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Soft-x-ray magnetic circular dichroisl{SXMCD) at Mn, CrL,3 and LnM,s edges of

Lng sCa sMn; _,Cr,O3 (Ln=Pr, Nd, Sm and 0.05x=<0.10 bulk polycrystalline samples have

been performed af =20 K below the ferromagnetic Curie temperature. We show the existence of
magnetic sublattice on each of the probed cations. Chromium cations order at low temperature
antiparallel to the manganese subnetwork and rare earth cations likely exhibit a sperimagnetic
ordering. These results are compared with magnetization measurements and a tentative correlation
with magnetoresistance properties is discussed. This work also demonstrates that SXMCD can
probe element and site specific magnetic properties of multicomponent systemi©9%American
Institute of Physicg.S0021-8979)02917-3

I. INTRODUCTION polaronic type model,based on the possible existence of
dynamic Jahn—Teller distortion of the Mg@ctahedra, was
The soft x-ray magnetic circular dichroist®XMCD) proposed to explain such CMR properties.
has now become a basic tool to investigate the magnetic Up to now, neutron studies of these manganites showing
properties of solid$. The SXMCD observed in near-edge lattice evolution and variation of isotropic Debye—Waller
core absorption processes is related to the magnetic momefaictors atT.,%’ extended x-ray absorption fine structure
of the photoexcited atom when the core electron is promotedtudies showing changes in the Debye—Waller factdr,at
into final states that are responsible for ferro- or ferrimag-and XAS studies at the B and MnL, 5 edge&® showing
netic properties of the system. SXMCD benefits also fromchanges in the local distortion of the Mg®@ctahedra sup-
the double selectivity of the x-ray absorption spectroscopyport strongly this small polaron model which includes the
(XAS): it is sensitive to the chemical species of the absorbJahn—Teller distortion.
ing atom and to the symmetry of the unoccupied electronic  Small angle neutron scatteriffig and calorimetric
states probed by the photoelectron taking into account theneasurement$were also interpreted as evidence of the for-
electric dipole selection rules. mation of magnetic polarons. At high temperature, an acti-
In this work, we used SXMCD to investigate the mag- vated conduction with a Curie—Weiss behavior of the mag-
netic properties of chromium doped rare earth manganitesetization would be observed whereas, just ab®ye the
Lng <Ca Mn;_,Cr,O3 (Ln=Pr, Nd, Sm? by determining conductivity would follow Mott's variable range hopping
the element specific magnetic ordering. model and spin-cluster formation would be responsible for
Extensive studies of the manganese oxide perovskitegiagnetization behavid?. Below T, Park et al. have re-
Ln,_,A,MNnO; (Ln=Re; A=Ca, Sr, Ba or Pbwere carried cently observed a spin dependence of the Fermi level by high
out especially in the past 5 years after the discovery of giantesolution spin resolved photoemission ong 31, sMnO3
or even colossal magnetoresistand€EMR) in these thin films 12 These results are in agreement with spin polar-
compounds. Doping the LnMnQ antiferromagnetic insula- ized band structure calculatiofsyvhich strongly suggest a
tor by alkaline—earth cation leads to mixed #fn*" va-  semimetallic behavior for the lanthanum manganites
lency, ferromagnetism, and metallic conductivity, whichbelowT,.
could be due to hole doping in gp20xygen band. This was Here, we present a direct investigation of the local mag-
explained within the double-exchange mecharflsmiow-  netic moment carried by manganese, chromium, and rare
ever, the double-exchange model, considering primarily thearth cations probe at, ; edges for transition elements and
spin-dependent hopping mechanism, turns out to be insuffiM 45 edges for rare earth elements. A correlation between
cient to explain the insulator behavior aboVg. Thus, a magnetization measurements and SXMCD signals is pro-
posed in connection with magnetoresistance properties.
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the form of sintered pellets following a classical method of
solid state chemistry. Thorough mixtures of oxides CaCO
Cry,03, MNn,O3, Nd,O3, SmOg, or P04, were first heated in

air at 950 °C for 12 h. The samples were then pressed into P A
pellets and sintered first at 1200 °C and then at 1500 °C for SR B =S

