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Neutron measurements on CalLa,MnO; (0.00<x=<0.20) reveal the development of magnetic droplets
showing a liquidlike intercluster spatial distribution. The average size of the dropletd@sA, the concen-
tration of which in theG-AFM matrix being proportional tok (one cluster per60 doped electronsIn
addition, a long-range ordered ferromagnetic component is observed foe¥:08.14. This component is
perpendicularly coupled to the simpBetype antiferromagnetic®-AFM) structure of the undoped compound,
which is a signature of & AFM+FM spin-canted state. The possible relationship between cluster formation
and the stabilization of a long-range spin canting for intermediate doping is discussed.
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[. INTRODUCTION regimes atx~0.03, which in this paper we refer to as low-
doping (0<x=<0.03) and intermediate-doping (083

Doped manganites are strongly correlated electron sys<0.15) regimes. While it has been suggested that this cross-
tems with unusually large responses to external perturbationsver may reflect novel polaron physitsnot much direct
such as magnetic field and pressure. While the most dramatinformation on the microscopic structure of the weak ferro-
effects such as colossal magnetoresistance have been ahagnetism observed for electron-doped manganites is pres-
served in heavily doped compounds, systematic studies ogntly available. A notable exception is a NMR study per-
lightly and moderately doped samples may reveal some funformed on Ca ,Pr,MnO; (x<0.1)* which found a
damental aspects of manganite physics. In these regimes, theexistence of ferromagnetism and antiferromagnetism in
antiferromagnetid AFM) spin structures shown by the un- the samples studied, thus supporting a phase segregation
doped compoundsend to be destabilized by the ferromag- scenario.
netic (FM) exchange interactions mediated through the This paper is the second part of an extensive study of the
charge carriers. For electron-doped CaMn@ relatively magnetic and crystallographic ground states of La-doped
weak ferromagnetism has been observed up~t@5%  CaMnG;. Part | described the general relationships among
doping?~® While the classic de Gennes theory for lightly the ground states revealed by an investigation of the
doped manganites describes the weak ferromagnetism imesoscopic-scale phase separation inherent to this sg3tem.
terms of spin-canted ground stafesnumber of more recent It is relevant to note that the results described in Part | indi-
theoretical studies indicates that homogeneous canted magate that the FM moments are developed witBH#\FM me-
netic structures may not be energetically stable, suggestingsoscopic domain®. This is deduced from the coincidence of
tendency towards magnetic and electronic phase segregatitiie FM andG-AFM ordering temperatures and from the con-
for both hole-dopeti” and electron-dopéti-*® manganites. comitant decrease of th®8-AFM and FM moments, on the
In fact, for moderately hole-doped LaMg@—-8% Ca or Sr  one hand, and the increase of 8eAFM moment, on the
doping, single crystal neutron-scattering studies revealed thether hand, as the doping level increa$eSchematic repre-
existence of nanometric-scale magnetic inhomogeneities aentations of th&-AFM and C-AFM structures are given in
low T.2*~2"Whether electron-doped manganites actually mir-Fig. 1 of Part I. In Part Il we focus on the microscopic nature
ror this effect is an open experimental problem and a fundaef the weak ferromagnetic moment observed in Gx&FM
mental issue, since the phase diagram of electron-dopedatrix for 0.06<x=<0.15. The most detailed investigations
manganites is in general asymmetrical with respect to theiare performed on the compounds wixl+0.02 and 0.09,
hole-doped counterparts. For instance, the ferromagnetic mevhich are representative members of the low- and
tallic ground state is not realized for La-doped CaMn® intermediate-doping regimes, respectively. Elastic neutron
stark contrast with the wide compositional interval wherescattering at low angles reveals a liquidlike spatial distribu-
this state is observed in Ca-doped LaMnO tion of magnetic clusters of average sizel0 A in both

Previous dc-magnetizatiotf? thermal conductivity?  regimes, whose concentration is proportional to the doping
Raman-scatterin’ and electron spin resonaritstudies on  level. Neutron-diffraction measurements under applied mag-
Ca _,La,MnO; indicate a crossover between distinct dopingnetic fields reveal that th&-AFM and FM spin components
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are uncoupled for low doping and become orthogonally
coupled as the doping increases. Such an orthogonal cou-
pling is a signature of a spin-canted state. Small-angle neu-
tron scattering(SANS) measurements also show magnetic
domain-wall scattering in the intermediate doping regime,
revealing a long-range FM component. The combined results
severely limit the possible scenarios for the development of
the FM moment in electron-doped manganites. In fact, they
indicate a nontrivial microscopic magnetism for this system,
which cannot be described either by a homogeneously spin-
canted staté,or by a radical phase segregation where FM
clusters are embedded into a p@eAFM matrix. The phase
diagram of La-doped CaMnQrevealed by the combination

of the results described in Parts | and Il, is given in Figp)6

of Part 12°
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Il. EXPERIMENTAL DETAILS

