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Quasi-two-dimensional magnetism in Ru and Rh metal layers sandwiched between graphene sheets
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4d transition-metal{(TM)= Ru and R metal-graphitdMG) has a unique layered structure, where the TM
monolayer is sandwiched between adjacent graphene sheets. The magnetic properties of TM-MG based on
natural graphite are investigated using dc and ac magnetic susceptibilRy-MG magnetically behaves like
a quasi-two-dimensional ferromagnet. This compound undergoes successive magnetic phase trargitions at
(=16.3+0.2 K) andT., (=12.8+0.3 K). The origin of two phase transitions in Ru-MG is similar to that in
stage-2 CoGl graphite intercalation compound {,=8.9 K andT.,=6.9-7.1 K), where the ferromagnetic
layers are antiferromagnetically stacked along thaxis. The low-temperature phase beldy may be a
reentrant spin-glass-like phase where the antiferromagnetic phase and spin-glass phaseigoBxis¥IG
exhibits a superparamagnetic behavior. A ferromagnetic blocked state is formed below 9.7 K. The zero-field-
cooled susceptibility shows a broad peak around 9.7 K. The irreversible effect of magnetization is observed
below 13.5 K. The relaxation time obeys the Arrhenius law for thermal activation.
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[. INTRODUCTION found that a nonzero in-plane spin polarization appears be-
low 250 K. Motivated by this experiment, Chex al! and

The 4d transition metal§TM's) Ru and Rh have large Kriigeret al!? have discussed the possibld tagnetism of
paramagnetic susceptibility with an enhanced Stoner factahe TM monolayer on the graphite(@O01 surface. They
s=1[1-JoN(Eg)], wherel, is an exchange parameter and have shown that the magnetic properties of the system TM/
N(Eg) is an electron density of statéBOS) at the Fermi  C(0001) are dependent ofi) the in-plane structure of TM
energyEr . However, these metals are still paramagnetic beatoms and(ii) the TM-C interlayer distancel.. Kruger
cause the Stoner criterion for the occurrence of ferromaget al'?> have assumed a superstructure of the TM atoms
netism[JoN(Eg)>1] is not satisfied. For Rh, for example, which is partly commensurate with that of the graphite sub-
Er is located immediately below a sharp leading pkak. strate. Small magnetic moments can survive for Ru and
However, these TM's might have ferromagnetic order, ifRh***? while the magnetism of Pd is completely
properly synthesized at the nanometer scale, (ig.small diminished! That only Ru and Rh are ferromagnetic could
clusters with nanoscale size afi) monolayers of these el- be due to the DOS & which is much larger than that of
ements epitaxially formed on an adequate nonmagnetic sulthe other 4 metals. So they have the tendency for ferromag-
strate. The possible ferromagnetieEM) order in such sys- netism according to the Stoner criterion.
tems is due to the reduced dimensionality, the reduced The TM metal-graphitéMG) has a unique layered struc-
coordination number, and the enhanced lattice constant. Fdure, where a TM monolayer is sandwiched between adjacent
small clusters, Coxt al.? for example, have observed that graphene layers. Ideally these sandwiched structures are
Rh clusters (Rfs) with N=12-32 show superparamagnetic stacked along the axis, forming a staging structure which
behavior at 93 K. Inside clusters, Rh magnetic moments aris similar to that observed in graphite intercalation com-
ferromagnetically aligned. Two-dimension@D) ferromag-  pounds(GIC’s). It is expected that TM-MG’s magnetically
netism in the TM monolayer deposited on (@91 or behave like a quasi-2D magnet. The adjacent TM layers are
Au(001) surfaces has been theoretically predicteédThe coupled through very weak interplanar interactions. The
magnetic moment per atom varies betweenu@.@nd lug magnetism of the TM layers in TM-MG’s may be partly
for Rh and 1.%g for Ru. Experimentally, however, FM similar to that of the TM monolayerA0001). In this paper
long-range order has never been observed in these systemigg study the magnetic properties of TM-MG’s based on
to our best knowledg®® This is due to the possible diffusion natural graphites using superconducting quantum interfer-
of TM atoms into the noble-metal substrate. Graphite hagnce devicdSQUID) dc and ac magnetic susceptibility. We
been suggested as an alternative substrate, because the SWbw that Ru-MG undergoes magnetic phase transitions at
atoms diffuse much less into it. The graphit®@01) surface T, (=16.3+0.2 K) andT (=12.8+0.3 K). The origin of
is known to be very flat and it has only a small band overlapthese phase transitions in Ru-MG is similar to those in
with the transition metatl bands. Pfandzeltest all° have  stage-2 CoGIGIC’s (T,,=8.9 K andT;=6.9-7.1 K)13-16
reported 2D FM order in a Ru monolayer on a graphiteThe magnetic phase transitions of stage-two Ga@&C will
C(0001) surface of highly oriented pyrolytic graphite be briefly described in Sec. Il A. The 2D FM layers are anti-
(HOPG. Using Auger electron spectroscopy, they haveferromagnetically stacked along the axis. The interme-
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diate phase between., and T is a 2D FM phase. The temperature phase beloly, is a RSG phase, where the AF
low-temperature phase beloW, may be a reentrant spin- phase coexists with a SG phase. The magnetic response of
glass(RSQ phase, which is the mixed phase of a spin-glasgthe RSG phase has been theoretically discussed by
(SG) phase and a three-dimensiorfaD) antiferromagnetic  Takayam&’ using a molecular field theory. The main predic-
(AF) phase established through a very weak AF interplanations are as follows(i) Both the linear dc susceptibility;
interaction. and the nonlinear dc susceptibiliy exhibit positive cusps

