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The magnetic susceptibilityy) and magnetization of oxygdi®,) monolayers and multilayers physisorped
on exfoliated graphite have been investigated in order to elucidate the magnetic and melting transitions in the
two-dimensional(2D) system. An anisotropy of in the dense monolayer phase has been observed below
Tny=11.9+0.1 K. The magnetization process shows the precursor of the spin-flop transition, which is esti-
mated to occur in the magnetic-field regiort61<<7 T atT=5.0 K. These experimental results confirm the
existence of magnetic long-range order belby. The exchange field between nearest-neighbon@lecules
in a monolayer is estimated as 70% of that of bulk. @he anisotropy in the fluid-1l phase has also been
observed, which means that,®nolecules in this phase have orientational order. In the bilayer region, the
second Q layer is not only ordered magnetically, but the magnetic ordering of the first layer is also destroyed
in a magnetic field when the second layer coverage exceeds 65% of the full coverage of the second layer.
These results are discussed in relation to a random-exchange field effect between the first and second layers,
which are incommensurate to each other. The feature of melting transitions in the multilayer region is de-
scribed in terms of surface melting50163-182@06)03430-3

I. INTRODUCTION the ¢ phase to a deformed triangular lattice,phase, and
identified it as an antiferromagnetic phase. The magnetic dis-
Oxygen is a unique gas which has the s@is1 and tortion was also observed in XRD measuremériecently,

becomes a magnetic insulator in the condensed phase. B&#e have observed more clearly the antiferromagnetic Bragg
cause of the direct-exchange interaction between moleculegeak of thee phase by ND measuremetts® and an
the bulk solid of O, undergoes a transition to an antiferro- anomaly ofy at Ty=11.9+0.1 K?***However, any anisot-
magnetic ordered state below 23.9 K. The interaction is contOPY of x could not be observed beloWy. In the LEED
sidered to be Heisenberg-liké.The easy axis of the spin is Measurements the magnetic transition was also not observed

,29
perpendicular to the molecular axis whose small anisotropt the temperatur’

comes from the anisotropy of the molecular of$i0, mol- In this paper, we report a more detailgdmeasurer_nent
ecules physisorped on graphite grow in a Iayer-by-layerand magnetization process focusing on the magnetic phase
fashion'® and have a two-dimension&D) incommensurate transitions of th_e mono- and bllayer regions. Here, we have
lattice referred to the graphite lattice. So, we can expect 8 bserved the_ difference bet\{veQn!n the direction parallel

and perpendicular to the spin axis beld@w. The perpen-

get an ideal substance to study a 2D Heisenberg antiferrgs. L . . )
. . dicular susceptibilityy, approximately agrees with a spin-
magnetic spin system.

In the last two decades this system has been extensive ave theory for the 2D Heisenberg model. The high-field

. X db . | hod | agnetization process shows the precursor of the spin-flop
nvestigated by r?i%y experimental metho fl’_';‘?me Y, X-T@¥ransition in thes phase though the transition is not directly
diffraction (XRD),”"neutron diffraction(ND),"""suscep-  gnserved up téd =5.5 T. These experimental results confirm

tibility (x),""~*" heat capacity?~**low-energy electron dif- o existence of the magnetic long-range order in ¢he
f_raction(LEED),ii;igreflection high-energy electron diffrac- phase. An anisotropy of is also observed in the fluid-Il
tion - (RHEED), "™ electron  energy-loss = Spectroscopy phase. In the bilayer region, the second layer, which is the
(EELS),” ™" photoelectron spectroscopy(XPS = and  next.nearest-neighbor layer to the graphite surface, is not
UPS, resonance electron scattermi@E?o, ©T near-  ordered magnetically though the first layer is ordered. In the
edge x-ray-absorption fine SUUCUMEXAFS)™ and many  coyerage regiorC>2.8, the magnetic ordering of the first
theoretical works!™*” From the structural studies it was layer atTy also disappears. These results are discussed by a
found that this system has many phases depending on tefisnqom field effect between the first and second layers. Fi-
perature and @ coverageC. The coverag&=1 is defined )1y the melting features in the multilayer region are de-

in this paper so as to form the triangu_léﬁx \/§ superlattice  scribed, which are consistent with surface melting proposed
referred to the graphite lattice. In a simplified phase diagranpy the previous ND experiment&*

of the monolayer, there are two principal phases, the dilute

1) anq dense and ¢ phases, Whpse molecular axes are, re- Il EXPERIMENTAL PROCEDURE
spectively, parallel and perpendicular to the graphite surface.
The studies of magnetic properties of, Gnonolayers Three types of exfoliated graphite have been tried as a

have been pioneered by Nielsen and McTaté.In ND  substrate, i.e., Grafoff vermicular graphité® and home-
experiments they revealed the structural phase transition ahade exfoliated graphite which was made by a careful ex-
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foliation from an HNO;-graphite intercalation compound.