12 h in air. X-ray powder diffraction measurements showed
single phase patterns. [
Magnetization curved! (T) were established with a vi- .5 ; q

brating sample magnetometer. Samples were first zero field

% XMCD
/
ll
N
/

cooled before applying 0.6 T at 5 K. Measurements were N .-'"-._,./ \

carried out upon warning. The x-ray magnetic circular di- - ; -V - ——
chroism and x-ray absorption studies of these phases were - 4 :

performed systematically on the samples previously studied ‘\'\}'

for their transport and magnetic properties. The structural 1ol \ l —--sm, Ca, Mn_.Cr. .0 ]
characterization of the samples was realized by x-ray difrac- L . sm Ca Mn cn o

tion, electron diffraction, and electron microscapyX-ray i Wil 0.8 70.87 To.90" ‘0.1073
absorption spectra at Mn, Ck 3 edge and L, 5 edges A ' TN, Ca Mny ,Cry 0,

were recorded using circular polarized light at the Dragon VTP C 8 M, 0 L1, 00,
beamline(ID12B) of the ESRF(Grenoble, Frange To re- T e
move residual asymmetries, XAS and XMCD spectra were 640 645 650 655 660 665 670 675
obtained by measuring the total yield signal at each photon Photon Energy (eV)

energy at the opposite direction of the applied magnetic field _

of 0.55 T; spectra were then recorded for both light heIicities'; IG. 1. S;A(MCD signal Otf,\'ia-icao-d;"”&%c?ffg I(<LnS=hPr‘IdNC,|’-’\ 'Sr?'kaTd
with polarization between 80% and 90@4-5%) measured dﬁ'i%%?%ﬁ’%“’(é& ig. Nt €CgES 81 =201, Shouldern s kel
between 700 and 900 €¥.All the spectra were recorded

after a zero field cooled processTat 20 K below the ferro-

magnetic Curie temperature of the samples. The samplé§ism and favors an antiferromagnetic ordering of the manga-
were scrapedn situ before each of the measurements. Thease subnetwork which reduces the SXMCD signal.

baf‘fo pressure in the spectrometer chamber was close 10 ope also observe an increase of the magnetic moment
10" “mbar at the beginning of the experiment. carried by the manganese cation for Sfda Mn;_,Cr,Oz
The SXMCD signals were corrected for partial circular (x=0.05 and 0.1 Introduction of chromium then causes

polarization and are normalized kg edge after backglrgund spin realignment of part of M to create a ferromagnetic
removal following a procedure described by Chedral. manganese sublattice.

ll. RESULTS AND DISCUSSION B. SXMCD at Cr L5 edges

SXMCD at CrlL, 5 edges of the same chromium doped
A. SXMCD at Mn L5 edges rare earth manganites are shown in Fig. 2. The first qualita-
SXMCD at MnL, 3 edges of chromium doped rare earth tive but important information that can be drawn from
manganites LfsCa gMng osCrp 005 (Ln=Pr, Nd, Sm and  XMCD signals is the relative orientation of both Cr and Mn
Smy sCa) sMng oCro 13 is shown in Fig. 1. The strong magnetic subnetworks. The magnetic moment carried by the
negative peak at about 645.5 eV already observed bynanganese cations, which is set parallel to the propagation
Pellegrirt® exhibits a shouldeA, which corresponds to the vector of the soft x rays, was taken as reference. The Cr
one observed on the XAS spectra. In agreement with a preSXMCD spectra clearly show that Cr atoms possess a net
vious assignmenf shoulderA is likely due to Mri™(3d3). moment antiparallel to the Mn moments as indicated by the
Earlier XAS measurements at the Mnedge of the same positive SXMCD signal in the Ar; range. Moreover, what-
samples showed that a formal charge of manganese is ongver the chromium ratio, SXMCD spectra show the same
slightly larger than MA%" and considered equivalent to fine structure as that calculated for’Ciin octahedral crystal
whatever the rare earth cation for a doping rati6’i¥hus, field symmetry with 10Deg2eV.?* These Ci,; edge
the variation of manganese formal charge cannot induce thatomic calculations confirm the &r formal charge which
observed changes in the SXMCD spectra atlMg edges was already observed at Rredges’’
for the wvarious rare earths studied in the In the Ly sCay sMng 9Cr 003 (LN=Pr, Nd, Sm series,
Lng sCay sMnNg osCrp 003 (Ln=Pr, Nd, Sm series. Therefore, the second important point is that SXMCD intensities at
the reduction of the SXMCD signals when going from CrlL,; edges vary in the same way as the ones observed at
praseodyium to samarium manganite can be correlated to thbe MnL, ; edge, resulting in agreement with the simulta-
decrease of the meaksite cation radiugr,), which in turn  neous presence of chromium and manganese atoms on the
can induce a reduction of them4O—-Mnangle already ob- same perovskit® site. Thus, both magnetic sublattices in-
served by x-ray and neutron diffraction. This reduction of theteract with each other to give an average magnetic moment
mean Mh—O—-Mnangle reduces the double exchange mechaearried by the perovskitB site.
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FIG. 2. SXMCD signal of LgsCa& sMng ¢:Crg 005 (Ln=Pr, Nd, Sm and
Smy sCay sMng oCro.1Q3 at Crl o5 edges afl =20 K.