In contrast, the magnetism of Rh-MG is much weakerat Tgss. (i) Both xy; and y; decrease quite significantly
than that of Ru-MG. We show that Rh-MG exhibits a super-with decreasingl’ below Trgg. (iii) The relaxation timer
paramagnetic behavior. A FM blocked state is formed belowdiverges affrsg.
9.7 K. The observed relaxation behavior and the irreversible
effect of magnetization, which are characteristics of super-

paramagnets, are discussed in terms of thel Ndocking B. Neel blocking model (Refs. 17 and 13

modet’8 (see Sec. Il B We consider a system consisting of isolated uniaxial
single-domain FM clusters where many spins are included.

Il. BACKGROUND At temperatures much lower than the intr?nsic ordered tem-

perature of the bulk system, the magnetic moments of the
A. RSG phase in stage-2 CoGIGIC (Refs. 15 and 16 spins inside each cluster are aligned along the same direc-

In order to facilitate the comparison of our results ontion, forming a FM cluster. The magnetic behavior of this
Ru-MG with those of stage-2 CoCGIC, we present a brief system depen_ds on the relative magnltude of the thermal
review of the magnetic phase transitions of stage-2 goCIeNergy ksT) with respect to the height of the energy barrier
GIC 1516 Stage-2 CoGl GIC magnetically behaves like a (AE,) which is given by the product of the uniaxial anisot-
quasi-2DX Y-like ferromagnet with a very weak AF interpla- "OPY (Ku) and the volume(V) of the cluster. WherkgT

nar exchange interaction. It undergoes magnetic phase traf-AEa, the magnetization vector of a cluster can rotate in
sitions atT., (=8.9 K) and T, (=6.8—7.2 K. (i) The ab- esponse to a change in temperature or magnetic field, so that

sorptiony” consists of three peaks &, T, (=8.4 K), and a thermal equilib(ium is established vyithin a very short tim_e.
Tew (T<Tp<T.). The peak temperaturd,, increases 11 clusters, which are ferromagnetically ordered, exhibit a
with increasingf from 6.8 K at 0.01 Hz to 7.2 K at 1 kHz, superparamagnetic bghay|or. There is no interaction bgtween
while T, and T, remain unchangedii) The dispersiony’ clusters. The magnetization of the superparamagnet is con-
shows a single peak &, which is independent dffor 0.01 siderably larger than that of atomic paramagnetism and
<f< 1000 Hz.(iii) The deviation of the zero-field-cooled SNOWS @ tendency to saturate in rather srhalWhenkgT
(ZFC) susceptibility yzrc at an external magnetic fieldH( <AE_A' the presence OT th_e anisotropy barrier impedes the
=1 Oe) along the plane(perpendicular to the axis) from rotation of th.e. magnetization vector gnd Fhe system ap-
the field-cooled FC) susceptibilityyrc occurs below 18.8 K Proaches equilibrium with a relaxation timegiven by

well aboveT,,. (iv) The nonlinear ac magnetic susceptibil-

ity x4 exhibits a small positive peak arouriq,. (v) The 7=ToeX(AEL/KpT), )

relaxation timer is described by a power-law form o _ _— _
[thermal activation(Arrhenius law],""* where 7, is the

=7 (TIT*—1) (1) characteristic relaxation time. For the dc magnetization mea-
0 ’ . . .

surement, a blocking temperaturBs(dc) is defined as
wherex=7.55+1.87, T* (=6.71=0.08 K) is a finite spin- Tg(dc) =AE,/[In(7,/7o)kg] from the condition ¢=7,,),
freezing temperature, ang§ [ =2.06+0.05)x10 ®sec] is  where 7, is the time taken for the dc measurement and is
a characteristic time. The value ®f is very close toT,. usually chosen as fGec. FofT>Tg(dc) the single-domain
The value ofx is in good agreement with the theoretical clusters exhibit superparamagnetic behavior. FarTg(dc)
prediction by Ogielsk® from Monte Carlo simulation of a the magnetic moments of clusters are blocked in the direc-
3D (*+J) Ising SG model with short-range interactions: tion of the anisotropy axis, forming a FM blocked state,
=7.9+1.0. since they are unable to rotate over the energy barrier in the

Based on the above experimental results, the magnetitme scale of the measurement.

phase transitions of stage-2 Cg@IC can be understood as
follows. The CoCJ intercalate layers are formed of small
islands whose diameters are on the order of 453 &The
nearest-neighbor spins inside islands are ferromagnetically dc and ac magnetic-susceptibility measurements of Ru-
coupled with FM intraplanar exchange interactions. On apand Rh-MG's were carried out using a SQUID magnetome-
proachingT., from the highT side, spins come to order ter (MPMS XL-5, Quantum Designwith an ultralow-field
ferromagnetically inside islands. A, these FM islands capability. The sample used in the present work consists of
continue to order over the same layer through interislanadnany small flakes, where each flake has a well-defioed
interactions(mainly ferromagnetii forming a 2D FM long-  axis. The system may be regarded as a powder as a whole in
range order. BelowTl';, a 3D-like AF long-range order is the sense that the direction of theaxis cannot be defined.
established through effective AF interplanar interactions be- The sample of Ru-MG was made in two stef9: the
tween spins in adjacent intercalate layers. In fact the lowpreparation of the Rug@lGIC and (ii) the synthesis of

