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We substitute Mg for Mn in the LaMn9compound. LaMp,Mg,O3 single phases can be formed up to
x=0.5. Structural and electronic properties were studied by means of x-ray diffraction and x-ray absorption
spectroscopy. A double perovskite is observedxer0.4 whereas no long Mn/Mg ordering is detected for
x=0.3. The former samples also show a structural transition from rhombohedral to monoclinic with decreasing
temperature. The local structure around Mn evidences the absence of Jahn-Teller distortior 8idc& he
samples with low Mg content have a ferromagnetic ground state while samples@8 undergo a spin-
glass transition at low temperatures. The frequency dependence of the freezing temperature follows a Vogel-
Fulcher law and it is similar to canonical spin-glasses. The high temperature ac susceptibility of all samples
obeys the Curie-Weiss law but the effective paramagnetic moments do not agree with a spin-only contribution
for x=<0.4. Finally, we have demonstrated that Mg does not replace La in the perovskite lattice by studying
selected La ,Mg,MnO5; samples. It always enters onto the perovskite B-site.
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[. INTRODUCTION verifying the existence of a double perovskiteat0.5. Sec-
ond, we have characterized the magnetic properties of this
A large effort has been devoted to the study of mixedseries establishing relationships with structural and elec-
oxides of rare earth and Mn, the so-called manganites, sindeonic properties. In particular, the comparison of the prop-
the discovery of giant magnetoresistaddeevertheless, the erties exhibited by this series to related manganites was also
large variety of properties shown by manganites is not coma matter of our interest.
pletely understood so far. A way to gain insight into the Finally, recent papers claim for the substitution of Mg for
physical properties of these compounds lie in the replaceta.'*These authors report that the large orthorhombic dis-
ment of Mn in the parent compound, LaMg@-or instance, tortion induced by this replacement leads to insulating ferro-
the homovalent substitution of Mhby G&" is detrimental magnetic samples with an undisturbed Mn sublattice. This
for the antiferromagnetic ordering of LaMgOand  surprising result has also deserved our attention in order to
LaMn, sGa, <05 is ferromagnetic at low temperature$his  establish properly the properties of the La-Mg-Mn-O system.
magnetic change is correlated with the continuous disappear-
ing of static Mr#* Jahn-Teller distortiod.Now, we want to
focus on the effect of disorder in the Mn sublattice with
mixed valency. This topic has been addressed by replacing The compounds LaMn,Mg,0O; (x=0.1,0.2,0.3,0.4,0)5
Mn with other 34 transition metals in Lg;Ca;;sMnO; butit  were prepared by ceramic procedures. Stoichiometric
is difficult to separate disorder effects from new magneticamounts of LaO3;, MNCO; and MgO were mixed, grounded
interactions. Normally, such a substitution is detrimentaland heated at 900°C overnight. Then, the powders were
of both the ferromagnetic interaction and metallic pressed into pellets and sintered, with intermediate grindings,
conductivity*® This is true even for nonmagnetic eleménts at 1400°C for 1d in air. The pellets were reground, re-
such as Z#". Here we show an alternative way to study thepressed and sintered at 1500°C fod 2vith intermediate
role of disorder in these compounds by introducing®¥g regrinding. This step was performed in air fo= 0.2 and in
into the Mn sublattice of LaMn© LaMn,_,Mg,O; samples an oxygen current flow fox=0.3 to ensure the adequate
were the subject of several studies. Blasse in the 1950sxygen stoichiometry for the latter.
claimed that Mn and Mg are ordered onto the B-site in the All samples were characterized by x-ray powder diffrac-
LaMn, sMgj sO3 compound forming a double perovsKiteut  tion at room temperature. All x-ray patterns were indexed as
the exact crystallographic structure has not been refined san orthorhombic perovskite single phase %6 0.3 whereas
far. Recent surveys on these compounds have mainly bee=0.4 and x=0.5 showed two perovskite phases
focused on their catalytic propertiés’he electrical proper- (orthorhombic-like and rhombohedyat room temperature.
ties of LaMn_,Mg,O; (x<0.2) were also studied showing Measurements at low temperature were also performed for
that electrical resistivity decreases withbut they keep on x=0.4 andx=0.5 by coupling an Oxford Instruments cry-
being semiconducting though the samples are ferroma§netostat to the diffractometer.
Moreover, they exhibit a large nonlinear conduction at low Step-scanned powder diffraction patterns were collected
field strengths in the ferromagnetic pha&e. at room temperature using a D-max Rigaku system with a
Our aim in this work is twofold. First, we have carried out rotating anode. The diffractometer was operated at 100 mA
the structural and electronic characterization of the serieand 40 kV with a Cu anode. A graphite monochromator was