Finally, for Smy sCa sMn; _,Cr,O5 (x=0.05 and 0.1)
one also observed an increase of the magnetic moment car-
ried by the chromium cation with the doping ration so that an
increase of the ferromagnetic ordering on the chromium sub-
lattice, as already observed on manganese sublattice, can be ~__t|——nNd, ca, Mn,  cr, 0,
deduced from XMCD measurements. [ [—-Pr, Ca, Mn,,Cr, 0

0.05°3

o s m, Ca M LI r0.10°3
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C. SXMCD at rare earth M, 5 edges (b) Photon Energy (eV)

The SXMCD signal at rare earthMys edges FG 3. (3 SXMCD signal at rare earth M,s edges of
of LNng sCa sMNg 95Crp 003 (LI’I:PI’, Nd and Lng sCay sMNg geCro 0605 (Ln=Pr, Nd and SngsCasMngolCro1ds at T
Sm, sCay gMng ofClp 1d05 are plotted in Fig. @), whereas the =20K. Rare earttM ; edge energy was substracted: 929 eV for praseody-
SXMCD integrated signals are shown in Fig{bB In com- mium, 980.eV for neodymium, and 1083 eV for samariub). Integrated
. . . XMCD signal at rare eartiM,s edges of LgsCa sMngg:Crg 03
parison, the respective rare earth edge energies were sufy_p; Ng and S1g.<Cay Mg olClo 105 at T=20 K.
stracted: 929 eV for praseodymium, 980 eV for neodymium,
and 1083 eV for samarium at thd5 edge. Taking as refer-
ence atomic calculations of the dichroic signal$/ats edges
of trivalent rare earth ions due to Goedkdd@Pr and Nd 4f . (ut—u)dE
magnetic sublattices appear aligned parallel to the Mn mo- <L§d>: - 2 2 T =
: - S : 3L, (" +u)dE
ments, whereas samarium magnetic sublattice is aligned in 3t 2
the reverse way antiparallel to the Mn moments. in agreement with previous calculatidf$® wherens is the
3d electron occupation number of the considered cation,
— Ls;+L, denote the integration ranges, apd (u ) is the
D. Sum rules application agsorpz)tion cross sections of the samplepvivjheﬂn the magnetic
By applying a sum rulé® one should be able to estimate field is applied paralle(antiparalle] to the propagation di-
the operators of the orbital magnetic moméht) and the rection of the x rays with fixed circular polarization. Because
operators of the spin magnetic momés) for each probed of the weakness of the SXMCD signal, applying the sum rule
element and edge. to the CrL, ; edges provides a more rough estimation of the
In the case of manganese and chromium oxides, therbital magnetic momert_3%), which turns out to be of the
spin-orbit splitting of the core hole is not large enough tosame order of magnitude as the one found in the case of the
prevent mixing of theJ contributions to theL; and L, manganeseé , ; edge. These orbital magnetic moment values
edge$* such that an error in the determination @,) as correpond to a quenched orbital contribution as usual in the
large as 200% has been shown by the multipletcase of transition metal.
calculations’® So, one can only givéTable |) an estimation In the case of rare eartl , s edges, the estimation of the
of the orbital magnetic moment: orbital magnetic moments and spin magnetic moments are
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TABLE I. Orbital and spin magnetic moment carried by manganesstgll and rare earthf4shell.

Manganese Chromium Rare earth Rare earth Rare earth
(L3 (L (L3H (s (M3
Compounds MB MB MB MB B
Py <Cay Mg geCro 003 +3.0x102 —4.9x102 —-09x10' +0.3x107' +3x10°?
Ndy 5Cay Mg 9:Cro 005 +5.6x1072 —2.0x102 -15x10! +1.1x10! —-7x10°2
not not not
Smy <Cay Mg o:Cro 005 -0.3x1072  —1.0x10? measured measured measured
Smy <Cay Mng ofCro. 105 +6.6x10°2 —1.0x102 +04x10! -01x10' -—2x107?

also given in Table I. The estimation of the spin magneticdepending on the applied magnetic field. Neutron diffraction

moment is indirectly given by the second sum rule studies have estimated a weak ferromagnetic moment to
v - 0.4(5)ug on Pr ions and parallel to the Mn momé&hfor
(L2) _ 2 rmg(p”—p)dE Pr, .Ca,sMnO; but, antiparallel to the Mn moment in the
2(Se)  2fm(n"—p )HE=3[y (u" —u )dE’ case of Nd ions—with the same order of magnitude—for

