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Nonlinear magnetic susceptibility and aging phenomena in a reentrant ferromagnet:
Cug ,Co, Cl,-FeCl; graphite bi-intercalation compound
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Linear and nonlinear dynamic properties of a reentrant ferromagngtQoycCl,-FeCk graphite bi-
intercalation compound are studied using ac and dc magnetic susceptibility. This compound undergoes succes-
sive phase transitions at the transition temperatlifés- 16 K), T.(=9.7 K), andTrsd =3.5 K). The static
and dynamic behaviors of the reentrant spin-glass phase bBlaw are characterized by those of normal
spin-glass phase with critical expone8it=0.57+0.10 and a dynamic critical exponext8.5+-1.8. In the
ferromagnetic phaseTgsc=<T=<T.), a prominent nonlinear magnetic susceptibility is observed. The relax-
ation of the absorptiony”(w,t) with time t exhibits a weak power-law decaya”(w,t)mt‘b" where b”
~0.07. These results suggest a chaotic nature of ferromagnetic phase.
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[. INTRODUCTION the SK phase diagram. Fdg/J>1, consequently the whole
RSG phase and a part of the FM phase in the SK model are

The nature of a reentrant spin-glag®SG phase and a newly replaced by a RSG phase with replica symmetry
ferromagnetic(FM) phase in reentrant ferromagnets hasbreaking(RSB). This RSG phase is very different from the
been a topic of much controversy:® Spin frustration effects normal SG phase fody/J<1. It is a mixed phase of the
occur as a result of a competition between ferromagnetionormal SG phase and the FM phase.
interactions as a majority and antiferromagnetic interactions In the mean-field picture, a reentrance from the FM phase
as a minority. As the temperature is lowered, the reentrano the normal SG phase is predicted. There is a normal FM
ferromagnet exhibits first a transition from a paramagnetidong-range order in the FM phase. This picture, which as-
(PM) phase to a FM phase with decreasing temperatureumes infinite-range interactions, is not always appropriate
and then a second transition from the FM phase to a RS®r real reentrant magnets where the short-range interactions
phase. Such a reentry behavior of the reentrant ferromagre large and random in sign and the spin symmetry is rather
nets has been extensively studied experimentally in théleisenberg-like than Ising-like. Neutron-scattering studies
last two decade’.*® There are four types of reentrant ferro- on (Fq_,Mn,)-P;BsAl; (Ref. 6 have questioned the ex-
magnets: (i) metallic spin glasses such as F&ly3,%? istence of a true long-range order even in the FM phase.
(Fey oNig 50 75P16B6Al 3,2 ™° (Fe _Mn,)7sP1eBeAl; (0.2<x  Aeppli et al® have proposed a phenomenological random-
<0.32) ¢ and NMn,, (Refs. 7 and 8having Ruderman- field picture to explain their result. In this picture, the system
Kittel-Kasuya-Yosida- type interactions between distantin the FM phase consists of regions which would order fer-
spins, (i) insulating spin glasses such as Cg@r,; S, romagnetically and other regions forming PM clusters. The
(0.90<x<1),°*2(iii) dilute magnetic semiconductors such frustrated spins in the PM clusters can generate random mo-
as EySr,_,S (0.52<x=<0.60) ***and(iv) colossal magne- lecular fields, which act on the unfrustrated spins in the in-
toresistance materials such ag/€a, ;MnO;.** In the case finite FM network. In the FM phase well abovisg, the
of (i) and (iii), ferromagnetic nearest-neighbor interactionsfluctuations of the spins in the PM clusters are so rapid that
compete with antiferromagnetic next-nearest-neighbor interthe FM network is less influenced by them and their effect is
actions. only to reduce the net FM moment. On decreasing the tem-

