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Static and dynamic behavior of short-range Ising spin glé&8) CuysCoCl,-FeCk graphite bi-
intercalation compounds has been studied with superconducting quantum interference device dc and ac mag-
netic susceptibility. Th& dependence of the zero-field relaxation tim@bove a spin-freezing temperature
Tg(=3.92£0.11 K) is well described by critical slowing down. The absorptignbelow T, decreases with
increasing angular frequenay, which is in contrast to the case of 3D Ising spin glass. The dynamic freezing
temperaturel¢(H, ) at whichdMgc(T,H)/dH=x'(T,H=0,0) is determined as a function of frequency
(0.01 Hz= w/2r<1 kHz) and magnetic field @ H=5 kOe). The dynamic scaling analysis of the relaxation
time 7(T,H) defined ag=1/w atT=T;(H, w) suggests the absence of SG phase in the presemt¢adiieast
above 100 Og Dynamic scaling analysis of”(T,w) and 7(T,H) near T, leads to the critical exponents
(B=0.36+:0.03,y=3.5+0.4,»=1.4+0.2,z=6.6+1.2, 4= 0.24+0.02, andd=0.13+0.02). The aging phe-
nomenon is studied through the absorptjgifw,t) below T4 . It obeys a (ut)’b" power-law decay with an
exponentb”~0.15-0.2. The rejuvenation effect is also observed under sufficiently (&eggerature and
magnetic-fieldl perturbations.
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I. INTRODUCTION field behavior, is explained as demonstrating the absence of
SG phase in a finite field.

In recent years there has been much effort to understand In this paper we study the slow dynamics of the SG phase
phase transitions of three-dimensioné8D) Ising spin in a short-range 3D Ising SG, gtCq, sCl,-FeCk graphite
glasses(SG’s) with short-range interactions. The dynamic bi-intercalation compoundGBIC), using superconducting
behavior of the low temperature SG phase has been a subjeptantum interference devid&SQUID) dc and ac magnetic
of some controversy. There are basically two different pic-susceptibility. This compound undergoes a SG transition at a
tures of the SG phase, the mean-field pictdircluding  spin freezing temperaturg,(=3.92+0.11 K) at zero mag-
Monte Carlo simulations and the scaling pictur.’ netic field. Following a method used by Mattssetral.,® we

The mean-field picture is originated from the replica-determine the dynamic freezing temperatlrgH, ), at
symmetry-breaking solution of Parisi for the infinite-range Which dMgc(T,H)/dH=x'(T,H=0,0), as a function of
Sherrington-Kirkpatrick modeél.In this picture the SG phase frequency (0.01 Hz <w/2m<1 kHz) and field (6<H
has a complicated free-energy structure with a number ofs® kOe€). The dynamic scaling analysis of the relaxation
degenerate minimum separated with each other by large fredme 7(T,H) defined as=1/w atT=T(H,w) suggests that
energy barriers. The SG phase survives in the presence oft3® SG phase does not survive in the presend @it least

magnetic field. A de Aimeida-Thouless line separates the SE20V€ 100 OF The critical exponents are determined from
phase from a paramagnetic phise. the dynamic scaling analysis fot”(T,w) and ~(T,H) and

; : ; d to those for GEMng sTiO5. The aging phenom-
The scaling picturéso-called the droplet modek based compare X S70.57 -3
on renormalization group arguments.In this picture there enon is also studied through the time dependence of the ab-

are only two thermodynamic states related to each other by $0rPtionx”(w,t) below Ty . It obeys a (t) > power-law
global spin flip, and the important excitations at low tem-decay with an exponerit’~0.15-0.2.
peratures are droplets of overturned spins. In three dimen- CtosC%sCl,-FeCk GBIC has a unique layered struc-
sions a true phase transition should exist only in zero fieldure where the CGuCa,<Cl, intercalate layer €1,)
and no irreversibility should be seen in the presence of annd FeC} intercalate layers 1) alternate with a single
finite magnetic field. graphite layer @), forming a stacking sequence
Because of extremely long relaxation time, there is nol"G-11-G-15-G-11-G-I,-G--) along thec axis’*** In the
direct measurement available that can demonstrate wheth€&tosC% sCl, intercalate layer two kinds of magnetic ions
the SG phase exists even in zero magnetic fieliThe (CUW* and CG*) are randomly distributed on the triangular
dynamic scaling analysis is required to overcome such af@ttice. The spin order in the GgCoysCl; layers is coupled
experimental difficulty in confirming the existence of ther- with that in the FeG intercalate layer through an interplanar
mally equilibrium SG phase in a finite magnetic field. This €xchange interaction, leading to the spin frustration effect.
problem has been addressed by Mattssbal® They have The XY and Ising character of the present system are due
studied the dynamic susceptibility of a 3D lIsing SG,to the easy-plane-type anisotropy fi¢dd"" and the in-plane
Fe, eMng <TiO5. The in-field scaling behavior of the dynamic anisotropy fieldH)', respectivelyH"'>H! . Although the
susceptibility, which is remarkably different from the zero- in-plane structure of GCa, Cl, layers is incommensurate
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with that of graphene sheets, Cu and Co atoms tend to sit Cu__Co_ CIl-FeCl GBIC

. 0.5 05" 2 3
over hexagon centers of graphene sheets because of the in- —_—
terplanar structural correlation. The sixfold symmetry of H— ZFC FC (a) ]

graphene sheets imposes the in-plane spin anisotropy n the
plane. Because of this, the spins tend to align along the easy
axis with sixfold symmetry in the planel*

