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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 substfatEing neglected in previous worklays a crucial role
on the physical properties of the system.
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[. INTRODUCTION ness of the graphitic shells orientations yields the random-
ness of the oxygen molecular axis orientations.

The study of magnetic properties of oxygen adsorbed on a The onionlike carbon nanoparticles are synthesized utiliz-
surface has a long history. The interest particularly is causetlg the same experimental setup as we used to control the
by the ability of oxygen to create a magnetic phase at lowsize, morphology, and crystalline phase of silica and titania
temperatured:® Being adsorbed on different substrates oxy-nanoparticles during their formation in flamés*’ The par-
gen can form amorphous layers which are a convenierficles were generated as a result of the acetylene conversion
ground to test theoretical models describing magnetic sysh @ co-flow oxy-hydrogen diffusion flame that is irradiated
tems. At the same time, despite many years of study of oxyPy the laser beam. The detail description of the particle syn-
gen magnetism, many important aspects of its behavior rethesis is going to be done in a forthcoming paper. The trans-
main open. So, for low oxygen coverage the Carefu|miSSi0n electron microscop(@EM) images of the particles
measurements of oxygen magnetization are lacking. Notare shown in Fig. 1. As one can see in Fig. 1 the synthesized
that in the papers devoted to the study of magnetism of oxypar_tiples are identical in structure and do not have any im-
gen adsorbed on different substrates the main attention wasirities.
paid to the study of thé! — T curves’ 3 which may bring
only the general information on magnetic behavior. Such de-
tails as the characteristics of the oxygen spin-spin interaction Il. EXPERIMENTAL APPROACH

and its interaction with the substrate could be extracted from o
peculiarities of th —H curves at low temperatures appear- The magnetization of oxygen adsorbed on a substrate can

ing against paramagnetic saturation. However, such experp—e derl\_/ed _from the experlmenta_l data as folloyvs. First, the
ments have not been done yet. It is worth mentioning that fof@gnetization of the substrate is measured in an applied
the analysis of the oxygen magnetization measurements tfgagnetic field. Then it is sgbtracted from the magnetization
reliable information on the orientation distribution of oxygen ©f the same substrate having been exposed to some oxygen
molecular axes is needed. The best case for the analysis q_ig)se. The obtained difference is ascribed to the magnetiza-
the one when all the axes are parallel. However, such a cadl@n of adsorbed oxygen. In order to succeed such a proce-
is unlikely achieved in the experiment due to the usual nondure the accuracy of measurements should be very high, es-
perfect parallelism of the adsorbing surfaé8dhe possible  Pecially when low oxygen coverage is studied. However, if
tilt angle (as well as its distributionof the oxygen molecule the Sample is sealed in a container for the measureniasits

on the surface also leads to a lack of the oxygen axis paralS Usually dong an imperfection of making the exactly same

lelism. Another possible case, which can be analyzed, is re
alized at the random orientation distribution of the oxygen |
molecular axes. This is easily achieved at the random orien:
tation distribution of the adsorbing surfaces.

In the present work we carefully investigate the magnet
zation of oxygen adsorbed on the surface of onionlike carbor
nanoparticles at low oxygen coverage. These particles con
sist of contiguous graphitic shellsvhich are the ideal sub-
strate for oxygen adsorptianThe choice of the onionlike
carbon nanoparticles for this research is caused by the pal
ticle purity and uniformity that is crucial for an analysis of
the experimental results. Let us emphasize that the random- FIG. 1. TEM images of the onionlike carbon nanoparticles.
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sealing for both casegvith and without oxygehdoes not 0,025
allow one to extract the oxygen magnetization unambigu- )
ously at least at low coverage. At the same time if the sub- l X
strate is exposed to oxygen adsorption just inside the meaz 0.020 X
suring system, then the problem related to the magnetizatiorg,
variation from a sealing substance disappears, and thereforg ¢ g15 | ]
the additional magnetization coming from the adsorbed oxy- £ | "= ({‘K
gen can be measured very precisely. Although the describe(g \lq Y
method does not allow one to know the exact amount of.S 0010+ '%QQ Temperaure (K}
oxygen adsorbed, the experimental data on oxygen magnetig, T iﬁ.iloluogulDlGlOlgloillnlun
zation at low coverage can be treated in a proper way de-g 0.0054 —— Scaled from 0.05 T
scribed below. ) —a—7T