We used Grafoil in the course of the present experiments x10™"!
because it has a large surface area and a good parallelism of K L A B I
the adsorption plane and its small in-plane coherghdil &; g H=10T CV" o
not affect the quality of the observed The Grafoil was k3] 2 /413
baked out at 800 °C for a week to remove adsorbed impuri- g 1F RY C=2.00 ... S —
ties. The surface area was measured by the Brunauer- 2 e - :
Emmett-Teller(BET) method* with use of nitrogen gas. A 20 &C=170 .................... /'*B“
coverage of an ©film was determined from the surface area %0 E w C=1.40 NAB ]
of grafoil and the dose of @gas. R Sp— e ———_o,
The measurements gof were carried out with a SQUID U%)O o Cfl:go/"".ﬁ 4
magnetometer. In order to obtain the net valueyodf the T "f“ ]
O, monolayer we must subtract the of Grafoil from the ) 10 20 30 40 50
observed value for @on Grafoil. They of Grafoil includes Temperature (K )
the diamagnetism of graphite and paramagnetic impurities
(at a concentration of about ), which give a much FIG. 1. Temperature dependenceygH|S) of O, for different

larger value than the ©@ monolayers. The weight of the monolayer coverages in the direction of the field parallel to the
Grafoil used in these experiments was about 50 mg, whiclGrafoil surface H=1 T). The arrowsA, B, C, andD indicate the

has an effective surface area of about 1.2 i sample cell ~ melting temperature of thé phase, the first layer, the second layer
was made of Stycast No. 1266 which has a low concentratioff the ¢ phase, and the—{ magnetic phase transition temperature.

of magnetic impurities and does not generate r_10ise from IIl. EXPERIMENTAL RESULTS
eddy currents. In order to exchange a sample easily, we used o ) )
a soap seal as a vacuum s&irlhe size of the sample space A. Susceptibility of mono- and bilayer regions

in the cell was 5 mm in diameter and 6 mm in length. The Figure 1 shows the temperature dependence of the dc sus-
sample cell was connected with a pipeline which was led taeptibility x(H||S) parallel to the Grafoil surface for
a gas handling system. The pressure of gas was moni- C=1.00, 1.40, 1.70, and 2.00, ai=1 T. Hereafter,
tored by a diaphragm gauge. x(H||S) andx(HLS) stand for they with the magnetic field

The growth of the @ monolayers was carefully carried parallel and perpendlculgr to the Grafoil surface, respec-
out as follows. The sample cell was cooled down toltively. The unit of the ordma.t(éemu/cmz) means the a}bso-
T=54.5 K and G gas was introduced; the temperature wagdute value ofx of O, per unit surface area of Grafoil. An
chosen just above the triple temperatufig£54.35 K) of ~ anomaly ofy at T=30.5£0.1 K for C=1.00 (arrow A)
bulk O, because the wetting transition occursTat>® Dur- corresponds to the mgltmg transition of tidephase. The.:
ing the introduction of gas, the pipeline was heated in orde(r‘hange ofy at the melting temperature seems to be continu-

. . ous: the precursory behavior is observed below the melting
to avoid condensation of bulk £on any place other than the
mperature. The arroB at T=38.4+0.1 K for C=1.40
sample. The crystal growth was made by many steps of small .
doseps of Q gasyinste%d of one shot dosey othe¥\Nisei)we coul nd 1.70 shows the melting temperature of the monoldyer

o hase. FoIC=1.40, thes phase coexists with thé phase.
not get good samples. Measurements of the equilibrium presyy anomalyD at Ty=11.9+0.1 K indicates the: — ¢ anti-

sure at each dose gave us the isotherm curve, in which SOmg, o nagnetic phase transition. The definitionTaf and the
steps could be obtained corresponding to the layer-by-lay€feailed description of the— ¢ transition is given in the next

growth. This isotherm curve was used for a confirmation ofsgction. For c=2.00 x shows a two-step change at

the quantity of adsorbed £ When the dose of the adsorbed 38 4+0.1 and 39.6:0.1 K denoted by the arrow@ andB,

O, reached a desired coverage, the sample cell was isolatggspectively. These temperatures are considered the melting

from the gas handling system. Next, the sample was cooleémperatures of first and second layers, respectively, as pro-

down gradually and annealed for at least 30 min at the meltposed by XRD measuremerit&Namely, in the XRD model

ing temperatures of the Olayer. there is then phase between these temperatures, which con-
In the usual cases we applied a magnetic field and measists of a solid first layer and a fluid second layer. The cov-

suredy with increasing temperature. After measuripgup  erage dependence of the changeg at T=38.4 and 39.0 K

to 50 K, we introduced the next dose of,@nd repeated this s consistent with this model as described later.