Ceramic pellets of Ga ,LaMnO; (x=0.00, 0.02, 0.03, 0.5
0.05, 0.06, 0.07, 0.09, 0.12, 0.16, and 0Q.@@re prepared by
standard solid state reaction, as described in detail in the
previous paper: A hole-doped sample, Ggd-ay ogMnO;,

U / ug

.02 04 0640
Q(A")

was prepared in a similar manner to the other samples, but 20 A
was reacted in Argon at all stages of the preparation and 0.2 0_-14 0.6
reacted to a maximum temperature of 1250°C to keep the Q(A")

defect concentration low. . . .
Elastic neutron scattering experiments at low angles wer FIG. 1. Elastic magnetic cross section vers@ for
. . . %ai,XLaanO3 for x=0.02 (a), x=0.09 (b), andx=0.95(c). The
performed using the BT-2 triple-axis sp_ectrometer at thesolid lines are fits to a liquid-like distribution model of magnetic
NIST Center for Neutron Res,earc,h' with = 14',7 meV droplets(see the text The insets show the raw data at 10 and 200
and (60—20'—20"—oper collimation. Magnetic-field- ¢ (290 K for x=0.95).
dependent neutron powder diffraction experiments were per-
formed on the same spectrometer whh=14.7 meV and
(60' —40' — 40 —open collimation. The field was applied one droplet per ~59(12) doping electrorjs and D
perpendicularly to the plane defined by the incident and scat=10.4(1.8) A(see Ref. 2Y. Errors given in parentheses are
tered wave vectors, using a superconducting magnet. statistical only and represent one standard deviation. Fits to
The SANS experiments were carried out using the NG-1,,(Q) of Fig. 1 assuming clusters with soft walls were also
instrument at NIST, witlhh=12 A, and a sample-detector performed, providing equally good fits to the experimental
distance of 3.5 m. The intensities were measured by a tWjata and nearly identical results fil, andd,,,,. In fact, the
dimensional  position-sensitive ~ detector (0.007'AQ  cajculated profiles are mostly determined by inter-cluster dif-
<0.08 A‘l_){ and were angularly averaged around the beamgaction, except for the overall intensity decay &
center position. =0.4 A1 due to the finite cluster size. Thus, little informa-
tion on the cluster shape and rigidity can be directly obtained
1. RESULTS AND ANALYSIS from this experiment.
In order to demonstrate the reproducibility of the above
method for experiments taken at different conditions, and
The inset of Fig. {a) shows the elastic neutron scattering check the sensitivity of the results to sample preparation
at 10 and 200 K for GgodapoMnO;3, in the Q interval  methods, elastic scattering experiments were also performed
between 0.05 and 0.7 &. The elastic magnetic scattering at at 10 and 290 K on a polycrystalline hole-doped manganite,
low-T [I4(Q)] can be more readily identified by subtracting Ca, gd-a sMNO5 [see Fig. Ic)]. The subtracted intensity,
the elastic scattering of the paramagnetic phase at 200 K10 K)—I (290 K), shows a peak &@~0.2 A~1, for which
from the intensities of the magnetically ordered phase at 1fhe intensity, shape and width are in good agreement with
K. This is shown in Fig. (a) (symbols. The solid lines are previously published results for a single crystal of the same
fits to a model of rigid magnetic droplets showing a liquid- compound’® This indicates that the magnetic clusters ob-
like intercluster spatial distributiof’:*?° The full expres-  served for lightly hole-doped manganit&$! are essentially
sion for I ,(Q) under this model is given in Ref. 20. The insensitive to the sample growth method. This result,
shape ofl y(Q) is determined by the minimum distance be- combined with the evidence of magnetic clusters reported
tween clusters d,;,), the droplet diameter¥), and the here for electron-doped manganites, supports a universal ten-
cluster concentrationNy). For x=0.02, the fitting param- dency for inhomogeneous ground states in lightly doped
eters aredn,i,=41(3) A, Ny=6.6(1.4)x10 ¢ A~3 [i.e., manganites.

