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Critical spin dynamics in Nd;_,Sr,MnO; with x=0.5
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Magnetic ion spin dynamics has been investigated in the perovskite manganitg{MnO; single
crystals at the hole concentration®f 0.5 and 0.55 by muon spin relaxatiop (SR) spectroscopy. We have
observed the critical slowing down of Mn ion spin fluctuations on approaching the ferromagnetic ordering at
~251 K in Ndy Sty gMnO;. The critical paramagnetic spin fluctuations, measured by the muon spin relaxation
rateX ;, exhibit a crossover behavior from exchange critical regime to dipolar critical regime. This crossover is
explained by considering the suppression of longitudinal and transverse components of spin susceptibility by
dipolar interactions closer t6 and the dipolar vectap, is found to be 0.020(2) A. The dynamic critical
exponentz=2.00(12), deduced from muon spin relaxation rates away ffgrtnonasymptotic regimeagrees
with the experimental and the theoretical results df dpolar ferromagnets. Critical slowing down is not
observed in thex=0.55 crystal at the onset of antiferromagnetic ordering 220 K. Muon spin relaxation in
thex=0.5 crystal(aboveTy~ 160 K) and in thex=0.55 crystallboth above and beloW,) is root exponen-
tial and indicates nondiffusive relaxation mechanism as is in a magnetic glass. The growth of a glasslike
relaxation component concomitant with the magnetic ordering has been observed in both the crystals. We
suggest that this glassy component originates from those Mn ions located in local regions containing small and
differently sized spin clusters.

I. INTRODUCTION action (t) or the one-electron bandwidiVg which is deter-
mined by the radii of constituent ions and approximately
The recent discovery of colossal magnetoresistancequals toT ;. Extensive experimental and theoretical studies
(CMR) in hole doped perovskite-type manganese oxide®n the CMR manganites with the hole doping concentration
R:_xAMNnO; (R=Rare earth, e.g., La, Pr, N&=divalent  x of ~1/3 have been reported in the literatdré’ At a simi-
ion, e.g., Ca, Srhas renewed the interest in their magneticlar bandwidthWg and a higher hole doping of ~0.5, the
and structural propertiés’ The existence of metallic ferro- metallic ferromagnetism is unstable against charge ordering,
magnetic ground state at moderate hole doping.e., the real space ordering of ¥thand Mrf* ions in 1:1
(0.2<x<0.5) in these mixed valent (M, Mn*") manga- ratio in the crystal, and an insulating antiferromagnetic
nites has been explained in the framework of the doublgyround state is realized. Therefore, it is interesting to study
exchange modél.The recently discovered CMR or magne- the intrinsic magnetic properties of the CMR manganites at
totransport at a paramagnetic insulator-to-ferromagneticthe hole doping concentration~ 0.5, where both the ferro-
metal transition has been suggested to be associated with theagnetic double exchange and the antiferromagnetic super-
ferromagnetic double exchange interaction and lattice poexchange strongly contribute to the spin-spin interactions.
larons which arise due to strong electron-phonon interaction Recently, Kuwaharat al. discovered that single crystals
caused by the Jahn-Teller distortion of the Wnion, in  of Ndy St sMnO; exhibit CMR at a magnetic-field-induced
which out of the four unpaired electrons, three are intthe  first-order phase transition from antiferromagnetic insulator-
states and one in the, state® Growing evidence of lattice —to-ferromagnetic metaf: On cooling, Ng sSt, sMNnO; single
polarons in the insulating paramagnetic phase ofrystals first undergo a second-order phase transition from
La; ,CaMnO; (x~1/3,Tc=250 K) has been reported paramagnetic-to-ferromagnetic state with~251 K. With
from a variety of experimental observatioffs The elec- further cooling, a first-order magnetic transition to antiferro-
tronic properties and the magnetic ground state of dopethagnetic state with CE-type structure occurs at thelNe
manganites are correlated with tegelectron transfer inter- temperature Ty~160 K simultaneously with a metal-
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insulator transition. The metal-insulatdMl) transition at Il. EXPERIMENT

~160 K has been assigned to charge ordering of Mand . B

Mn** ions in the crystal and is confirmed by neutron and _Smgle crystals  of NngsrXMn.O? (X_.O'SO. and
electron diffraction measuremertfs3 The CE-type antifer- X 0:>2) Were grown from the stoichiometric mixture of
omagret tucur = o sccompaned by (ar)-ppe  SNSIUENLoX0es MOy, MO, and catbonate S
orbital ordering'® Further, the charge-ordered antlferromag-reporteol in Ref. 16. These crystals were characterized by

netic state collapses in an external magnetic fieldrésla, . . g
and the insulating antiferromagnet transforms into a ferro &Y diffraction, which showed that the samples are formed

magnetic metal. This effect has been interpreted as the meﬁr-]ussglglﬁbﬁgaﬁégs&gﬂéi@ vmvzgen?:gﬁggnojtntdo %%;:ggﬁtz'g
ing of the charge-ordered state by the applied magnetic fiel P Y

The crystal structure of N@Si, MnO, above ~161 K is he magnetic properties and the magnetic ordering tempera-

described by an orthorhombicallPpnm) distorted perov- 1réS T or Tc) of both samples and were found to be

"y . e
skite lattice with the lattice constan®s=5.477(1) A, b W'IE'QS;\ZOr:]tuhoenpr:p‘ﬂ?“;'?;;ggg%t?zJyg:l;)é%heasuremems
=5.434(1) A, and c/\2=5.398(1) A at 296 K112 ; _

i ; .. were carried out using theSR spectrometer at Port-2 of
N 455T0.5MNO; 1S an A-type layered antiferromagnet with RIKEN-RAL muon facility® Rutherford-Appleton Labora-