process. They during cooling was measured sometimes to  These temperatures of melting and magnetic transitions

check the hysteresis of phase transitions. Afteryalinea- are consistent with the previous experimental

surements had been done, the ®as completely desorbed results’12?2-The melting temperature of thé phase is

at a high temperatureT(>100 K), and they for Grafoil was  increased froniT=25.5 to 31.8 K as the coverage increases

measured again in order to check a changge for the back- from C=1.0 to 1.2. The previous LEED experiments pro-

ground. In almost all the cases, the change iof the sub-  posed the existence oftaphase above the melting tempera-

strate was negligible, compared wighof O, monolayers. ture of thed phase, which is believed to be a 2D solid with

We carried out the detailed measurements for the magnetic molecular axis disordé’. However, we could not observe

fields H=0.05, 0.5, and 1 T. The results were almost theany evidence of thé phase in they measurements. The

same for all fields, so we show the data fé=1 T, which  melting temperature of monolayémphase and the— ¢ tran-

had the best statistics. sition temperature have no coverage dependence. This means
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= = layer (C=1.90) near thes — ¢ magnetic phase transition tempera-
0 10_ 20 30 40 50 60 ture atH=1.0 T. Thex(H||S) andx(HL S) are denoted by closed
Temperature (K) circles and squares, respectively. The open circles and squares in-
dicate the parallel ;) and perpendiculary{,) susceptibility, re-
FIG. 2. Temperature dependencey¢H|S) andx(HLS) ofthe  gactively. The solid lines indicate the susceptibilities from a spin-

dense @ monolayer €=1.90) atH=1.0 T, which are denoted by 5ye theory of a 2D Heisenberg antiferromagnet in a square lattice,
open and closed circles, respectively. for Jyn=27.8 and 22.2 K.

the density of the/ phase is not changed with coverage,
which is consistent with the XRD experimefit§he LEED
experiment reported previously two different monolayer

hases in the phase, that is{1 and{2 phases and found ! S
fhe tran;itionqtgmperature Iat{: 18 Kgbe{\)/veen the'l a:d continuous change of below Ty, which is in contrast to the
usual first-order transition with lattice distortion. The open
l2 phase§.7 However, we could not or?serve any anomaly Ofcircles and squares in Fig. 3 dengieandy, , which are thep
2(C23t2;sv\}: n;gg;tu;ecorr?tga'r?]?naﬂc:; @;n;rzg?‘flgﬂagg\s/eg?geparalIeI and perpendiculay to the spin direction, respec-
bulk O,, the 3D antiferromagnetic and paramagnetic phaseé',\zzl)i' S;leycggiigeegﬁciﬁef:g? dgr]r? d?;fi%m?(gr:'ﬂ)fsihgnc? .
respectively. X(FL5) by 9 : Ys
Figure 2 shows the temperature dependencg (¢f]S) tal axis of the Q monolayer in the plane and the mosaic
and y(HLS) in the dense monolayer coverage regionspread of the monolayer coming from the structure of
Grafoil. Here, we do not take account of the tilt angle of the
(C=1.90). T-heX(H”S) aan(HLS) are denoted by open molecular axis proposed by the recent RIR&fs 25 and
and closed circles, respectively. The temperature dependengg) and NEXAFS(FI)?el‘O 47 ex)p/)eriments If the rﬁolecular
of x(HLS) is almost the same as that pfH||S). However, > ' " .
there are two differences. One is the anisotropyah the ;;(Iértgihthe effect should convolute with the mosaic effect
zeggizeilst?ﬁé ljn(i:lseostfcrjlbecqul?ntgiig?:(tIﬁecrt:aovr;olgsdﬁg?:i;sTh The solid line in Fig. 3 indicates the calculated result for
; . by - np : spin-wave theory in the case of a 2D Heisenberg antiferro-
two kinds of fluid phases were reported, i.e., fluids | and ”'ma net with a sauare lattiGd Here the interaction
Fluid 1, Which_is a higher-tempergture_ phase, is considered t?J 9227.8 K) is deguced indepeﬁdently from the observed
be a normal I|qu_|d phase, while in fluid Il a very proad peak; t’\(‘a’\;molecular distance between, @olecules in our recent
was 05’;?%"90' in the XRD measurement in this coveragyp measurement® and the experimental distance depen-
region.*~"The structure of fluid Il in this coverage region is dence of the direct exchange energy obtained from the esti-
not clear. The observed anisotropyysuggests at least that

in fluid 1l the molecular axis does not have a random distri-mated exchange energy in some bulk phasessee Eq.