It is well known that the intercalate layers are formed of
small islands in acceptor graphite intercalation compounds
(GIC’s).} In stage-2 CoGl GIC, for example, there is a
charge transfer from graphene sheets to the Cof#rcalate
layer. The periphery of such islands provides sites for
charges transferred. The size of islands is on the order of 400
A. In spite of few structural studies, it is predicted that simi-
lar island structures exist both in the o, :Cl, and FeC}
layers of our system.
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Il. EXPERIMENTAL PROCEDURE e

A sample of stage-2 GuCo, Cl, GIC as a starting ma-
terial was prepared from single crystal kish grapf8€KG)
by vapor reaction of anhydrated g4Co, sCl, in a chlorine
atmosphere with a gas pressure~of40 Torr!*>®The reac-
tion was continued at 500°C for three weeks. The sample of
Cuy Coy sCl,-FeCl GBIC was prepared by a sequential in-
tercalation method: the intercalant FeGlas intercalated
into empty graphite galleries of stage-245G0, sCl, GIC. A
mixture of well-defined stage-2 @yCaq, Cl, GIC based on
SCKG and single-crystal FefWas sealed in vacuum inside
Pyrex glass tubing, and was kept at 330 °C for two weeks.
The stoichiometry of the sample is represented by
Cm(Cuy Ly Cl5) 1 -(FeCk).. The concentration of C and
Fe (m and c) was determined from weight uptake meas-
urement and electron microprobe measuremémsing
a scanning electron microscopg®lodel Hitachi S-450):
m=15.26+0.05 andc=0.53+0.03. The (0Q) x-ray diffrac-
tion measurements of stage-2 &Gq,Cl, GIC and
Cuy sCoy sCl,-FeClL GBIC were made at 300 K by using a
Huber double circle diffractometer with a MaKx-ray ra-
diation source(1.5 kW). The c-axis repeat distance of

) i (x") and absorptionx”) was measured between 1.9 and 20
\?\}deditecrblmsi(r:]g?isgé fZIC&;\B% g@;’r%oofggfg(é% EBIrg_ K, where the frequency of the ac field is=0.01-1000 Hz
T ' ' ' and the amplitudé is typically h=50 mOe.

% (emu/av mol)

FIG. 1. (a) and(b) T dependence ofzrc and ygc at variousH
for CuyCayCl,-FeCk GBIC. H is applied along thec plane
(graphene basal plapperpendicular to the axis.

spectively.
The dc magnetization and ac susceptibility were measured
using a SQUID magnetometéQuantum Design, MPMS . RESULT

XL-5) with an ultra low field capability option. First a rem-
nant magnetic field was reduced to zero fiédckactly less A Xzre(T,H) and xec(T.H)
than 3 mO¢ at 298 K for both dc magnetization and ac  Figures 1a) and 1b) show theT dependence of the
susceptibility measurements. Then the sample was cooledFC and FC susceptibilities xgrc and xgc) of
from 298 to 1.9 K in a zero field. Cuy Coy sCl,-FeCk GBIC at variousH, where the magnetic

(i) Measurements of the zero-field-cooled (ZFC) susceptifield (H) is applied along the plane perpendicular to the
bility (xzgc) and the field-cooled (FC) susceptibilifygec) . axis. TheT dependence gf,rc and yg¢ is similar to that of
After an external magnetic field (O<H<1 kOe) was ap- Fe&y:MngsTiO3.}" The susceptibilityy,rc at H=1 Oe ex-
plied along thec plane(basal plane of graphene layat 1.9  hibits a cusp around 4.5 K, whilgec is nearly temperature
K, xzrc Was measured with increasing temperatefrom  independent below 3.9 K. Note thgkc along thec axis at
1.9 to 20 K. After annealing of sample for 10 min at 50 K in H=1 Oe is on the order of one-tenth g, along thec
the presence ofH, ygc was measured with decreasifig plane around 3.9 K. Figure(@® shows theT dependence of
from 20 to 1.9 K. the differences defined by 6= xpc— xzrc at variousH,

(i) AC susceptibility measurementhe frequency f), which is the measure for the irreversibility of the suscepti-
magnetic field, and temperature dependence of the dispersidnility. The deviation ofyzrc from ygc atH=1 Oe starts to
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Cu, Co,  Cl,-FeCl, GBIC Cu,sC 0,5Cl,-FeCl, GBIC
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T(K) FIG. 3. (a) T dependence of’ at variousf. h=50 mOe. H
=0. (b) T dependence gf,ec andxgc (H=1 Oe), which is com-
FIG. 2. T dependence dfa) (= xrc— xzrc) and(b) do/dT at  pared with that ofy’ at f=0.01, 1, and 1000 HzH=0).

variousH. The value of§ is derived from Fig. 1. The solid lines are
guides to the eyes. x'(T,w). The susceptibilityyrc may correspond to the

_ ) ) _equilibrium susceptibility £¢q). In Fig. 4@ we show theT
occur below 10 K, and drastically increases with decreasmgjependence of the absorptig#i(T,») at variousf. Similar
T below the cusp temperature gfrc. The inflection-point  pehaviors iny’(T,w) and x”(T,») have been observed in
temperature ob vs T corresponds to a local minimum tem- gFe-C nanoparticles by Hansenal® Figure 4b) shows the
perature ofd6/dT vs T, shown in Fig. 2b). The inflection- T dependence of the derivatidg”(T,)/dT. If we assume
point temperature ob drastically decreases with increasing conventional critical slowing down on approaching the SG
H, leading to the AT line in theH,T) diagram(see Sec. transition temperatur&, from the highT side, theT depen-