Il. EXPERIMENTAL
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used to select the Cud&radiation. Data were collected from TABLE I. Structural parameters for LaMnoMg,O3, 5 samples

19° up to 130° with a step size of 0.02° and a counting rate oft 300 K. The oxygen content is given asspace group, lattice

5 sec/step. The crystal structures were refined by the fulparameters, fractional coordinates, isotropic displacement factors

pattern method using the Fullprof program. (B) and reliability factorgdefined as Ref. 5 Mn and Mg occu-
X-ray_absorptlon measurements at the Mn K_edge Wer@ations a'(l/ZOQ for x<0.3 were fixed to 1% E:lndx, respectively.

carried out at the BM29 beam line at the European SynchroAn only B-factor accounts for the oxygens in these sampites.

tron Radiation Facility (Grenoble, Frande A fixed-exit The occupation for this site was fl_xed_ to 0.1 Mn+0.4 Mg. The

Si(112) double-crystal monochromator with an estimated en-=0-4 and 0.5 also present the minoritary low-temperature phase

ergy resolution oAE/E=8X 107° was used. The absorption whose amount can be deduced from the second(érg.

spectra were recorded in the transmission mode at room tem- _ _ ~ ~ ~

perature using ionization chambers as detectors. A Mn foi ample x=01  x=02  x=03 x=0.4 x=05

was simultaneously measured at room temperature for ery 0.11 0.03 0.01 0.02 ~0.01

ergy calibration. X-ray absorption near edge structure, , Pbnm Pbnm Pbnm s3(700 o 0
(XANES) spectra were normalized to the high part of the R3(79%)  R3(91%)

spectrum(around 100 eV above the absorption edaker a a(A) 5.53331) 5.534Q1) 5.52881) 5.51561) 5.51091)
linear background subtraction. Extended x-ray absorptio® (A) 5.49482) 5.50021) 5.48981) - -
fine structure(EXAFS) spectra] (k)] were obtained by re- c(A) 7.78442) 7.79122) 7.77712) 13.29712) 13.28612)
moving the smooth atomic absorption coefficidpt;) by — La:x 0.99663) 0.99512) 0.99472) 0 0
means of a cubic spline fit. The Fourier Transfof®T) of vy 0.01911) 0.021Q@1) 0.01791) 0 0
the k-weighted EXAFS spectra was calculated between 3.Q 1/4 1/4 1/4 0.249®2) 0.24981)
and 12.0 A using a Gaussian window. The EXAFS spectrag (A2 0342) 0.181) 0462 0.342) 0.452)

were analyzed using the FE_FFIT pack_%fgg obtain Debye- Mn:ixyz 1/200 1/200 1/200 000 000
Waller factors(DW) and the inter-atomic distances. FEFFIT A2 0.052) 0092 0353 01510 0.399
uses backscattering amplitudes and phases calculated by tﬁé ) 032) 092) -353) 1510) . 49)
FEFF 8.10 codé” for the individual scattering paths. The Mg:x.y.z 1200 1200 1/200 001/2* 001/2

structural analysis was performed in tRespace fitting mode B (A 0052 0.092 0353 0.1010 0.2510)
up to 2.2 A. The model used to fit the first shell Mn K-edge O:x 0.0812) 0.0742) 0.0431) 0.5561) 0.5591)
data takes into account only Mn-O single scattering paths. y 0.4921) 0.49q1) 0.491) 0.0102) 0.01%2)
The oxygen content of the samples was determined from 1/4 1/4 1/4 0.2557) 0.25215)
redox titration by using Mohr’s salt and KMnOOnly the 4., 0.7231) 0.7251) 0.7311) N .