2 . .
bution though the translational symmetry may be almost los (4)]." The theoretical value of agrees with they, at a

The anisotropy between 32 and 38 K in Fig. 2 is attributed t ow-temperature region except for a small temperature de-
a small admixture of thé phase fory(H.L S) pendence. This seems to show that the spin-wave theory is

effective in the 2D system. However, the calculated curve for

Jun=22.2 K, which is deduced from the, measurements,

is not in good agreement compared with the for
Figure 3 shows the temperature dependencg (¢f|S) Jun=27.8 K. The detailed discussion will be given in Sec.

and y(HLS) around thes — ¢ magnetic phase transition at IV A.

C=1.90. Thex(H||S) and x(HLS) are denoted by closed  An interesting feature of is that the value af =0 K is

circles and squares, respectively. Thgsshow an anomaly about 2/3 of that affy. In a normal antiferromagnet, the

atTy=11.9+0.1 K, which is determined from an onset tem- x| becomes zero nedr=0 K. In this system the Van Vleck

perature of the separation gf(H||S) and x(HLS). There  paramagnetism does not appear because the first excited state

are two important features; one is the anisotropy dfelow
Tn, Which directly indicates the existence of a long-range-
order antiferromagnetic state in thephase’’ the other is the

B. £ —¢ magnetic phase transition
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FIG. 4. The field dependence of the magnetization for the cov- FIG. 6. The coverage dependence of the exchange field obtained
erageLL=0.60 (6 phasg¢ andC=1.70 (¢ phas¢ atT=5.0 K. The from the magnetization process in the direction of the field perpen-
closed and open symbols correspond to the direction parallel angicular to the Grafoil surface at=5.0 K.

perpendicular to the Grafoil surface, respectively. The dashed lines
are guides to the eyes. phase C=1.70, 1.90. The Dy for the § phase is almost

constant, while th® y for thee phase increases significantly
is a singlet state and its energy is more thafi H@bove the aboveH=23.0 T. This increase dfl(H|S) is considered as a
ground state. At this stage this phenomenon is not undeprecursor of the spin-flop transition. In bulk,@he spin-flop
stood. One possibility is the effect of tilting of the molecular transition is observed ai=6.9 T (T=4.2 K).1"> From the
axis: the correction for the effect will reduce the value of observed tendency at high fields the spin-flop transition in
X| - Another possibility is that another magnetic phase tranthe monolayeke phase is estimated to occur betweér 6
sition exists at a lower temperature. and 7 T. These results are another evidence of the magnetic

long-range order in the phase.

C. Magnetization process The exchange fieltHg is estimated by the formula

The magnetization NI) process atT=5.0 K for (1)
C=0.60 (6 phas¢ and 1.70 ¢ phase is shown in Fig. 4 by
circles and squares, respectively. The open and closed symtereM is the sublattice magnetization. Tle is obtained
bols denote, respectively the magnetization in the field direcfrom the magnetization processes dfl(H||S) and
tion parallel M (H||S)] and perpendiculdM (HLS)]tothe M(HLS) by considering the mosaic structure of Grafoil.
Grafoil surface. ForC=0.60, M(H||S) and M(HLS) are Figure 6 shows the coverage dependenced pfassuming
coincident with each other. However, f&=1.70M(H||S)  thaty, can be approximated agH.LS). TheH¢ increases
is smaller than M(HLS) and M(H|S)approaches to abruptly at coverages abow@=1.2, where thes phase is
M(HLS) at T>3.0 T. Figure 5 shows the field dependenceformed. With increasing coverageC&1.7), Hg increases
of the differential susceptibility AM/AH=Dy) obtained linearly and approaches the value of bulk ,O
from the magnetization process Bf(H|S) at T=5.0 K for ~ (Hg=2.3x10? T).? For the monolayes phase C=1.7) the
the 5 phase C=0.60, 1.10, §+¢ phase C=1.50), ande  Hg is obtained as 12 10? T from Fig. 6. By considering the
mosaic structure of Grafoil the truélg is deduced as
1.6x10° T. Namely, Hg for the monolayers phase is re-
duced to about 70% of that for bulk OThe in-plane anisot-

He=Mq/x, ,

. x10™"