The nature of the RSG and FM phases in reentrant ferroperature toward'rsg, the thermal fluctuations of the spins
magnets is basically understood in terms of a mean-field picin the PM clusters become slower. The coupling between the
ture. The phase diagranT{J vs Jo/J) of the Sherrington- PM clusters and the FM network becomes important and the
Kirkpatrick (SK) model with Ising spin® consists of the PM  molecular field from the slow PM spins acts as a random
phase, FM phase, and the spin-gl&S§&) phase, where an magnetic field. This causes breakups of the FM network into
infinite-ranged Gaussian distribution of exchange interacfinite-sized clusters. BeloWgsg, the ferromagnetism com-
tions with variancel and meanJ, is assumed’ For J,/J pletely disappears, leading to a SG phase. This picture is
=<1, asT is lowered, the system undergoes a transition fromvery different from the mean-field picture. The RSG phase is
the PM phase to the SG phase. BgfJ>1, asT is lowered, not a mixed phase but a normal SG phase.
the system undergoes a PM-FM transition followed by a Jonasonet al*® have shown from a dynamic scaling
FM-SG transition. This SG phase fdp/J>1 is called a analysis of low-field dynamic susceptibility of
RSG phase. However, the nature of the RSG phase is essdifrey oNig g0 75P16BsAl 3 that there is a spin-glass relaxation
tially the same as that of the normal SG phase JgfJ  time which diverges at a finite temperature with a dynamic
<1. When the Parisi's solution for the SK motfet®is dis-  critical exponent similar to that observed for an ordinary
covered, the vertical phase boundandgtJ=1 is added to PM-SG transition. This suggests that the RSG phase is a
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normal SG phase. The FM phase just abdygs shows a measuremenrusing a scanning electron microscaéodel
dynamic behavior characterized by an aging effect and chaditachi S-450]: m=7.54+0.05 and x=0.56+0.02. The
otic nature similar to that of SG phase. Dupetsall? have  (00L)  x-ray-diffraction = measurements of stage-2
shown that the aging behavior of the low-frequency ac sus€u, ,CoyCl, GIC and Cy,Caq,Cl,-FeCkL GBIC were
ceptibility is observed both in the FM phase and RSG phasenade at 300 K by using a Huber double-circle diffractometer
of CdCryIn, (1S, with x=0.90, 0.95, and 1.00, with the with a MoKa x-ray radiation sourcél.5 kW). The c-axis
same qualitative features as in normal spin glasses. It seemspeat distance of stage-2 £CoCl, GIC and
that these results are explained in terms of the random-fiel€w, ,Caq, ¢Cl,-FeCk GBIC was determined as 12.8D.04
picture. and 18.790.05 A, respectively.

In this paper we report our experimental study on the The dc magnetization and ac susceptibility were measured
magnetic properties of the RSG phase and the FM phase ofusing a superconducting quantum interference device mag-
reentrant ferromagnet GuCoy¢Cl,-FeCk graphite bi- netometer(Quantum Design, MPMS XL)5with an ultra-
intercalation compoundGBIC). This compound undergoes low-field capability option. First a remnant magnetic field
three phase transitions &t,(=16 K), T.(=9.7 K), and was reduced to zero fiel@xactly less than 3 mQat 298 K
Trsd =3.5 K). There are the helical spin ordered phase befor both dc magnetization and ac susceptibility measure-
tweenT, andT., the FM phase betweéR, andTgsg, and  ments. Then the sample was cooled from 298 to 1.9 K in a
the RSG phase beloWgss.2°"22 The static and dynamic zero field.
natures of the FM and RSG phases are examined from the (i) Measurements of the zero-field-cooled susceptibility
linear and nonlinear ac magnetic susceptibilities, and théy,rc) and the field-cooled susceptibilifyyec): After an
zero-field cooledZFC) and field-cooledFC) magnetization.  external magnetic fielth (0<H<5 kOe) was applied along
The time dependence of the ac susceptibility, showing theéhe ¢ plane (basal plane of graphene layat 1.9 K, xzec
aging phenomena, is also studied. The nature of the RS®&as measured with increasing temperatdnefrom 1.9 to 20
phase of Cy,Ca, ¢Cl,-FeCk GBIC is discussed in compari- K. After annealing of sample for 10 min at 100 K in the
son with that of the SG phase of 4Caq,Cl,-FeCk  presence oH, yrc was measured with decreasifigrom 20
GBIC.2*?*Note that CyCoy Cl,-FeCk GBIC magnetically to 1.9 K.
behaves like an ideal three-dimensiof&D) short-range SG (i) ac susceptibility measuremerithe frequency f),
and undergoes a SG phase transition B;=3.92 magnetic field, and temperature dependence of the dispersion
+0.11 K. The dynamic scaling analysis suggests that the SG®;/h) and absorption®7/h) were measured between 1.9
phase does not survive in the presencéddfat least above and 20 K, where the frequency of the ac field fs
100 0g.% =0.01-1000 Hz and the amplitudé is typically h

Cuy ,Cy Cl,-FeCk GBIC has a unique layered struc- =1 mQOe—4.2 Oe.
ture where the CyuCoy Cl, intercalate layer €1,) and

FeCh_intercaIate layers %'_2) alternate yvith a single . RESULT
graphite layer @), forming a stacking sequence _ o ) )
(-G-11-G-1 ,-G-1,-G-1,-G-- - -) along thec axis. In the A. Nonlinear ac susceptibility: @1/h and ®3/h