Tn~220 K where it also undergoes a first-order structural, ; ; ;
. o ory, Oxfordshire, United Kingdom. Each sample was a
phase transitiof**Ndp 455f sMnO; crystal exhibits metal- 50 mmg mosaic of 5 mnb crystals of thickness 0.3 mm

lic behavior in the ferromagnetically coupledb plane and was L e
. . . . . glued to a 25um thick silver plate. A pulsed beam
([011]) and insulating behavior along the antn‘erromagnetl-[~80 ns full width at half maximuntFWHM) at a repetition

. . 202\ o
g‘.aml' c%up!edq axis. Furtger, in thea_b prlla_me, & IyT)hor ._rate of 50 Hz of positive muons, polarized along their line
Ital ordering Is expected to occur in this crystal. The spin-,¢ flight and having a momentum of 27 Med//were im-

) ; ; : %1anted into the crystals of Nd,Sr,MnO; with x=0.50 and
show antiferromagnetic correlations along $881] direc- x=0.55. These muons are then depolarized by internal mag-

tion, whereas the correlations along il0] direction are netic fields present in the samples. This depolarization is

ferromagnetic with an excitation gap of 2.5-3 meV, Suggest'r’neasured by monitoring the time evolution of the forward-

ing a strong magnetic anisotropy in the crystalhese re- backward asymmetry in the count of positrons emitted pref-

sults ind_icate that the magnetism, magnetotransport, and tr]eerentially along the spin direction of the decaying muons
phase diagram of Nd,SKMnO; crystals are highly com- (lifetime 7= 2.2 us). A time-to-digital converter is started as

plex. Further investigations .of the magnetic transitions inthe muon enters the target and stopped when the decay pos-
Nd, -,SrMnQ; crystals are highly desirable for a better un- itron is detected in a scintillation detector array. From the

derstanding of the complex interplay between magnetisny. : . )
and magnetotransport properties. With this motivation, Wgﬁme dependent positron counting rafegt) andB(t) mea

have applied muon spin relaxatiop.t SR) spectroscopy as sured respectively in the forward and backward detectors, the

) : . : . . muon spin depolarization or relaxation function
a microscopic probe to investigate the spin dynamics of mag-

netic ions through the measurement of muon spin longitudi- (F—aB)
nal relaxation rate. across the magnetic phase transitions in Pz(t)= (FtaB) (1)
the perovskite manganite system NdSr,MnO; at x=0.5
and atx=0.55. Ouru* SR measurements detect the critical is constructed. The normalization facter usually close to
slowing down of spin fluctuations of Mn ions in the critical unity, corrects for the relative efficiencies of the forward and
paramagnetic regime in N@Sr, sMnO;. The muon spin- backward detectors. The consequences of the finite muon
lattice relaxation rate\, in this crystal exhibits a crossover pulse width at RIKEN-RAL muon facility is that the time-
from the exchange critical regime to the dipolar critical re-dependent positron counting sign#&ét) andB(t) are con-
gime. The dynamic critical exponemtdeduced from muon voluted by the muon pulse functiar(t), which can be ap-
spin relaxation rates agrees with the theoretical and experproximated by a Gaussian function of FWHMO ns. The
mentalz values of 3l dipolar ferromagnets. Nondiffusive or effect of the convolution is to smear the signals in time, i.e.,
glass-type relaxation has been observed at the onset of maidpe actual measured signals would bét)*F(t) and
netic ordering in some local regions of the crystals. @@&R  r(t)*B(t). As a result of this convolution, the asymmetry of
results strongly indicate that small spin clusters form in thethose muon spins which are coherently precessing in static
high temperature paramagnetic state and a fraction of theinternal magnetic fields greater than500 G will be lost
remain in the low temperature magnetically ordered state. from the measurement. Similarly, the convolution of the sig-
This paper is organized as follows. In Sec. Il, we briefly nals with the muon pulse function also affects the accuracy
outline the preparation and the characterization of samplesf the muon spin relaxation rates greater thaf0 usec .
and theu ™ SR technique. Data analysis and the results ofAs will be seen in the following section, the muon spin re-
n* SR experiments in NgSI, sMnO3 and N@) 4S5 sMnO4 laxation rates measured in NdSr,MnO; (x=0.50 and
are presented in Sec. . The results of zero-figldSR and  x=0.55) crystals are well below this limit; thus excluding
longitudinal fieldx* SR in both crystals are further divided the deconvolution of the positron counting signals is justi-
into subsections. In Sec. IV, we present the discussion of théed.
results on spin dynamics in antiferromagnetic and/or ferro- Muon spin relaxation spectra were measured at various
magnetic and the critical paramagnetic regions of the twdemperatures in zero applied field, transverse fi@d G),
crystals. Finally, the main findings of the presentSR in-  and longitudinal field(100—-3800 G conditions. The mea-
vestigations are summarized in Sec. V. surements between 295dB K were carried out in a flow-
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0.25 L B | =0.55), we do not observe well-resolved multiple relaxation
Ndg ;SrosMnO, ] components due to crystallographically inequivalent muon
0.20 x4 ! g sites in the muon spin relaxation spectra measured in the
: zero-field paramagnetic phases. The numbeg.df stopping sites in the
0.15 ¢ magnetically ordered states are assigned by considering the
number of muon spin relaxation components required to ob-
0101 tain best fits of the data in the respective magnetic state of
Fen each crystal. In the following, we shall proceed to explain
g 005 the best fitting functions obtained for different temperature
£ regimes by considering the diffusidefined by single cor-
> 0.00 S Vi : A
2 o025 : —— : relation timer.) and nondiffusive(defined by a distribution
of correlation time$ =23 relaxation processes as well as the
3 290K Ndg 455¥0 5sMNOg + . .
2 number ofu™ stopping sites.
g 020 zero-field
3 B. Zero-field u* SR in Ndy sSro MnO 5
015 1. Paramagnetic regiméT=T.)
010 Considering that there are no clear indications of multiple
T + 1 spin relaxation components in the muon spin relaxation spec-
r ] tra in the paramagnetic state as well as the lack of informa-
0.05 ! ' s tion on exact location and number oft* sites in