Let us describe our experiment in detail. The magnetiza- 0.000 . : . : _ : . .
tion measurements were carried out with a commercial ) 10 20 30 40
SQUID (superconducting quantum interference devinag-
netometenQuantum Design, MPMS)7 In order to adsorb
oxygen on the surface of particles we utilized a device pecu- FIG. 2. TheM —T curves measured for the same oxygen dose
liarity of the SQUID system containing a little amount of adsorbed on carbon nanoparticles at different magnetic fields. The
oxygen inside the sample chamber due to a IeaP(%lQ'éle magnetic moment at 0.05 T is multiplied by 140 for an easy com-
carbon nanoparticles were put in a gelatin capsule attached giirison. The inset shows the Curie plot for the magnetic moment at
the transport rod by a straw. The mass of carbon nanopap-'05 T
ticles in the experiment we report was=16.22 mg. We
found out that if such a sample is kept inside the SQUID at
a fixed temperature ranged from about 55 K to about 100 K |n order to demonstrate the occurrence of paramagnetic
its magnetic moment at an applied magnetic field increasesaturation we plotted in Fig. 2 thd — T curves measured for
with time. At temperatures below 55 K the magnetic momenthe same oxygen dose at different magnetic fi¢0d85 and 7
did not change with time. No change of the sample magnetid@). TheM —T curve at the low magnetic field is scaled for a
moment was found in the case when the gelatin capsule didomparison. As one can see at the low temperatures the mag-
not contain any carbon nanoparticles. We concluded thatetic moment at the high magnetic field is much smaller than
oxygen precipitated on the capsule being a liquid at temperahat (being scalef at the low magnetic field. It certainly
tures above 55 K could penetrate the gelatin capsule and s@mes from the paramagnetic saturation. Note that the low
adsorbed on the surface of the carbon nanoparticles leadiigmperature part of the1 —T curve at a low magnetic field
to the increase of the magnetic moment. At temperature§an be represented by the Curie-Weiss |a=C/(T
below 55 K the adsorption does not occur likely due to oxy-— )] with the Weiss temperature, about—3 K, which is
gen freezing. Then if the sample is maintained at a tempera@xtracted from the lineavl ~*—T dependencésee the inset
ture above 55 K and then cooled down, the additional magll Fig- 2. As one can see the Curie-Weiss dependence is
netic moment at low temperatures comes from the adsorbeyf°lated at temperatures above about 12 K. The latter tem-
oxygen. Since the magnetic moment before and after OxygeRerature is the same as th_at for the magnetic transition re-
adsorption is measured for the same sample, the high prec‘f—ently. rizported for manobilayer oxygen adsorbed on the
sion in determination of the additional magnetic moment isgraph|te. . . .

For a careful analysis of the paramagnetic saturation we

easily achieved that allows one to study low oxygen COVETStudiedM — H curves measured at different temperatures for
age accurately.

. . the same oxygen dose. The typiddl—H curve @ 2 K is
We introduced the sample into the SQUID at about 5 Ky in Fig. 3. As we mentioned earlier we could not con-

and measured its magnetic moment at the temperatures nh the exact amount of oxygen coverage. At the same time
exceeding 55 K, which was used as a reference value. Thefis clear, that, for instance, the value of the magnetic mo-
the sample was heated up to 60 K and was maintained at thfﬁentMo at the maximal magnetic fieltl, (7 T in our ex-
temperature for a different time to provide different oxygenperimeny increases with coverage increase. Then it can char-
doses adsorbed. After this the sample was cooled down argtterize the coverage. Moreover, we found out a scaling of
its magnetization was measured again. Subtracting the datRe M —H curves, which means that after multiplication of
we obtained M—T (magnetic moment vs temperatire the magnetic moment by a corresponding factorNa# H
curves andM —H (magnetic moment vs applied magnetic curves exactly coincidésee the inset in Fig. 3 where the data
field) curves at the different temperatures for the magnetizafor minimal and maximal coverage are presentédallows