IIl. EXPERIMENT
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Ru-MG from the RuCG GIC. The RuC} GIC, as a precursor, 12
was synthesized by heating a mixture of natural graphite @
(from Graphitwerke Kropfmil, Germany and RuC} in a 10 [Foeemzinong,, E
chlorine gas atmosphere. The reaction was continued at i g s s 30 1
400°C for three days. It was confirmed frof@0L) x-ray . %, = 9 100
diffraction that the sample was dominated by a stage-two
fraction with thec-axis repeat distance 12.60 A. Note that for
the stage-2 RuGIGIC there are two graphene layers be-
tween adjacent Ruglayers. Ru-MG was prepared from the
reduction of the RuGIGIC under the flow of hydrogen gas i
at 200 °C. The structure of samples was studied using a Hi- o[
tachi H-800 transmission-electron microscope with acceler-
ating voltage 200 KkV. Selected-area electron-diffraction
(SAED) patterns in Ru-MG show polycrystalline diffraction ——
rings, suggesting that Ru layers are formed of Ru clusters. (b)
The average in-plane size of Ru clusters was not determined _
because of the statistical uncertainty. 5 9
The sample preparation of Rh-MG was similar to that of MA:%
Ru-MG. RhC} GIC samples were prepared by heating a C
mixture of pristine RhGl and natural graphite at 240°C in a
chlorine gas atmosphere. The reaction was continued for
three days. Reduction of the RRGEIC was made at room
temperature in Li-diphenylide in tetrahydrofur@hHF) for
two days. The SAED pattern in Rh-MG consists of weak
Bragg reflections arising from face-centered-culfec) Rh
and strong Bragg reflections arising from 2D aggregates with
(2 Xag) and (3Xag) superstructures, whemg; is the in-
plane lattice constant of the pristine graphite. The average
in-plane size of Rh clusters is (6045) A. The details of the
structural analysis are given elsewhéte.
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IV. RESULT D
o
A. Ru-MG ~
=

The results from magnetic measurements of Ru-MG are
as follows, suggesting that Ru-MG undergoes successive
magnetic phase transitions &g, and T,. Figure 1 shows
the temperatur€l) dependence gf,gc and ygc for Ru-MG
at various magnetic fieldH). The measurements were car-
ried out as follows. After the sample was cooled from 298 to
1.9 K atH=0 (in a strict sense, a very weak remanent field
less than 3 mOeH was applied aT =1.9 K. The suscepti-

bility xzrc was measured with increasifgfrom 1.9 to0 40  55qume that the peak temperature gf-/dT corresponds
K. After the sample was annealed at 100 K for 20 min in they, T.(H). For a normal antiferromagnei & xec= xzrc)

presence of, xrc was measured with decreasifigrom 40 the Neel temperaturdy, for the 3D AF order coincides with
to 1.9 K. In Fig. 2 we show th& dependence of the differ- 4 peak temperature ofyddT vs T.

encedy defined bydx= xpc— xzrc at variousH. We find The difference ofsy appears below 18.8 K well above
that ¢ starts to deviate fronygc below a characteristic T, (H), indicating that the irreversible effect of magnetiza-
temperature which decreases with increasihgFigure 3  tion occurs due to possible spin frustration effects. Note that
shows theT dependence of the derivativeg#c/dT and  such an irreversibile effect is observed everHat 3 kOe.
dsx/dT for Ru-MG at variousH. The susceptibilityyzec at As shown in Fig. 8), the local maximum of gyec/dT
H=20 Oe shows a peak at 15.6 K corresponding to the upshifts to the lowT side with increasingH, while the local
per critical temperaturd.,(H), while dyzrc/dT shows a  minimum of dyzec/dT appears around 16 K. As shown in
plateaulike behavior between 9.6 and 12.4 K. The lowerFig. 3(b), the derivative d§y)/dT exhibits a negative local
critical temperaturel(H) is included in this temperature minimum aroundr(H) for H= 100 Oe, which shifts to the
range. The derivative @ rc/dT at H=10 Oe(the data are low-T side with increasind.

not shown in Fig. 3 shows a plateaulike behavior between  Figure 4 shows th& dependence dfl in ZFC, FC, iso-
10.4 and 13.2 K, wher&(H)=12.8 K. It is reasonable to thermal remanent(IR) and thermoremanernTR) states in

FIG. 1. T dependence of,-c and yg¢ for Ru-MG at varioudH.
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FIG. 4. (a) T dependence d1;rc andM g at H=20 Oe, and
ir and Mg at H=0 for Ru-MG. The definition oM for each

the case oH =20 Oe. The measurements were carried ouivI
state is given in the text(b) Detail of Mg vs T in (a). (c)

as follows. First, the sample was cooled from 298 to 1.9 K ai
H=0. ThenH (=20 O¢ was applied. The measurements of

Mzrc andM g were done with increasing from 1.9 to 35
K. At eachT, Mzrc was measured a and thenM g was
measured 100-sec later after the field was changed lftdam

oM (:MFC_MZFC) vs T and AM (:MTR_M|R) vs T. (d)
(SM—AM) vs T.