_ . . Ndy7Bay 2,gMn03.2% Thus the rare earth magnetic sublattice
+ 0.7258%.2 3
where ™ and .~ are always the absorption cross sections an be seen as a distribution of magnetic moments on a cone

of the sample when.the magnetic field is gppligd pgrallel ané/ith the main axis aligned in the direction of manganese
antiparallel, respectively, to the propagation direction of the 1 oic moments. The axis of this conic distribution of rare
x rays with fixed circular polarizatiomv , andM 5 denote the

: . _ . earth magnetic moments would then be parallel or antiparal-
mtegrathn ranges anB)=(S) +.3<TZ>’ where(T,) is t_he lel to the ferromagnetic manganese sublattice, depending on
expectation value of the magnetic dipole operator which de

scribes correlations between the spin and position of eac-he sign of the magnetic exchange interaction, i.e., depending
. P pos n the rare earth nature. The statistical distribution of the rare
electron and(S,) is the expected spin magnetic moment.

Hence. whereas the first sum rule provides a direct estim earth cation and the mismatch on the perovshitsite, in-
. ' W4f first su uf brovi ! : 6Hucing frustration in the magnetic interaction, would be at
tion of (L2"), the estimation of S;") from the second sum

rule requires the knowledge 6T,). (T,) is difficult to mea- the origin of the weak coupling and change of orientation of

. rare earth magnetic moments.
e e by oA ) P51 21°  Recent SXNCD megsurements at thebys edge on
. PN " PrySthaMnO; thin film* showi i f th
timated at 0.58 for B (Ny;=2,L=5,S=1), 0.14 for N¢*  o7>03VNYs hin 1M Showing an increase of e

SXMCD signal with the increase of the applied magnetic
— — — S+ — —
(Ngg=3, L =6, S=3/2), and 0'42f3 for Si” (Nq;=5, L_f5’ field, could be interpreted also as the result of the reduction
S=5/2). Hence, asmy,=—(L:")ug and mg,=—2(S;"),

: . of the cone angle provided that the magnetic domain satura-
one can estimate the total magnetic moment equahgg

. tion occurs in low magnetic field. Increase of the applied
* Mspin (Table ). (L) and(S,) are antiparallel and nearly magnetic field will tend to align the Pr moment parallel to

compensate each other explaining the weak total magnetﬁ:]e direction of the propagation vector of the soft x rays, thus

mgment. The Wegk magnitude of the total magnetic mpmenlteducing the cone angle around the applied magnetic field
is in agreement with the one calculated from neutron diffrac-

tion experiments for N& and P (M3 ~0.45u5 at 4 K) direction.
on Lny-A,aMn0;.2%%” Taking into account that the spin-
orbit splitting of the core hole is certainly not large enough to
prevent a mixing of thel contributions to theMs and M,
edges, atomic calculations of £ would be necessary to
obtain the moment by scaling as it were done fot'E¥ The
sign of the operators of the orbital magnetic momény)

w
@

- '_smu.sc a, Mn, ,Cr, 40

......... Sm Ca Mn  Cr O

0.90 0.107 3

—Nd, Ca, Mn, Cr, 0,

Bohr magnetron
w
T
T

and of the spin magnetic mome(ts,) for the probed rare D] P TP Ca MR L0 ]
earth is linked to the qualitative information provided by ]
SXMCD concerning the orientation of the rare earth mag- 2 1
netic moment parallel or antiparallel to the ferromagnetic

manganese sublattice. 1.5 ]

IV. MODEL OF MAGNETIC ORDERING IN DOPED
MANGANITES

A. Rare earth magnetic moments

To propose a magnetic model for the rare earth in the ° 50 100 150 200 250 300
manganites, one must take into account that previous T

19 ;
SXMCD work on N 7B 2gVINO5™ has shown the exis- FiG, 4. Thermal variation under 0.6 T of the magnetization of the samples
tence of a flipping of the neodymium magnetic sublatticeLny{Ca, sMng ¢eCro 005 (Ln=Pr, Nd, Sm and Sng «Cay Mng o¢Cro.1d0s-
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TABLE Il. SXMCD asymmetries at 645.5 eV for Mn, ; edge at 580.7 eV for Ar, ;edge and aM , edge for
the various rare earths studied and samples calibrated.