° Time (us) 10 Nd; _,Sr,MnO;, we have adopted a single site relaxation
function for the paramagnetic phase. However, the spectra
FIG. 1. (@ Muon spin relaxation 4°SR) spectra of could not be fitted by one or more simple exponential
paramagnetic to ferromagnetic phase transitio@t251 K. (b)  plying that the relaxation does not occur purely by spin dif-
Muon spin relaxation spectra of bgsSto sMnO; Crystal measured {50 defined by a single relaxation rateor a single spin-
in zero-applied field near the paramagnetic to antiferromagneti%pin correlation timer, in the entire crystal. Thus, we have
trans_ition atTN_~229 K. The solid lines show the best fits by the incorporated  a rooct-exponential relaxation ’component
function described in Ed2). exp(—\1) to describe a diffusion-inhibited relaxation pro-
cess due to a spatial distributfdn® of relaxation rates de-
fined by a configurational average value of relaxation xgte
in some localglassy regions of the crystal. The background
contribution to the spectra was found to be negligibly small.

type “He cryostat with a temperature stability 860 mK at
250 K. Low temperatureu ™SR measurements between 1
and 2 K of Ng sSt, MnO; sample were carried out in3He

cryostat. Therefore, we model the * SR spectra by the function
lll. RESULTS Pz(t)=As exp(—Nt) + Az exp(— VAat), 2
A. Modeling of u*SR spectra andu™ stopping sites whereA; is the asymmetry of the diffusive relaxation com-

. ponent andA, is the asymmetry of the nondiffusive relax-
Figure 1 shows some examples pf'SR spectra of ation component at timeé=0 (Ag=A;+A,). In general,

Ndg 551 sMNO5; and Nd) 4551 sgMNO5 measured in zero ap- . . .
plied field at a few selected temperatures below room temi[;:U()Igczrl)l%flizﬁgof?eggtic%ilxesa? mza;laroeno;ige dflljlécigattﬁe
perature. Muon spin relaxation also occurs in longitudinal g 9 9

fields of 100—2000 G and suggests that the relaxation is dﬁeighboring magnetiéMn or Nd or both) ions through di-

namic in nature and electronic in origin. Let us first considerpOIar coupling, and is given by

the possible stopping sites gi* in Nd,_,Sr,MnO; (x _.2/R2

=0.5 andx=0.55) crystals, to analytically represent the ob- » y“<B'°°(O)>TC' ®
servedu ™ spin relaxation spectral shape. In the case of highwhere y,=27x 13.55 kHz/G is the gyromagnetic ratio of
Tc perovskite superconductorfRBa,Cu;0;_ s (R=rare  the free muonB,.(0) is the amplitude of the fluctuating
earth such as Y or Gddepending on the rare earth ion, 1 to local field felt by the muons at their stopping sites, aqds

3 muon sites have been observed in the antiferromagnetitie correlation time. The angular brackets represent the static
phase'® Generally, in the perovskite structure, such as that oequilibrium average of the square of the local magnetic field
Nd; _,Sr,MnO3, muons are most likely to be located at 1 A acting at thew™ site. The solid curves in Fig. 1 show the best
away from an oxygen ion due to their high affinity to form a fits to the data by Eq(2). The asymmetry componenss, ,

O-u" bond?° Considering that there are tw@pical and A, and the total asymmet, obtained by fitting the. ™ SR
planay oxygen sites in the perovskite structure, two muonspectra to Eq(2) between 295 and 249 K are shown as a
sites, one each at the apical oxygen and planar oxygen ionfnction of temperature in Fig. 2. The temperature dependen-
are possible. Heffneet al® have observed only one zero- cies of relaxation rates; and\, are displayed in Fig. 3. We
field precession frequency far™ in the ferromagnetic phase find thath ;=\, aboveT..

of perovskite manganite La,CaMnO;. In the present The features observed in the temperature dependence of
u"SR measurements in Nd,SrMnO; (x=0.5 andx A, and the various relaxation rate components in different
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2. Ferromagnetic regimd T=<T)

] The muon spin relaxation spectra in the ferromagnetic
state below~251 K in Nd, 5Srp sMnO; could be best fitted
with the muon spin relaxation function

Po(t)=Azexp— \t) +Azexp—hst), (4

which contains only root exponential components, contrasted
] to the case of paramagnetic state described above. The re-
sulting values ok, and\ ; are also included in Fig. 3. Based
. : . s L . s on the observed temperature dependence, we suggest that the
60 180 200 220 240 260 280 80 faster componenis originates from broadly distributed
static local fields, mostly from the glasslike regions of the

FIG. 2. Temperature dependence of the total asymmetty at sampl_e. The total asymmetry observed in the ferromagnetic
=0, Ay, the asymmetry of the exponential relaxation componemState is given byAg=A,+As. ) ) .
A,, and the asymmetry of the root-exponential relaxation compo- | "€ asymmetry observed in the ferromagnetic state is
nentsA, and A, in Nd, sSt, :sMnOs. The solid lines are drawn to much smaller than the value of total asymmegyobserved
guide the eye. in the paramagnetic state. At 0'B4, where the asymmetry

of the precessing part is expected to be saturagettaction

temperature regions demonstrate the magnetic phase transfasymmetry(=7/11) is lost in the ferromagnetic state. This
tions occurring in thexc=0.5 crystal. The total asymmetdy  fraction is associated with those muons precessing in the
of muons in N@ sSty sMnOg, plotted in Fig. 2, drops with the static local magnetic field present at their sites, due to the
decrease of temperature between 251 and 210 K, showirfgrromagnetically ordered Mn moments, in the transverse di-
the second-order phase transition from the paramagnetic t@ction with respect to initial muon polarization vector. The
ferromagnetic state, observed in bulk magnetizatiorobserved component of asymmeti=4/11) is due to de-
measurements. We would like to note that a small drop of polarization or relaxation of the rest of the muons experienc-
asymmetryA, observed at 255 K should not be taken as theing only a fluctuating local magnetic field parallel to their
indication of the onset of magnetic ordering exactly at thisinitial polarization vector. The observed splittings of 7/11
temperature due to the limited time resolution of the pulsedand 4/11 come out closer to the polycrystalline case, perhaps
muon beam, which could have strongly affected the spectradue to the smaller size of the single crystalline domain in the
close to timet=0. The drop ofA; and the increase ok,  x=0.5 crystal.
between 270 and 246 K display the loss of the diffusive The muon spin depolarization rate gives a measure of the
component and the growth of the nondiffusive componentspin-lattice relaxation rate of Mn ions experienced by muons
respectively. at their interstitial sites via dipolar coupling. As shown in
Fig. 3, the relaxation rata, in Nd,sSty sMnO;3 increases