A. Low-doping regime
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FIG. 2. (8 SANS for Ca_,La,MnO; at 20 and 200 K forx magnetization fox=0.02 and of the peak intensity of the (1,0,0)
=0.09. The inset shows(20 K)—1(200 K) and a fit to a power Bragg reflection foxx=0.09.
law. (b) T dependence of the scattering @&=0.0072 A for x
=0.02 and 0.09. Data ifb) were corrected for thickness and ab- Which saturates at-0.05ug/Mn for fields smaller than 0.5
sorption to allow a direct comparison between samples. T, and a linear component which is tentatively ascribed to a

conventional field-induced spin canting. The field-

The possibility of a long-range FM component was inves-dependence of th€-AFM spins forx=0.02 was probed by
tigated by energy-integrated SANS. The FM scattering peakseutron diffraction[see Fig. 8a)]. An intensity decrease of
at Q=0, and shows a distribution in th® scale of the (3,%,3) reflection was observed in the field scale of sev-
~2m/Ly, wherelq is the average domain size. The SANS eral tesla. This effect is not directly connected to the reori-
data on electron-doped manganites are dominated by a nogntation of the spontaneous FM moments, which takes place
magnetic and slightlyr-dependent componeitnost likely  for H<0.5 T [see the inset of Fig. (8]. Thus, for x
from intergrain scattering For x<0.03, no evidence for =0.02, theG-AFM moments are not directly coupled to the
domain-wall scattering was observed by SANS, within ourFM moments, at least for small fields1& 0.5 T). We note
experimental sensitivitysee Fig. 2), filled circles. that the FM and AFM components must be perpendicularly

To clarify the microscopic relationship between the FM coupled in a spin-canted state. Thus, the absence of such a
signal and theG-AFM spin componentH-dependent neu- coupling at the low-doping regime demonstrates that the ori-
tron diffraction experiments were carried out. The magnetigyin of the weak FM signal is not due to a zero-field spin
intensities are proportional to the square of the sublatticganting of theG-AFM structure. Although this conclusion
magnetization, and also to the geometrical facige(1  might, at first sight, have been anticipated by the presence of
—(M-7)?), wherer andM are the directions of the recip- magnetic clusters shown in Fig(d), in Sec. Il B we show
rocal lattice vector and the sublattice magnetization, respedhat the presence of nanometric magnetic clusters does not
tively, and the brackets account for a domain average. Fogxclude the possibility of a spin-canted state. In fact, signa-
cubic or quasicubic crystal latticeg(H=0)=2/3. Under tures of both nanometric clusters and long-range spin canting
the application oH, the FM component reorients along the have been found at the intermediate-doping regisee be-

field direction. Therefore, for increasindj 7, such as in our 1OW)-
experiment, one haggy(H)—1. The coupling of the AFM
moments to the FM moments can be inferred from khe
dependence of,ry (also see Refs. 1 and 28 The inset of Fig. (b) shows the elastic neutron scattering

For x=0.02, the field-induced reorientation of the FM at 10 and 200 K for CggilagogVinOs, in the Q interval
spin component could not be probedtydependent neutron between 0.05 and 0.7 &. The elastic magnetic scattering at
diffraction, due to the very small moments. To this end, dclow-T [1(Q)] is shown in Fig. 1b) (symbols. The solid
magnetization 1 4.) measurements were taken using a comdines are fits to the same model used to fit the data at the
mercial superconducting quantum interference device magew-doping regime(see above For x=0.09, we obtain
netometer. The inset of Fig(& shows theH dependence of dnin=24(2) A, N,=28(6)x10 ® A3 [one cluster per
Mgc at 5 K. The curve can be decomposed into a FM signab3(14) doping electronk andD =10.6(1.6) A(see Ref. 2%