1] D for fu_rther qiSCUSSiOI)I The npnvanishingS well ab_ove . dence of the relaxation time can be described E)?/
the inflection-point temperature is partly due to the islandic
nature of CysCoy Cl, and FeC layers. The growth of the =7 (TITg—1) 7, 1)
in-plane spin correlation length is partly limited by the exis- ith x= h is the d ic critical b
tence of small islands, leading to the smearing of theV1th X= vz, wherez 1S the dynamic critical exponent; 'f‘
inflection-point temperature over the system the critical exponent of the spin correlation lengthand 7

' is the characteristic time. In the analysisof/s T, T corre-

sponds to the local minimum temperaturedaf’/d T vs T, or
the peak temperatures gf vs T andy’ vs T, wherer is set

In Fig. 3(@) we show theT dependence of the dispersion equal tow . In Fig. 5 we show thd dependence of thus
x'(T,w) at various frequenciesf £0.01-1000 Hz), where obtained. The least squares fits of the datarofvs T
w(=2mf) is the angular frequency aft{=50 mOe) is the vyield x=10.3+0.7, T;=3.92-0.11 K, 7*=(5.27£0.07)
amplitude of the ac field. In Fig.(B), the T dependence of %10 ° sec for the local minimum temperature @k”/dT
Xzrc and ygc at H=1 Oe is compared to typical data of vs T, x=15.5-1.5, T;=2.98£0.18 K, 7* =(8.56+0.05)

B. Relaxation time: x'(T,w) and x"(T,w)
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FIG. 5. T dependence of relaxation time which is determined
from peak temperatures gf vs Tandy’ vs T, and local minimum
temperature ofdy”/dT vs T. The solid lines are fits to Eq.1)
(critical slowing down with parameters, Ty, and7* given in the
text.

I-sized cluster of spins, is governed by thermal activation
over a barrieB+(l), in such a way that

dy "/dT (emu/av mol K)

T(l ,T): Tol ZeX[{ BT(l )/kBT], (2)

wherel is in units of the lattice constaat The energy barrier
is described bB(1)=Y(T)I¥, wherey is the barrier expo-
nent. The wall stiffnes¥(T) should vanish abovg, like in
ferromagnets and is described B{T) = Y(1—T/Ty) ¥ be-
low T4, wherew is the critical exponent of spin correlation
length £ and Y, is on the order ofkgT,. Above T, the
exponential term in Eq(2) is nearly equal to 1, leading to
the expression for the critical slowing down aboVg:
7. (I, T)=~7ol%

FIG. 4. T dependence dfa) x” and(b) dx”/dT at variousf; h
=50 mOe,H=0.

X 10 ° sec for the peak temperature gf vs T, and x
=15.3+2.0, T4=3.57=0.27 K, 7 =(3.08+0.10)X 10°°
sec for the peak temperature pf vs T. The parameters thus . . "
obtained are rather different. The relaxation timfeis much C. Dynamic scaling of Tx"(T, )

larger than a microscopic relaxation time, (typically Figures 6a) and &b) show thef dependence of' (T, w)
10 1% sec). Here we assume that the local minimum temand x"(T,w) at variousT in the vicinity of To(=3.92 K),
perature ofdy”/dT vs T at =0 corresponds to the spin "espectively. The absorptiog’(T,») curves exhibit differ-
freezing temperaturg, . T, is close to a temperature below €Nt characteristics depending dh Above Tq, x"(T,w)
which yec atH=1 Oe becomes nearly constant. The valueShOWS a peak at a characteristic frequency, shifting to the
of x(=10.3+0.7) is rather close to that predicted by Ogiel- Ni9h f-side asT increases. Belowlg, x"(T,®) shows no

ski for the 3D +J Ising SG &=7.9+-1.0) (Ref. 20 from peak forf=0.01 Hz. It decreases with increasifigollow-

Monte Carlo(MC) simulations. The situation is a little dif- g @ power”IaWw*“ - The exponent” is almost indepen-
ferent for Fg.gMn, <TiO5.2° In the analysis ofr vs T, T is dent of T: «"=0.096+0.003. According to the fluctuation-

determined either as the maximum pf or as the inflection dissipation th”eorem, the magnetic ﬂUCt},Jat'on spezgtﬁam)
point of y”. In both casesz is well described by Eq1) with 1S related tox"(T,w) by S(T, ) =2kgTx"(T, w)/w.* Then
T,=20.95:0.1 K, x=10.0+1.0, and logero=—12.8 S(T,w) is proportional tow ™~ (1T« which is similar to 1k
+1.0, wherer, is a microscopic relaxation time. The value character of typical SG. In contrasgt; (T, ) decreases with
of x is in excellent agreement with our result. increasing at anyT nearT: x' exhibits a power lave "
Here we assume a generalized form of the relaxation timeThe exponenta’ is weakly dependent od: «’'=0.088
more suitable to the description of SG behavior nﬁgrﬂ +0.001 atT=3 K and «'=0.111+0.001 atT=3.8 K.
The relaxation timer(l,T), which is needed to flip the The value ofa’ agrees well with that o&”. In fact, y” is

094424-4



DYNAMIC SCALING AND AGING PHENOMENA INA . ..