peak around 15.5 K and shoulders around 9 and 12 K. The

0 Oe. Second, the sample was annealed at 100 K for 120fifference SM (=Mgc—Mygc) almost coincides with the

sec atH. The measurements &l and Mg were done
with decreasingl from 35 to 1.9 K. At eachl, Mgc was

differenceAM (=M:g—Mg) at anyT. Both 6M andAM
appear below 18.5 K. In Fig.(d) we make a plot of §M

measured aH and thenM+,r was measured 100-sec later —AM) as a function ofT. The difference éM—AM)
after the field was changed frorh to 0 Oe. The magnetiza- clearly shows a local maximum at 16.5 K neBy, and a

tion M ¢ shows a broad peak at 15 K, whil,z exhibits a

local minimum at 12.5 K neafl. Similar behaviors are
also observed af,, and T, in stage-2 CoGl GIC.2? Note
that there has been no theoretical explanation forTituke-

¢ s pendence of §M —AM) in these systems.
< 2F The ac magnetic susceptibility=(y’'+ix") was mea-
E of sured as a function of frequen¢fy at eachT in the absence
2 of H, where the amplitudéh) of the ac magnetic field was 3
° 2T Oe. After eachf scan(0.1 <f=< 1000 H3, the temperature
E -4F o+ 100e a0 3 was increased by AT=0.5 K. The same experiment was
\ﬁ sk & ?80 Lt ° ] continued at different. Figure 5 shows th& dependence of
x5 s 300 - x' andy” atH=0 for Ru-MG. The dispersioy’ exhibits a
s 3%, S e 1 single peak at 16 K, which is independentfdior 0.1 <f
10 b ‘ A =< 1000 Hz. In contrasty” at f=0.1 Hz exhibits a broad
2 —— ———— . peak atT.,=16 K and plateaulike behavior betwedn,,
AL ~10.5 K andTp,~ 13 K, whereT,<Ty<T,,. The char-
c g e A E acteristic temperatur€, slightly increases with increasirfg
g s st P from 10.5 K atf=0.1 Hz to 12 K atf =100 Hz, suggesting
§ “F ”% ‘.‘ °® g the increase of the corresponding relaxation timeith de-
‘fe 6E % o N 3 creasingT. In the present work, however, nodependence
= sE '9'39:;;0 o ® 3 of 7 can be exactly obtained from the datalgf vs T for the
Ry o o ° 1 .
= 10k o O @ E analy_S|s. In contrast tﬁp_,, the temperature3,, and T,
© : * . ] remain unchanged whehnincreases. Note that the depen-
2 E ‘o E dence ofy” for f=100 Hz is still similar to that forf
-14 L '5 — '1'0‘ — '1'5' — '2'0‘ — ‘2'5 =10 Hz but the magnitude gf” atf = 100 Hz is almost
TK) twice larger than that &t=10 Hz at the sam& nearT., and

FIG. 3. T dependence ofa) dyzec/dT and (b) déx/dT for
Ru-MG at variousH, whereSx= xrc— xzrc -

Te-
Figure 6 shows thd dependence ofgc for Ru-MG. It
was measured with decreasifigfrom 298 b 2 K in the

094406-4



QUASI TWO-DIMENSIONAL MAGNETISM IN RuAND . ..

x' (10 emu/g)

%" (10 emu/g)

FIG. 5. T dependence dB) xy' and(b) x” for Ru-MG at various

Ru-MG
)
3f» 0ihe 250, (@]
F i 1 Bi,ﬁAﬁf E
F ArpgBmr?
. R
2t 5 3 betelly
I ° cet E
* 1 OHH ]
° 3 sé ]
B s 1
1F ]
; 30e 5 ]
: Eé ]
558 i
OF L
pg [T
L e 0.1Hz e (B)]
o 0.5 ’nﬂ‘ ]
a1 Eizm:v
| * ] _
2f-5 8 cesssumst ':E
F o 7 .’DEEHEAS a
[« 10 ODE:AAAS: a®
151 .Eg369939° 'E s
3 .E‘G Ae
[ o8 oo
4 2t 2
[ +R ge ]
[Lof ]
b B [P B Ll 5e
6 8 10 12 14 16 18 20

f.h=3 Oe.H=0.
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yields the Curie-Weiss temperatuse=12.54+-0.10 K, the
Curie-Weiss constantCy=(9.57+0.13)X 10 ¢ emu Kig,
and the T-independent susceptibility ch;:(_ 1.415
+0.003)x10 % emu/g for H=5 kOe, and 6=10.87
+0.09 K, C,=(10.66-0.09)x10 ® emu K/g, and xgc
=(—1.451+0.002)x 10~ % emu/g forH=10 kOe. The posi-
tive sign of @ indicates that the intraplanar interaction be-
tween Ru atoms is ferromagnetic. This result is consistent
with the theoretical predictidh®? that the 2D ferromag-
netism exists on the Ru monolayer on the graphite surface
C(000)). The susceptibilityyrc exhibits a local minimum
(=~—1.32x10 ® emu/g) around 100—120 K and slightly in-
creases with further increasing The sign of ygc is still
negative at 298 K. The diamagnetic contribution arises from
the orbital motions of conduction electrons in the graphite
part of Ru-MG, as will be discussed later in Sec. V B. The
Curie-Weiss constart, is related to the effective magnetic
moment Per by Cy=(PZ/8)(Ng/Na), where Np is
Avogadro’s number andl, is the number of Ru atoms per
gram of the sample. AlthougN, is not exactly determined

in the present work, the upper limit &.; can be estimated

as follows. The magnetizatiod , is given by 3.75X 102
emu/g atH=10 kOe andl =2 K. This value ofM is con-
sidered to be much smaller than the saturation magnetization
given by M¢=Nyg;ugd (J is the angular momentum quan-
tum number and; is the Landeg factor for Ry, leading to
Ng>4X 10*%g;J. Then we obtain an inequality fdPqys:
Per1<3.4(g,J) "2