Clo 2C0y Cl, Intercalate layer two Kinds of magnetic ions  we have measured the dispersi®/h and absorption
(Cu" and C&") are randomly distributed on the triangular @7/ at fixed T as a function ofh, where 1 mOeh

lattice. The spin order in the GUCaq, Cl, layers is coupled <4.2 Oe andf=1 Hz. Both®)/h and ©/h are strongly

W'th that in the Fecgl_mtercal_ate Iaye_r €12) through an dependent or, suggesting the existence of nonlinear mag-
Interplanar exchange interaction, leading to the spin frustra; e 5,sceptibility. We determine tAedependence of non-
tion effect. linear ac magnetic susceptibilitiex4, xs, x3, x=) from

the least-squares fits of the data to the power-law fdfins:
Il. EXPERIMENTAL PROCEDURE

. 1/h=x1+3x3h?/4+ 10xih*/16+ - - -
A sample of stage-2 GyCo, Cl, graphite intercalation ©1/h=x2+ 3xsh™/4+10xsh"/16 @

compound(GIC) as a starting material was prepared fromand
single-crystal kish graphiteSCKG) by vapor reaction of an-
hydrated Cy,CoysCl, in a chlorine atmosphere with a gas ©'/h= x]+ 3x3h?/4+ 10x£h*/16+ - - -. )

pressure of=740 Torr™>™** The reaction was continued at Note that for convenience we use the linear ac susceptibility
500 °C for three weeks. The sample of GGg, Cl,-FeCk " and " instead ofy} andy!. In Figs. 1a) and 1b) we

GBIC was prepared by a sequential intercalation method: th& . "
intercalant FeGlwas intercalated into empty graphite galler- STOW theT”dependence of the dispersiéy/h and the ab-
ies of stage-2 Cy,Cy «Cl, GIC. A mixture of well-defined sorp.t|on®1/h at f_= 1 Hz. The dlﬁ‘er‘ent curves _correspond
stage-2 Cy,C0y sCl, GIC based on SCKG and single-crystal © different amplitudes of the ac field, whe_h_ms varied
FeCk was sealed in vacuum inside Pyrex glass tubing, anetween 1 mOe and 4.2 Oe. The susceptibilitiggh and
was kept at 330 °C for two weeks. The stoichiometry of the®1/h are independent ofi for h<h, within experimental
sample is represented by ,(Cuy,Ca Cl);_4(FeCk),.  error, wherehg~0.1 Oe, implying tha®;/h and®/h co-
The concentration of C and Fen(and x) was determined incide with the linear susceptibilitieg’ andy”, respectively.
from weight uptake measurement and electron microprob&lote that®’/h shows a sharp peak at 4 K, which is almost
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FIG. 1. (Color online T dependence ofa) ®;/h and(b) ®/h
at varioush for Cuy,CoyCl,-FeCk GBIC. hlc, f=1 Hz, H
=0.

independent oh. This sharp peak is associated with the tran-

sition between the FM and RSG phaségsc=3.5 K.

In Figs. 2a) and Zb) we show theT dependence of
A(®1/h) and A(®7/h) at varioush, where A(®1/h) and
A(®7/h) are defined as the differences betweg{Yh and
®7/h at h (h>30 mOe) and those &t=30 mOe, respec-
tively: A(®/h)=3x3h%4+10xih*/16+ --- and A(@®]/h)
=3x5h?/4+ 10xeh*/16+ - - -. The difference\ (®}/h) and
A(®7/h) are strongly dependent oh. The difference
A(®7/h) has two local maxima at 16.2 K5.8 K) and 8.6 K
(7.8 K), and a local minimum at 10.3 K10.1 K) at h
=1 Oe h=4 Oe). In contrastA(®;/h) has two local
maxima at 15.8 K(15.6 K) and 8.3 K(7.8 K), and two local
minima at 9.9 K(9.5 K) and 16.6 K(16.5 K) at h=1 Oe
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FIG. 2. (Color online T dependence ofa) A(®;/h) and (b)
A(O®’/h) at varioush. f=1 Hz, H=0. A(0®1/h) is defined by the
difference between®;/h at h (h>30 mOe) and®;/h at h
=30 mOe.A(®7/h) is defined by the difference betweé/h at
h (h>30 mOe) andd]/h ath=30 mOe.

d(®;/h)/dh=0 and d(®]/h)/dh=0, respectively:hgzw
—3x4/(5xs) and hp*~—3x4/(5x5). The existence ohj,
andhj indicates a negative sign g§ andxz . In the inset of
Fig. 3(@), we show theT dependence di, andhy . The peak
fieldsh, andhy, which decrease with increasirg tend to
reduce to zero around 9.8 and 10.4 K, respectively.
The least-squares fits of the da®(h vs h? and®’/h
vs h?) at eachT for 30 mOe=<h=0.7 Oe to Eqs(1) and(2)

yield the values ofy;, x5, X5, --- andxy, X5, Xa, - -

(h=4 Oe). In summary, the positions of the local maxima,:igure 4 shows thd@ dependence of}, x4, x4, and x&

and minima shift to lowF side ash increases.

