Let us describe our experiment in detail. The magneti
tion measurements were carried out with a commer
SQUID ~superconducting quantum interference device! mag-
netometer~Quantum Design, MPMS 7!. In order to adsorb
oxygen on the surface of particles we utilized a device pe
liarity of the SQUID system containing a little amount
oxygen inside the sample chamber due to a leakage.18 The
carbon nanoparticles were put in a gelatin capsule attache
the transport rod by a straw. The mass of carbon nano
ticles in the experiment we report wasm516.22 mg. We
found out that if such a sample is kept inside the SQUID
a fixed temperature ranged from about 55 K to about 10
its magnetic moment at an applied magnetic field increa
with time. At temperatures below 55 K the magnetic mom
did not change with time. No change of the sample magn
moment was found in the case when the gelatin capsule
not contain any carbon nanoparticles. We concluded
oxygen precipitated on the capsule being a liquid at temp
tures above 55 K could penetrate the gelatin capsule an
adsorbed on the surface of the carbon nanoparticles lea
to the increase of the magnetic moment. At temperatu
below 55 K the adsorption does not occur likely due to ox
gen freezing. Then if the sample is maintained at a temp
ture above 55 K and then cooled down, the additional m
netic moment at low temperatures comes from the adso
oxygen. Since the magnetic moment before and after oxy
adsorption is measured for the same sample, the high p
sion in determination of the additional magnetic momen
easily achieved that allows one to study low oxygen cov
age accurately.

We introduced the sample into the SQUID at about 5
and measured its magnetic moment at the temperatures
exceeding 55 K, which was used as a reference value. T
the sample was heated up to 60 K and was maintained at
temperature for a different time to provide different oxyg
doses adsorbed. After this the sample was cooled down
its magnetization was measured again. Subtracting the
we obtained M2T ~magnetic moment vs temperatur!
curves andM2H ~magnetic moment vs applied magne
field! curves at the different temperatures for the magnet
tion coming from the adsorbed oxygen at different covera
values. Since we do not know the actual amount of oxyg
adsorbed hereinafter we present data with the magnetic
ment instead of the magnetization of adsorbed oxygen c
monly used.
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III. RESULTS AND DISCUSSION

In order to demonstrate the occurrence of paramagn
saturation we plotted in Fig. 2 theM2T curves measured fo
the same oxygen dose at different magnetic fields~0.05 and 7
T!. TheM2T curve at the low magnetic field is scaled for
comparison. As one can see at the low temperatures the m
netic moment at the high magnetic field is much smaller th
that ~being scaled! at the low magnetic field. It certainly
comes from the paramagnetic saturation. Note that the
temperature part of theM2T curve at a low magnetic field
can be represented by the Curie-Weiss law@M5C/(T
2u)# with the Weiss temperature,u, about23 K, which is
extracted from the linearM 212T dependence~see the inset
in Fig. 2!. As one can see the Curie-Weiss dependenc
violated at temperatures above about 12 K. The latter te
perature is the same as that for the magnetic transition
cently reported for monobilayer oxygen adsorbed on
graphite.4

For a careful analysis of the paramagnetic saturation
studiedM2H curves measured at different temperatures
the same oxygen dose. The typicalM2H curve at 2 K is
shown in Fig. 3. As we mentioned earlier we could not co
trol the exact amount of oxygen coverage. At the same t
it is clear, that, for instance, the value of the magnetic m
ment M0 at the maximal magnetic fieldH0 ~7 T in our ex-
periment! increases with coverage increase. Then it can ch
acterize the coverage. Moreover, we found out a scaling
the M2H curves, which means that after multiplication
the magnetic moment by a corresponding factor allM2H
curves exactly coincide~see the inset in Fig. 3 where the da
for minimal and maximal coverage are presented!. It allows
one to claim thatM0 is proportional to the oxygen coverag
Since M0 was varied in about 44 times in our experime
~from 0.000 64 emu to 0.028 emu!, then the oxygen coverag
was also changed in the same manner. The absolute valu
the coverage will be discussed below. TheM2H curve