5 7 T T T G190 ropy field Hp, is estimated from the spin-flop fieldc by
3 E 3 i i

g 65 £ T=50K -4 6=1.70 using a standard expression,

~ 6L o

N T . §C=1.50 Hc=(2Hg-Hpp) Y2 )
= 565 . 3

% O I e 462110 Using the values oHg=1.6X 102.T andHc=6.5T,Hp; is
R e AR R E obtained as 0.13 T. This value is almost the same as that of
@ f bulk O, (Hp;=0.1T).2

s 4F E

R S R .+ 94C=0.60 D. Multilayer region

£ - ’ ! P . . . . :

a ¥ 0 ; 5 3 ; 5 In this section we will describe the— ¢ and melting tran-

sitions in the multilayer region. Figure 7 show$H||S) for

some coverages at the— ¢ transition. The magnitude of
FIG. 5. The field dependence of the differential susceptibility change ofy at the anomaly 4 ) increases until the cover-

for different coverages ak=5.0 K. age increases up ©©=1.70, the coverage corresponding to

Magnetic Field ( T )
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FIG. 7. Temperature dependencexdt||S) near thes — ¢ mag- FIG. 9. Coverage dependence of the magnitude of change
netic transition temperature for different coverageis<(1 T). Ax(H[S) atT=31.8 K (A, open circles38.4 K (B, open squargs

37.0 K (C, open diamonds 11.9 K (D, closed circles 47.0 K

the completion of thes phase. As the coverage increases(E: circles with dol, 41.5 K (F, open triangles and 23.5 K G,
aboveC=1.7, the second layer grows, but the anomaly doeglosed triangles which correspond to the melting temperature of
not change significantly up t6=2.0. ForC>2.0, A y de- the 6 phase, first layer, second lay@n first + second layer the

creases qradually and completely disappear€ aL.8. the &£ —{ magnetic transition temperature, the fluid I-1l transition tem-
9 y P y PP o erature, the melting temperature of the third layer, andathe8

) . 0

coverage region corre§p0nd|ng FO 65/0 of the full COVerag(%agnetic transition temperature of bulk,Orespectively. The

of the second layer. This feature implies that the second lay hange at — ¢ anda— 3 is taken as the difference &t between

has no Con_trlbutlon to the_magnetlc anomaly, but destroyﬁNO lines drawn in the inset. Other changes are taken as follows:

the magnetic order of the first Iaygr. _ _ x(3L.8 K = x(32.0 K —x(31.6 K), x(38.4 K = x(385 K
The whole features of the(H||S) in the multilayer region ' (38.0 k), y(37.0 K) = x(37.2 K} — x(36.4 K), x(47.0 K) =

are shown in Fig. 8. Theg/(H|S) and x(HLS) show the  ,(47.0 K) — x(46.0 K), and x(41.5 K) =x(41.8 K) — x(41.0 K.
same behavior above the— ¢ transition temperature. The

arrows B, C, and D indicate the meltings of the first and

x 1 0-1 1 second layers fo¢ phase, and the — ¢ transition of the
monolayer, respectively, similar to those in Fig. 1. The melt-
— 8 _||||||ll|||||||ll||||llw|||||||||- |ng feature in the muItiIayer regloﬁ>22 is mUCh different
o~ [ K T ..... ] from those of the monolayer region. Increasing the coverage,
£ L H=1.0T R . the amplitude of anomal becomes smaller, while that of
0 - : C=8.04 the anomalyC increases. AC=2.29 the anomal disap-
S 6 i F\L f:r- C=5.99 ] pears and only the anoma{y remains; this means that the
e - : —~ - first and second layers melt simultaneouslhyf at37.0 K. As
6] 4 i / i the coverage increases more, the anomaly associated with the
N— B G], ! ~ C=4.30 ] melting becomes broad and shifts to a higher temperature.
- . For C>3.40, which corresponds to the completion of the
._;‘ 2 L__ I C=3.40 | bilayer, the anomal¥ is clearly observed af=41.5 K, and
— _/ C=3.00 J the anomaly remains in the higher coverage region. The
0 o . . other anomal\E at T=47.0 K appear a€=2.29 and grows
a0 I C=2.60 7 aboveC=2.60, which may be related to the transition be-
D - C=2.29 - tween fluids | and II. These features will be discussed in Sec.
&) i i C= 1 IV C in relation with surface melting. We observe the for-
g :\/J. ’“_:_ C=2.09 ] mation of bulk O, above the coveragé=3.40; the anoma-
%5 -\/_______JTB . lies G and H correspond to the magnetic phase transition
M AR T T T (a—pB) and the structural phase transitioB- y) of bulk

(&)

O,, respectively. The anomaly | &=38.04 corresponds to

0 20 40 60 80 melting of they phase of bulk Q.