tion coming from the adsorbed oxygen at different coveragene to claim thaiM is proportional to the oxygen coverage.
values. Since we do not know the actual amount of oxygersince M, was varied in about 44 times in our experiment
adsorbed hereinafter we present data with the magnetic md¢from 0.000 64 emu to 0.028 emuhen the oxygen coverage
ment instead of the magnetization of adsorbed oxygen comwas also changed in the same manner. The absolute value of
monly used. the coverage will be discussed below. TMe—H curve
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FIG. 3. The typicalM —H curve measuredte K for oxygen FIG. 4. TheM—H curves measured at different temperatures
adsorbed on carbon nanoparticles. The different fittings are alsg,, oxygen adsorbed on the carbon nanoparticles. The procedure of
presented. The inset demonstrates the scaling of the magnetic M@ye extraction of theH,, (M) dependence with the assumption of
ment. The magnetic moment at minimal coverage is multiplied byine strong antiferromagnetic interaction in the systeee text is
the factor of 44 for a comparison. illustrated. The inset demonstrates a possibility of the procedure

o o . . _suggested.
shown in Fig. 3 exhibits a saturating trend at high magnetic

field conventional for paramagnetic systems. Such a behathe moment, while the slope of the dependence gives the
ior might be described by the BrillouirBg) function as® value ofH¢/T. TheH,,«(M) dependence extracted in this
way is presented in Fig. 5. We are not aware of any model
being able to give such a dependence of the antiferromag-
netic exchange field upon the magnetic moment. We claim
that the dependence in Fig. 5 is rather apparent than the real
one. It likely comes from the incorrect consideration of the
oxygen spin behavior made above.

Indeed, using Eq(l) to fit the experimental data we im-
citly assume that all oxygen molecules contributing to the
magnetic moment have spins parallel to the magnetic field. It
may be correct only in the case of free molecules. However,
it is undoubtedly wrong in the case of oxygen molecules

: . ; . attached to the surface since the spin direction of an oxygen
count the spin reduction for a two-dimensioab) oxygen molecule is determined by its molecular axis. Let us find out

system discussed elsewh&@&@he fit with the value ofS more realistic expression of magnetic moment
=1 is also presented in Fig. 3 for a comparison. The impos- '

M=NgSugBs(¢), oY)

whereN is the number of paramagnetic centagss their g
factor, andSis the value of the spiné=gSugH/(kgT), ug
andkg are the Bohr magneton and the Boltzmann constantpli
Hereinafter we use the value gf=2. The best fit to the
experimental datésee Fig. 3 corresponds t&=0.032. So

small a spin value of an oxygen molecuighich has unity

spin in the ground statds unrealistic even taking into ac-

sibility to fit the data with a realistic value of spin might be

related to the occurrence of antiferromagnetic interaction in 50000+ »
the system. In this case instead of the applied magnetic fielc y .
H in Eq. (1) the effective oneH,;; should be substituted in 40000+ =
the expression foré. Usually it is written asHg¢=H —_ T -
—H;; with the interaction fieldin the mean-field approxi- é 30000+ .
mation H;,;= aM. Instead of finding out the constaatthat z I "

gives the best fit, we extracted the actih), (M) depen- = 20000 e

dence, which would lead to thd —H curves observed in the ] e

experiment. The idea we applied is very simple. It is illus- 10000+ -.,.-'

trated in Fig. 4 where th® —H curves at different tempera- ] ant o

tures are given. If Eq(l) with Hg¢; works then the points 04

with the sameM but at the different temperatures correspond 0.000 0005 0010 0.015

to the same values dfi.;/T. From the experimental data
we can derive the values &f yielding the same magnitudes
of the magnetic momenk at the different temperatures.  F|G. 5. TheH;,,(M) dependence extracted from the experimen-
Then due to the perfect linearity &f againstT (see the inset  tal M—H curves at different temperatures for oxygen adsorbed on
in Fig. 4), the intercept of théd(T) dependence at a certain the carbon nanoparticles with the assumption of the strong antifer-
value ofM with Y axis gives the value dfi;,; at this value of = romagnetic interaction in the systefsee text