sample withx=0.1 showed a significant excess of oxygen,
i.e., a defect of cation¥ The rest of the samples can be
considered oxygen stoichiometric within the experimental er®

0.272) 0.2761) 0.2681) - -
0.03G1) 0.03518) 0.04628) - ;

ror. Table | summarizes the structural parameters at roor (A%) 0.812) 0.8911) 0449 03812  0.529)
temperature and oxygen content for all studied samples. Ry/Ryp(%) 7.4/10.8 6.6/9.5 7.0/9.7  6.4/9.0 6.1/9.0
Magnetic measurements were performed between 5 arnh,qq(%) 3.1 3.4 4.2 3.3 3.0

380K and up to 5T in a commercial Quantum Design
(SQUID) magnetometer provided with an ac experimental

set-up dinated (La in our casg whereas B-site is occupied by a

small cation surrounded by 6 oxygefidn and Mg.
The patterns fox<0.3 can be indexed in an orthorhom-

I1l. RESULTS AND DISCUSSION bic cell typical of a large amount of perovskites such as
) . Cdans oe GdFeQ. Therefore, these patterns were refined using the

According to the I!teratyré, Mg~ can replace both La  ppnm space group. The refined structural parameters are
and Mn sites, following similar synthetic routes. This point g,;mmarized in Table I. A first glance to the patternsxof
should be clarified before starting the study of the La-Mg-= 0 4 samples suggests a rhombohedral structure as observed
Mn-O system. The appendix is devoted to the existence of, ye|ated perovskites such as LaNi®lowever, there is an
L&, ,Mg,MnO; compounds. We advance that such samplegqgitional peakindicated by an arrow in Fig.)that cannot
are composed by several phases and'Mmly enters onto  pe indexed in the usual rhombohedral cdpace group

mg Stirdo;f)?ttﬁz IE;\AI'[; I\;geéefg;?i’e\ge are now focusing Or3230). The presence of thi_s superstructurg pea_k_is u_sually
XT3 ’ related to the atomic ordering onto the B-sites giving rise to
a double perovskite. It was observed $6¥0.5 in the past
A. Crystal structure but no crystallographic structure has been reported so far. We

Figure 1 shows a detail of the x-ray patterns at roomVere successful in refining a related ordered structure in the

temperature  for  LaMp,Mg,O; samples. Only LaNi; MnO; system using the space gro&3." The as-
LaMng gMgo 503 showed a tiny impurity of MgO, hard to signation ofR3 is in agreement with recent calculations for
notice in the pattern. The rest of the samples showed cleardered rhombohedral cef8 Therefore, we have refined the
single phases. LaMn,Mg,O3; belongs to the family of per- patterns forx=0.4 samples using this space group. However,
ovskite oxides, AB@, A being the large cation 12-fold coor- the fits were not satisfactory enough and the detailed analysis
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40000 ¢ s e space grougsubgroup ofPbnm) though 8 was practically
35000 _ g o0 e 90° in all cases. Then, the patternscaf 0.4 samples at room
: g g el temperature were analyzed using a mixturd&k®@fand P2;/n
. 30000 [ B RaRT phases giving rise to accurate fisee Table)l. It is notewor-
£ ; =™r e thy that the first superstructure pe@ke arrow in Fig. 1is
g 25000 ¢ Ho e Mgomtent) allowed for thePbnmphase though its intensity is very low
=~ 20000 | (see patterns ok=0.1 and 0.2 in Fig. L The pattern of
%‘ s LaMng /Mg, {05 instead showed a significant intensity of
8 15000 this peak so that we have also refined itH8;/n. The new
E . L * fits did not show any noticeable improvement respect to that
10000 [ L ! of the previous refinement iRbnm Nevertheless, a partial

ordering of cations onto the B-sites cannot be definitely dis-
carded for this composition and a study on single-crystals

5000 |

0 N N would be desirable to shed light on this subject.
40 50 60 Geometrical factors can account for the change from the
26 (deg) orthorhombic to the rhombohedral cell along the

LaMn,_,Mg,O; series. It is well known that the crystal struc-
FIG. 1. Details of the x-ray patterns at room temperature fortyres of ABQ, perovskites are related to the Goldschmidt