Asymmetry

Temperature (K)

~ T with the decrease of temperature from 295 K, reaches a
2 oo :;f::texp - Ndg5Sio MO, maximum of~0.125(5) us~ ! in the range of 249 — 251 K,
o o5l " 3, rookexp Ty zerofield T, ] drops sharply at further lower temperatures and reaches a
g ] TL B iy rootexp # : value of~0.04 us ! at 228 K. The Curie temperatufg. of
5 Jﬁ o 1, | " 100 ?% iy the x=0.5 crystal was determined from dc magnetization
8 ] 4 h5iexp # 3 1 M (T) data by(i) plotting the temperature derivative of mag-
g + ¢/¢ " ’q,/ netizationd M(T)/d T against temperature afid) the scaling
= 1% R0 4 ¢ analysisM (T) vs (Tc—T)%. The derivativedM(T)/dT ex-
& 0] N ¢ ¢/ o %] hibits a maxima in the temperature interval of 249-252 K
5 L s Ay o ] yielding aT¥ of 251(1) K. The scaling analysis of magneti-
2 aat A a / . zation was carried out by plottiny1(T) vs (Tc—T) in a
eood L e e ] log-log plot. TheT¢ values in the above range of 249 to 252
0 50 100 150 200 250 300 K were found to return the best values Q33or the critical
Temperature (K) exponentB. More details of the scaling analysis of the static

critical exponents, which serve as severe tests for the value
FIG. 3. The temperature dependence of muon spin relaxationf T, will be presented in Sec. IV. The maxima of the
rates. The filled circlegrun 1) and open circlegrun 2 show the  muon spin relaxation ratg, in the range 249-251 K-T4

temperature dependenciesXof and\, which illustrate the critical agrees with theTg' determined from dc magnetization and
slowing down of Mn spin fluctuations aboiig in Ndo,sSioMnOs. - tMI ¢ 559(2) K in electrical resistivity within the error. Fur-

Open squares display the temperature dependence of the ro%er theTc (250 K) of Ndy £, MnOs, reported from small

exponential relaxation componeng, having an asymmetry of; I ¢ tteri t I falls in thi
in the ferromagnetic phasa., (open diamongdand \5 (filled tri- angie_neutron scattering measurements, aiso fafls in this

angles display the temperature dependence of muon spin reIaxatioﬁangez'4
rates in the charge ordered CE-type antiferromagnetic state of

Ndp sSrh sMnO3. For convenience of plotting,; andA, are scaled

by factors of 100 and 10, respectively. The dotted lines are drawn to  Interestingly, in the charge-ordered antiferromagnetic
guide the eye. state with CE-type structure beloW.o~Ty~160 K, we

3. Antiferromagnetic regimeg(T<T))
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have observed two relaxation components, implying two 0.30 y ' y I
magnetically mequ_lvalent muon sites. Therefore, theSR 0.25 - Ndg 45570 5sMNO, | /A({ _
spectra measured in the pgbr, sMnO; crystal between 160 ZF*SR K
and 1 K has been fitted by a function with two simple expo- > %2°[ s bl - 1
nential relaxation components @ oi5) A 1

P E o P S R R 9/ 1 1

Pz(t)=Azexd — (Nat) ]+ As exp — (Ast) ], 5 < L A,
0.05 | AM/‘A_ .

whereA,, As are the asymmetriesAg+As;=Ap) and\ 4, 0.00| - Tal
\s are the relaxation rates. The values of the initial asymme- 0 w0 100 180 200 280 300
try Ay extracted by fitting thew " SR spectra of th&=0.5 Temperature (K)

crystal for temperatures less than or equal to 160 K by Eq.

(5) have been included in the plot of temperature versus FIG. 4. Temperature dependence of the initial asymme#igs

asymmetry in Fig. 2. The temperature dependence of théi, andA; in Ndy 4551 ssMNnO;. The soild lines are drawn to guide

relaxation rates\, and\s in the antiferromagnetic state of the eye.

the x=0.5 crystal are displayed in Fig. 3. At low tempera-

tures (=60 K), N&®* ions also contribute to the muon spin that the locations of those muons which contribute ¢care

relaxation rates\, and\s. relatively far from the magnetic Mn and Nd ions in the
The initial asymmetryA,, shown in Fig. 2, slightly in- Ndg S5 sMnO; crystal. Furthep* SR studies at a dc muon

creases on cooling from 163 to 150 K. This might be causediacility, where it would be possible to observe the spontane-

by the reorientation of ferromagnetically ordered Mn mo-ous precession frequencies of muons in static local magnetic

ments into the CE-type antiferromagnetic structure in relafields of several Tesla, are desirable to verify this point.

tion to the first-order metal-insulator transition at160 K.

