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In order to investigate the paramagnetic ground state of the colossal magnetoresisTanRe
Smy 5556 49MNO3 compound we have used a wide set of techniques: magnetoresistance, magnetization, high-
resolution neutron diffraction, small-angle neutron diffraction, and muon spin relaxation. According to these
measurements the paramagnetic ground state would consif).8fnm ferromagnetic clusters embedded in a
short-range charge/orbital ordered matrix. The CMR effect occurs due to percolation of these ferromagnetic
clusters.
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Colossal magnetoresistan@MR), i.e., a change in re- ferromagnetic and charge/orbital ordered ground states. At
sistance of several orders of magnitude by applying a magf-~120 K this compound orders ferromagnetically and
netic field, in perovskite manganiteAQA’MnO,) is cur- above T, a strongx-ray diffuse scattering has been ob-
rently a hot topic in magnetisf? From a fundamental point served below 300 K and assigned to short-range CE-type
of view, the central question is to identify the mechanismscharge/orbital ordering® We have investigated this com-
responsible for the existence of CMR. For example, CMRpound with several experimental techniques and, as dis-
can occur if the application of a magnetic field causes theussed hereafter, our results are consistent with a paramag-
melting of a long-range charge/orbital-ordered ground state netic ground state consisting of0.8 nm ferromagnetic
or a change in the relative fraction of coexisting microscopicclusters embedded in a short-range charge/orbital ordered
(~500 nm metallic long-range ferromagnetic and insulating matrix. The CMR effect would occur due to percolation of
long-range charge/orbital-ordered doméirhere is an ad-  these ferromagnetic clusters where the charge is delocalized
ditional mechanism that occurs in the parama%nsetic phase of The samples used in these experiments are polycrystalline
certain  compounds  like  LaCaMnO;,™ ™ and  and have been prepared by standard solid state procedures.
Sy 5551.49VINO3, "~ which is the aim of the present study. x_ray diffraction patterns at room temperature have been fit-

In the case of LgsCaysMnO;, a behavior characteristic eq with the FuLLPROF program within the orthorhombic
of charge localization and short-range ferromagnetic ordebnmaspace group with lattice parametees=5.422(1) A,
was observed in th? pa_lrama_gn_etic phase and i_nterpreted B 7.6765(5) A,c=5.4277(8) A. For the neutron experi-
due to charge localization within a ferromagnetic cloud Ofments, and in order to minimize the neutron absorption of

~1.2 nm extent, i.e., a magnetic polarbAs the first elec- Sm, the compound was synthesized wiRSm. Magnetore-

tron diffraction experiments did not report any signature of”. i b f d with the f
charge ordering in this compountlit seemed natural to con- sistance measuremenave been periormed wi € four-
Jrobe technique and are shown in Fig. 1. AboVg

sider the charge to be confined within the magnetic polaron - X i
However, recent electron diffraction as well as neutron dif-~ 120 K, the compound is semiconducting and becomes
fraction experiments point to the existence of Short_ramgémetalI|c—I|ke below this temperature. The residual resistance
charge/orbital ordering in the paramagnetic phase of thigs high due to the polycrystalline nature of the sample and,
compound® In order to explain the simultaneous presenceconsequently, there is a strong contribution from spin-
of short-range ferromagnetic and charge/orbital orderingpolarized transport through the grain boundaries. BeTew
some authors have proposed that the short-range ferromatijie observed magnetoresistance is assigned to tunnel magne-
netic correlation might correspond to small ferromagnetictoresistance through the grain boundafie8y applying a
segments in the CE-type charge/orbital ordefifidnis issue  magnetic field of several tesla, the CMR effect is observed in
is crucial in order to understand the ground state of this comthe paramagnetic phase. The transition is strongly hysteretic
pound and the origin of the CMR. &S .dMnO5 is an-  at zero field as can be observed in the inset of Fig. 1 and
other archetypal CMR compound that has recently attracteduggests that the transition is fafst order. However, at 7 T
much attention due to the strong competition between théhe hysteresis has disappeared or is very small. This could
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FIG. 1. Resistance as a function of temperatigi&a taken by
heating of Smy, 555K, 49MNO; under magnetic fields of 0, 3, 5, and 7
T. The inset shows the resistance when cooling and heating at 0 al
7T.