LaMn;_xMg,O5 samples. The patterns are shifted to right and up-tolerance factor defined as (Ry+Ro)/[2Y4Rz+Ro)], Ra,
wards from botton(x=0.1) to top (x=0.5) for the sake of compari- Rs andR, being the ionic radius for A, B and oxygen atoms,
son. Asterisk marks the tiny impurity of MgO. An arrow indicates respectively. Values df close to 1 are obtained for the ideal
the main superstructure peak ascribed to the Mn/Mg ordefing.  cubic perovskite while smaller values oiead to cooperative
set: Evolution along the LaMp,Mg,O5 series of the volume per tilting of the BQs octahedra in order to minimize the left
chemical formula. Note that circles and squares refer to the rhomspace due to the A/B size mismaféhValues oft slightly
bohedral and monoclinic phases, respectively,Xe0.4 and 0.5.  |ower than 1 lead to the appearance of the rhombohedral unit
The broken line indicates the slope of the hypothetical cubic cellg|| (@ a"a” tilt system, following Glazer's notatiGf)
whose edge varies from MO-Mn*" to Mn**-O-Mg?". whereas orthorhombic cells are observed tfaignificantly

smaller than 1(a*b™b~ tilt system). The t value limiting
of the patterns showed that these samples are composed Bypmbohedral and orthorhombic cells at room temperature

two perovskite phases at room temperature: The nRgin S€eems to be located at- 0.4 for this series. The trend ob-

phase and a minority orthorhombic-like phase. This factserved in the LaMn.Mg,O5 series, with the same fLa)

could be due either to a phase segregation arising from gtom for a]l s_amples_ suggests that the size O.f the B-sn.e d.e'
(reases with increasing the content of Mg. This counterintui-

chemical inhomogeneity or to a structural phase transition al e findi . o
around room temperature as occurs in related svstaims. |ve__f|nd|ng_can be _understood in terms of the tabulated ionic
P y radii®® for six-coordinated M#&" (high-spin, Mn** and M¢*

cr;:gggut?egzc;ﬁgilrgr}r:, 7v;eur;a\t/§ gggl&fi Ealj}t./éf);";?ioda Iﬁéﬁgtlontha_t are Q.645, 0.53 gnd 0.72 A re.spectively. According to
LaMng sMg, 05 showed single orthorhombic-like phases atd" '3?”'0 p|ctur? asa first approximation, the replacrza?hment ofa
77 K. Figure 2 compares x-ray patterns of both phases 1‘0%”4+ by a M¢? |mplr|]es the OX|dat|9nhpf a secong flnto h
x=0.5. According to Woodwaréf there is not double perov- n™ to preserve the oxygen stoichiometry. T er(e):gore, the
skite with an (centrosymmetrical orthorhombic lattice so Iﬁg pr;?;ifg g?rllﬂ%\gre]\ge,&g?f trr(]eesjlltjizztlfr?t:gi(r)r]:itr:,\tljtimf
these pattemns were analyzed using the monocliig/n the average B-sublattice due to the small¥size. This

feature can be better noted in the inset of Fig. 1 where the

4000 E‘:— c volume per formula unit is plotted for the whole series.
3500 2 wb Overall, this volume decreases following the expected de-
3000 H wb creasing of the average B@ctahedron. The only exception
2500 é wf is observed for th&=0.1 sample that shows a smaller vol-
2000 o ume. This result can be ascribed to the large oxygen excess

detected for this sample that entails the presence of cationic
vacancieg? It is easy to realize that the rhombohedral cell
has the smallest volume in samples where two phases coexist
at room temperaturéx=0.4) so that a volume expansion
with decreasing temperature, coupled to the structural transi-
20 25 30 3 2(-)4(Ede )45 50 55 60 tion, can be inferred for both samples as occurs in related
& systemg! Finally, the ratio of theR3 phase increases with
FIG. 2. Details of thex-ray pattern for LaMpgMg, <05 at 77 Increasingx at room temperature. The inset of Fig. 2 shows
and 330 K. Inset: Thermal evolution of the phase ratio for the ratio of both phases for=0.4 samples as a function of
LaMn, gMgo 403 (black symbolsand LaMry sMgq O3 (White sym-  temperature. The phase transition begins at lower tempera-
bols). Circles refer to the rnombohedral phase while squares refer tture forx=0.5 and it is not complete at 330 Kigh limit of
the monoclinic phase. our experimental set-ygor x=0.4.