The reorientation of Mn moments in BEBHsMNO; be- ¢, Influence of longitudinal fields onp* SR in Ndq £SrogMNO 5

tween 161 and 150 K can alter the fractional muons which

experience only parallel and only transverse magnetic field !N Order to determine the static local magnetic fiéld
components with respect to the direction of initial polariza-€XPerienced by muons at their stopping sites in the magneti-

tion of muons. If more muons experience a local magnetié:a"y orde_red phas_es _and the influence of Iongitud_inal fields
field parallel to their initial polarization vector in the antifer- ©N the spin dynamics in Nd,Sr,MnOs, we have carried out
romagnetic state than in the ferromagnetic state, then this cdfuon SPin relaxation measurements in longitudinal fields in
account for the observed increase in asymmetry in the antth® range of 100 to 3800 G at 169 K in the ferromagnetic
ferromagnetic state. The occurrence of two magnetically inPhase and at 60 K and 5.5 K in the antiferromagnetic phase
equivalent muon sites as evidenced by two muon spin relax@f thex=0.5 crystal. In all these measurements, most of the
ation components\, and\ ) for temperatured <160 K is lost asymmetry component cpuld not be recovered even at
correlated with two simultaneous first-order transitions, ah® highest available longitudinal field of 3800 G. Thus the
ferromagnetic to antiferromagnetic transition and a chargdternal fields are expected to be larger at least by a factor of
ordering transition at-160 K. Such an observation is not > -6 greater than 20000 G. In the paramagnetic state of
unusual as the exchange energy contribution to the potentid}do.s5.sMnOs, at 290 K, the relaxation raf? shows a small
energy of a muon in the antiferromagnetic state is expectedroP With the applied f'ffl'd; I.e5-0.044 s~ in zero ap-
to be different from that in the ferromagnetic state and could?!i€d field t0 ~0.035us™ " in longitudinal fields of 1000—
have resulted in two magnetically inequivalent sites for the3800 G, due to the decoupling of the nuclear dipolar relax-
muons belowT =~ 160 K. atlon,_where as the asyr_nmetrué@ and_Az_ remain constant _
The large values ok, (see Fig. 3 close to 160 K are at thelr' respective zero-field vqlues. Slmllarly,. the muon spin
consistent with the onset of magnetic transition from ferro-/€laxation ratex, measured in the magnetically ordered
magnetic to antiferromagnetic transition at this temperaturePhases at 169 and 5.5 K under the influence of longitudinal
At further lower temperatures, between 100 and 1 K, thdi€lds also drops slightly. The total asymmethy is also
relaxation ratex , increases with the decrease of temperaturd'€@rly unaffected by the applied field at the above tempera-
and exhibits a broad peak which is centered around 11 KU'es.
The most likely sources of this low-temperature anomaly are
(i) Nd-Mn exchange interaction which might have resulted in D. uTSR in Ndy 4551 5gMn0O5
the canting of Mn spins an@i) the magnetic ordering of Nd
moments below 11 K. Considering the reduction of initial
asymmetryA, (see Fig. 2 concomitant with the increase of The u" SR spectra of th&=0.55 crystal in zero applied
relaxation rate\ , around 11 K and the lack of support for the field at all the measurement temperatures between 290 and 5
canting of Mn spins from neutron scattering studiesye K could be fitted best by Eq2). The results of fit parameters
attribute the anomaly at 11 K in the relaxation ratgof the Ay, A,, andA, are plotted as a function of temperature in
x=0.5 crystal to the magnetic ordering of Nd moments atFig. 4. The temperature dependencies.pfand\, are plot-
~11 K driven by an indirect RKKY exchange interaction ted in Fig. 5. As can be seen from Figs. 4 angt3 SR in the
between Nd ions. In contrast, the relaxation rates observed &yered @A-type) antiferromagnet NglysSrpssMnO;  also
the second muon sitds are too small in magnitude and shows anomalies in the temperature dependence of initial
independent of temperature between 160 and 1 K, implyingasymmetryA, and muon spin relaxation rade,. The initial

1. Spin dynamics in zero field
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T T T T T 0'20
: oot Nd,, :8ry sMNO,4 Ty ] 'g. 0.15f a) Ndo‘455|‘0‘55Mn03
2 Zero field -u*SR l —  o.10F 50 K
- 004l ¢¢ =2y ] i‘\_T oosh Ay =2y
e ‘ LV . S . / -
o : - & — o o0 —® o
5 L g A ooof
A 0.02 A2 ;
L meow / 1 < 005
- 5 0.25
: il . . . 020f p o
000, 50 100 150 200 250 300 ) i
g 0.15F -d:‘:j,‘:qﬁ‘ ]
T ture (K 53
emperature (K) E o0k .\./“2. ]
. . o
FIG. 5. Temperature dependence of muon spin relaxation rates & 0.05F /0/\ ]
N1 Or N5 in Ndg 4551 sgMNO3. The dotted line is a guide to the eye. < o000k ./,,-/’\H A ]
) . -0.05 bt . . . ;
asymmetryA, starts to drop at-220 K, consistent with the 0 1 2 3 4

paramagnetic-to-antiferromagnetic transition wiky~220 Longitudinal Magnetic Field  (kG)

K observed in the magnetic susceptibility and the anomaly in

electrical resistivity at this temperaturd, decreases with : - .

the lowering of temperature between 220 and 200 K due t(ﬁf Iﬁﬁa“:snrra;\jig );ieir;irtgg ;r:ut;l isymmemeﬁl’ Azr andAg

the loss of asymmetry from those muons precessing in the 045705 s '

static local magnetic field in the antiferromagnetic state. W o , n

would like to ngte that the longituidinal and t?ansverse com%av‘3 not obs_erved any 5|gn|f|t_:ant f'e'O_' depend_enqe &R

ponents split into 1/2 and 1/2 in this=0.45 crystal.Ag at5 K, ”.“p'y'”g that the app!led longitudinal fields are too
) . eak to influence the relaxation at low temperatures.

slowly increases with decrease of temperature between 208

and 50 K. A small drop is observed Ay at ~20 K, whereas

the relaxation rate saturates at this temperature. These fea- IV. DISCUSSION

tures also seem to indicate the possible magnetic ordering of A. Significance of relaxation processes

Nd sublattices below- 20 K, in similarity with the observa-

tions in Nd, sSrp gMnO; discussed above. The relaxation rate

\, reaches a maximum of0.038us ! at 228 K. Below

220 K, N\, drops to much smaller values. Interestingly, the

relaxation rates show a small drop just abdygand remain

nearly temperature independent; &\ ,~0.031us 1) be- X ; .