Cu,.Co,.Cl,-FeCl, GBIC
(a) e 35K = 524
ua o 4 o 5.6 1
8riim. 4 44 v 8 -
A, “Hpgoo A . v 6.4
‘ff*z Zv Yog favv
, vv gyl

x' (emu/av mol)

x" (emu/av mol)

x" (emu/av mol)

107

102

ol | g
10° 10’
f (Hz)

FIG. 6. (a) f dependence of’ at variousT; H=0 Oe. (b) and
(o) f dependence ofy” below and abovel,. T,=3.92 K, H
=0 Oe. The solid lines are guides to the eyes.

"

related to x' through a so-called /2 rule:” x
=—(m/2)dx'/d(Inw) (Kramers-Kronig relatiop leading to
the relationa’ = «”. Here we note that the observedepen-
dence ofy” in Cuy sCoy sCl,-FeCk GBIC is different from
that in conventional spin glasses such ag ¥, sTiO;
(Ref. 19 and Euy .S In these conventional spin
glasses,x” increases with increasing both above and
below Ty .
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FIG. 7. (@) T dependence of y" at variousf; H=0. (b) Scaling
plot of (Tx")n (=(TX")/(Tx")max @s @ function ofw7. (Tx")max
is the maximum value of x”. The relaxation time is described by
Eg. (1) with x=10.3, T,=3.92 K, and7r* =5.27x 10 ° sec.

We consider the validity of a dynamic scaling law for
Tx", which is predicted to be described?by
TX"=0’Q(w7), 3
whereQ(w7) is a scaling function otvr and is assume to
take a maximum ai 7= constant. The valug (= B/x) is a
critical exponent, wherg@ is a critical exponent of the order
parameter ). Figure {a) shows theT dependence of y”
at variousf. The curve ofTxy” vs T exhibits a peak, which
shifts to the hight side asf increases. The peak height of
Tx" defined by Tx")max increases with increasinfy The
least squares fit of the data for the peak height gf vs w
(for 0.01=f=<1000 Hz) to the form of~wY yields y
=0.035-0.001. Then the value g8(=xy) is estimated as
B=0.360.03, wherex=10.3£0.7. This value ofB is
smaller than that g=0.54) for FgMnysTiO5.%° Figure
7(b) shows the scaling plot ofTl(x") = (Tx")/(Tx")max@s a
function of w7, wherer is given by Eq.(1) with x=10.3,
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x : .g. u 5 °
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Tg=3.92 K, 7=5.27<10"° sec. In this plot the data “L eaS. ., . ®
x"(T,H=0,0) for 4<T<10 K and 0.01 H=f<1 kHz are o230 % m a40e .
8060004 aace®

used. It seems that the data points fit well with a scaling
function Q(w7), indicating the validity of the dynamic scal-
ing law given by Eq(3).

D. Possibility of AT line determined from dé/dT vs T

According to the AT theor§,it is predicted that an ideal
SG system in the presenceldfundergoes a SG transition at
the spin-freezing temperatuiig(H) in the (H,T) plane. The
deviation of yzrc from xgc starts to occur foT<T(H).
Experimentally it is a little difficult to determine exactly the
line T{(H) at which 6= xrc— xzec=0 because of possible
distribution of T{(H) arising from the islandic nature of the
system. Instead, we use another definition for the TipgH)
at whichdé/dT vs T exhibits a local minimum at eacH
[see Fig. Pb)]. In Fig. 8 we show the lind;(H) thus ob-
tained (the local minimum temperatures di6/dT vs T) in

. e
v 00 teg Muad - i
OTT ‘v‘vlv‘vIv‘v]v‘vlvlO‘eleI$I$IvIo’al!Iulglﬁlﬁlgialglﬁlhlgi

2

3 4 5 6 7 8
T(K)

FIG. 9. T dependence ofa) y' and (b) x” at variousH; f
=0.1 Hz andh=0.5 Oe.

line corresponds to the AT line. In fact, the value of exponent
p is close to that = 1.50) for the AT line.
It has been believed that the mean-field picture is valid for
Fe, Mno:TiO3: p=1.492% However, Mattssoret al® have
claimed that the SG transition is destroyed by the application
of a finite magnetic fieldH in Fe, gMng sTiO3. Their result
supports the prediction from the scaling picture that the long-
range SG order at equilibrium only occurs fid=0 andT
<Tg. Further discussion for the AT line will be done in

the (H,T) plane. For comparison, we also plot the peak tem-Secs. Il E and Il F.

peratures of xzpc(T,H) vs T, x"(T,H,w) vs T at f
=0.1Hz, and the local minimum temperature of

dx”"(T,H,w)/dT vs T with f=0.1 Hz as a function oH in
the (H,T) plane. Note that the data of' (T,H,w) vs T at

E. Effect of H on the SG transition
The transition from the paramagnetic phase to the SG

f=0.1 Hz will be given later(see Fig. 9. These lines are Phase occurs in our system ldt=0. What happens to this
away from the lin€T;(H). The least squares fit of the data of fransition in the presence di? Does the long-range SG

the lineT¢(H) for 100 Oe<H=1 kOe to

H=Ho[1-T¢(H)/T4]?

yields parametergp=1.52+£0.10 and Hy=3.4*=0.4 kOe,
where T;=3.92+0.11 K. In the mean-field picture? this

phase survive as suggested by the molecular field picture or
is destroyed as suggested by the scaling picture? According
to the method developed by Mattssenal.’ here we have
determined the dynamic freezing temperatliréH,w) in a
wide frequency and field interval. Figure 9 shows ihde-
pendence o’ (T,H,w) and xy"(T,H,) at variousH for f
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FIG. 10. (a—(f) T dependence of’ at f=0.01 and 0.1 Hz
(H=0), x" atf=0.1 Hz atH, xzrc, Xec, and 8(= Xec— Xzrc)
at the samed. H=100, 200, 300, 500, 700, and 1000 Oe.