1500

1000 n 77K
500
L 330K }

0

Intensity (arb. units)
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An important structural result concerns to the Mg/Mn 6540 6545 6550 6555 6560 6565 6570 6575 6580

ordering onto the B-sites. This type of ordering is observed E (eV)
in perovskites when two atoms placed on the B-site have
significant differences in either ionic size or valency state

The ordered arrangement of B-atoms gives rise to the sq- . .
. y~ 24 aMnyMgy03  (diamonds, LaMng gMgo 403  (circles,
called double perovskite BB’'Og.=* Our results show that LaMng Mgy O (squaresand CaMnQ (solid line). Inset: Details

LaMng sMgq is actually a double perovskite, i.e., .
LazMrgl\S/lgOOs,S(zl?ld the ordering is preserved at least, down tOOf the pre-peak features after substracting the background.
x=0.4. Figure 3 shows the variation of B-O distances. The , , . o
BO, octahedron shows a minor spread of B-O distances typitS &lmost |dent|cPI to that for CaMng@see Fig. 4 indicating
cal of the O-orthorhombic phageamples withk<0.3). The & Maximum Mt _ oxidation state in this sample._Thls result
lack of tetragonal distortion in the MnQbctahedra can be NiCely agrees with the previous crystallographic study and
ascribed to the oxidation of the Mn sublattice as occur inth® chemical titration. In this way, we obtain a similar edge-
related manganite€:28 It is well known that a just perfect position forx=0.1 andx=0.2 compounds in agreement with

Mn3*Og net is necessary to form the '@rthorhombic the oxygen excess of the former sample. It is worth distin-

structuré®?’ In the case of tha=0.1 sample, the large oxy- 9uishing the kind of mixed valency present in
gen excess also contributes to the oxidation of Mn. Thé—aM”l—ngxo?i(O-1$X$P-_4) samples, i.e., a random d'ft”'
samples with a high content of Mg exhibit two different o bution of Mr** and Mrf* ions or an intermediate Mr¥
octahedra. The biggest corresponds to?i@ with an aver- ~ State. The weighed addition of LaMa@nd LaMry sMgo £Os

age Mg-O distance 0f2.03 A whereas the Mn-O distance XANES spectra could reproduce the edge position of the

values~1.90 A. These data compare quite well to the tabu-SPectra for the rest of the samples with intermediate compo-
lated ionic radiit® sitions. However, it fails to reproduce the shape of the spec-

tra because those for intermediate concentrations showed
sharper absorption edges than the calculated from weighted

FIG. 4. Mn K-edge XANES spectra for LaMn@broken ling,
LaMny Mgo O3 (crosses LaMng Mg Oz (triangles,

B. Local electronic and geometrical structure

In order to gain insight into the electronic configuration  TABLE II. The relative energy shift of the absorption edge-
and the local structure along this series, we have measure@ect to a Mn foil as referenc&,=6537.7 eV and the best fit
x-ray absorption spectra at the Mn K-edge at room temperaesults from the structural analysis of the first shell of the
ture. Figure 4 shows the XANES spectra of thelaMn,_Mg,O; series at the Mn K-edgeN is the coordination
LaMn;_,Mg,O3; samples compared to the reference com-number,Ry,o is the interatomic distance andgf is the Debye-
pounds, LaMn@ (octahedral MA*) and CaMnQ (octahe-  Waller factor. Numbers in parentheses are statistical errors in the
dral Mn**). The XANES spectra for LaMn,Mg,O; show a  last significant digit.
strong resonance at energi@seasured at the first inflection