B. Intermediate-doping regime
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Figure 2a) shows energy-integrated SANS at 10 and 200tion in this system. The ratio between doped electrons and
K for x=0.09. Besides the slightly-dependent intergrain cluster densities {60, see aboveis independent ok for
scattering, a magnetic component is also clearly present faslectron-doped manganites and is identical to that found in
x=0.05. This is evidenced by thidependence of the scat- poje-doped manganité$?" strongly suggesting a universal
tering at Q=0.0072 A"*, showing a significant enhance- pehavior, However, this large ratio and the small dimensions
ment belowT ¢ [=108(1) K forx=0.09; see Fig. @)]. The ¢ iha observed clustefsomprising~ 10 unit cell3 make it

inset of Fig. 2a) shows the intensities at 10 K after subtract- clear that only a fraction of the doped electrons are inside

ing the background scattering at 200 K, and a fit to a power- . : )
law behavior, I=AQ 54®) for Q between 0.007 and such clusters. The correct mechanism that leads to this phe

0.025 A1 This result indicates the existence of magnetic.nomenon is not clear at this point. Even with a few electrons

domains with sizes of several hundred angstroms or Iarge|n each cluster, the Chafge contrast ms_,lde and_ outside the
evidencing a long-range FM component. This conclusion iéjroplets may be gxceedlngly h'gh.’ partlc_ularly_ln thg l(.)W'
also supported by polarization-dependent neutron diffractiogioPing regime. Simple electrostatic considerations indicate
of a nuclear Bragg peak for=0.09, which showed the neu- that the Coulomb energy loss for a FM two-electron droplet

tron beam being depolarized by the sample befw(not ~ With D~10 A surrounding a L3 ion is of the order of 1 eV
shown. for low- and intermediate-doping regimes, and increases

As explored in detail in the previous pagérthe com- quadratically with the number of cluster electrons. This Cou-
pounds belonging to the intermediate doping regime shoWomb energy might overwhelm the delocalization energy gain
crystallographic and magnetic mesoscopic phase separatiopgr electron in the clustert{-0.1-1 eV), as already
at low-T; magnetic Bragg peaks associated wW@hAFM,  pointed out by Chen and Allefl. In this context, it would
G-AFM, and FM orders have been obsenfédigure 3b) appear natural to consider that clusters might be formed
shows the field dependence of the (1,0,0) nuclkeaFM, by electrostatic attraction in La-rich regions of the sample,
(3,4,1) G-AFM, and (,%,0) C-AFM Bragg peaks(cubic presumably associated with intrinsic chemical inhomogene-
notation for Cay ¢;La, ,MnOs. The inset of Fig. &) shows  ities™> This mechanism would lead to electrically-neutral,
the peak intensity of the (1,0,0) reflection in detail. The ob-Mn**-rich, magnetic clusters. The relatively small cluster
served increase of this peak intensity for increasing fields uglensities would be naturally accounted for in this scenario.
to ~0.5 T indicates a reorientation of the FM spin compo-On the other hand, the cluster diffraction profiles shown in
nent along the field directiofsee Sec. lll A. The intensity of  Figs. 1@ and 1b) imply a spatial short-range order similar
the ¢,%,1) peak decreases by @% in the same field (O @liquid state, as opposed to a cluster gas where the cluster
range, indicating a perpendicular coupling betw&AFM positions would .be uncorrelated. Such an order suggests in-
and FM spin components, consistent WERAFM + FM tercluster repulsion, presumably dictated by Coulomb forces

. ina. The i ity of thet (2,0 Kis i . between electrically charged and mobile clusters. The cluster
spin canting. The intensity of the (3,0) peak is insensitive yigtraction also implies that neighboring clusters are mag-

to fields up to 7 T, showing that the-AFM spin component eically correlated in both low- and intermediate-doping re-
is not C_oupl_ed to the FM_ spin component. Thu_s, thG_! result@imes, as opposed to a superparamagnetic state. In view of
shown ”;5':'9' 8), combined with high-resolution diffrac- e apove considerations, we believe that a truly intrinsic
tion data,” suggest a mesoscopic phase coexistence betwegRachanism for small cluster formation in this system, i.e.,

C-AFM regions with no FM moment and regions with no¢ caused by chemical inhomogeneities, might not be dis-
coupledG-AFM+FM moments for intermediate dopings.  -5rded at this point.