FIG. 2. Magnetic correlation length of $mSr 4sMNO; as a
function of the temperature and under magnetic fields of 0, 3, and 5

(see text The inset shows the dependence of the magnetic cor-
relation length with the magnetic field at 170 K.
mean that under a large magnetic field the transition becomes
of second-ordems predicted by some CMR theorfes. In Fig. 2 the values of are shown as a function of tempera-

High-resolution neutron diffraction experimentsave ture under magnetic fields of 0, 3, and 5 T. Without applied
been performed at the Institut Laue-LangedinL ), located  magnetic field, one can notice thats ~0.8 nm in the para-
in Grenoble(France by using the high-intensity powder dif- magnetic phase. BeloW,, the magnetic SANS intensity is
fractometer D2B, with neutron wavelengih=1.6 A. Data  zero. This means that in the paramagnetic phase well-defined
were taken at three selected temperatures: at 400 K, 135 Kerromagnetic clusters of size around 0.8 nm exist. We have
and 4 K. The data were analyzed using the Rietveld refinemeasured some isotherms just abdyein order to monitor
ment progranFULLPROF. A very small amount of the impu- the evolution of¢ with the magnetic field. However, the tran-
rity Mn3O,4 has been detected. The important results exsition is so abrupt that it has not been possible to get any
tracted from these measurements are the following. First, dhtermediate state between the 0.8-nm-cluster regime and the
the three temperatures the data can be well fitted with onlferromagnetic regime. This correlates with the fact that the
one orthorhombid®nmacrystallographic structure. Second, transition is of first-order type as discussed previously. How-
in the paramagnetic phase at 135ike., ~15 K aboveT) ever, we have mentioned that the transition becomes continu-
there is no magnetic contribution and no sign of long-rangeus under high magnetic fields. Thus, under applied mag-
charge/orbital ordering. At 4 Ki.e., belowT), the data can netic fields of 3 and 5 T it has been possible to get
be well fitted with a homogeneous ferromagnetic phase anthtermediate states with clusters 0.8 nm as shown in
the magnetic moment per Mn ion is3.4ug, Which is very  Fig. 2. Also, intermediate states are obtained in an isotherm
close to the expected value for full ferromagnetic alignmentat 170 K(see inset of Fig. 2 One can notice thatincreases
(3.55ug). We can conclude that the CMR observed inwith the magnetic fieldt means that the ferromagnetic clus-
Smy 55515.49VIN0O5 is not due to the existence of either a long- ters increase in size and finally percolate to produce the long-
range charge/orbital-ordered ground state or micrometricange ferromagnetic statthis has been monitored by study-
phase segregation. ing the field dependence of a Bragg magnetic peak a

In order to investigate the magnetic correlations in theconsequence, the ferromagnetic clusters that we observe
paramagnetic phase, we have carriedssoéll-angle neutron  should not be the same as the charge-ordered/orbital clusters
scattering (SANS) measuremetatis ILL. The experiments detected with x-ray diffuse scattering, whose size should de-
were performed at the instrument D16 with neutron wave-crease with the magnetic field. If their size increased, a long-
length \=4.5A and momentum transfer 0.04A<q range charge-ordered/orbital state would realize, which is not
<0.6 A (resolutionAq=0.005 A1) across the tempera- the case.
ture range 4 KKT<300 K and with magnetic fields upto 5  The existence of strong short-range magnetic interactions
T. Assuming ferromagnetic correlations of the Ornstein-in the paramagnetic phase can be also inferred fronmig-
Zernike type(M(0)-M(r))~[exp(—r/&]/r, where¢ is the  netization measuremerghown in Fig. 3. These experiments
ferromagnetic correlation length, the SANS intensity shouldhave been performed with a SQUID magnetometer under
behave as |=1,/[q?+(1/£)?], i.e. Lorentzian 0.01 T, 3T, and 5 T across the temperature range<arK
dependenc& After subtracting the incoherent nuclear scat-<400 K. Under 0.01 T, the ferromagnetic transiticfy ,
tering, we have obtained the magnetic SANS. This scatteringccurs at around 120 K and the low value of the magnetiza-
is strong in the paramagnetic phase and collapses at the traien is consistent with a saturation field larger than 0.01 T.
sition to the ferromagnetic phase, whitstdicates the pres- Under 3 T and 5 T, the magnetic domain structure has al-
ence in the paramagnetic phase of ferromagnetic clusterseady disappeared and we measure the full saturation mag-
that are stable longer than-1 ps The SANS intensity has netization,~3.4ug. We have fitted the data abovg to a
been fitted tol =1,/[ g2+ (1/£)?] and £ has been extracted. Curie-Weiss law:H/M =(T—®)/C, whereC is the Curie
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FIG. 4. Experimental datédotg of the muon depolarization at