point) ranging between 6550.9x=0) and 6554.5 eV(x  Sample AEyeV) N RuynoA) ?x103A?)
=0.5. The main difference among the spectra concerns t(l)_ M M 16.8 5 1881 a7
the position of this resonangabsorption edge There is a 005 9050 ' -89L) sl
continuous shift towards higher energies with increasing thé&2Mno.dMdo.Os 16.3 6 189) 3.97)
Mg-content of the sample. The energy shift of the edge relalaMno 7Mgo {03 15 6  1.901) 6.57)
tive to Mn metal is collected in Table Il. This shift can be LaMng gMgo O3 14.6 6 197 7.96)
correlated to the formal Mn valencg.e., chemical shift LaMng gMgg 103 14.6 6 1.981) 8.2(7)
The edge forx<0.4 samples lies at intermediate positions _amno, 13.2 4 1.921) 3.1(6)
between CaMn@and LaMnQ@, confirming a mixed valence 2 2.151) 3.57)

state for the Mn atoms. The edge position %er0.5 instead
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FIG. 6. The ac magnetic susceptibility for LalMpMg,Os
FIG. 5. Fourier transform for LaMn© (broken ling,  samples. Inset: Isothermal magnetization curves at 5 K for the same
LaMng gMgg 103 (solid line), LaMnygMgy 03 (dotted ling, samples.
LaMng ;Mg :03 (crossey LaMng Mg 403 (squarey

LaMno Mo <05 (diamonds: peaks increases as the content of Mg does. This result can be

addition of the reference ones. This result seems to point ottnderstood in basis to the previous crystallographic study.
to an intermediate Mh” state as occur in related Accordingly, the increase of both peaks is in agreement with
manganiteg>2® the diminution of the orthorhombic distortion in the unit cell.
The XANES spectra also show broad resonances abowveor instance, the first coordination shell in LaMni® com-
the absorption edge, ascribed to multiple scattering effectqposed by three Mn-O distancéwith a strong Jahn-Teller
and weak pre-peak resonances-di0 eV below the absorp- tetragonal distortionwhereas there is only one Mn-O dis-
tion edge. The pre-peak resonances show complicated strugince for the rhombohedral LaMigMg, 0. The rest of the
tures. They are displayed in detail in the inset of Fig. 4 aftelsamples exhibit the continuous evolution from the former to
subtracting the edge contribution. The pre-peak features af@e |atter compound.
usually ascribed to &—3d transitions either allowed qua-  The analysis of the first coordination shell was performed
drupolar(very weal or forbidden dipolar. The latter become in the R-space(see Sec. Il for detaijs The best-fit param-
allowed due to a strong mixing betweed @nd 2 orbitals  eters are summarized in Table Il. An average Mn-O distance
arising from the transition metaMn) and oxygen atoms, s observed for all doped samples. Such a distance decreases
respectively. Some authors recently cl&inthat these pre- as the content of Mg increases in agreement with the increase
peaks in oxides arise from the mixing dfstates between of Mn valency. A minimum value of 1.89 A is found for
neighboring Mn atoms through hybridization with the oxy- =0.4 andx=0.5 in accordance to typical values of fin
genp-band. Then, the intensity of the pre-peaks is a meaoxides such as CaMn@3® The main structural effect along
surement of the density af-states from neighbor transition the series is expected to be in the Debye-Waller fatidy
metal atoms. Our results seem to confirm this hypothesisgiving us information about the spread of Mn-O distances.
First, the intensity of the CaMnQpre-peaks is higher than The highest is the Mn valency the lowestd$. This result
that for LaMnQ, in agreement with the increase of RKn agrees with the presence of regular Mn6ctahedra inx
near-neighbors with more emptyd3tates. Second, the =0.4 samples. It is noteworthy that these samples exhibit a
LaMn,;_,Mg,O3 samples, instead, show less intensity in therhombohedral crystallographic cell. The trend o in this
pre-peak features in spite of the mixed valency state of th@eries is similar to that observed in related manganites with
Mn atoms. Moreover, the intensity decreases with increasinghtermediate Mn valenc$? Nevertheless, the disorder in-
the Mg-content. This finding is very likely to be related to duced by the addition of Mg into the Mn sublattice could
the increase of Mg ions (without 3d state$ as near- glso influence the? value in this system.
neighbors of the Mn@octahedra. In particular, it is signifi- The Mn-O distances fox=0.4 and 0.5 samples nicely
cant the comparison between CaMywind LaMry sMJosOs.  agree with Sec. Ill A(see Fig. 3. The rest of the samples
Both samples have Mfiions but in the latter case, the Mnis also show a good agreement with the diffraction results. In
only surrounded by M ions. this case, it is worth realizing that EXAFS measured only the
The room temperature EXAFS spectra were also meanin-O contribution whereas the interatomic distances ob-
sured for the LaMp,Mg,O3 samples. Figure 5 shows the tained from x-ray diffraction concerns both Mn-O and Mg