Tempe rature ( K ) The coverage dependence &f for structural and mag-
netic phase transitions is summarized in Fig. 9. Thefor
FIG. 8. Temperature dependence q{H|S) in the O, the e — ¢ and a— B transitions is taken as the difference at
multilayer coverage regiorH=1 T). The arrowsE, F, G, H, and Ty between the lines extrapolated from higher and lower
I correspond to fluid-ll—fluid-I transition temperature, the melting temperatures, as shown in the inset of Fig. 9. In other cases
temperature of the third layer, the—g8, the 8—vy, and the the Ay is the difference between the values at the tempera-
v-fluid transition temperatures of bulk Qrespectively. tures just above and below the transition temperature. The
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TABLE |. Exchange energy and the mean-field ordering temperature estimated from lattice constants
and susceptibility in the phasea, b are lattice constants of a centered rectangular lattigg,andb are
nearest- and next-nearest-neighbor distances, respectiyglyand Jyyy are nearest- and next-nearest-
neighbor interactions, respectively. Tgy and Jyyy for ND are obtained from the distance betweep O
molecules using expressiof). TheJ yy andJyy for x are obtained frony using expressiofb). Ty is the
mean-field ordering temperaturg, is the true magnetic transition temperature.

Monolayer Monolayer Second layer a phase of
C=1.94(ND) C=1.90(ND) C=2.0(ND) Monolayer bulk G

T=45K T=8.0K T=8.0K C=1.7Q) T=22.0K

(Ref. 12 (Ref. 16 (Ref. 16 T=5.0 K® (Refs. 3and #
a (A) 5.463 5.471 5.403
b () 3.410 3.390 3.433
any (A) 3.220 3.218 3.240 3.200
Iwn (K) 275 27.8 25.3 22.2 30.0
Jnnn (K) 12.2 13.3 11.0
Tue (K) 114 112 82.9 130
Tn/Tue 0.11 0.11 0.15 0.23

8Present work.

Ax(A) for the melting temperature of th&phase has a peak The second and third terms are the small anisotropy terms
at C=1.2, the completion coverage of tldephase, and dis- which come from dipolar and molecular origin,
appears a€=1.5. In turn theA y(B) for melting of the first  respectively’* The value ofJ;; is estimated as function of
layer of the{ phase increases, and theg(D) for thee—¢  the distance between molecules as
transition also increases. They(B) and Ayx(D) saturate
above C=1.7, which indicates the completion of thg Jij=Jdoexd —a(r—rp)l, (4)
monolayer phase. The close correlation of the coverage de- . S
pendence oft y(B) and Ay(D) implies that the magnetic WhereJo=30.0 K, «=4.30 A™%, andr,=3.20 A * Using
phase transition occurs on the first layer of thehase only. the distance between Omolecules obtained from ND
Above C=1.7 the second layer of thé phase begins to eXpe“men'&ﬁ.(aNN:3-218 A ayw=3.390 A, Jnn and
grow, but the magnitude of the magnetic anomaly does nof nun @re estimated as 27.8 and 13.3 K, respectively. These
increase beyond the saturation value of the first layer. This i¥alue are not so different from those of bulk, Gshown in
more remarkable abov@= 1.9, where the second layer still Table I. Meanwhile,Jyy may be obtained from the observed
grows, but the magnetic anomaly gradually decreases ari¢flue of x, using the expression from mean-field theory:
completely disappears &=2.8 as described above.
X1 =Ngug(1-8)/4/3], (5)
V. DISCUSSION where,J=4Jy\y, 6~0.2 includes the spin-wave correction
A. Long-range ordering of the first layer and the ground-state energy correctidilhus we obtain the
In Secs. Il B and Il C, we described that the first, O experimental valudyy=22.2 K, which is about 70% of that

layer in thes phase has long-range magnetic order. Our reln PUlk Oz [Juy(bulk)=30 K] as described in Sec. I C.

cent neutron-diffractiofND) measurement&® also show The Jyy Obtained in the present experiment is smaller than
very clear evidence of the ordering, that is the observation of1® calculated one from the distance dependence. This sug-

the magnetic Bragg peak beldly . The magnetic coherence gests that the reduction df,y may come from the substrate

length is about 110 A; the range of coherence is confined bywediated interaction, which is inferred to be ferromagnetic.
the in-plane crystal si’ze of Grafoil. Actually, thee — ¢ transition is well reproduced by a Monte