thus obtained. The nonlinear susceptibiljpy at f=1 Hz

In Figs. 38 and 3b) we show the plot o\(01/h) and  gh4ys 4 positive peak at 16.0 K, a negative local minimum at

A(®3/h) as a function oh? nearT, (=9.7 K), respectively.  10.2 K, and two positive peaks at 8.8 and 8.3 K. The sign of
Both A(®1/h) andA(©1/h) are strongly dependent érfin ! changes from negative to positive at 9.65 K and from

these limited temperature regions. A linear increase Obositive to negative at 4.0 K with decreasifigNo anomaly
A(®;/h) andA(O]/h) with h? at low h indicates a positive is observed below 4 K. In contrasty atf=1 Hz exhibits a
sign of x5 and x5. We find a peak i\ (®;/h) [A(®7/h)]  negative local minimum at 16.0 K, a positive peak at 10.2 K,
at a peak fielch, [hy], which shifts to the lowh side with  and two negative peaks at 9.0 K and 8.3 K. The signyf
increasing T. The fields h,’J and h;; are defined as changes from negative to positive at 4.0 K with decrea3ing
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pendence ofy], x4, and xz, where the units ofys,,, are
FIG. 3. (Color onling (a) and (b) h? dependence oA (©]/h) emu/(av mol O&"*1).
andA(©1/h) at variousT. f=1 Hz. The inset ofa) shows theT
dependence of the peak fighd for A(®3/h) andhy for A(®7/h). as temperatures at which the signxdf changes. Using this
definition, in fact we find 9.65 K a3, and 4.0 K asTrggat
We note that theT dependence of4 around 10 K in our f=1 H; for our system. Similar behaviors have begn re-
system is similar to that in stage-2 CeGBIC which mag- ported in other reentrant ferromagnets. Sato and Mi§fako
netically behaves like a quasi-2D ferromagnet with an exhave  reported  that the sign  of x3 in
tremely weak antiferromagnetic interplanar exchange Pth.g9sd €.0034 0.99MNg 05 Changes from negative to positive
interaction? In stage-2 CoGl GIC, x4 exhibits a negative at T.. Sato etal” have shown that the sign of; in
local minimum at 10.5 K, becomes positive below 10.2 K, Ni3JFe;Mn,, changes from positive to negative Btsg: x5
and shows a positive peak below the upper critical temperahas a small negative local minimum neggse.
ture T, .
The nonlinear susceptibility3 shows a positive peak at B. Linear ac susceptibility: x’ and x”

16.2 K, a negative Iocgl minimum at 11.0 K, and a posmve Figures %a) and 5b) show theT dependence of the linear
peak at 8.7 K. The sign of3 changes from negative t0 ¢ sysceptibilitiesy’ and x” below 12 K ath=50 mOe,
positive _at 9.9 K and from /E)osmve to negau_ve at5.7 K_vv_|th where ®!/h=y.=x' and ®//h=yx’=x". The absorption
decreasingr. In contras_t',x5 shows a negative local mini- 4t f=0.01 Hz shows a relatively sharp peak at 3.69 K.
mum at 16.4 K, a positive peak at 11.0 K, and a negativerpjs peak shifts to the higfi-side with increasing: 5.10 K
peak at 9.0 K. The sign ok changes from negative 10 4t =1 kHz. In contrast, the derivativaly”/dT at f
positive at 6.5 K with decreasing =0.01 Hz shows two negative local minima at 4.0 K corre-
Here we discuss th& dependence of;. Basically the  sponding toTrsgand 10.0 K corresponding f.. The local
singularity of x5 could reflect the breaking of spatial mag- minimumdy”/dT vs T at 4.0 K shifts to the high- side with
netic symmetry. The sign of; is negative for the PM phase increasingf, while the local minimum at 10.0 K does not
and the SG phase and positive for the FM phase. Thus th&hift with increasind.
critical temperature$, for the helical spin order to FM tran- Figures %c) and 8d) show theT dependence of' and
sition andTrsgfor the FM-RSG transition could be defined x” aroundT,, at h=500 mOe, whereé;/h~yx’ and ®]/h
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~Y". The dispersiory’ atf=0.01 Hz shows peaks at 16.2 K that the FM-RSG transition in our system is dynamically
and 8.35 K. The peak at 16.2 K slightly shifts to the high- similar to an ordinary.PM—SG transition. Note t.hat the value
side with increasing; 16.4 K atf=1 kHz. Another peak at ©Of 7* for dx”/dT vs Tis much larger than filltg/plcallvalue of
8.35 K does not shift with increasirfg The dispersiory’ at ~ Microscopic relaxation timey (typically 10" ~-10- “sec).
f=0.01 Hz has an inflection point at 3.5 K corresponding toS“Chzg1 large value of* has been also reported by Kleemann
the positive peak ofly’/dT, and another inflection point at €t aI._7 for CogoFeyo/Al,O; multilayers: 7" =(6.7+0.4)
9.7 K corresponding to the negative local minimum of X 10 ‘sec andk=10.0+3.6. The larger* suggests that the
dy’/dT. The inflection point at 3.5 K shifts to the high- PM clusters play a significant role in the FM-RSG transition.
side with increasing. In the random-field pictur the FM phase consists of the
Here we assume that the singular behaviog'bfiround 4 FM region with a Ionger reIa_xation time and thg PM clusters
K is due to the critical slowing down associated with theWith @ shorter relaxation time. On decreasifigtoward
FM-RSG transition. Either the peak temperatureg’6vs T
andTy” vs T or the local-minimum temperature dfy”/dT Cu,,C o,,Cl,-FeCl, GBIC
vs T arourd 4 K coincide with a spin freezing temperature SRR
T;, at a relaxation time (~ 1/w). The relaxation time- can :
be described