FT for the whole series compared to the undoped compoundg distancesgaccording to the existence of a solid solution
LaMnQ;. All of the FT spectra show two strong peaks below

4 A. The first one at around 1.5 Awithout the phase-shift
correction corresponds to the first coordination she¥n-
0). The second peak, above 3 A, is associated to the second Figure 6 shows the zero-field in-phase ac susceptibility
shell with Mn-MgMn), Mn-La and Mn-O contributions to- (xa) for the whole series. Thex,. curves for
gether with multiple scattering paths. The intensity of bothLaMng gMgg 103 and LaMry gMgg ;03 have strong anomalies

C. Magnetic properties
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100 at 5 T for the sake of comparison. We observed significant
= [ E differences between the value Bf(H) at 5 T and the theo-
g 80 e retical saturated magnetic moments. Moreover, this differ-
o [ 2 ence increases as the Mg content does. For instahde) at
Q 608 5T is 3.05 and 2.Jug/fu for LaMnggMg,,Os and
%‘ C LaMng gMg, 203, respectively, whereas theoretical valyas
g 40 1 spin-only contributiom would be 3.3 and 3.@wg/fu, respec-
>~ r tively. The discrepancy is even higher for the rest of the
220 | samples. This result also suggests the lack of FM ordering as
= Mg replaces Mn in the unit cell.

0

Figure 7 shows the 2. vs temperature curves for the
whole series. It is noteworthy that all samples obey the
Curie-Weiss law at high temperatures, well abolg (x

<0.2) or T; (x=0.3). Th t-fit parameters ar mma-
FIG. 7. Inverse of ac magnetic susceptibility vs temperature for 0.2) or T¢ (x=0.9 e bes parameters are st a

x=0.3.Inset: Inverse of ac magnetic susceptibility vs temperaturerlzed in Table Il together with the theoretical paramagnetic

for x=0.4. The straight lines are the fits to a Curie-Weiss law fromef‘fec.tlv.e momentgpy). The fits gre also |nCIuded.|.n Flg' 7
and it is easy to note that all lines cut the positixaxis

200 up to 330 K. The regression of the linear fits were better than_ . . . -
0.0996 for all cases. mo!|cat|ng_ a preponderance of the.FM interactions. The cut
point (Weiss constantdecreases asincreases in agreement
) ) ) with a weakening of the FM interactions. The experimental
typical of long range ferromagnet{&M) ordering. The Cu-  paramagnetic effective momefy.¢) also decreases with in-
rie temperaturéTc) defined as the inflection pointin the.  creasingx. Two contributions can account for this result.
curves decreases as the content of Mg increases, inirst, the increase of the nonmagnetic ¥ns and second,
agreemertt with the nonmagnetic character of KfgBelow  the increase of the Mi/Mn3* ratio (diminution of 3 elec-
T, the x;, of both samples decrease as temperature doegong with increasing the Mg content. They are compared
This behavior, characteristic of weak FM, might indicate theto p,, in Table IIl. The latter have been calculated consider-
presence of a canted structure as found in other mangénite$ng a spin-only contribution and taking into account the
The rest of the samplég=0.3) show a peak at low tem- Mn**/Mn3* ratio deduced from the oxygen contefsee
peratures in they, curves. Hereafter, we denote the peakTable I). There is a significant difference betwegg andpy,
temperature a$;. This fact is likely to be related to the lack values for samples with a low content of Mg. This discrep-
of long-range FM ordering for samples with a high concen-ancy may be ascribed to the presence of short-range FM
tration of nonmagnetic Mg ions. Both the height oy and  interactions abov@, as was observed in other manganites.
its position decrease with increasing the content of Mg.  Such a discrepancy diminishes for samples with a high con-
The inset of Fig. 6 shows the isothermal magnetizatiortent of Mg and the experimentaly of LaMng Mg, O3 ap-
curves,M(H), at 5 K for the whole series. All samples show proaches the theoretical value.
spontaneous magnetization indicating the presence of FM The x/. curves of Fig. 6 highlighted the lack of FM or-
interactions at 5 K. However, magnetic saturation is notdering forx=0.3 samples. In order to gain insight into the
achieved at 5 T in any case. Th(H) curves have a posi- magnetic properties of these samples, we have measured dc
tive slope at high magnetic fields that may be ascribed eithemagnetization vs temperature curves at different magnetic
to the presence of a canted struct(xe<0.2) or to a para- fields. The measurements, displayed in Fig. 8, were carried
magnetic contribution. The spontaneous magnetization, oput in Zero-Field CooledZFC) and Field-CooledFC) con-
FM component, decreases as the Mg content increases. Thi#ions. Figure 8) shows the results for=0.4. At low fields
result indicates that FM is weakened by the addition of the(0.1 kOg, both FC and ZFC curves have a peak-dt0 and
nonmagnetic M§'. Although we cannot define a saturated ~14 K, respectively. Magnetic irreversibility begins at tem-
magnetic moment, we have made use of the valus @) peratures above these maxima. The increase of the field