Magnetic moment (emu)
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0.015 Although the idea about the random spin distribution for
e noninteracting adsorbed oxygen molecules might explain the
;:E? straightening of the experimentdl —H curve compared
o with that for the free spins described by tBe(£) function,
g 00101 it does not fit theM —H curve in detail. Furthermore, the
(3] . . .
g @ Experimental data M —T dependence at the low magnetic field calculated using
€ — Fitting with averaged the expressiorM =NgSugBg(£) obeys the Curie law but
%’ 0.005 Brillouin function without not the Curie-Weiss one. It means that some additional as-
S spin-spin interaction sumptions are needed to match the experimental ¢ata
S T g't.t'"g.w'th averaged would be possible if the fitting function is more straightened
fillouin function with than the one witt5=1)
spin-spin interaction . ) e . .
0.000 In order to improve the fitting we may introduce a spin-
; T 0000 40000 60000 80000 spin interaction. The spin Hamiltonian can be expressed as
Magnetic field (Oe) . .
FIG. 6. The typicalM —H curve measuredt® K for oxygen Hint 2i§>:j Ji S S’ ' &

adsorbed on the carbon nanoparticles. The fittings using the aver-
aged Brillouin function with and without spin-spin interaction are It is worth noting that in the system like ours the rigorous
also shown. description of the spin-spin interaction is clumsy even for
neighbor spins. The latter comes from the nonparallelism of
In the case of the random distribution of the molecularthe oxygen molecules due to the tilt angle on the surface.
axis directions the expression Since we want only to check the influence of the spin-spin
interaction on the fitting but not to fit the experimental data
precisely we can limit ourselves by the simplest case of the
interaction of the nearest-neighbor spins considering them as
s (2)  the parallel ones. In the latter case the product can be easily
f sin(6)d 6 calculated. Then taking into accoufit,, for the system with
0 S=1 we obtain the following expression for the magnetic
moment at the random spin distribution choosidig=J

T

. /285[5 cog 6)]cog H)sin(9)d o

Bs(é)=

should be used in Edl) instead oBg(£). As one can easily

see the averaging according to Eg) leads to the reduction —const
of the magnitude of the magnetic moment compared to that 2
given by Eq.(1) at the same values of all the parameters. The f My(H,T)sin(#)de
reduction at a low magnetic field is three times while at a _
high magnetic field it is two times. We will discuss these M(H.T)=NgSue w2 ' @)
numbers below. The fit using tH&g(£) function is given in JO sin(9)dg
Fig. 6 showing much better agreement with the experimental
data than the fit with th&(&) function. where
|
4ugH cog h) —-A 2ugH cog ) A
2| sinf —————|expg — | +sinf ————— |cosh —| |cog 0)
kgT T kgT T
My(H,T)= ®
4ugH cog 6) —A 2ugH cog 0) A A 2A
2 cosh ——————|exp — | +4 cosh ———————|cosh = | +2 cosh = | +exp —
kgT T kgT T T T
|
andA=—2J/kg. Curie-Weiss temperature dependence of the magnetic mo-

As one can see &=0 the magnetic moment given by ment. It is worth noting finally that the straightening of the
Eqg. (4) exactly coincides with that following from Eq1) M—H curves due to the random distribution of the spin
using theBg(&) function instead of thdg(£) one atS=1.  directions is much stronger than that coming from the spin-
The use of Eq(4) at A=0.9 K allows one to improve the fit spin interaction.
of M—H curve significantly(see Fig. . The sign ofA cor- The specific surface area of the carbon nanopartielgs,
responds to the antiferromagnetic interaction. Then the introestimated from the TEM image is about 108/g1 Using Eq.
duction of the antiferromagnetism explains the observed4), which fits the experimentdl —H curves we can extract
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the number of the oxygen molecul®&scontributing to the 1.2
magnetic moment. Then the oxygen coveragepresented @
as 5
£
@© 0.8
= N (6) i
P mas 6.36< 10%(m 2 £
g Carbon nanoparticles
can be easily calculated. The factor 6QBE® g 041 * X'go ”a':fga.ﬁt'd.esf :
(molecules/r) in the denominator in Eq6) characterizes & m;li?rzzgf spa;fs?,?.:nin‘f:gg;n
the density ofy3x 3 oxygen structure. We found out that &
in our experiment the oxygen coverage calculated accordinyE 0.0-
to Eq. (6) varied from about 0.0077 to about 0.34 while its ‘

value at the state shown in Figs. 2—4 and 6 was about 0.165 0 20000 40000 60000 80000
We have to reiterate that at the low temperatures bdth
—H curves andV —T curves exhibited scaling at different