=w/2m=0.1 Hz, whereh=0.5 Oe andH(0<H<=3 kOe) is
applied along the plane perpendicular to theaxis. In Figs.
10(a)—(f), we show theT dependence of’(T,H=0,w) at
f=0.01 and 0.1 Hzyx'(T,H,w) at f=0.1 Hz, xrc(T,H),
szc(T,H), and 5:XFC(T!H)_XZFC(T'H) at variousH
=100-1000 Oe. The susceptibilityrc(T,H)(=Mgc/H)

PHYSICAL REVIEW B 68, 094424 (2003
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FIG. 11. T dependence of' (T,H=0,0) anddMg(T,H)/dH.
The spin-freezing temperatuig(H, w) is defined by a temperature
at which x'(T,H=0,0) is equal todMgc(T,H)/dH.

For comparison, the lin&;(H,w) atf=0.01 Hz is also plot-
ted in theH-T diagram of Fig. 8. We find that this line is
close to the linel{(H) determined from the local minimum
temperature ofds/dT vs T. This result suggests that the
method to determin&;(H, ) is appropriate. Note that simi-
lar data ofT{(H,w) has been reported by Mattssenal. for
Fe MnosTiO5.° Figure 12b) shows theT dependence of
7(T,H), which is derived from Fig. 12); 7(T,H)=1l/w
=1/2nf) atT=T;(H,w).

Assuming a SG phase transition B}, we assume the
following dynamic scaling relation for the relaxation time
7.(T,H) in the presence dfi:?’

7o(T,H)=|e] "Fo(X)=H">/ENG.(X) (9

with X=|e[H™2(#*Y, where () denotesT>T, and (-)
denotesT<Ty, € is the reduced temperature defined oy
=T/T4—1, 7.~7o|e| ¥ is the relaxation time foll >T, at
H=0, vy is the exponent of nonlinear dynamic susceptibility

corresponds to the equilibrium susceptibility. Sincexs, F+ andG, are the scaling functions far>T, andF

Mec(T,H) is a nonlinear function oH, xgc(=Mgc/H) is
not equal to the differential FC susceptibilityMg-/dH.
The numerical calculations indicate thatMgc/dH is
smaller thanygc at the saméd andT. In Fig. 11 we show
the T dependence ofiMg(T,H)/dH at variousH and
x'(T,H=0,0) at variousf. The spin-freezing temperature
Ti(H,w) is defined as a temperature at
dMgc(T,H)/dH coincides withy'(T,H=0,w). As shown
in Fig. 10, x'(T,H,w) at f=0.1 Hz deviates fromy'(T,H
=0,0) at the samef above T¢(H,w). This is the same
method that has been used by Mattssaral® to obtain
T¢(H,w) for Fe sMng sTiO5. The advantage of this method
is that we do not have to measure fhalependence of’

andG_ are those folT<T,. The scaling relation, Eq5),
suggests that diverges like(T=Ty,H)~H 2/(F*?) as
H—0. The characteristic field denoted bl ~|e|(#* M2 is
a crossover line between a weak-field and a strong-field re-
gion for T>T,.

In the scaling picture, the asymptotic form for below

which Tg is obtained as follows. In Eq2) we assume that di-
verges like ~H 229 asH reduces to zerdThenr_ can

be rewritten as

7_(T,H)=H 270" 20exf Yo| | /"H~2V/(0=20 kg T ],
6)

just belowT,, whered is the energy exponent. The equiva-

and xy” at eachH such as the data shown in Fig. 9. In Fig. lence of Egs.(5) and (6) leads to the relationv= (g

12(a) we show a plot of the lin€l¢(H,w) in the (H,T)

plane, wherd (0.01=<f=<1000 Hz) is varied as a parameter.

+y)/(d—26). Since B+ y=v(d—20)=2—a—2v0=23
+y—2v6, we obtain a scaling relationg=2v6). Then

094424-7
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FIG. 12. (& TiH,w) contours at variousH between f
=0.01 Hz and 1 kHz, which is determined from Fig. 1i). 7 vs T
at variousH, which is derived from@). The lines are guides to the
eyes.

F_(X) in Eqg. (5) has the asymptotic form of _(X)
~expX”), sinceYq/(kgTg)~1.

Our result of 7(T,H) shown in Fig. 12b) is analyzed
using the dynamic scaling relation. The relaxation tingé&
=Tg4.,H) is predicted to be proportional tl~2(#*?) as
H—0. In fact, the least squares fit of the datarofs H at
T4=3.92K for 0..xH<1 kOe yields the parameters
2x/(B+vy)=5.30+0.13. Sincex=10.3+0.7 and 3=0.36
+0.03, the exponeny is estimated ay=3.5+0.4. Using
the scaling relationsd+28+ y=2 and 2a=dv), the ex-
ponentsa and v are calculated agx=—2.2+0.5 andv
=1.4+0.2, whered=3. The exponentz is given by z

PHYSICAL REVIEW B68, 094424 (2003
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FIG. 13. (a) Scaling plot of 7. H®/(#™" ys X at variousH,
whereX=|e|H ?(*7 The values of exponeni8, y, andx are
given in the text(b) Scaling plot ofX* 7_H?/(#*7 ys X at various
H. The solid line is a fitting curvésee the text for detail

function of X,

7. (TH)H?FTY =G (X), )
wherex=10.3, T4=3.92 K, 8=0.36, andy=3.5. We find
that almost all the data fall well on two scaling functions:
G, for T>T4 andG_ for T<T,. The scaling functiorF .

is related to the scaling functioB.. by F_ (X)=X*G. (X)
with x=10.3. In Fig. 180) we show the plot of-..(X) as a
function of X. The form of F_(X) is given as follows:
In[F_(X)]=c,X*"+c, with ¢;=300+18, c,=—72+2, and
Yv=0.33+0.01. This fitting curve is determined from the
data ofr_ atH=3 kOe. Sincev=1.4+0.2, ¢ is estimated
as 0.24-0.02.