tween 240 and 290 K. The lack of a temperature dependenc,sémple expo+nent|al does not account for the entire asymme-

for A, or X, aboveT, suggests that strong magnetic corre- Y Of the u” SR spectra of NgksSto sMnO; crystal and, as

lations are persistent even in the paramagnetic state. Thigentioned above, the inclusion of a root-exponential relax-
ation component is necessary to fit the spectra well. The

result is consistent with the observation of short-range ferro< . ) . . .
magnetic order in neutron scatteritiy. rqot—expor!ent[al rglaxauon. function describes Fhe .relaxatllon
without spin diffusion and is usually observed in dilute spin
glasses due to spatially averaging over the muon sites having
different local configurations of surrounding electronic
We have also carried out the experiments of longitudinakpins®® Apart from muon spin relaxation in dilute spin
field decoupling of muon spin relaxation in NgSrosgMnNO;  glasses, NMR relaxation in highly doped magnetic glasses is
at 50 and 5 K. Figure 6 displays the field dependence o&nother case where root-exponential relaxation has been ob-
N1 (=\p) and the asymmetrie’s; andA, obtained by fitting  served. From the preseptSR study, we find that some of
the longitudinal fieldu ™SR spectra of Ngl,sSrpsMnNO3 to  the perovskite manganites, for example the present system
Eq. (2). At 50 K, the muon spin relaxation rate, increases Nd,; ,SrMnOs, also fall in this category. Based on these
with the application of the applied field. We believe that thesimilarities, we suggest that the root-exponential component
increase of muon spin relaxation ratg with the longitudi-  is connected with the glasslike regions of the samples, which
nal field could have been caused by a small rearrangement perhaps are related to the formation of spin clusters or po-
spin configurations and the resulting frustration in appliedarons such as those observed in electron spin resonance and
fields. The asymmetry is redistributed betwepand A,, neutron scattering investigations of J:&£a JMnOg
with A, tending to increase and thus causing a drog\jn  polycrystals’® In a recentu "SR study on another CMR
Interestingly, we find thatA;=A, at 3800 G. The field- material, Lga Ca, sMnO3, Heffner et al. have also observed
induced increase o4, indicates a tendency of change from root-exponential relaxation in the ferromagnetic phase.
nondiffusive to diffusive relaxation. These observationsNonexponential relaxation in the'®1a NMR of
strongly indicate that the layered\{type) antiferromagnet La,-Ca, sMnO; is also reported by Allodét al?® We would
Ndp 45515 5sMNO5 is more sensitive to small applied fields like to note that the temperature dependence of the asymme-
than the CE-type 3D antiferromagnet NS, sMnO;. We  try of the root-exponential componef} (see Figs. 2 and)4

FIG. 6. Longitudinal field(0-3800G dependence of muon spin

Usually, in an ideal ferromagnet and in some antiferro-
magnets, simple exponentially decaying muon spin relax-
ation functions have been observed. The exponential shape
of the u* SR spectra is characteristic of a spin system relax-
ing via spin diffusion with a single relaxation rate. A

2. Spin dynamics in longitudinal fields
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0.2 —— cooled towards its ferromagnetic ordering temperature, the

paramagnetic spins form clusters, characterized by a correla-

D=0.0191(5) tion length¢ and exhibit critical slowing down. The tempera-

w=0.60(1) ture dependence of; for T=T. is associated with the dy-

namic critical phenomend;?i.e., the critical slowing down

1 of spin fluctuations of Mn ions in the paramagnetic region

] closer to Tc. The critical paramagnetic spin fluctuations

probed by zero-field muon spin relaxation measurements in

ferromagnets are mostly sensitive to the fluctuation modes at

small wave vectors.2%-3031

In the general theory of scaling, the critical spin dynamics

depends on the static universality class defined by the lattice

dimensionalityd and the order parameter dimensionality

o Each static universality class divides into separate dynamic

0.004 001 01 02 subclasses depending on the additional perturbations. Differ-
(T/T-1) ent dynamics is expected depending on whether these pertur-

bations are long range or short range, whether they conserve
FIG. 7. Power law parametrization of the relaxation rates inorder parameter or not, and whether they involve anisotropy
Ndq 551 sMnO; for T>T= 251 K showing the crossover behavior or not. The temperature dependence\ gfthe exponentially
of the dynamic critical exponent. The filled squares and the open relaxing (diffusive) component, in the critical paramagnetic

circles represent the data taken from run 1 and run 2, respectivelyegion can be parametrized by a power3a#*of the form
The broken line shows the best fit for 0.07 by Eq.(6). The solid

curve is a fit to the data by Eql1). N (T)=Dt™V, (6)

01} /

L p=0.41(1)
L W=2.7(2) MHz

F g =0.020(2) A"

7‘1 ( “3-1)

Nd, 551, sMNO4

clearly demonstrates the growth of the glasslike regions conV-VheretE[(T/TC)_l] is the reduced temperatur, is a

. . . o proportionality constant, and is the dynamic critical expo-
comitant with magnetic orderlng in both bigSro_5Mn03 and nent for the diffusive component. The exponents given
Ndg 4550 5sMN0O;3 crystals in the present ™SR study. Our b :

. y the scaling law
explanation for the temperature dependence of root-
e_xponen.ual relaxation an.d its origin is as follows. Small w=w(z+2—d—7), @)
sized spin clusters form in the high-temperature paramag-
netic phase, perhaps due to local variations in the arrangavhere d is the lattice dimensionalityz is the generalized
ments of MA* and Mrf* charges. They grow in numbers as dynamic critical exponenty is the static critical exponent,
the crystal is cooled towards a magnetic transition.TAt  and 7 is the order-parameter dimensionality as defined in the
several of these clusters merge to form a large cluster angeneral theory of scalinff. The exponent gives a measure
order ferromagnetically. Thus some local regions which conef rate of critical slowing dowr?? When thet range is re-
tain variable sized small clusters seem to remain in the orstricted to~10 2, one obtains the asymptotic value nf
dered state. When muons are located in such regions, thdSollowing the approach of Sutet al. and Chowet al.>* we
might experience root-exponential relaxation due to differenbbtain the critical exponerztin the extended region. Since
spin-spin correlation times of individual clusters in that re-ourt values are greater than 1%) it should be noted that the
gion. value of z derived here corresponds to the nonaysmptotic