We describe the magnetic system of thehase with the ~Carlo simulation by Duparc and Ettets,* where the inter-
spin Hamiltonian, action of 0_2-02, _Qz-substrate_-Q, anc_i OZ_-substrate are
considered in addition to the spin Hamiltonig8). As shown
5 ) previously in Fig. 3, they predicted from spin-wave theory
H=-22 J;S-§-2 DiS;+2 D,S5. (3 for Jyy=27.8 K appears to agree with the obseryedbet-
i ' ' ter than the case falyy=22.2 K. However, the estimated
Herex andz axes are in the spin and molecular axis direc-value from the observeg, (Jyv=22.2 K) seems to be more
tions, respectively. The first sum runs over paijs of sites  reliable because the magnetic phase transition temperature
with a direct exchange interaction. In the present cdge, for the monolayer is reduced to half of that of bulk Bulk
takes a constant valuky for four nearest neighbors, which O, is also regarded as a quasi-2D-system and the transition
are on the opposite magnetic sublattice, dpgy for the  temperature is considered to be determined by the in-plane
intrasublattice interaction with two next-nearest neighborsinteraction®*



4152 YOUICHI MURAKAMI AND HIROYOSHI SUEMATSU 54

It is well known that the 2D Heisenberg model does notand the structure of the second layer is almost the same regu-
have long-range order at any finite temperafiirds this  lar triangular lattice abovély: ayy (second = 3.23 A,
system is purely 2D, the — ¢ magnetic phase transition is ayy (first) = 3.28 A atT=15.0 K, C=2.01° The difference
considered to be realized by a small anisotropy in expressioaf the magnetic ordering between first and second layers may
(3). In quasi-2D magnets, the magnetic transition takes placbe considered to be the effect of the substrate. However, the

well below the mean-field ordering temperature, effect of the substrate would decrease the antiferromagnetic
interaction between @molecules as discussed in Sec. IV A.
Twe=2S(S+1)2[J|/3. (6) A possible explanation is a random field effect. It is well

I§nown that the ordered state in a 2D magnet is unstable
under an arbitrary weak random field, which is conjugate to
the order parametéf:®° This effect is also experimentally
observed in diluted magnets:®3 The O, molecules in the
second layer feel an exchange field from magnetically or-
g_ered G in the first layer. As the @ second layer is incom-
mensurate with the first layer, the amplitude and direction of
the exchange field is not the same for eachr@olecule in

the second layer. If the exchange field is regarded as a ran-

lated toT=0 K is 0.61+0.09: the reduction is 39%. This &Iom field, the magnetic order of the second layer may be
reduction is very large compared with the experimental an Yestroyed. The decrease of the anomalyatwith the in-

theoretical values for the 2D Heisenberg system, in which :
the reduction is 20-25 % due to the zero-point quantungease of the second layer coverage may be also explained by
57,58 arandom field effect. The ©molecules in the first layer also

fluctuation? ; :
ucthatl feel the random exchange field from the magnetic moment of

The change ofy just belowTy, in our measurements, is i i . .
continuous. This seems to beNconsistent with the previou?2 in the second layer, which is induced by an applied static
[

ND result, which gives a continuous transitithHowever, fld' 'zs ?hown n F'gﬁ.gh thethrgagzngtlc grdﬁr IS almostdde—
Mochrie et al. observed the coexistence of the and ¢ stroyed at coverages higher thaf- 2.5, which corresponas

o .
phases between 11.1( and 11.9 Ko, the present observed tc(:) ?95r;) eOft;geszjc”origvlzragrehgg t?t? ste ﬁgr?o;a¥?;ﬁ'og (t)r::jser
continuous change In the temperature region may be be\éausge ihe site ercolat)i/on concenltjratlijon in tr?e 2Dgtrian u-'
attributed to the coexistence efand{ phases. In the previ- b 9

ous heat-capacity measurement, two successive phase trajgir- lattice is 0.500. Namely, as all Qmolecules in the first

tions are reported by Marx and Christoffer, who conclude ?\gr;ei' ttﬁs n%norlw?art?cf(I)ergjerfroofnt]h(tahﬁrsst'elacogrdnﬂlgyet:ea;lrtr?(l)sst
that the first one is a three-state Potts transition with the ge, g Y Y

lattice distortion aff=11.65 K, and the second is an Ising destroyed. According to this model we should observe the

transition from the paramagnetic to the antiferromagneticgi(;%\;esrg tohfet:%lj'éztdlzy;;g;??rgng golzfgslergai‘gr:ﬁgcsggd’
state aff =11.32 K?* However, oury measurements do not m

show any evidence of the twio phase transiions. The ob20l |V 2 208, KT B R CErat o
served transition temperaturd (=11.9+0.1 K), which is 9 ' 9 % y
. . C=2.62 is almost the same as thatGat 1.78:
determined as the temperature of the separatiog(bf{S)
and y(HL S), is close to the upper temperature observed by
|\/|aI’X et al In our recent ND I’eSU|t§’16the magnetIC Bragg C. Memng features in mu|t||ayer regions
peak is observed even &t 11.5+ 0.05 K, which is not con-

sistent with Marx’s model. So, our results support Mochrie’s AS Qescrlbeq in Sec. I D, the melting in a mulylayer
suggestion, that is, the two transitions observed by Manfegion is complicated, but we can understand it qualitatively

et al. are connected with the entry and exit from the two-2S follows. In the coverage regidh—1.6-2.2, we observed

phase coexistence region in a heterogeneous substrate. two melting transitions of the first and second layers at dif-
ferent temperatureE=38.4 and 37.0 K, respectively, that is,

there is a phase consisting of a solid first layer and a liquid
second layer f phase¢. For C=2.2-2.9, the melting tem-