101:

=7 (Tt/Trse= 1) 7%, () .|
where x=vz, z is the dynamic critical exponeng; is the 8
critical exponent of the spin-correlation lenggh and 7 is i
the characteristic time. In Fig. 6 we show thelependence 1071
of 7 thus obtained fodx”/dT. The least-squares fits of the i
data of 7 vs T yield x=8.5£1.8, Trsc=3.45+0.31 K, and
™ =(4.77+0.10)x 10 ®sec for the local-minimum tempera-
ture ofdx”/dT vs T. Note that the same methodx”/dT vs
T) was used to determinevs T for the SG phase transition
of CuyCoy:Cl,-FeCk GBICZ The value ofx is on the
same order as thak& 7.9) reported by Jonascet al? for

the FM-RSG transition of (RgNiogd 7sP16BsAls. A rela- FIG. 6. (Color online T dependence of the relaxation time
tively good agreement between the value &f for  which is determined from thedependence of peak temperature of
Cuy Coy Cl,-FeCk GBIC and the value predicted by dy”/dT vsT. The solid line denotes the least-squares fit of the data
Ogielsk® for the 3D +J Ising SG &=7.9+1.0) suggests to Eq. (3.

T (sec)

10'2E
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Cu,,Co,,Cl,-FeCl, GBIC 2.5 K and «"=0.079-0.002 at 3 K. According to the
R e fluctuation-dissipation theorem, the magnetic fluctuation
spectrum P(w) is related to x"(T,w) by P(T,w)
=2kgTY"(T,w)/w. Then P(T,w) is proportional to
w~17%" which is similar to 1k character of typical spin
glass. In contrasly’ (T,w) decreases with increasifigbove

and belowTgsg: x' exhibits a power-law form(()‘”"). The
exponentx’ is weakly dependent of: «’=0.072=0.001 at
T=2.5 K anda’=0.094+-0.001 atT=3.0 K. The value of
a' is on the same order as that@f. Note thaty” is related
to x' through a so-called /2 rule”™: x'=
—(7/2)dx'/d In v (Kramers-Kronig relatiof leading to the
relationa’=a".

Here we note thé dependence of” above 5 K[which is
not shown in Fig. ?)]. The absorptiony” increases with
increasingf for 5=<T=<7.2 K. A newly small peak is added
aroundf=2 Hz for 7.3=T<9.2 K. The absorptiory” de-
creases with increasinfyfor f<70 Hz and increases with
further increasind for 9.3=<T<9.8 K. Above 9.9 K it de-
creases with increasing. We find that y” for 6.1<T

=<7.3 K can be described by a power-law forns 4()5") in

the limited frequency range (0.8df <10 Hz). The expo-
] nent 8" increases with increasing: 8”=0.04+0.01 at 6.1
0 ! S < K, 0.081+0.02 at 6.7 K, and 0.120.01 at 7.2 K.