FIG. 2. TheM2T curves measured for the same oxygen do
adsorbed on carbon nanoparticles at different magnetic fields.
magnetic moment at 0.05 T is multiplied by 140 for an easy co
parison. The inset shows the Curie plot for the magnetic momen
0.05 T.
0-2
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shown in Fig. 3 exhibits a saturating trend at high magne
field conventional for paramagnetic systems. Such a beh
ior might be described by the Brillouin (BS) function as19

M5NgSmBBS~j!, ~1!

whereN is the number of paramagnetic centers,g is their g
factor, andS is the value of the spin;j5gSmBH/(kBT), mB
andkB are the Bohr magneton and the Boltzmann const
Hereinafter we use the value ofg52. The best fit to the
experimental data~see Fig. 3! corresponds toS50.032. So
small a spin value of an oxygen molecule~which has unity
spin in the ground state! is unrealistic even taking into ac
count the spin reduction for a two-dimensional~2D! oxygen
system discussed elsewhere.6 The fit with the value ofS
51 is also presented in Fig. 3 for a comparison. The imp
sibility to fit the data with a realistic value of spin might b
related to the occurrence of antiferromagnetic interaction
the system. In this case instead of the applied magnetic
H in Eq. ~1! the effective oneHe f f should be substituted in
the expression forj. Usually it is written asHe f f5H
2Hint with the interaction field~in the mean-field approxi-
mation! Hint5aM . Instead of finding out the constanta that
gives the best fit, we extracted the actualHint(M ) depen-
dence, which would lead to theM2H curves observed in the
experiment. The idea we applied is very simple. It is illu
trated in Fig. 4 where theM2H curves at different tempera
tures are given. If Eq.~1! with He f f works then the points
with the sameM but at the different temperatures correspo
to the same values ofHe f f /T. From the experimental dat
we can derive the values ofH yielding the same magnitude
of the magnetic momentM at the different temperatures
Then due to the perfect linearity ofH againstT ~see the inset
in Fig. 4!, the intercept of theH(T) dependence at a certa
value ofM with Y axis gives the value ofHint at this value of

FIG. 3. The typicalM2H curve measured at 2 K for oxygen
adsorbed on carbon nanoparticles. The different fittings are
presented. The inset demonstrates the scaling of the magnetic
ment. The magnetic moment at minimal coverage is multiplied
the factor of 44 for a comparison.
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the moment, while the slope of the dependence gives
value ofHe f f /T. TheHint(M ) dependence extracted in th
way is presented in Fig. 5. We are not aware of any mo
being able to give such a dependence of the antiferrom
netic exchange field upon the magnetic moment. We cla
that the dependence in Fig. 5 is rather apparent than the
one. It likely comes from the incorrect consideration of t
oxygen spin behavior made above.

Indeed, using Eq.~1! to fit the experimental data we im
plicitly assume that all oxygen molecules contributing to t
magnetic moment have spins parallel to the magnetic field
may be correct only in the case of free molecules. Howe
it is undoubtedly wrong in the case of oxygen molecu
attached to the surface since the spin direction of an oxy
molecule is determined by its molecular axis. Let us find o
more realistic expression of magnetic moment.

so
o-

y

FIG. 4. TheM2H curves measured at different temperatur
for oxygen adsorbed on the carbon nanoparticles. The procedu
the extraction of theHint(M ) dependence with the assumption
the strong antiferromagnetic interaction in the system~see text! is
illustrated. The inset demonstrates a possibility of the proced
suggested.

FIG. 5. TheHint(M ) dependence extracted from the experime
tal M2H curves at different temperatures for oxygen adsorbed
the carbon nanoparticles with the assumption of the strong ant
romagnetic interaction in the system~see text!.
0-3
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In the case of the random distribution of the molecu
axis directions the expression

BS~j !̄5

E
0

p/2

BS@j cos~u!#cos~u!sin~u!du

E
0

p/2

sin~u!du

~2!

should be used in Eq.~1! instead ofBS(j). As one can easily
see the averaging according to Eq.~2! leads to the reduction
of the magnitude of the magnetic moment compared to
given by Eq.~1! at the same values of all the parameters. T
reduction at a low magnetic field is three times while a
high magnetic field it is two times. We will discuss the
numbers below. The fit using theBS(j )̄ function is given in
Fig. 6 showing much better agreement with the experime
data than the fit with theBS(j) function.