B. Rh-MG

The results of magnetic measurements in Rh-MG are as
follows, suggesting that Rh-MG shows a superparamagnetic
behavior. A FM blocked state is formed below 9.7 K. Figure
7 shows theTl dependence ofzrc and ygc at variousH for
Rh-MG. The measurements were carried out as follows. Af-
ter the sample was cooled from 298 to 1.9 Kt 0, H was
applied atT=1.9 K. The susceptibilityyzrc was measured
with increasingT from 1.9 to 298 K and sequentiallyrc
was measured with decreasiigfrom 298 to 1.9 K. The
susceptibility y ;¢ starts to deviate fronygc at 298 K, re-
flecting the frustrated nature of the system. The susceptibility
Xzrc exhibits a local maximum aroun,(ZFC)=9.7 K and
a local minimum around 21-22 K &=5 and 10 Oe. This
local maximum disappears bt larger than 30 Oe. The sus-
ceptibility xgc does not show any anomaly &t(ZFC) and
increases with decreasirig This is in contrast to th& de-
pendence ofyrc observed in a typical SG system, where
Xec IS nearly independent af below the spin freezing tem-
peratureT;. Such a difference between superparamagnetic
behavior and SG behavior igec and xzec has been dis-
cussed in detail by Bitoket al?® It follows that superpara-
magnetic behavior occurs in Rh-MG. Rh clusters are ferro-
magnetically ordered. However, there is no interaction
between different Rh clusters. Similar superparamagnetic be-
havior is observed iftetrakis (dimethylaming ethyleng-

ion are ferromagnetically ordered beloly (=16 K). A re-
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Figure 9 shows thel dependence of the magnetizations
Mzec, Mec, Mg, andM1g. The ZFC and IR magnetiza-
tions were measured as follows. The sample was cooled in
H=0 from 298 to 1.9 K. At eacl in the ZFC process of
increasingTl (2 <T< 50 K), M- was measured &t (=20

Oe) andM,z was measured f6sec later after resetting to
zero. The FC and TR magnetizations were measured as fol-

gives rise to characteristics of superparamagnetic behaviorlows. The sample was annealed at 100 K in the presence of

Figure 8 shows thél dependence of the difference of H for 20 min. At eachr in the FC process of decreasiiig2

6x (= xrc— xzec) for Rh-MG. The difference oby gradu-
ally increases with decreasingbelow 298 K. The drastic
increase ofsy occurs below a characteristic temperatiire
=13.5 K, which is independent ¢f for 5<H=<50 Oe. The
value of T; is higher than the peak temperatyiig,(ZFC)].

=Mgevt Mg

<T=<50 K), Mg was measured & and Mg was mea-
sured 16-sec later after resetting to zero. For the super-
paramagnetic system, it is predicted that the ZFC and FC
magnetizations of the system are described Mygec

and Mgc=MgeytMqg,

respectively®

HereMgey is the reversible superparamagnetic contribution,

Rh-MG
LA BN
4 e 50¢
o 10
A 30
A
& 3} -
E;
£
(5]
5 2|
I
[Ze]
1L
O_w
0

FIG. 8. T dependence of the differend® (= xrc— xzrc) at
variousH for Rh-MG.
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while Mg and My are the irreversible parts of magnetiza-
tion. The magnetizatioM |z is the remanence due to the
contribution of the blocked clusters whose moments can ro-
] tate over the energy barrier due to the presencél.ofThe

50 1 magnetizatiorM 1 is the remanence due to the contribution
of the clusters that have been blocked in the direction of the
coolingH. As shown in Fig. 9, the sign dfi{g andMy is
positive, while the sign oM - and M is negative. The
magnetizationM 1 drastically decreases with increasifig
and is reduced to a constant value at 13.5 K, which is the
same asl; whered (= xrc— xzrc) becomes zero. This re-
sult gives clear evidence for the occurrence of the FM
blocked state of Rh clusters at Iolv The magnitude oM 5

is much smaller than that dfltg. The magnetizatioM g
shows a small peak arod® K and becomes constant above
13.5 K. The magnetizatioM 1 increases with decreasifg
until all Rh clusters are blocked. Similar behaviors are ob-
served in fine particles of magnetitEe;O
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FIG. 10. (a) Hysteresis loop of magnetizatidd for Rh-MG.