0.01 0.1 1 10 100 1000
f(Hz)

20

%' (emu/av mol)

x" (emu/av mol)

) C. Xrc» Xzrc» and x(=xrc— XzFc)
FIG. 7. (Color online f dependence ofa) x’' and (b) x" at .
variousT. h=50 mOe. Figure 8 shows th& dependence ofrc and yzgc at
variousH, whereH is applied along the plane which is
Trse: the thermal fluctuations of the spins in the PM Clus_perpendlcule_\r _t_o the axis. It is strongly depend_en_t anl.
ters become slower. The molecular field of the slow PmTNe susceptibilityygc atH=0.5 Oe decreases with increas-
spins acting as random magnetic field causes breakups of t#d T- It has inflection points al=16.4, 9.70, and 4.0 K
FM network into finite-sized clusters. It is predicted that thewheredxgc/dT exhibits negative local minima. These tem-
following dynamic scaling equation is valid for the normal peratures correspond to the transition temperatlifgsT.,
SG phasé® Ty"=w/Q(w7), where Q(w7) is a scaling and Trse. In contrast, yzec at H=0.5 Oe exhibits two
function of w7 and is assumed to take a maximumsat peaks at 16.2 and 8.2 K, and an inflection point at 3.2 K
=const. The valug/(= B/x) is a critical exponent, wher8  where dxzrc/dT shows a positive local maximum. The
is a critical exponent of the order parameter. The curve opeaks ofy,rc at 8.2 and 16.2 K shift to the loW-side with
Tx" vs T exhibits a peak, which shifts to the highside as increasingH. The deviation ofyzgc atH=0.5 Oe fromygc
fincreases. The peak heightDf” increases with increasing starts to occur at temperatures above 18 K. The peak af
f. The least-squares fit of the data for the peak heightydf  at T, is very sensitive to the application bf. It shifts to the
vs f (for 0.01=f=<1000 Hz) to the form of £ ”) yieldsy  |ow-T side with increasingd and disappears above 50 Oe.
=0.066+0.001. Then the value g8(=xy) is estimated as Figure 9 shows thd@ dependence of the differency
B=0.57+0.10, wherex=28.5+1.8. This value of3 is simi-  (=y..—y,r0) at variousH. The differencesy has three in-
lar to that (8=0.54) for Fg gMngsTiO5.** flection points afTy,, T., and Trsg, whered(8x)/dT ex-
Figures Ta) and 1b) show thef dependence of’'(T,»)  hibits negative local minima: 16.2 K~T,), 9.60 K
and x"(T,w) at variousT in the vicinity of Trsg, respec- (~T,), and 3.40 K &Tgrsd. The T dependence ofy
tively. The absorptiony”(T,») curves exhibits different shown in Fig. 9 is similar to standard one observed in many
characteristics depending om. Above Trsg, X"(T,®)  reentrant ferromagnets, whedg is strongly dependent dr
shows a peak at a characteristic frequency, shifting to th@nd remains finite up t@, at low enough fields. Typical
low-f side asT decreases. BeloWgsg, x"(T,®) shows no  examples ofyzrc vs T and ygc vs T have been reported for
peak forf=0.01 Hz. It decreases with increasifigollow- Cdszxlnz(l_x)S4,12 AugsFes,®?  NiMny,®®  and
ing a power-law form (uw“’”). This is in contrast to thé  (Fey odCro.0dNig o9 2P.3* In our system both inflection points
dependence of” for conventional spin-glass systems suchof Sy at T.(H) and T,(H) become less pronounced with
as FgsMn, TiO3: x” increases with increasirff’ The ex-  increasingH. Only an inflection point affgsH) survives
ponenta” is weakly dependent oi: «”"=0.083+0.004 at for H=100 Oe. Note that the inflection point &gsdH)
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FIG. 8. (Color onling (a—9 T dependence ofrc and ygc at
variousH. H1 c.

shifts to the lowT side with increasingH:2.8 K at H

=100 Oe. TheH dependence of gsdH) will be discussed
in Sec. Il D.

D. H-T phase diagram

We have measured th& dependence of’ and y” at
various H for f=100 Hz and 0.1 Hz, wheréd (O<H
<2 kOe) is applied along the plane perpendicular to the
axis. Figure 10 shows th& dependence ok’ and x” at
variousH for f=100 Hz. The ac fielch(=50 mOe) was
used for 1. T<12 K and a largeh(=500 mQOe) was used
for 14<T=<19 K. The peak ofy’ and the shoulder of”
aroundT, disappear foH=50 Oe, and the peaks gf and
x" aroundT}, disappear foH=7 Oe. The peak of” around
Trsc shifts to the lowT side with increasingH for O<H
<1 kOe. The peak of” aroundT,, also shifts to the lowF
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20

FIG. 9. (Color onling T dependence 0Bx(= xrc— Xzrc) at
variousH. The value oféy is derived from Fig. 8.

side with increasingd for 0<H<7 Oe. In Fig. 11 we show
the lineT¢(H) aroundTgsgin the H-T diagram, where the
local-minimum temperature afsy/dT vs T is plotted as a
function of H. The least-squares fit of the data of the line
T¢(H) (the local-minimum temperature disx/dT vs T) for
0=H=100 Oe to

H=Hg[1-T¢(H)/Tg]P (4)
yields parameterp=1.43+0.20, TS =3.59+0.13 K, and
H§ =(0.90+0.31) kOe. The exponerg(=1.43) is on the
same order as that=(1.52+0.10) for Cy Co, sCl,-FeCk
GBIC,Z which was also determined from the data of the line
T¢(H) (the local-minimum temperature af§x/dT vs T).

