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Spin dynamics and magnetic phase diagram of La ,Ca,MnO; (0=x=0.19
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Spin dynamics of ceramic ka,CaMnO; with x=0, 0.05, and 0.15 and the relative #nconcentration
¢c=0.18-0.22 is investigated by measurements of the ac susceptibility and the relaxation of the thermorema-
nent magnetizatiofTRM). The x,{T) function exhibits a transition from the paramagnetic to a mixed
spin-glass and ferromagnetic phase. Below that is found a steep decrease and onset of the frequency depen-
dence ofy,{T), providing evidence for existence of a reentrant spin g{B&3G phase. The dependence of
the spin-glass freezing temperatuig,, on f satisfies the conventional critical slowing-down law/,r
=(T¢/Tg—1)"% with 7=1/f, zZv=12+2, 7,~10 *?s and the glass temperatuflg; , decreasing from 93 to
70.5 K whenx is increased from 0 to 0.15. The relaxation r&{¢) of TRM has a clear maximum near a wait
timet,~(2—4)x 10°s and the functior§(T) shows a sharp maximum ne®g . The plots ofS(T) exhibit a
substantial decrease at>Tg while for T<Tg they collapse into a single curve, as typical for mixdg; (
<T<T¢) and RSG phases, respectively. The observed spin dynamics agrees completely with the magnetic
phase diagranjparamagnetic, mixed, and RSG phases with decreaBimyedicted recently for a system
containing lattice disorder and competing superexchange and double exchange interactions.
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Manganite perovskite alloys La,CaMnOs;, briefly  Tl,_ Bi,Mn,0; where it was attributed to localized mag-
LCMO, have attracted considerable attention due to the conetic polarons of size 1-1.5 ntARecent electrical transport
lossal magnetoresistance appearing near the paramagnefieasurements give evidence of small polaron contribution to
(PM) to ferromagneti¢FM) transition temperaturd,c.* Be-  electrical conductivity in the metallic FM state of LCMO
longing to the class of mixed-valence materials they demonépitaxia| films?3
strate a variety of interesting electronic and magnetic prop- - gegjges the phase separation effects mentioned above, ir-
ert'gf_Wh'Ch are determined by the ratio of the Mrand ¢y ersiple dc magnetic phenomena have been observed in
Mn™" ion concentrations.. Namely, f_orc<0.15—0.20 they  itferent manganite and cobaltite perovskites in low fields
form an insulating antiferromagnetidFM) state below a (see, e.g., Refs. 14—1&uggesting a frustrated magnetic

Neel temperatureTy and a metalic FM phase for . .
2.3 : . ground state, although the nature of the frustration remains
0.15-0.26:¢=0.5 andT<T¢.™ Canted AFM spin orien- g0 oversial. It might be attributed to magnetic nano-

tation is observed beloWy, or T¢ for c=0— 0.1/ while near : . . o

c~0.5 charge ordered structure is fouh@ihese properties particles(spin polarons or hole rich dropletdistributed ran-

can be explained by competition between the*t4avin®* domly in the lattice or exhibiting a wide size distribution. On

superexchangéSE) interaction, leading to the AFM order- the other hand, the frustration can result from lattice disorder
’ of interatomic scale due to the presence of competing

ing, and the double-exchangBE) mechanism aligning the X o7 ; phe
Mn** —Mn?* spins ferromagnetically by electron transfer via SE-DE interactions. Really, in LCMO the Mi™ ions are

0% ions® On the other hand, as found in recent extensivedistributed in random up to the charge ordered state at
investigations, magnetic properties of LCMO and related™0-5. Therefore, the interactions between the Mn ions can
perovskite compounds are not restricted only to those merke frustrated due to any fluctuations of the density of'Mn
tioned above. In neutron-scattering experiments existence @ the matrix. Additionally, one cannot exclude the possibil-
droplets with magnetic coupling different from the matrix ity that the character of the frustration may differ even in the
has been established in the FM phase of LCKR@f. 7 and  same material in different intervals of compositibror in
evidence of small FM clusters or polarons in the PM phasesamples prepared by different methods.