=6.6+1.2. These results agree with those predicted from the

MC simulation by Ogielski for the 3D+ J Ising model
=-1.9+0.3, B=0.5, y=2.9+0.3, »=1.3+0.1, z=6.0
+0.5).%° The exponend® is estimated a®=0.13+0.02 us-
ing the scaling relation{= B/2v). The validity of thisé will
be discussed in Sec. IV.

Figure 13a) shows a scaling plot of. (T,H)H>/(F*7) g

F. Possibility of SG phase transition at finiteH

We consider the possibility tha{T,H) may be described
by a critical slowing down given by

7(T,H)=7[T/T¢(H)—1]"* (8)
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FIG. 14. Plot ofr vs T obtained from the data af;(H,») with o
H=100, 200, 300, and 500 Oe. The relaxation timie defined as 0.44F
wr=1 atT=T{(H,w). r

for T>T¢(H). This is based on the assumption that the SG

transition is not destroyed by the applicationtdf(the mo-

lecular field pictur@ The SG phase exists beloW(H) in

thermal equilibrium. The least squares fits of the data of E

7(T,H) vs T shown in Fig. 14 to the above power-law form 0.43p

yield x=10.2-0.3, T{(H)=3.10+0.05K, =23 F

X10 *sec at H=100 Oe; x=13.2-0.4, T{(H)=2.35 0 2 4

+0.07 K, 7#=1.2x102sec at H=200 Oe; x=13.8

+0.5, T{(H)=2.08-0.08 K, 7*=5.2x10?sec at H

=300 Oe; andx=13.6-0.6, T{(H)=1.94+0.08 K, 7* FIG. 15.t dependence of” at T=3.75 K for f=0.05, 0.1, and

=6.0x10 2 sec atH=500 Oe. The values of¢(H) thus 1 Hz, wheret is the time taken after the sample was quenched from

obtained are plotted as a function fin Fig. 8. This line 50 to 3.75 K. The solid lines are the fits of the data to the power-law

does not coincide with the lin&;(H) determined form the form.

local minimum temperature af6/dT vs T. These two lines

start to deviate aH~0 Oe. The exponent is strongly de- Figure 15 shows thedependence of” at T=3.75 K for f

pendent orH. The value ofx at H=100 Oe is almost equal =0.05, 0.1, and 1 Hz. The absorptio¢f decreases with

to x at H=0, but it drastically increases with increasihg  increasingT and is well described by a power-law decay

for H=200 Oe. These results suggest that the SG transition ,

atH=0 is destroyed by the application bf (at least above X' (0,t)=xp(w) +A"(w)t ™. 9

i(;(l) Oe. Th!s result is consistent with the fZ%IIowmg theoret The least squares fit of the data gf(w.t) at T=3.75 K to
prediction proposed by Lamaroet al=° For H<H, . " ’ .

(some characteristic fieldhe system behaves qualitatively Eq. (9),, yleld_s fitting parameters listed in Table |. The expo-

just as in the caskl =0, while significant changes arise for nentp IS s!:ghtly dependent of Thef depgndence"of the

H>H,. Our result is slightly different from the conclusion amplitudeA _(“’) for 0.05<f=1 Hz is described bA"(w)

derived by Mattssoet al® that the SG phase is destroyed at =Agw ™ * with Ag=0.142+0.002 andu”=0.225+0.016.

finite H for Fey gMn, <TiO5. Note that there are some recent The value ofu” is almost the same as thatiof, supporting

theorie® supporting the result of Mattssaet al. a wt-scaling relation that Eq9) can be rewritten as

0.435f

x" (emu/av mol)

8 10 12 14 16
t (10*sec)

»

" — " —b”
G. Aging at constant temperature X'(@,0)=xo(@)+ Ag(@t) 7. (10

We have measured thedependence of” at T=3.25, In Fig. 16@) we show a scaling plot of y"(w,t) at 3.75 K
3.50, 3.75, 3.90, and 4.4 K, whek¢=0. The system was @as a function ofot, whereAx"(w,t)=x"(w,t) = (xo(®)).
quenched from 10 K t@ (<T,) at time(age zero. Bothy’ ~ The stationary susceptibility xyg(w)) listed in Table | is
and x” were measured simultaneously as a function of time slightly different from xg(w) and corresponds to the
at constanfl. Each point consists in the successive measureasymptoticf-dependent value so thgt'(w,t) tends to zero
ments of five frequenciesf €0.05, 0.1, 0.5, 1, and 5 Hiz  in the limit of t—o°. Almost all the data fall well on a single
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TABLE I. Fit parameters for the decay gf' vst. T=3.75 K to Eq.(9). The definition of the parameters
is given in the text.