For comparison, the peak temperaturesofT,H,w) vs
Tatf=0.1 Hz are also plotted as a functiontdfin Fig. 11.
The data are well fitted to Eq4) with p=1.72+0.10, T
=3.82+0.06 K, andH§ = (2.58+0.60) kOe.

E. ¥"(t,0) and x'(t,w)

In order to reveal a possible aging phenomenon in the FM
phase, we have measured théependence of” and y’ at
T=7 and 8.5 K, whereH=0. The system was quenched
from 100 K to T at time (age zero. Bothy’' and y” were
measured simultaneously as a function of titreg constant
T. Each point consists in the successive measurements at
various frequencies (0.85f<1 Hz). Figure 12 shows the
dependence of” and y’ at T=7 K for f=0.05 and 1 Hz,
respectively. The absorptiogp” decreases with increasirtg
and is well described by a power-law decay

X' (t,0) = xg(w) + Ag(w)t ™, )
where b” is an exponent, andyj(w) and Aj(w) are
t-independent constants. In the limitof o, x"(t,w) tends
to xo(w). The least-squares fit of the data gf(t,w) at T
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=7K to Eq. (5) yields parameters listed in Table I. The ~(wt)*b". This is in contrast to thewt-scaling of x” in the
exponentb”, which is dependent ofy is smaller than that FM phase of reentrant ferromagnet Cg,gtno,284.12
of the FM phase of reentrant ferromagie€dCr gny,S,  Thet dependence of’ can be also described by the power-

(b"~0.2) .and the SG phase of pure spin glassiay form (=t®") which is similar to Eq(5). The value of
Fey sMno sTiOs (b”~0.14+0.03) ** The value ofxg tends ' at T=7 and 8.5 K which is listed in Table I is on the
to decrease with increasinfy In contrast, the value oA”  same order as that df’. Note that similar aging behavior
tends to increase with increasifigt follows that the second  js also observed both ig” andy’ below Trsg. The change
term of Eq. (5) cannot be described by a power form of x" and x’ with t below Tgrsg iS not so prominent
(wt) ™", suggesting nawt-scaling law in the form ofy”

Cuo_zC oOASCIz-FeCI3 GBIC
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FIG. 12. (Color onling t dependence ofa) and (b) x”, and

FIG. 11. (Color onling H-T phase diagram nedizsg: foreach  (c) and(d) ' at T=7 K for f=0.05 and 1 Hz, wher¢ is the

H the local-minimum temperatures di6x/dT vs T (@) and the time taken after the sample was quenched from 100 Ko7 K.

peak temperature of” vs T at 0.1 Hz ©O). The solid lines denote H=0. The solid lines denote the least-squares-fitting cufses
the least-squares-fitting curvésee the text for detail the text for detail.
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TABLE |. Exponentsb” and b’ determined from the least- become so slow that the slow dynamics of the FM network is
squares fits ofy”(t,w) and x’(t,w) at f to the power-law form  significantly influenced by the dynamics of the PM clusters.
given by Eq.(5) for x"(t,») and the corresponding equation for The coupling between the FM network and the PM clusters
x'(t,w). T=7 and 8.5 K. becomes important. The molecular fields from the slow PM
spins act as a random magnetic field. This causes breakups of

T(K) f(Hz) b’ b’ the FM network into finite-sized clusters. Beldligsg, the

7 0.05 0.074-0.016 system becomes the RSG phase.

7 0.1 0.045 0.013 0.012-0.005 Next we discuss the nature of the aging phenomena in the

7 05 0.042-0.008 0.045-0.005 FM phase. The features of the aging phenomena are summa-
, ' ' ' ' rized as follows.

7 1 0.029+0.006 0.046:0.006 .

- 5 0.0150.025 0.076-0.016 (i) Both x"(t,w) and x'(t,w) at T=7 and 8.5 K have

85 0.05 0.14% 0.067 power-law forms §’~t® and y'~t™°) at fixed f

8.5 05 0.06% 0.028 (= wl27). The values ob’ andb” are listed in Table I.