FIG. 3. Experimental data of the inverse susceptibility as afunc-110 K of S St 4MnO; and corresponding fifine) to the two-

tion 0; tsrr;]per.atu.retgnder O'O%?jo@ and 5 T(S?u?\;e}s a?nd.eﬁ exponential function:agG,(t) =ap+ A exp(—A;t)+Asexp(—Agt),
pected behavior in the case of free paramagnetic Mn (stmaig where a,=0.045, A;=0.03§2), \=0.18(1)us’, A

line). The inset shows the magnetization as a function of tempera-_ L ) . :
=0. , =2. . own the relative
ture under fields of 0.01 T, 3T, and 5 T. 0.0284), and\s=2.7(6) us It is also show v

contribution of each of these exponentials. In the inset, the values of
the “fast” (squaresand “slow” (triangles relaxation rates across
constantC=(N pgﬂ)/3KB with N being the number of mag- the temperature interval 75KT=<130 K are shown.
netic entities andog the effective magnetic momenpn;ﬁff
=gZS(S+1),u§. In the case of free paramagnetic ions the ex-laxation function. First, we have fitted theSR data in the
pected value of is 4.4x10 “ K ug/f.u. Oe. The obtained whole temperature rang800 K—20 K) with a stretched ex-
experimental value is slightly higher at 400 KC£5.5  ponentiala,G,(t) =a,+ A exd —(\t)?]. The relaxation rate,
X 10 % K ug/f.u.Oe) and one order of magnitude higher at\, peaks at the ferromagnetic transitioho= 121 K) follow-
temperatures close b (C=4X103% K ug/f.u.Oe). This ing a temperature dependence abdyeof the form \(T)
is an indication of the existence of short-range magnetic or=Aq(T/Tc—1)" 7, with  \q=0.102(3) us™ 1, Tc
der in the paramagnetic phaSegven though a realistic =121.3(2) K, andy=0.352). The efective initial asym-
quantitative description of the inverse magnetization versusnetry, A, in the ferromagnetic phase decreases tof its
temperature is yet to be done. value in the paramagnetic phase, which is consistent with the
The spin dynamics has also been investigated by means ohset of a ferromagnetic state. TBeexponent is equal to 1
zero-field muon spin relaxatio@ZF-uSR) studies carried out above 135 K (single exponential decayand decreases
at the ISIS pulsed muon facilitfRutherford Appleton Labo- to about 0.3 at low temperatures. The data can be
ratory, UK) using the MuSR spectrometer. ZFSR measure- also fit to a two-exponential relaxation functicmG,(t)
ments were carried out in a closed-cycle refrigerator using & a,+ A; exp(—At) +Aexp(—Ad), which, according to Hef-
10-g powder sample mounted in a titanium sample holdefner and coworkers, fits considerably better the experimental
and spectra were recorded on cooling. Longitudinal fieldresults of LgCasMnO;.1" This is interpreted as due to
measurements in a magnetic field of 100 Oe were performetivo spatially separated regions possessing very different Mn-
at selected temperatures in the paramagnetic phase with fien spin dynamics. As a consequence, we suggest in
significant changes in the relaxation, thus excluding any adSm, 5:Sr, ,sMnO5 the presence of two regions with “fast”
ditional nuclear static component. The results will be dis-and “slow” relaxation rates, respectively. This fit has been
cussed within the scenario proposed by Heffeeal.in or-  obtained successfully at the neighborhood of the transition
der to explain theuSR and neutron spin echo measurementsemperature (75 KT<130 K) as is displayed in Fig. 4. For
in manganese perovskités!’ SR data can be normally fit temperatures below 75 K and above 130 K, either the overall
to a relaxation function with two contribution&,(t) relaxation rate is too small or the two exponentials cannot be
=ApsGosdt) T AnxGrx(t) but due to the instrument resolu- resolved clearly. We propose that the two regions with “fast”
tion of MuSR spectrometer only the relaxing tet@,(t) and “slow” relaxation rates could correspond respectively to
was observed in our experiments. This term describes theelaxation phenomena of the short-range ferromagnetic clus-
local spin dynamics and in a typical magnetic materialters and the short-range charge/orbital ordering matrix. In