FIG. 6. The typicalM2H curve measured at 2 K for oxygen
adsorbed on the carbon nanoparticles. The fittings using the a
aged Brillouin function with and without spin-spin interaction a
also shown.
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Although the idea about the random spin distribution
noninteracting adsorbed oxygen molecules might explain
straightening of the experimentalM2H curve compared
with that for the free spins described by theBS(j) function,
it does not fit theM2H curve in detail. Furthermore, th
M2T dependence at the low magnetic field calculated us
the expressionM5NgSmBBS(j )̄ obeys the Curie law bu
not the Curie-Weiss one. It means that some additional
sumptions are needed to match the experimental data~it
would be possible if the fitting function is more straighten
than the one withS51).

In order to improve the fitting we may introduce a spi
spin interaction. The spin Hamiltonian can be expressed

Ĥ int522(
i . j

Ji j SW i SW j . ~3!

It is worth noting that in the system like ours the rigoro
description of the spin-spin interaction is clumsy even
neighbor spins. The latter comes from the nonparallelism
the oxygen molecules due to the tilt angle on the surfa
Since we want only to check the influence of the spin-s
interaction on the fitting but not to fit the experimental da
precisely we can limit ourselves by the simplest case of
interaction of the nearest-neighbor spins considering them
the parallel ones. In the latter case the product can be ea
calculated. Then taking into accountĤ int for the system with
S51 we obtain the following expression for the magne
moment at the random spin distribution choosingJi j 5J
5const:

M ~H,T!5NgSmB

E
0

p/2

M u~H,T!sin~u!du

E
0

p/2

sin~u!du

, ~4!

where

er-
M u~H,T!5

2FsinhS 4mBH cos~u!

kBT
D expS 2A

T
D 1sinhS 2mBH cos~u!

kBT
D coshS A

T
D Gcos~u!

2 coshS 4mBH cos~u!

kBT
D expS 2A

T
D 14 coshS 2mBH cos~u!

kBT
D coshS A

T
D 12 coshS A

T
D 1expS 2A

T
D ~5!
mo-
e
in
in-

t

andA522J/kB .
As one can see atA50 the magnetic moment given b

Eq. ~4! exactly coincides with that following from Eq.~1!

using theBS(j )̄ function instead of theBS(j) one atS51.
The use of Eq.~4! at A50.9 K allows one to improve the fi
of M2H curve significantly~see Fig. 6!. The sign ofA cor-
responds to the antiferromagnetic interaction. Then the in
duction of the antiferromagnetism explains the obser
o-
d

Curie-Weiss temperature dependence of the magnetic
ment. It is worth noting finally that the straightening of th
M2H curves due to the random distribution of the sp
directions is much stronger than that coming from the sp
spin interaction.

The specific surface area of the carbon nanoparticles,aS ,
estimated from the TEM image is about 100 m2/g. Using Eq.
~4!, which fits the experimentalM2H curves we can extrac
0-4
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MAGNETISM OF ADSORBED OXYGEN AT LOW COVERAGE PHYSICAL REVIEW B67, 144410 ~2003!
the number of the oxygen moleculesN contributing to the
magnetic moment. Then the oxygen coverager represented
as

r5
N

maS•6.3631018~m22!
~6!

can be easily calculated. The factor 6.3631018

(molecules/m2) in the denominator in Eq.~6! characterizes
the density ofA33A3 oxygen structure. We found out tha
in our experiment the oxygen coverage calculated accord
to Eq. ~6! varied from about 0.0077 to about 0.34 while
value at the state shown in Figs. 2–4 and 6 was about 0.
We have to reiterate that at the low temperatures bothM
2H curves andM2T curves exhibited scaling at differen
coverage.