of LaggSrh3Mn0O; (Ref. 8 and in Lg 7Ca Mn(Co)O3 In dc magnetization measurements of ceramic LCMO
(Ref. 9 has been obtained. In hgCa  Mn(Co)O; it was  with x=0-0.4, all samples exhibited beloW. magnetic
found that upon approaching. from the low-temperature irreversibility shown by deviation of the zero-field cooled dc
side the FM phase breaks down into small superparamagusceptibility, xzec, from the field-cooled susceptibility
netic clusters with size of-5-10 nm° From investigations xrc. ® However, distinct differences have been observed be-
of local properties of (La_,Th,),sCa,sMnO5; by muon spin  tween the groups of samples with<x, (c<cp) and x
relaxation and neutron diffraction experiments it was con->x, (¢>c,) where x,~0.18 andc,~0.232*1° Namely,
cluded that both spin-glas€SG) and cluster-glasgCG) the samples of the first group exhibit a clear second-order
phases exist in this compoufiti Existence of a CG phase FM transition atT with the value of the critical exponent
has been reported also for the novel pyroclore materiay=1.2 lying between those of the mean field theory
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FIG. 1. Dependence of,c on temperature for the sample #1 at  ©» 101 FC

f=0.25, 4, and 40 Hgfrom up to down (a). A part of the curvey . ~ ™

(T) in an enlarged scale fdr=0.25, 1.5, 8, and 40 Hifrom up to €

down) (b). Temperature dependence af y,{T)/dT for f LD<
=0.25 Hz(1), 4 Hz (2), and 40 Hz(3) for the sample #1c).

(y=1) and of the three-dimension@D)-Heisenberg model ZFC
(y=1.4), which agrees well with the literature da%a?’The
samples of the second group also demonstrate a critical be 04 (d)

havior nearTc, but with another value of=1.64. More- A , : : :
over, independent analysis of the modified Arrot plots of 0 50 100 150 200 250 300
LCMO and related compounds demonstrated that the FM T (K)

transition in these samples may even be of the first citler.

Next, in the samples of the first group was observed below FIG. 2. Dependence of,. on temperature for the sample #2 at
Tc the relationygc(B) — xzec(B) = TRM/B, where TRM is  £=0.25, 4, and 22 Hzfrom up to down (a). A part of the curve

the thermoremanent magnetization. This is typical for SGsy,{T) in an enlarged scale fdr=0.25, 4, and 40 Hzfrom up to

In the samples of the second group deviations from this redowr) (b). Temperature dependence af x,{T)/dT for f
lation suggest a transition to a CG phadeAt last, all ~ =0.25Hz(1), 4 Hz(2), and 40 HZ3) (c). Temperature dependence
samples of the first group demonstrate betweg&n of the static magnetic susceptibiligy. measured in the field of 2 G
~70-100 K an additional magnetic transition visible as a(d)-

steep decrease of;rc WhenT is decreased, what does not

take place in the second group sampfés. properties connected with charge degrees of freedom.

In this paper we present measurements of the ac suscep- As shown in Figs. (@)—1(b) the behavior ofy,{T) with
tibility and relaxation of TRM in LCMO withx<0.15, giv- ~ decreasingT for the sample #1 is similar to that of
ing evidence for existence of a low-temperature mixedxzrc(T),'® including the FM transition at the same value of
(FM+SG) or M phase and a reentrant spin-gldRSG  Tc (171K), a shoulder and a steep decrease with the inflec-
phase. tion point at the freezing temperatufe~ 100 K and a weak