f b" Xo(w) (x3()) A (@)
(Hz) (emu/av mol

0.05 0.159-0.022 0.522-0.005 0.535 0.1880.016
0.1 0.158-0.019 0.502-0.004 0.512 0.1520.010
0.5 0.185-0.021 0.4450.002 0.449 0.11t0.010
1 0.193+0.033 0.4190.002 0.420 0.0950.016

scaling function given by Eq(10) with b"=(b")=0.255 (xq(w)) is the stationary part of’(w,t) in the limit of t
*+0.005 andAj=(Ag)=0.239+0.009. The value ofb”) is  —c. All the data lie well with a universal curve described
a little larger than that ob” determined using the data &t by A)(’(w,t)=A6(wt)_b/ with b’=(b’)=0.226+0.007

=0.05 Hz. Note tha(b") is equal t0 0.140.03 at 19 Kfor  andA)=0.426+0.018. The exponerib’) is nearly equal to

FeyMngsTiO; (T=20.7 K).™" The susceptibility( xo(w)) (b"y. The susceptibility xo(w)) decreases with increasifig

clearly dgc_reases vy|th mcrg?smg which is consistent with 1.1 is similar to the case dfs()).

the pre_dlct|on by Piccet al: . , Such a power-law decay of'(w,t) andy’(w,t) with tis
In Fig. 16b) we shovy a scalln,g plot OAX, (0.0 atT  ghserved only for 3.25 KKT<Ty. In Fig. 17 we shows the

=3.75K, where Ax'(w,t)=x"(@,)=(xo(®)) and 1 gependence db’ andb” at f=0.05 Hz. Bothb’ andb”

Cu Co Cl-FeCl GBIC are of the same order at the sameThere is a steplike
0.04 e 2 increase irb’ andb” with increasingT between 3.5 and 3.75
i . @) 1 K; b”=0.017£0.032 at 3.50 K ant)"=0.16=0.04 at 3.9 K
— . | just belowTy. Similar behavior on th@ dependence db”
g AN dEEHE ] has been reported by Cola al? for a relaxor ferroelectric
3 0.03f & Pl il Pb(Mg;,sNb,9) O3, which is not a SG system. We note that
E % s+ 05 as shown in Fig. @), the data od6/dT vs T for H=1 Oe
A A1 L N
o L . & exhibits a local minimum at 3.5 K, close to a temperature at
,% 0.02; %- which b” undergoes a drastic increase.
%5 ¥
v H. Rejuvenation effect under perturbations
:5: 0.01f We also examine the aging effect f under perturba-
= I tions such as the change ®fandH. Figure 18 shows the
- dependence of”(w,t) under a negative temperature cycle,
ol where f=0.05 Hz andh=0.1 Oe. Here our system was
: quenched fronT=10 to 3.75 K atH=0. The relaxation of
2 0.08 Cu,Co,.Cl,-FeCl, GBIC
3 03— T
= - 1
E o008 0.25[ 1
Py - o b’ I ]
§ | . b" I A) ;
“2 0.04f AL ’;
\% 3 ]
2 ., 015 7 + ]
= 0.02}- - i , 1
= 2 01f | :
A | - T i
Ol il - I - B
102 10°  10*  10° 108 107 0.05¢
ot -
O = _}
FIG. 16. Scaling plot of(@ Ax"(w,t)[=x"(w,t)—(xp(®))] -
and(b) Ax'(w,t)[=x'(w,t) —{x{(®))] as a function oft for the T T T L B R
data atf=0.05, 0.1, 0.5, 1, and 5 Hz. The definition of stationary 3 3.2 34 3.6 3.8 4
susceptibility{ xg(w)) and{x{(w)) is given in the text. The solid T(K)
lines are the fits of the data to the power-law form. Each curve is
vertically shifted by({ xg(w)) or {x{(®)) (see text for definition FIG. 17. T dependence of exponerit$ andb”.
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cycle.f=0.05 Hz, T=3.75 K, andT—AT. H=0. The change of
T with t is also shown(a) AT=0.05 K. (b) and(c) AT=0.20 K.

x"(w,t) was measured as a functiontaduring a period,,;
(=1.5x10* sec). The temperature was then changed to
— AT (the firstT-shift). The relaxation ofy” was measured
as a function oft for a periodt,, (~1.5x10* sec) atT
—AT. The system was again heated backit¢he second
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FIG. 19. Relaxation ok”(w,t) during a magnetic field cycling.
f=0.05 Hz,T=3.75 K. (@) H=0 and 10 Oe(b) H=0 and 50 Oe.

just before the change af from 3.55 to 3.75 K, whefT is
changed from 3.75 to 3.55 K. Then the relaxation xdf
newly occurs(the rejuvenation effegt

Figure 19 shows the dependence ofy"(w,t) at T
=3.75 K under a positiveH cycle, wheref=0.05 Hz and
h=0.1 Oe. In these measurements, the system was cooled
down to 3.75 K aH=0. The relaxation o” was measured
as a function ot during a periodt,,;. A magnetic fieldH
(=10 and 50 Ogwas then applied at=t,,;. The relaxation
of x” was measured as a functiontofor a periodt,,, at H.
The fieldH was again reduced to zero. The relaxationbf
was measured as a function oAt H=0. These processes
were repeated. In the case ldf=10 Oe[Fig. 19a)], when
the field is off from 10 to 0 Oey” rises to a value ok” to

T-shift). These processes were repeated subsequently. In tMhich x” is supposed to decay during the perigg at H

case ofAT=0.05 K[Fig. 18a)], just after the firsT-shift y"
behaves as if the system were quenched toAT directly
from 10 K. After the second-shift, howevery”(w,t) coin-
cides with a simple extension gf'(w,t) already aged by,
atT. In the case oAT=0.20 K[Figs. 18b) and 18c)], x”