In the coverage regio8>1.7, the second ©layer grows  peratures coincide with each other a&37.0 K, which
on top of the first layer. As described in Sec. Il D, we ob- means that the melting temperature of the first layer becomes
served that the amplitude of the anomalyTathas a maxi- the same temperature as that of the second layer. When the
mum at C=1.7, and decreases gradually with increasingsecond layer melts, the liquid of the second layer gives a
coverage. This means that the first layer is responsible for theandom van der Waals force to the first layer. At the cover-
magnetic transition but the second layer does not contributage of the second layer of 30% € 2.2) of the full one, the
to it. This result is confirmed by our recent ND measure-first layer cannot remain as a solid due to a strong force from
ments: the magnetic diffraction intensity is not increased irnthe melted second layer. Namely, above this coverage the
the coverage regio@>1.7, and the nuclear peak of the sec- first and second layers melt simultaneously.
ond layer is not split below which means the second layer  The melting feature in the much higher region is well
is not deformed, though the integrated intensity of the secondhown iny(H||S) for C=4.30 of Fig. 8, in which the anoma-
layer is increaset?’® The magnetic disorder state of the lies at T=41.5, 45, and 47 K are observed. These can be
second layer is very curious because we observed a cleanderstood in terms of surface melting as proposed by Krim
diffraction peak of the second layer in the ND experimentset al**>'* They observed that the ND diffraction peak of a

A DeJdong-Miedema survey shows that quasi-2D magnet
haveTy /Ty in the range 0.36—0.48.As shown in Table I,
an O, monolayer has a very small value of, /Ty even
though that of bulk Q is already smallT, means the true
magnetic transition temperature when the-{ transition
does not intervene. The reason may be attributed to the r
duction of the thermal averag8) of the O, spin. According

to our recent ND experiments;*®the value of(S) extrapo-

B. Magnetic ordering of second oxygen layer
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TABLE Il. Melting temperatures in a multilayer region.

Trett (K) 37.0 38.4 41.5 ~445 47
C=16-2.2 Second layer First layer
C=2.2-29 First and second layer
C=34- Third Second layer First layer
solid remains in the fluid Il (418T<47.0 K): the fluid I Heisenberg antiferromagnetic phase with a small anisotropy.

results from surface melting and the surface-melted compo- (3) In the fluid Il of the dense monolayer region, the O
nent reaches that of the film itself &&=47.0 K. According molecules have orientational order.

to Krim’'s scheme the anomalies @t=41.5, 45, and 47 K (4) The nearest-neighbor magnetic interaction between
correspond to the melting of the third, second, and first lay©, molecules in the dense monolayer is reduced to 70% of
ers, respectively. These melting temperatures are summMgsat of bulk O,, which may be due to a substrate mediated
rized in Table Il. However, the melting feature aroundinteraction.

C=3.00 is not understood enough at present. It shows & (5 | the bilayer region, the second layer is not ordered
broad change of(H||S) betweenT=237.0 and 40.0 Kwith a  ,agnetically, and the magnetic ordering of the first layer is
small anomaly a =47 K. destroyed when the coverage of the second layer amounts to
65% of the full coverage of the second layer. This result may
V. CONCLUSION be attributed to a random-exchange field effect between the

) o _ first and the second Dlayers, which are incommensurate to
We measured the magnetic susceptibility and magnetizasach other.

tion process of @ monolayers and multilayers physisorped  (g) |n the multilayer region, features of the melting tran-
(1) In the dense monolayers phaseghase, the antifer-

romagnetic anisotropy ofy has been observed below
Ty=11.9-0.1 K.

(2) The magnetic-field dependence gfH||S) in the ¢
phase shows the precursor of the spin-flop transition, which We gratefully acknowledge Professor D. Guerard for fur-
is estimated at a field of 6&H<7 T atT=5.0 K. nishing the sample of vermicular graphite. The present work

The results of(1) and (2) confirm the existence of mag- was supported by Grant-in-aid for Scientific Researches from
netic long-range order in the phase, which is a purely 2D the Ministry of Education, Science and Culture.
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