8.5 1 0.046-0.022 0.0380.011 (i) x"(w) for 6.1=T=<7.3 K has a power-law formy("

~w?"), where 8”=0.04+0.01 at 6.1 K and 0.120.01 at
7.2 K.

The increase of”(w) with increasingw is similar to that
reported in conventional SG’s such as,Bén, <TiO3.2" In
our system, we findb”=0.074-0.016 (T=7 K and f
=0.05 Hz), andb’ =0.046+-0.006 (T=7 K, f=1 Hz), and
B"=0.081£0.02 (T=6.7 K). There are relatively large dif-

It is interesting to compare the nature of the RSG phase drences among”, b’, andb”, depending on the condi-
Cy sC0y «Cl,-FeCl, GBIC (denoted as=0.2 for simplicity ~ tions. Nevertheless, we can say that these exponents are

with that of the SG phase of GyCa, :Cl,-FeCk GBIC (c roughly the same and are on the order of 0.05-0.08 around 7
=0.5) 2324 ' ' K. The value of these exponents is nearly equal to that of the

(i) The relaxation timer for c=0.5 is described by Eq. €XPonenty(=0.066+0.001) derived from the scaling analy-
(3) with Tsg instead ofTrse, Where Tgg=3.92+0.11 K, SIS in Sec. llI B. The exponery_us given byy= B/x, v-vhere
x=10.3+0.7, and7* =(5.27=0.07)x 10 %sec. These val- X=»Z. When we use the scaling relatigh=2v6, which is
ues of the dynamic critical exponertand * are on the derived in our previous papét,y is given by y=240lz,
same order as those for=0.2 [x=8.5+ 1.8 and+* = (4.77 whered is the energy exponent arzds the d_ynam|c cr!t|cal
+0.10)x 10 %sec]. exponent. The values df andz are theore'glcally predicted:

(i) The critical exponenB (=0.36+0.03) forc=0.5is 2=6.0£0.5 for the 3D *J lIsing spln-glazs model
much smaller thag (=0.57+0.10) forc=0.2. (Ogielskf®) and 6=0.19+0.01 (Bray and Mooré).. Using

(i) The exponentsa’ and &” for c=0.5 (a'=0.111 these valuesy is esymated ag=0.063+0.017, which is in
+0.001 ande”=0.096+0.003) are a little larger than those 900d agreement with our resuly € 0.066+0.001).
for c=0.2 (a'~0.08-0.09 andx"=~0.08).

(iv) The absorptiony”(w,t) below Tgg for c=0.5 obeys
a (ot) ?"-scaling law decay with an exponeht~0.255
+0.005. This value ob” is relatively larger than that for The nonlinear susceptibility and aging phenomena are ob-
=0.2. served in the FM phase of the reentrant ferromagnet

In spite of the difference in detail, it is concluded that the Cu, ,Cq, ¢Cl,-FeCk GBIC. These results indicate that the
nature of the RSG phase for=0.2 is similar to that of the FM phase betweeifgrsg and T, has a chaotic nature. The

SG phase foc=0.5. This suggests that the RSG phase beapsorptiony”(t,w) is described by a power-law formi®”

low Trsgis not a mixed phase but a normal SG phase. ) ot by awt-scaling form @t) . Further studies on

In contrast, the FM phase of our system is very different, ;o penaviors including memory effect, rejuvenation, and

from that of regular FM phase. The chaotic behavior Ob'Wait time dependence are required to understand the nature

served in the FM phase is rgther similar to t.hat in the RSGy¢ the Fm phase, with the same qualitative features as in
phase. The prominent nonlinear susceptibility of the FMconventional spin glasses

phase arises mainly from the unfrustrated ferromagnetically
ordered spingthe FM networl. The aging phenomena of
x"(t) are observed in the FM phase. These results can be
well explained in terms of the phenomenological random-
field picture proposed by Aeppdit al® (see Sec.)l The FM We would like to thank H. Suematsu for providing us with
phase consists of the FM netwolkith slow dynamicssur-  single-crystal kish graphite, T.-Y. Huang for his assistance in
rounded by frustrated spinghe PM clusters with fast dy- susceptibility measurements, and T. Shima and B. Olson for
namicg. Such a nonuniformity gives rise to the chaotic na-their assistance in sample preparation and x-ray characteriza-
ture of the FM phase. On approachifigsgfrom the highT  tion. Early work, in particular for the sample preparation,
side, the thermal fluctuations of the spins in the PM clustersvas supported by NSF Grant No. DMR 9201656.

compared to that abovEgsg, partly because of relatively
small magnitude of” and y' below Trse.

IV. DISCUSSION

V. CONCLUSION
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