Thus, nanometric-scale magnetic clusters have been ob- the electrons outside the small magnetic clusters dis-
served for both low and intermediate La-doping regimes of;ssed above are likely to be important for the overall mag-
CaMnQ;, the concentration of which is proportional to the patic behavior of La-doped CaMnOln fact, using the fit-
doping IeveI._Sti_II_, the nature of the ferroma_gnetic _moments[ing parameters obtained from Fig. 1, the total cluster
seem to be significantly different at both doping regimes. FOgqnriputions to the sample-average magnetizations are esti-

intermediate doping, a long-range ferromagnetic moment hag,sied to be 0.02(1)g/Mn for x=0.02 and 0.04(2)/Mn
been evidenced by SANS measureméseée Fig. 2 and the oy — 09, which are significantly smaller than the satura-

G-AFM moment is orthogonally coupled to the FM compo- o, magnetizations obtained from dc magnetometry,

pent(see Fig. 3 suggesting a long-range ordered spin cant-o_omB/Mn and 0.4@g/Mn, respectively. Also, the com-
ing of the G-AFM phase. Such effects were not observed ati~+ion of a long-range FM spin component and the or-

the I_ow-_doping regime. The combined re_sults suggest thgt L?nogonal coupling between FM ar@-AFM spin compo-
doping in CaMnQ leads to the formation of nanometric- nents 4t intermediate doping is a signature of a long-range
scale FM clusters which are isolated for sufficiently low dop-g_apm+EM spin-canted state that does not appear to be
ing, while for intermediate doping a canting of teAFM accomplished at the low-doping regime. Although the
spin matrix where the FM clusters are embedded takes placgesent set of experimental data, combined with previous
The |mpl_|cat|ons of this interesting scenario are more thor{,ork on La-doped CaMn©*5222may be insufficient to
oughly discussed below. lead to a complete description for the microscopic structure
of the FM moments and doped electrons in this system, it
severely constrains any plausible model, as described below.
The observation of magnetic clustdsee Fig. 1 clearly It is clear from the results above that a second type of
points to a spatially inhomogeneous charge-carrier distribudoped electron is present in La-doped CaMn®esides the

IV. DISCUSSION
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type forming relatively small FM cluster®(~ 10 A). Given V. CONCLUSIONS

the long-range spin-canted state evidenced for intermediate
doping, the extra electrons seem to be delocalized on thgf
atomic scale. On the other hand, the fact that a metallic statg

is not accomplished at low temperatufemmbined with the compound. The remaining electrons are presumably delocal-
absgnce of an observable long-range FM component at loy oo er a more extended volume, leading to an inhomoge-
doplng, suggests that such extra elec_trons are not fully dGIC?1'eous spin-canted state at intermediate doping. The density
calized into a de Gennes canted statither. Thus, we sug- of the 10-A clusters, as well as the FM component of the

gest that these electrons are segregated into spin-canted E‘?ﬂn-canted state, increase with the doping level, and the

gions of finite size, presumably larger than the small FMdiéverall FM moment becomes increasingly dominant over the

Our results on La-doped CaMpg@ndicate that a fraction
the doped electrons segregate into smBIH10 A) FM
usters embedded in thé-AFM matrix of the undoped

clusters dlreqtly °bsef"ed by neutrons. These regions would g spin component. Nevertheless, the pure FM metallic
overlap for intermediate-doping, leading to the observe

long-range FM component perpendicularly coupled to the tate is never stabilized for La-doped CaMp@ue to the
_ . . gradual emergence of the orbitally polariz€dAFM state
G-AFM moments. We note that such hypothetical spln—g . g raty poanz

. . for x=0.06, which competes with th&-AFM + FM state
canted clusters were not directly observed in our neutro

. . hrough a first-order phase transition, as explored in the pre-
scattering measurements, possibly due to the small magne 9 P b P

i trast and/or | : leading t Il diff i jous papef® This competition leads to mesoscopic mag-
zation contrast and/or large sizes leading to small diterentiay, o 5 crystallographic phase separation over larged
cross section in th€ region accessible for elastic measure-

. . . . T intervals, and finally to the stabilization of tHe-AFM
ments (see Fig. 1L From a theoretical point of view, the y

25,31-33
formation of an inhomogeneous-AFM+FM spin-canted phase for 0.16x=0.20.
state in electron-doped manganites, evidenced in this work,
might be the result of a balance between the well-known
electronic instability of the homogeneous spin-canted This work was supported by FAPESP, Brazil, NSF-
G-AFM staté*~* and the large Coulomb energy cost of a MRSEC, DMR 0080008, NSF DMR 9982834, and U.S. De-
radical phase segregation scenario where purely FM droplefsartment of Energy, Basic Energy Sciences - Materials Sci-
are formed into a pur&-AFM background. ences, Contract No. W-31-109-ENG-38, USA.
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