The absolute values of muon spin relaxation rag®wn  regime. Small angle neutron scattering measurements of the
in Fig. 3 observed for temperaturesT=Tc in  temeprature dependence of correlation lengéh in
Ndo sSrpsMnO; (~0.125us ™t at T¢) and acrossTy in Ndg St sMnO, aboveT have also proved critical spin dy-
Ndp 4551 sMnO; (0.04 us ! at Ty) (shown in Fig. 3 are  namics and the critical exponenthas been obtained in the
smaller compared to the muon spin relaxation rates observagduced temperature range which extends upxd@ *.24
nearTc in Lay :Ca aMNnO; (~0.4 us™ at T¢),° by a factor Following the dynamic scaling hypothesis of Ogielski for
of ~3 (x=0.5), and ~10 (x=0.55) respectively. This Ising spin glasse$, a configuration-averaged dynamic criti-
means that the spin autocorrelation timg is relatively  cal exponent,, = z/2 can be defined for the root-exponential
higher in the La-based manganite. (glasslike relaxation component.

In Fig. 7, the relaxation rates, for T>T are plotted
against the reduced temperaturen a log-log plot for the
case ofT=251 K. On cooling from high temperatures, the

Zero-field muon spin relaxation rates measured inrelaxation rate increases rapidly with decreasiagd shows
Nd; _,SrMnO; (x=0.5 andx=0.55) crystals sensitively critical spin fluctuations. At temperatures much closer¢q
probe the spin dynamics at the second-order magnetic pha#ige increase ok, is less steep and is indicative of a cross-
transitions as revealed by the appearance of anomalies at tbger in critical spin fluctuations from exchange regime to
corresponding transition temperatures. Let us consider thdipolar regime due to the influence of dipolar interactions
paramagnetic to ferromagnetic transition at 251 K in xhe between the spins\; values aboveT., i.e., for 0.0%&t
=0.5 crystal. At this transition, muon spin relaxation rates<0.16, have been fitted by E) for extracting the critical
gradually increase with the decrease of temperature anelxponentw for the pure exchange critical region. The fitting
show a divergence at 251 K. This means, as the system is yielded the critical exponent=0.60(1) and the proportion-

B. Spin dynamics aboveT: in Ndg sSrysMnO 5
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ality constantD=0.0191(5)us . The fitted curve is dis- ties of the double exchang®E) model by Zanget al,, who
played by a broken line in Fig. 7. To determine how the errorsuggest that the low-energy excitations of the DE model are
in the determination of . affects the results of this reduced distinctly different from those of Heisenberg ferromagrféts.
temperature plot, we have examined such plots by varyind he experimental value affor Nd, sStp sMNnOs at the ferro-

the T¢ from 248 K to 255 K in steps of 1 K. ITc=248 K, magnetic transition marginally disagrees with the value of
the fitting by Eq. (6) resulted in w=0.60(1), D  z=2.175(7) given by the scaling law

=0.0195(5)us ! for 0.075<t=<0.16. Similarly, if Tc

—255K, the fiting results are w=0.551), D z=2+alv ©
=0.0195(5)us™* for 0.065<t=<0.16. Therefore, by includ- for the 3d anisotropic ferromagnetmodel Q,2° which, as

ing the effects of error in the determination™f, we obtain  shown above, is more suitable to describe the static critical
the most appropriate value for the critical exponentvas phenomena &l in Nd, sSr, sMnOj3. This small discrepancy
=0.59(5) for the exchange critical regim@*1.065Tc).  could be due to fact that the wave vectpregion probed in
The absolute value of the critical exponew of  zero-field » ™SR measurements is sensitive to the dipolar
Ndy 5S1p.sMNnO; is smaller compared to the theoretical valueinteractions between spins. However, thef this crystal is

of 1.0235) of the three-dimensional Heisenberg ferromagnein good agreement with the theoreticalalue of 1.9844)

for the spin-conserved case, but closer to the value ofor dipolar ferromagnetmodel A),?® consistent with the

0.6755) for the spin-non-conserved ca¥e. strong influence of dipolar interactions on the critical para-
- magnetic spin fluctuations. The dynamic critical exporent
1. Critical exponents of Ndq sSt, sMnO; also compares quite well with thevalues

Here we present a comparison of the static critical expoOf the isotropic ferromagnets EuO, EuS, Ni, and Co deter-
nents of N@ Sl sMnO; above T with those of 3l ferro-  mined by hyperfine interaction technigééssuch as the
magnets, either predicted by theoretical model calculationdlossbauer effect, nuclear magnetic resonance, and perturbed
or determined from experiments. The magnetic susceptibilipangular correlations. Bohet al. have also reported a similar
x of NdysSihsMnO; obeys a power lawT{—Tc)” with y 2 of 2.096) for EuS from inelastic neutron scatterifty.
=1.24(3) which, though smaller compared to the experi- . )
mentally observed values of for isotropic ferromagnets 2- Teémperature dependence of muon spin relaxation rakg
such as 1.32 for Ni, 1.33 for F®ef. 41), and the theoretical above Tc
results of 1.375 for the @ Heisenberg model, 1.318 for the  Similar to the present case of )¢br, sMnOs, a crossover
3d XY model, compares quite well with the result of 1.25in critical spin fluctuations has been observed in isotropic
for the 3d Ising model from series expansiofisThe dc  Heisenberg ferromagnets, for example, Fe, Ni, EuO, and
magnetizationM scales as Tc—T)? with 8=0.332), EuS, and is associated with the crossover from the exchange
which shows deviation from the theoretical value of 0.38 forcritical regime away fronT ¢ to dipolar critical regime closer
the 3d Heisenberg model, but agrees with the result of 0.3120 the T .3*%"~*°Far aboveT., both the longitudinal and
for the 3d Ising model within the error. Thig value also transverse susceptibilities//(q) and x* (q) contribute
agrees with the experimental results of 0.33 for Ni and 0.34qually to the magnetic ion spin dynamics. Clos@tg the
for Fe. Further, the static critical exponents found indipole interactions induce an anisotropy of the susceptibility
Ndy 5S1psMnO3, B=0.33(2) andy=1.243), also agree with respect tog. In mean-field theory, this corresponds to
with predictions of renormalization-group theory for three-the following demagnetization correction to the Ornstein-
dimensional anisotropic ferromagned<3, n=1: model Zernicke susceptibility expression:

C).?° The above values g8 and y are also consistent with

the scaling law qeqf
[x*#(q—0)] = (10

a+2B+y=2 (8)

if we assumex=0.110, which is a reasonable value for the (¢:8=X,Y, orz). Closer to thel¢c, this exira term strongly
x=0.5 crystal suppresses the susceptibility due to longitudinal fluctuations

. . I ivergi
Next we extract the dynamical critical exponentof ?I( (q) from diverglng atf;rc’ v(\;hlereas thatéjg;#he trr]ansvgrse
Ndy 55T, MO, from the exponentv measured by * SR. uctuationsy (q) are affected less severety“as shown in

Using the value of 0.62) for the static critical exponent, Fig. 1 of Ref: 30. FoIIc_)wmg Yaouanet al,* the longitudi-
determined by Rosenkra al2* from small-angle neutron- @l muon spin relaxation rate can be expressed as
scattering measurements of the ferromagnetic transition at _ 27T \2iL

—251 K in Neh £ MnOs, and 7=0.031(4) of model G2 M=WEZPT()+ (A=p) TR, (3

the value ofw=0.59(5) and the scaling law af given by  where W is a nonuniversal constant amqmis a material-

Eq. (7) yield the generalized dynamical exponemtas dependent parameteg:=arctanfpé) is a measure for the
2.0012) in the exchange critical region. The abox@alue  temperature through its dependence on the correlation length
deviates from the purely exchange-coupled isotropic Heisené, The parameteqp, is the dipolar vector determined by the
gerg model prediction of=5/2. This is not surprising, be- relative strengths of the dipolar and exchange interactions.
cause the static critical exponerisand y themselves do not |-(¢) and17(y) describe the contributions to, from lon-
agree with this model. The preseat SR result of dynamic gitudinal and transverse fluctuation modes, respectively. The
cirical behavior in thex=0.5 crystal is in a way supported by application of mode-coupling theory for the jgbr, sMnO4

the recent theoretical investigations of the magnetic propererystal is justified, since there are no short-range antiferro-
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magnetic correlations abovig: in this crystal, unlike in lay-  magnetoresistive oxide single crystals of ;NgSr,MnO; at

ered magnets of manganites. Using the above equation, wiarrier doping concentrations of=0.5 andx=0.55 using

W, p, andqp, as free parameters, and takigg=3.0 A from  muyon spin relaxation. The critical slowing down of Mn spin
the small-angle neutron-scattering data of Ref. 24, a robusfctuations has been observed above the ferromagnetic or-
curve fit to the data of Fig. 7 could be obtained. The fit Wthhdering temperature of 251 K in N&St, :MnOs. Muon spin

is shown by the solid curve in Fig. 7 yielded the valules of relaxation rates above the” Bletemperature of-220 K in
W=27(2) MHz, p=0.41(1), and dp=0.020(2) A", Ndy 4581 sMnO; do not show critical slowing but indicate
T_h|5 qp value is mter_medlate tolthqu values of the |soltro— short-range magnetic correlations. The temperature depen-
pic ferromagnets, Ni (0.013 A") and Fe (0.033 A™). dence of muon spin relaxation ratg in Ndg Sty sMnO;3 in

ghe;"fofe{ thet. ferromagréetch sgﬂe Or',?'ln"?mn.g from thethe critical paramagnetic region is quantitatively accounted
ouble interaction in NgkSloMnO; crystal is in a way within the mode-coupling theory of Yaouaet al® by con-

il'img?]rdtgsge one in the Isotropic ferromagnets such as I:esidering the suppression of longitudinal and transverse com-

) _ _ ponents of spin susceptibility by dipolar interactions closer

C. Spin dynamics nearTy in Ndo 455r0,5MnO to Tc. The dipolar vecton is found to be 0.020(2) A*.

Ususally, the muon spin relaxation rate is expected torhe dynamic critical exponert=2.00(12), deduced from
drop to nearly identical values on both sides of the peaknuon spin relaxation rat®,, agrees well with the experi-
value at the ordering temperatuia this casely) in a mag- mental and the theoretical results fod 8lipolar ferromag-
netic material. But, the relaxation rates measured above theets such as Ni and Eu3.The observations of root-
Neel temperaturd y~ 220 K in Noh 4551, 5sMNnO; are much  exponential relaxation components and the temperature
higher(by a factor of 5 than those belowy . They are also dependence of their weights " SR show how spin-glass-
nearly temperature independent abdyg, i.e., they do not type regions develop into the magnetically ordered states of
exhibit dynamic critical behavior as is observed inNd;_,SrMnO; crystals. Thus, using theSR technique, we
Nd, sSrp sMnO;. The absence of critical slowing down above have demonstrated the spin dynamics of magnetic ions, the
Ty in Ndg 4551, sgMNO; seems to be related to the presenceformation of small spin clusters, and their dependence on the
of short-range ferromagnetic correlations in the paramagneticarrier concentration arounx=0.5 in colossal magnetore-
state of this materid® When ferromagnetic short-range cor- sistive Nd _,Sr,MnOj3 crystals.
relations develop at a temperature much higher thanthe
spin fluctuations will be reduced causing an enhancement of
muon spin relaxation rates; or A, at temperatures even far
above fromTy . Another explanation is that the critical slow-
ing down of spin fluctuations could be characteristic for ma- ACKNOWLEDGMENTS
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