Weighted
Mn SXMCD Cr SXMCD asymmetry on Ln SXMCD
asymmetry asymmetry B site asymmetry
Compounds (%) (%) pervoskite (%)

Pro.sCap sMNg 95Cro.0503 -5.9 +6.2 —5.209) +0.7
Nd0'5C%.5Mn0.95Cr0.05O3 —-4.7 +4.3 _42(5) +0.7
Sy sCay sMNg 95Cro.0:03 -1.4 +1.9 -1.23 /
Smy sCay sMng oCry 103 —-4.1 +5.7 -3.12) -0.5

Nevertheless, this work confirms that, except for lanthatesult is also usually observed in the CMR rare earth man-
num, rare earth cations carry a magnetic moment duef to 4ganites upon increase of the applied magnetic field. This is
electrons. However, the existence of magnetic moments olikely due to the distribution of magnetic moments induced
the rare earth cation seems to be uncorrelated with magnéy a variable spread in energy of magnetic polardns.
toresistance properties which take place at higher tempera-
ture than the estimated Curie temperature of the magneti¢. CONCLUSION

ordering of the rare earth sublattice. This result was already Existence and orientation of local magnetic moments of

pointed out in the SXMCD study of NgBaydMnO;, specific atoms have been obtained from soft-x-ray magnetic

where the observed flipping of the neodymium magnetic MOy hroim measurementSXMCD) in doped CMR mangan-

ment with Increasing apphe_d magnetic field did not affect theites. Qualitative information about the magnetic moment
magnetoresistance properties.

e agnitudes of the probed cations has also been extracted
However, magnetization measurement recorded at 0.6

: . . e th tra. Soft XMCD of the doping t iti tal
for various samples studied by SXMCD is shown in Fig. 4. rom the spectra. 50 o7 the doping fransition metars

appears to be a unique technique to give informations about

Considering the SXMCD results, one can now better under'Ehe magnetic behavior of elements in weak amounts inside

stand the variations of the saturation magnetization at 5 KCOmpIex materials. However, the detailed interpretation of

The total magnetization is the addition of manganese, Chrot'he data will require thoroughful multiplet calculations, es-
mium, and rare earth moments. Table Il presents th

. ecially for the estimation of the spin contribution to the
SXMCD asymmetries g, —u_ )/ (s +p_) at 6455 eV Eichroii/: signal P
for mn'\hz’3 e(;ge, a'2358(3.7 thfortCrt]rm edge at'?d at ﬂ:te'l rare The correlation between the total magnetization and the
eart mgo“.t? gg.'ﬁ. ?tntrarg to ne magnetic mu 'ayetfs soft XMCD measurements allows us to better understand the
systent, “ 1L 1S difficult to determineé an average magnetic magnetic ordering inside the transition metal doped CMR
moment on the pervoskitB site by comparison with a ref-

) o . rare earth manganites.
erence manganite because of the intrinsic properties of the The chromium magnetic sublattice appears to be antipar-

manganese—-oxygen bortlsin manganeses oxides, the allel to the manganese magnetic sublattice taken as a refer-

magnetization depe_nds. on the Mn-O dlstancg and_ on th nce and a reversal of Sm magnetic moments with respect to
O—Mn—O angle; Wh.'Ch is linked to the meansite cation Pr and Nd moments has been observed. The small magni-
radius (ra), which !n_duces a reduction of the O-Mn-0 tudes of the total moment of Pr and Nd observed by neutron
angle an_d on the f'”'”? of §£‘e I\/_In(dg—O(Zp) molecula_r diffraction are in agreement with the small amplitude of the
orp|tals, i.e., on the Mh /Mn ratio. Neverth_eless,_con5|d- total magnetic contribution found in SXMCD spectra and let
ering an average magnefic moment on Baite estimated s think of a conic distribution of rare earth magnetic mo-

by the sum of the weighted asymmetries found at the Cr ananents around the direction of the applied magnetic fiéld (

MnL,; edge, these asymmetries show a qualitative agree- 0.6 T). Such a result may account for the easy reversal of
ment with the variations of the total magnetization which

. 'the Nd magnetic moments upon the increase of the applied
decreases from Pr to Sm. Moreover, one should take int 9 P PP

ﬂwagnetic field observed in the study of thegNgBa, ,gMNO,

account the rare earth magnetic contribution to the total MOEMR manganite.

mzn;g?écggsgnaeﬁﬁéz"i o;;dr}zpatroaltlﬁletgvt; n;arrrga%ee?ie Further experiments will be necessary to determine the
mo?nents on the .erovsl’dﬁysite ag ositive ma r?etic n"?o &dering temperature of the chromium and rare earths mag-
ment for N P N ; ,anga ne ative? maanetic netic sublattices to correlate magnetic moment carried by
%.5C2 MNo.05Cro,0505 AN 9 ag chromium with magnetoresistance properties.
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