T=1.9 K. The measurement is made with increadihfjom 0 to 1

kOe (closed circles with decreasingd from 1 kOe to—1 kOe

(open circleg and with increasindgd from -1 kOe to 1 kO€closed

triangles. (b) Hysteresis loop oM; (=M —x4H) for Rh-MG. T nitude ofy” at 10.2 K linearly increases with increasihfpr

=1.9 K. y4=—3.58< 10" ® emu/g. A part of the data is shown in 0.5 <f< 1000 Hz. What happens tp’ and y" for =20

Ref. 21. Hz? For the ac magnetic susceptibility, the corresponding

blocking temperaturelTg(w) is given by Tg(w)/Tg(dc)

Figure 10 shows thé&l dependence of the magnetization =In(r,,/7)/In(L/w7o). The blocking temperaturég(w) in-

M at 1.9 K for—1<H=1 kOe. The measurement was donecreases with increasiny Tg(w)~12.6 K for f=20 Hz and

after the sample was cooled from 298 to 1.9 KHat 0. The  Tgz(w)=13.5 K for =60 Hz. The value oflg(w) is com-

curve ofM vs H is dominated by a diamagnetic contribution parable toT; for f=20 Hz. ForT<Tg(w) the system is in

(=xgH). TheH dependence dl; (=M — y4H) is depen- the FM blocked state.

dent on the choice ofy4. The shape oM; vs H with x4

~—3.58x10 ° emu/qg is rather different from that of the

FIG. 11. T dependence ofa) x' and(b) x" atf=0.5, 0.7, and
1 Hz for Rh-MG.H=0. h=4 Oe.

usual ferromagnet. A remanent magnetizatidd; (at H -8.6 [~ IR‘“TMQ‘ S—
=0) is given byM;=2.88< 10 * emul/g, suggesting the ex- e 05Hz Hoo
istence of a FM component in Rh-MG. (2 2 . h=40e
Figure 11 shows th& dependence o’ and y” at f -3.8(-2 g .« 0 ‘ g . 1
=0.5, 0.7, and 1 Hz, wherd =0, h=4 Oe. Figure 12 also (o 7e < . : s A
shows theT dependence of’ for 0.5 <f< 7 Hz. The dis- ? P Y
persiony’ exhibits a peak al ,(w)=10.2 K atf=0.5 Hz, N N é 7
where w=27f. This peak shifts to the high-side with s s .; 0.3 :
increasing for 0.5 <f< 7 Hz. The dispersior’ still has a = ank t e > 6 o ]
peak for 10<f=< 700 Hz. However, the peak does not shift 1l 2.9 ) .
with further increasing and remains unchanged at 11.4 K. - e g
Here we assume that these peaks occur whes 1 for 0.5 a4l 00 N
<f< 7 Hz. The inset of Fig. 12 shows tAedependence of - . o . ‘0-5T(K) 1“ “-5‘
7, which is obtained from the peak temperatilitggw) of x’ s 9 10 11 12 13
vs T for eachf. The relaxation time- increases with decreas- T

ing T. The T dependence of will be discussed in Sec. V B.
Figure 13 shows thd dependence o " for 0.5 <f< FIG. 12. T dependence of’ at variousf for Rh-MG. H=0.
700 Hz. The absorptiory” exhibits a very broad peak at h=4 Oe. The inset shows thedependence of obtained from the
To(w)=10.2 K for 0.5sf<10 Hz. In contrast, it has no peak temperature of’ vs T. The solid line is denoted by Eq2)

peak forf=20 Hz: it decreases with increasiigThe mag-  with parameters given in the text.
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FIG. 13. T dependence of" at variousf for Rh-MG. H=0. FIG. 15. T dependence ofrc at variousH for Rh-MG. The
h=4 Oe. inset shows thel dependence of)‘(FC—X(F’C)’l at H=10 kOe,

where)((,iC is the T-independent susceptibility. The solid line de-

Figure 14 shows thd dependence of’ and x” in the notes the least-squares fitting curve to &).
presence of variousl, wheref=1 Hz andh=4 Oe. AtH
=0 x' and x" show peaks at 10.5 K and 10.0 K, respec-reduces the blocking temperatures. Using only two data at
tively. These peaks completely disappearioe 10 Oe. The H=0 and 5 Oe, the value dfi is roughly estimated as
peak ofy” atf=1 Hz shifts to the lowt side with increas- H, =50 Oe, whereT ,(w,H) is assumed to be proportional
ing H for 0 <sH= 5 Oe: peak temperatures are 9.96 K atto T,(w,H).
H=0and 8.1 K aH=5 Oe. Such a shift of the peak tem-  gigyre 15 shows th& dependence ofrc at highH. The
perature is explained by the Blemodel,” where the block- g sceptibility v drastically increases with decreasifigat
Ing temperatureTzB(w,H) is given by Tg(w,H)/Te(w,H 1o\ T, showing a Curie-like behavior in the limitéBrange
=0)=(1-H/Hy)*, whereH is the mean anisotropy field. 5 —1<50 k). The least-squares fit of the data it
TXE presencehpf; tr;zduces th? he![g?t of ednergy barne{l =10 kOe to Eq.(3) yields theT-independent susceptibility
(AEg) over whic € moments rotates and consequen X(Ecz(—6.889t 0.002)x 10 ® emu/g, the Curie-Weiss con-
stant C,=(6.692£0.052)x 10" ® emu K/g, and the Curie-
Weiss temperaturé= —2.72=0.05 K. The value ofC, for
Rh-MG is smaller than that for Ru-MG. Boty - and yrc
Oe | above 23 K increase with increasifig They are still nega-
] tive below 298 K(the data are not shown in Fig. 15ndi-
cating diamagnetic behavior. Here it is interesting to com-
pare our data with that of pristine graphite. The susceptibility
of pristine graphite is diamagnetic and anisotropic. Since the
magnitude ofy. along thec axis is much larger than that of
xa along thec plane for pristine graphite, the orientation
average of the susceptibility is given by X2+ x.)/3
25 —_—— ‘Id-'l —_— . ~x /3. In the prese_nt work, tr_ﬂé dependence of, for the
- e (b) 1 HOPG sample (Union Carbid¢ was measured atH
. =10 kOe. The susceptibility increases with increasing
] where y.=—29.30x 10" ® emu/g at 30 K andy,=—18.54
g ] X 10~ ® emu/g afT =298 K. For comparison, we use the data
8 ] of ygc atH=50 Oe in Fig. 7g) for Rh-MG (ygc=—5.64
. X 10" % emu/g at 30 K and-3.02<x 10" % emu/g at 298 K
7 s ] We assume that the contribution of graphite to the suscepti-
bility in Rh-MG is described by (x./3), wherel is a pa-
rameter. Then the value ¢f(= 0.58 estimated for the data
at 298 K is on the same order as th&t0.49) at 30 K. This
result suggests that the diamagnetic behaviogyf at high-
T in Rh-MG is mainly due to the orbital diamagnetism of
FIG. 14. T dependence ofa) ' and (b) x” at variousH for conduction electrons in graphene layers. This is also the case
Rh-MG. f=1 Hz. h=4 Oe. for Ru-MG (see Fig. 6.