The samples of cubic LCMO were synthesized with thevariation down to the lowest. The values ofy,{ T) depend
standard ceramic techniqi®From dc magnetic measure- on f between 120 K and 90 K, but with further decrease of
ments the values of=0.21, 0.18, and 0.22 anf.=172, the temperature the frequency dependence vanishes. When
173, and 190 K were determined for the samples with is increasedr; shifts to higher valuegsee Fig. 1c)].
=0, 0.05, and 0.15, denoted below by #1, #2, and #3, As evidentfrom Figs. @-2(c), the behavior of¢,(T,)
respectively’® The deviation ofc from the corresponding for the sample #2 is similar to the sample #1, except an
values ofx is connected with formation of vacancies in the almost flat interval between the FM transition and the steep
metallic sublattice during sample preparation. The measuredecrease and onset of the frequency dependengg(r).
ments of the ac susceptibility.{ T, ) were made in zero dc  With further increase ok (sample #3, not showrthe shoul-
field betweenT=5-300 K andf=0.25-40 Hz, using a der ony,(T) is restored, the shape of the functigg(T,f )
SQUID magnetometer. The amplitude of the ac field was Tresembles that of #1, excluding highies(193 K), a 2 times
G. For investigations were chosen only samples of the firsiower absolute value of,. and about 20 K lowei;. The
group exhibiting a clear second-order FM transition, an addownward concave anomaly in the f&(T) curve below
ditional low-temperature magnetic transition and typical SG-100 K and the shoulder in the ZkGJ(T) curve shown in
like behavior in dc magnetic field. It is important to note, Fig. 2(d), are signatures of an FM to RSG transitfGrt!
also, that the samples chosen have very close values of The behavior ofy,{T,f) observed in this work as com-
what allows to exclude or minimize the variation of their pared with that of the dc magnetizatiofdeviation of

]
o
=
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xzec(T) form yeo(T) just belowT¢)'®1°suggests a coexist-

ence of FM and SG phasé&he M phasgbetweenl - andT;

and a transition into a low-temperature RSG state béllpw
Both the M and the RSG phases have been predicted for
system containing competing SE and DE, interactions anc
lattice disordel” A similar conclusion, coexistence of glassy
and FM phases was made recently from investigations of ac 104 4
susceptibility in Lg St <Co0,.*° Additionally, coexistence

of two spatially separated phases with different Mn-ion spin
dynamics has been found by muon spin relaxation and neu
tron spin echo measurements ingL@8a MnO; over the & 102 J
temperature range of 0T<T=<T..?® However, there are

distinct differences with the behavior observed in Refs. 15

and 23 and our data. First, we point out that the steep de:

crease ofy,dT) and xze<(T) found with lowering ofT in

LCMO having x=<0.15 does not take place in 100
Lag sStp <C00,.*° Another important feature is that the onset

of the frequency dependence pf(T) takes place definitely

below T and simultaneously with that of the steep decrease

of xad T), which is in a striking difference with the behavior 08 4
of xadT) in Lag St Co0s.*° The samples withk=0.2 do

not exhibit a second magnetic transition or a low-
temperature inflection of,-c(T) at all, and belong to the

106 -

second group of samples with different dc magnetization 96

propertiegsee above Therefore, the coexistence of two dif- L LA
ferent phases found in kaCa; sMnO5 (Ref. 23 can exist in 0 10 20 30 40 50
LCMO with x=0.2 but should break down with lowering of

T in the samples witkx=<0.15. f(Hz)

Evidence of the RSG state in our samples is obtained
from analysis of the frequency dependenceTef In spin-
glasses the dependence Bf(f) is connected with diver-
gence of the maximum relaxation time of the systemTas
approached; from the high-temperature side. According to
conventional spin-glass dynamics the relaxation time@r
the inverse excitation frequendy ) diverges a&'

FIG. 3. Measured valugsymbols and plots ofT¢(f ) evaluated
from Eq. (1) (solid line), Eq. (2) (dotted ling, and Eq.(3) (dashed
line) as described in the text. The data for the samples #2 and #3 are
shifted for convenience.