=0. In the case oH =50 Oe[Fig. 19b)], x” undergoes a
drastic change to a value higher than the value just before the
change ofH from 0 to 50 Oe, when the field is off from 50

to 0 Oe. Then the relaxation gf’ newly occurs(the rejuve-
nation effect. This effect is similar to those reported in

undergoes a drastic change to a value higher than the valleg sMng sTiO3 (Refs. 30 and 3Band CdCy Ang S, *°
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IV. DISCUSSION AND CONCLUSION A)("(w,t)/)("(a))”(wt)_b”(-r), (11)

In this paper we study the nature of the slow dynamics of
the short-range Ising SG, gtCaq, Cl,-FeCk GBIC. Using l){vhereb”(T)=(d—6)/z(T) and the exponent 4(T) is lin-

the concepts of static and dynamic scaling laws, we dete ; = )
mine the critical exponents of this compound. Our results aréearly dependent o well below T, : 1/2(T)=T/(zTy). This

. 5o _ " s ot scaling ofA y"(w,t)/ x"(w) is derived on the assumption
islfﬂogv ; ' an: _2625+0(')5é A 22063(?: (1) g 3, (;/:; ;jé) :’ Z that the growth law of the spin-glass correlation length)
—0.13+0.02, andj—0.24+0.02, where 2 7= y/v. These 1S approximated by the formg(t)~Io(t/to) ™", wherelg

critical exponents are compared with those reported for th ndFo are microscopic length and .time scalgs. This growth
Ising SG, FeMngcTiOs (a=—3, B=0.5+0.2, y=4.0 aw is different from that proposed in the scaling picture due

- _ _ _ - A to Fisher and Hus&Using the values of andb”(T), the
(_R(c)afi V191'72’52 3?02 fndll.;é :ndo.li’eigggtirg(?l.igkeog)c‘ exponent 14(T) is calculated as 0.006 at 3.50K a_nd _0.056 at
CdCr17In03’S4 (,a=—'1.9 £=0.75-0.1, y=2.3+0.4, v " 3.90 K. Such an increase of Z(T) \{Vlthm;l' qualitatively
—1.26+0.2, p=3.1+ 05 zv=7, Y= 1.1’)_30,34 Our critical  @drees with the prediction by Komoet al® If the expres-
exponents are in excellent agreement with those of amorz2' " 16(T)="T/(2Tg) is V.a“d atT=3.90 K.JUSI. belowT,,
phous metallic SG, (FadNiged7eP1BeAls (a=—2.2, B the value ofz can be estimated as 18, wh,lch |s.much larger
=0.38, y=3.4, v= 1.39"225.9) 35,36 \ote that we use the than our valuez(=6.6). Experimentallyb”(T) is nearly

scaling relation given byg=26v to determined of our sys- equal I.szeio belowT3 Kt.(~0f'75|;?])' At preser;t tWhe gcilve .
tem. This relation is derived in the present work using thenﬁ satls "E‘f, ory e):jp;gaKlqn or et cause ot the drastic
idea of dynamic scaling law for th€ andH dependence of ¢ ?nge ml aroun h n rc:ur sytshe:n. Cl-FeC
7_. This relation is valid for FgsMng sTiO3: the value of GBFCC%n; %Selggétl?’vebeﬁ;\e/ez I(i)l\?(le n anai d%fl:ogg ;ho?t—rhan o
0(=pBl2v=0.15) is close to the experimental valu@ ( Ising SG gl'h' y d und SG oh i iti 9 t
~0.2). We note that a relation &2v#) is derived by 1?'193 92;:0 'flcgmfl’_ﬁund undergoes I{'i P FS? ransi |ort1 a
Fisher and Husein the case ofd—d,". Hered," is the 9 - ' - ~he gynamic scaling analysis suggests
: di . heré>0 andd™ i : 'I 2'§7 i that this SG transition is destroyed by the applicatiorl gt
lowest dimension wheré=0 andd, s close to 2.5.1f B 1656t ahove 100 OeThe scaling behavior of the relaxation
is equal to the mean-field exponei£ 1), then the scaling iy is well described by the scaling picture with the energy
relation (3=2v#) coincides with the relation derived by exponentd=0.13+0.02 and the barrier exponerjt=0.24
Fisher and Husé.. _ _ +0.02. The aging obeys thet scaling. The rejuvenation
Our value ofé is a little smaller than the theoretical val- ogact is observed under sufficiently largemperature and
ues: #=0.19+0.01 by Bray and Moor&,4=0.192+0.001

78 - : 39 magnetic-fieldl perturbations.
by Hartmann,” and 6=0.20+0.03 by Komoriet al.™ from In spite of such a similarity in dynamic behaviors between

MC simulations on the relaxation of energy of the 3D Ga“SSCuO .Cy «Cl,-FeCk GBIC and 3D Ising spin glass, the fre-
ian SG model with nearest neighbor interactions. Our Valu%ue'ncy dependence af’ below T, are very different. The
of ¢ is a little larger than that ob, satisfying the imposed absorptiony” in Cuy<Coy 5CI2-Fngg GBIC decreases with
inequality < < (d—1).° This condition is also satisfied in increasing frequency, Whereqé in 3D Ising spin glass in-
the other SG systems: FgMnsTiO; (=0.3-0.7) (Ref. . aases with increasing frequency.

30) and CdCi/ngsS; (¢=1.1)3 The value of 4 is
strongly dependent on the spin symmetny of the systems
such as Isingrf=1) and Heisenbergn=3): it decreases as
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