. . Rh-MG .
-3.5_— LY ‘ (a)

omep»Oe

x' (10 emu/g)

45 [

x" (107 emu/g)
*,
oep>proOe
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order. Similar behaviors are also observed in stage-2 £oCl
GIC 16 as described in Sec. Il AT, (= 8.9 K) and T
(=6.8—7.2 K. The ratio ofT, to T, (= 1.27) for Ru-MG is
almost the same as that1.31-1.24 for stage-2 CoGl
GIC. The origin of phase transitions dt,, and T in
Ru-MG may be similar to those in stage-2 Co@IC. Ru
layers are formed of Ru clusters. On approaching from

the highT side, Ru magnetic moments come to order ferro-
magnetically inside clusters. A, these FM Ru clusters
continue to order over the same layer through intercluster
interactions(mainly ferromagnetic forming 2D FM long-
range order. Belowl;; a 3D AF phase and a SG phase co-
exist, forming a RSG phase. The 3D AF phase is formed of
the 2D FM layers which are antiferromagnetically stacked
along thec axis through a weak AF interplanar interaction.
Such a mixed phase is predicted by the mean-field theory of

FIG. 16. H-T diagram for Ru-MG. The peak temperatures of RSG?° The origin of the AF interplanar interaction may be

xzec Vs T (closed circlel dyzec/dT vs T (open circley and the
local-minimum temperature of&/dT vs T (closed trianglesare

due a weak dipole-dipole interaction between magnetic mo-
ments of Ru atoms in adjacent layers. In fact, when the di-

plotted as a function ofi. The solid lines denote the least-squaresection of the magnetic moments lie in tleplane, the

fitting curves to Eq(4) with i =cu and cl. See the text for details.

V. DISCUSSION

A. Magnetic phase transition in Ru-MG

Figure 16 shows thél-T diagram for Ru-MG. The peak

temperatures of ;¢ VS T and dyzgc/dT vs T, and the local-
minimum temperature of &l/dT vs T are plotted as a func-
tion of H. TheH-T diagram consists of two critical linds,,

dipole-dipole interaction energetically favors the AF interpla-
nar interaction.

What kind of spin frustration effect occurs in Ru-MG,
leading to the RSG-like behavior? There are at least two
kinds of competing interactions. One is the intraplanar FM
interactiond. The other is the effective AF interplanar inter-
action, J.¢;, which is on the order ofi’(¢,/a)?, where
J’ (<0) is the AF interplanar exchange interactidp,is the
in-plane spin-correlation length, aradis the in-plane lattice

and H¢, which correspond to the critical temperaturesconstant. The growth of the in-plane spin-correlation length
Teu(H) andTg(H), respectively. These lines are assumed tog, is partly limited by the existence of Rh clusters. The size

be described by a power-law form given by

Hi=H"(1-T/T;)“, (4)
wherei =cu and cl,; is an exponentH; is the character-
istic field, andT; is the critical temperature & =0. The
least-squares fit of the data fét., vs T (H<2 kOe) ob-
tained from the data ofyzpc vs T vyields T,,=16.3
+0.2 K, a,=2.06+0.05, andH},=6.48+0.05 kOe. Simi-
larly, the least-squares fit of the data fidg, vs T (H= 1
kOe) obtained from the data ofxgGrc/dT vs T yields T,
=12.8+0.3 K, aq=1.44+0.05, and %=2.08
+0.03 kOe. The exponent,, is close to thai{= 1.5 pre-
dicted by de Almeida and Thoulé&édor the irreversibility

of ¢, may increase in two steps, giving rise to the successive
phase transitions at., and T . Since the in-plane spin-
correlation length increases but does not diverge on ap-
proachingT,, the magnitude of the effective AF interaction
remains comparable with that of FM intraplanar interaction
J. The spin frustration effect occurs as a result of the com-
petition between these two interactions, leading to RSG be-
havior.