procedure as follows. If; is the minimum and, the maxi-
mum frequency used in the measuremdimsour case,f;
’T/TO:(TfITG_l)_Zv, (1) =0.25 Hz andf2 40 HZ) T* f(f ) andT* f(fZ)
then, integrating the left- and the right-hand S|de of Eqg.
overf in the interval of ,,f,) and overT; in the interval of
?T* ,T3), we obtain after some algebra

where 7, is the shortest relaxation time available to the sys-
tem; T is the SG temperature determined by the interaction
in the systemz is the dynamic critical exponent; ands the

critical exponent of the correlation length. Typical values of

* _T* _ _ * _ T*
7o lie between 10*2-10 *s for both PM—SG and FM— G=T2 Info= Ty Infy=Copm (T~ Ty)2v ()
RSG transitions, i.e., of order of the spin-flip time of atomic In(f2/f)
magnetic moment(ssee e.g., Refs. 25—27t has been pro- and
posed that the FM—RSG transition may also be governed by
an activated dynamic scaling behafor
D12_TG In(fz/fl) zv
In(7/70)=(Te/T)(T/Te—1)""", (2) To= T (172 ®)
zv(f7 7 —11%)

whereys is another critical exponent. Sometimes the dynam-
ics of a SG transition is described by the Vogel-Fulcher T
lan2® In these equationsC,= f Indef and D= fszdenf

-~ are the parameters that can be easily evaluated by numerical
mI70= X Ba/k(T1=Tg)], ©) integration of the corresponding curves. Therefore, by intro-
determined by the activation enerfy. Below, we use Egs. ducingC,, andDy,, the parameters, and Tg can be ex-
(1)—(3) to analyze the frequency dependencd pfn Fig. 3.  cluded using Eqs4) and(5), andzv can be determined by
To simplify the analysis off¢(f ) with Eq. (1), the rela- fitting the experimental data &f; with Eq. (1). For Eq.(2)
tions between the parameters, zv, and Tg can be ob- or (3), only one of the parametefis;, 79, andyw (or Tg,
tained, allowing two of them to be excluded from the fitting 7o, andE,, respectively can be excluded in a similar way,
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In Fig. 3 are shown the fits of Eg$l) (solid line), (2) 364 °° L
(dotted ling, and(3) (dashed lingwith experimental data of %\: #3
T¢(f). We find a good agreement between the observed val “ %\
ues and the critical slowing down E@.) with zv=12+2 in 3.2 # 1
all the investigated LCMO specimens. These values are als(®©, #3
very close ty=11.8 obtained in SG HE050Al 45 (Ref. 29 N %-,.,\#72
and zv=12.0-14.6 found in RSG R@0s,Al 1,2 but are 2.84(a) 2
higher than in the RSG (GeNig g7sP1aBsAls (zv~8).%° [
The values ofTg obtained with Eq.(1) vary from 93 K £ #3
(sample #1 to 70 K (sample #3 Only the order of the _ g
magnitude of 7o~10"'? s can be determined with the 4 & f #1
method used above. However, it is possible to conclude tha 4 1 N 3
7o given by Eq.(1) lies much closer to relaxation times of 4 f #2L 10
atomic scale moments{(10~ 13 s) than to values typical for (b) #2 (c) -
noninteracting magnetic nanoclusters,~10 °-101° s -—— T
(Refs. 30—32]. It is natural to suppose that possible interac- 0 2 4 50 100150
tions between the magnetic nanopartidehich can exist in
LCMO, see above would not changery, significantly. log [t (s)] T (K)
Therefore, it is likely that the value of,~10 *?s found
with Eq. (1) for x=0-0.15 reflects frustration stemming, in  FIG. 4. Dependencies of TRNg) and S (b) on logt for the
the presence of the competing SE-DE interactions, rathesamples #1 at 80 K, #2 at 65 K, and #3 at 75 K, measured after the
from lattice disorder of the interatomic scHighan from  waittimet,=1.8x10°, 3.4<10° and 3.5¢10%s, respectively. De-
formation of magnetic nanoparticles. pendence of the relaxation rafeon T att=10%s. The solid lines