Our experiment undoubtedly demonstrates the rand
ness of the spin directions of the oxygen molecules adso
on the surface. Then the geometrical averaging reduces
Curie constant of such a system compared to that for the
spins. The reduction is about 3 for not very high magnitu
of the applied magnetic field. Such a reduction could be d
tinguished even in the previous papers devoted to the s
of the magnetization of adsorbed oxygen7,11 if the low-
temperature susceptibility were carefully examined. The
comparison of the Curie constant for adsorbed oxygen w
that for free spin oxygen~but not with the reduced value!
that had been done in the recent papers on the oxygen m
netization has no sense.

The found scaling of theM2H curves~which means an
independence of their shape on the coverage! comes from an
independence of spin-spin interaction on the coverage,
on the distance between the oxygen molecules. It leads u
infer that the spin-spin interaction between the oxygen m
ecules does not occur directly but is likely realized via
substrate. The weakness of the constantA needed in order to
match the experimental dependence supports this suppos
this case the constant of the spin-spin interaction should
pend on the substrate substance. In order to check su
hypothesis we additionally examined two substrates, nam
multiwalled carbon nanotubes~MWNT’s! and MgO nano-
particles, which also may provide the randomness of
oxygen molecular axis orientations. The magnetization
oxygen adsorbed on MWNT’s did not show any differen
from that for the carbon nanoparticles while some dissi
larity was found in the case of oxygen adsorbed on the M
nanoparticles confirming our assumption.

The Weiss temperature for oxygen adsorbed on the M
nanoparticles was found from theM2T curve to be about
22 K unlike the value of23 K for oxygen on the carbon
nanoparticles. TheM2H curves for both cases~oxygen on
carbon and oxygen on MgO! are shown together in Fig. 7
clearly exhibiting the difference. The magnetization cur
described by the expressionM5NgSmBBS(j )̄ is also plotted
in Fig. 7 for a comparison. All the curves are scaled to
same value ofM0. The fitting of theM2H curves for the
MgO case~see Fig. 7! gave us the value ofA50.5 K unlike
the value ofA50.9 K for carbon. We have to remind that th
14441
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curve M5NgSmBBS(j )̄ corresponds to zero value of th
constantA. It is worth noting that the absolute values of th
constant of the spin-spin interaction are in agreement w
the values of the Weiss temperatures, i.e., the absolute v
of the Weiss temperature increases with theA increase.

Although Eq. ~4! perfectly fits the experimentalM2H
dependence at a given temperature it fails to fit theM2T
dependence at a given applied magnetic field in detail.
the ratioM0(2 K)/M0(8 K) extracted from the experimen
with oxygen on the carbon nanoparticles is about 1.42 wh
its value obtained using Eq.~4! is about 1.97. We believe tha
this discrepancy likely comes from the spin reduction eff
known for the 2D oxygen system.6 Indeed, the magnitude o
the spin reduction~and therefore the spin itself! may depend
on the temperature yielding some temperature dependen
the value considering as the constant in Eq.~4!. However, the
analysis of this spin reduction lies beyond the scope of
present paper.

Summarizing, we found an intriguing behavior of th
magnetic moment of oxygen adsorbed on different substr
at very low coverage. The analysis of correspondingM2H
and M2T curves led to a conclusion that it is an interpla
between the substrate orientation of the oxygen molec
and a weak antiferromagnetism of unit spins occurring
the substrate that shows such a behavior. This conclu
brings in the idea that the interaction of the oxygen m
ecules with the substrate~being neglected in previous work!
plays a crucial role~at least at low coverage! on the physical
properties of the system.
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FIG. 7. The typicalM2H curves measured at 2 K for oxygen
adsorbed on the carbon nanoparticles and on the MgO nano
ticles. The dashed lines fit theM2H curves using the average
Brillouin function with spin-spin interaction. The averaged Br
louin function without spin-spin interaction is plotted for a compa
son.
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