B. FM blocked state in Rh-MG

The T dependence of the relaxation timein Rh-MG is
shown in the inset of Fig. 12. The least-squares fit of the data
to the Arrhenius law given by Eq(2) yields 7,=(1.08

line in the H-T diagram of the Ising SG system, suggesting+0.05)x 10" ° sec andAE,/kg=199+7 K. The value of
that the lineH, is an irreversibility line of the magnetiza- 7 is reasonable for the activation process. The blocking tem-

tion. In fact, the derivative dfy)/dT shows a local minimum
around the lineH,.

perature Tg(dc) is estimated asTg(dc)~AE,/25kg
=8.0 K, wherer,,=10? sec. This value is close to the peak

Ru-MG undergoes two magnetic phase transitions atemperatureT,(ZFC). This result indicates that the FM

Tey (= 16.3 % 0.2 K) and T (= 12.8 = 0.3 K). These
phase transitions are characterized by Thdependence of
X", xzrc, andygc. (i) The absorptiony” shows a peak at
Tcu and plateaulike behavior betwedn, and T,,, where
Tp<T<Tpy. The temperaturd, slightly increases with
increasing, while T, remains unchangedi) The deviation

blocked state is formed beloW,(ZFC) in Rh-MG.

In our system the size of Rh clusters is not uniform. Since
Tg is different for different sizes, the effect of the distribu-
tion functiong(Tg) should be considered. THedependence
of (—dM{g/dT) gives a direct measurement to determine
the form ofg(Tg).?® The T derivative (— dMg/dT) shows

of xzrc from yec at low H occurs below a temperature well a broad peak around 5-7 K and reduces to zero around
aboveT,,. (i) The susceptibilityy,-c decreases with de- T; (= 13.5 K). Itis predicted thati) T,(ZFC) is lower than
creasingT well below T, suggesting the existence of AF T; for a log-normal distribution function g(Tg)
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=[(2m)oTg] * exp{—[ln(TB/Tg)]Z/Zcrz} with a constant In the case of Ru-MG, the Ru monolayer is sandwiched
T and the standard deviatiom and that(ii) T,(ZFC) is ~ between adjacent graphene layers. Since ctaeis repeat
equal toT; for a rectangular distribution functiopg(Tg)  distancelc is 12.60 A for the stage-2 RuCGIC, the sepa-

= constant fofTs<T,]. 2328 Our result suggests that the log- "ation distance between the Ru layer and the graphene layer
normal distribution function is appropriate in Rh-MG. In the 1S 4.625 A. If the separation distandg in Ru-MG is on the
log-normal distribution function the average B is given ~ Same order as that in the RYGBIC, according to Krger

by (TB>=T3 exp(e?/2), the maximum is given byl et al,*? the magnetic r_nomen'th(C=4.625 A'is about 1.85

—TO%exp(— 0?), and the deviationATg is given by ATg fqr' the Ru atoms, which satisfies at least the necessary con-

=[<T2>—<T )2]1’2=(T >[exp(02)_1]1,2. In spite of the dition for the occurrence of the 2D ferromagnetism in Ru-
B B B MG. In contrast, the magnetic moment for RK00G0J) is

considerably smaller than that for RUD01), but the over-

all dependence of the magnetic momentsigiis quite simi-

K) is equal 1o(Tg) and T (:o 135 Kn)wixs equal_ ©0(Te)  jar, This prediction is consistent with the superparamagnetic
+ATg. Then the values of, Tg, andTg™ are estimated as  yahavior observed in Rh-MG.

0=0.62, T3=8.0 K, andT§®=55 K. The value ofT§*
is consistent with the peak temperature of the data
(—dM+g/dT) vsT. VI. CONCLUSION

lack of a model calculation ofgc vs T based on the distri-
bution, it may be reasonable to assume HAZFC) (= 9.7

Ru- and Rh-MG’s magnetically behave like quasi-2D fer-
romagnetic systems because of their unique layered struc-

What is the origin of the 2D ferromagnetism in Ru- andtures. Ru-MG undergoes successive magnetic phase transi-
Rh-MG'’s? Why is the ferromagnetism of Ru-MG much tions atT., (=16.3 K) and T, (=12.8 K). The origin of
stronger than that of Rh-MG? Kger et al1? have discussed these phase transitions in Ru-MG is essentially the same as
the magnetic moment of the Ru monolayer on the graphitehat in stage-2 CoGIGIC. The intermediate phase between
C(000)) substrate. The pristine Ru metal has a hexagonalf., and T, is 2D ferromagnetic. The low-temperature phase
close-packed(hcp structure with the lattice constangs  below T, may be the mixed phad®SG phasg where the
=2.704 andc=4.292 A, while the graphite has a honey- AF and SG phases coexist. Rh-MG shows a superparamag-
comb structure with the in-plane lattice constagt(=2.46  netic behavior. A FM blocked state is formed below 9.7 K.
A). The in-plane lattice constaii4) of Ru atoms is almost The relaxation time obeys the Arrhenius law for thermal ac-
twice that of graphite: 85//3=2.84 A. It is assumed that tivation.
the Ru layer forms an in-plane structure denoted by the
p(2/\/3x 2/\/3)R30° structure, where the angle between the
fundamental lattice vectors of the Ru layer and the graphene
layer is 30°. Krgeret al!? have predicted that the magnetic  The work at SUNY-Binghamton was supported by
moment of the Ru atom changes with the interfacial distanc&UNY-Research FoundatiofGrant No. 240-9522A The
d. between the Ru atoms and the graphene layer. The magrork at Osaka University was supported by the Ministry of
netic moment of the Ru atoms undergoes a steplike increaseultural Affairs, Education, and Sport, Japan, under a grant
from Oug to 1.2ug, whend,=2.39 A(=4.5 a.u) and satu- for young scientist§Grant No. 70314375and by Kansai

C. Origin of ferromagnetism in Ru- and Rh-MG'’s
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