As can be seen from Fig. 3, the fit 3§(f ) with Eq.(2)  are guides for the eye.
is practically of the same quality as that of Ed). Also the
values of T are the saméwithin the erroj as those ob- nearTg and drops fofT>Tg by more than one order of the
tained with Eq.(1). Equal values of the exponegitv=1.4  magnitude in the samples #1 and #2 and decreases substan-
+0.3 are found in all samples. However, Ef) yields 7, tially but less steeply in the sample #3. Fb T the plots
~10 5-10 ®s which is too long to characterize the dynam- of S(T) collapse into a single curve. Such behaviorS¢T)
ics of any frustrated systef-2’ The worst fit is obtained supports the conclusion about existence of Mh@hase be-
with Eqg. (3) which requires even longer,~10 4-10°. tweenTc andT¢, where the magnetic order is violated, and
The values ofTg found with Eq.(3) are ~9-10 K higher the RSG phase beloWs. The collapse ofS(T) at T<Tg
than obtained with Eqg1) and(2). On the other hand, those implies that a common reason of frustration leads to the RSG
of E,=40.5, 21.5, and 17.6 K for samples #1, #2, and #3phase in all our samples.
respectively, exhibit too rapid decrease withTo summa- In conclusion, dynamic magnetic properties are investi-
rize, only Eq.(1) provides a satisfactory description of our gated in La_,CaMnO; with x=0, 0.05, and 0.15 and
T¢(f) data, demonstrating a critical slowing down behavior=0.18—-0.22. In all samples, a transition into a mixed
typical for RSGs. (FM+SG) phase is observed @t , in agreement with dc

Time-dependent TRM relaxation measurements wergnagnetic measurements!® A clear transition to a RSG
made to get information about the ageing effect. For invesstate atT;<T is identified by a steep decrease pf(T)
tigations of the time decay of TRM the sample was firstwith lowering the temperature, accompanied by onset of a
cooled in the field of 50 G from the room temperature downdependence of,. on f. The frequency dependence of the
to the measuring temperature. After a wait timgy,  freezing temperaturd@;(f) can be well described with the
~(2-4)x10%s, the field was abruptly reduced to zero andconventional critical slowing-down law given by El)
the decay of TRM was recorded over a time period df40  with zv=12+2, 7,~10 '%s and the glass temperaturég

In Fig. 4(a) is shown the relaxation of TRM over a time decreasing wheris increased. The ageing effect is observed
scale of 10s for samples #1-#3 after the wait timgg  in all the samples for time scales up to*K0and the relax-
=1.8, 3.4, and 3.51C°s, respectively. The corresponding ation rate S(t) reaches a maximum near a wait tinig
relaxation ratesS=—d TRM/dlogt, are plotted in Fig. ~(2-4)x10°s. The functionS(T) attains a sharp maxi-
4(b). The plots of TRM vs log have an inflection point mum neafT and decreases steeplylat T . Below Tg the
when the observation time nearly equajg and the relax- plots of S(T) collapse into a single curve, reflecting a se-
ation rates attain a corresponding maximum. This is a signaguence of transitions to the mixed and then to the RSG state
ture of the ageing behavior?’ in all the investigated whenT is decreased. The observed spin dynamics of LCMO
samples. The temperature dependencé far the observa- with x=0-0.15 andc=0.18-0.22 agrees completely with
tion time t=10%s, chosen near the maximum 8{t), is  the phase diagram predicted for a system containing compet-
shown in Fig. 4c). It is found thatS(T) attains a maximum ing SE—DE interactions and lattice disordér.
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