Gx(t) is given by an exponential functioA, exp(—At) Lay g Ca3MnO;, a similar analysis close td: (270 K)
where \=1/T, is the characteristic spin-lattice relaxation produces\;~0.1us * andA¢~1 us %, which are similar
rate. However, Heffneet al. have found that in some ferro- values to those of SgrsSr 4gMNO5, and interpreted as due
magnetic manganites (La,CaMnOz) one needs a to Mn ion spin dynamics within conductive double-exchange
stretched exponential function or a two-exponential functiorferromagnetic clusters and insulating regions respectively.
in order to fit the experimental results!’ This is thought to In order to explain the CMR and the whole set of experi-
arise from inhomogeneous Mn spin dynamics. We find thaimental results in the compound $g8SK; 4sMnO; we pro-
our uSR data of SissS1p 4sMINO5 can be satisfactorily fitted pose the following scenario, which is schematized in Fig. 5.
either to a stretched exponential or to a two-exponential reSANS measurements detect the existence of ferromagnetic
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is delocalized within the ferromagnetic clusters but rather
localized within the CE-type short-range charge/orbital or-
dered background. This would explain the overall semicon-
ducting behavior of the resistance in the paramagnetic phase.
The CMR effect occurs because when applying the magnetic
; field the ferromagnetic clusters grow and percolate, which
- short-circuits the currertf The muon depolarization data are
also consistent with the existence of two spatially-separated
FIG. 5. Proposed scenario to explain the CMR in the paramagregions having respectively a “fast” and a “slow” spin dy-
netic phase of SgxsSh 4sMnO5. The ground state would consist of namics. The experimental microscopic behavior of
conductive short-range-0.8 nm ferromagnetic clusters embedded La,;sCa;,sMnO5 is similar to that of SmssSr 4gMN0Os,
in an insulating short-range charge/orbital ordef8RCOQ ma-  which suggests that the same scenario can be applied to ex-
trix, which produces a high-resistance state. By applying a magnetiplain the CMR in both compounds. This is not a trivial result
field, percolation of these ferromagnetic clusters leads to a metallibecause SgysSr 4sMNO; was considered to be a CMR
state(CMR effecd. compound dominated by lattice effects in the paramagnetic
phase and no role was assigned to the double-exchange fer-
clusters abovec with size ~0.8 nm that are stable longer 'omagnetic clusterS’ Our work suggests that it is a general
than 1 ps. Several features support the fact that these clust rend in manganites dgyelopmg CMR in the paramagnetic
are of différent nature than those observed with x-ray diffus ﬁase that the competition between msulatmg char_ge/orb|tal
S . . rdering and conducting double-exchange interactions pro-
scattering in this compound. Our ferromagnetic Clustersy, e the coexistence of short-range entities of both types
grow in size when applying a magnetic field whereas the,,q s is at the origin of the CMR. This model is different
magnetic fleld inhibits the CE—typg orderiddvioreover, we from another proposed model in which the same erttity
note that in the La,CaMnO; series, the strongest short- ,,gnetopolaronproduces at the same time the short-range
range ferromagnetic order occurs for 3 whereas the stron- magnetic and lattice effects’
gest short-range charge/orbital order occursxfer:.” This
indicates thaboth phenomena are not correlatethe most We acknowledge the Spanish CICYT for financial support
plausible scenario in SgasSIH 4sMNO5 is that short-range as well as the EC financial aid for theSR experiments at
ferromagnetic clusters form in a paramagnetic matrix thatSIS and the assistance of P.J.C. King during these experi-
develops short-range charge/orbital correlations. The chargaents.
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