coverage. FIG. 7. The typicalM —H curves measured & K for oxygen

Our experiment undoubtedly demonstrates the randomsgsorbed on the carbon nanoparticles and on the MgO nanopar-
ness of the spin directions of the oxygen molecules adsorbegties. The dashed lines fit thiel —H curves using the averaged
on the surface. Then the geometrical averaging reduces thillouin function with spin-spin interaction. The averaged Bril-
Curie constant of such a system compared to that for the freiguin function without spin-spin interaction is plotted for a compari-
spins. The reduction is about 3 for not very high magnitudeson.
of the applied magnetic field. Such a reduction could be dis-

tinguished even in the previous papers devoted to the study,rye m =NgSugBg(£) corresponds to zero value of the

of the magnetization of adsorbed oxygeh if the low-  constantA. It is worth noting that the absolute values of the
temperature susceptibility were carefully examined. Then &onstant of the spin-spin interaction are in agreement with
comparison of the Curie constant for adsorbed oxygen withne valyes of the Weiss temperatures, i.e., the absolute value
that for free spin oxygertbut not with the reduced vallie  of the Weiss temperature increases with gincrease.

that had been done in the recent papers on the oxygen mag- Although Eq.(4) perfectly fits the experimenta¥l —H

netization has no sense. _ dependence at a given temperature it fails to fit ke T

_ The found scaling of thé! —H curves(which means an  gependence at a given applied magnetic field in detail. So,
independence of their shape on the coveyagenes from an  q ratioM (2 K)/Mo(8 K) extracted from the experiment
independence of spin-spin interaction on the coverage, i.€yjith oxygen on the carbon nanoparticles is about 1.42 while
on the distance between the oxygen molecules. It leads us )¢ obtained using E¢4) is about 1.97. We believe that
infer that the spin-spin interaction between the oxygen moly,is giscrepancy likely comes from the spin reduction effect
ecules does not occur directly but is likely realized via aynown for the 2D oxygen systefiindeed, the magnitude of
substrate. The weakness of the constaneeded in order to 4o spin reductiortand therefore the spin itsglfnay depend
match the experimental dependence supports this suppose. 4 ihe temperature yielding some temperature dependence of
this case the constant of the spin-spin interaction should dgpe yaue considering as the constant in &g. However, the

pend on the substrate substance. In order to check such @ ysis of this spin reduction lies beyond the scope of the
hypothesis we additionally examined two substrates, ”amehbresent paper.

multiwalled carbon nanotube®/WNT's) and MgO nano- Summarizing, we found an intriguing behavior of the

particles, which also may provide the randomness of then,gnetic moment of oxygen adsorbed on different substrates
oxygen molecular axis orientations. The magnetization ot very low coverage. The analysis of correspondihg H
oxygen adsorbed on MWNT's d'd.nOt ShO.W any dlffe_rer_lcgand M —T curves led to a conclusion that it is an interplay
from that for the carbon nanoparticles while some dissimiyeqyeen the substrate orientation of the oxygen molecules
larity was found in the case of oxygen adsorbed on the MgQ,y 5 weak antiferromagnetism of unit spins occurring via
nanoparnc!es confirming our assumption. he substrate that shows such a behavior. This conclusion
The Welss temperature for oxygen adsorbed on the Mg rings in the idea that the interaction of the oxygen mol-
nanoparticles was found from tié —T curve to be about  g¢jes with the substrateeing neglected in previous wark

—2 Kuunlike the value of-3 K for oxygen on the carbon  yjavs 4 crucial roldat least at low coveragen the physical
nanoparticles. Thé1 —H curves for both case®xygen on properties of the system.

carbon and oxygen on MgCare shown together in Fig. 7
clearly exhibiting the difference. The magnetization curve
described by the expressidh=NgSugBg(€) is also plotted

in Fig. 7 for a comparison. All the curves are scaled to the The authors thank H. C. Ri at Korea Basic Science Insti-
same value oM. The fitting of theM —H curves for the tute for assistance in measurements. The work was funded by
MgO case(see Fig. 7 gave us the value A=0.5 K unlike  the Creative Research Initiatives Program supported by the
the value ofA=0.9 K for carbon. We have to remind that the Ministry of Science and Technology, Korea.
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