TABLE lll. Magnetic data from the fits of experimental ac susceptibility to the Curie WeissGawfers
to Curie constantg to Weiss constanpes; is the experimental effective paramagnetic moment @pds the
theoretical effective paramagnetic momeéspin-only). We consider LaMp,Mg,0Os.5 as a formula unit.
Finally, Tc (x<0.2) is the Curie temperature obtained from the inflection point of yhe(T) curves and
T; (x=0.3) is the peak temperature gf . (T) curves measured at 9 Hz of the ac field.

Sample(x) C (emuK/moleOg¢ 0 (K) Peii (ug/ fu) pin (ug! fu) Tc or T; (K)
0.1 3.65 158.0 541 4.55 112
0.2 3.08 143.7 4.96 4.17 79
0.3 2.43 116.5 441 3.75 315
0.4 1.70 91.6 3.69 3.28 14
0.5 1.06 23.2 2.91 2.73 8.5
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o0 20x10° | different frequencies fox=0.3 and 0.4multiplied by 3. Inset: ac

E 15 x10° 3 + 3 susceptibility curves fox=0.5. The frequencies of the ac field were

5 x -+ ® 208 ] (from left to right 0.9, 9, 90 and 900 Hz.

1.0 )(10'3 :- A WA AN KA e © 6 _:

g : e ‘*‘»“"‘A‘ﬂ ®e ] observed at and below; for x=0.3 and 0.5. Thex=0.4
5.0x10% £ Confthme sample instead shows a shoulder at higher temperature
0.0x10° E s L v (~30 K) that also shows dynamic behavior. The out-of

0 10 20 80 40 50 60 70 phase component of this sample also shows two peaks as-
cribed to these featurgsot shown herg Therefore, they,.
35x10*

curves at different frequencies converge at temperatures well
aboveT; in this case. This finding is likely to be related to
the magnetic irreversibility observed in the dc magnetization
(compare in Fig. 8 the different results between0.4 and
the other two samples, for instance

This dynamic behavior of thg; curves is also character-
istic of spin (clustep-glass systems. The frequency) de-
pendence ofT; is usually characterized by the term
AT:/(T¢ X A In v). In the present series, this term decreases
as the Mn content does. It ranges betweenx4l8 3 and 5
X 1074, values that address very well with canonical
spin-glassed33 The frequency dependence @, Ti(v),

FIG. 8. Magnetization vs temperature curve after cooling thecannot be fitted by an Arrhenius law in the whole
samples without an external magnetic figfd-C branchor cooling  series. They obey instead, a Vogel-Fulcher W v
with the measuring fieldFC branch for LaMno:Mgo0s (@), =1 exp[-E/Kg(T;—To)]. This empirical law is often done in
LaMno gMgo.403 (b) and LaMr Mgo 503 (©)- treating the vitrification of real glasses but there is not agree-

(~1 kO® has two effects: The height of the peak decreasefnent abOt_Jt the physical interpretation of the critical temp_erg—
and is shifted to a lower temperature. The irreversibilitytUre To, in the case of spin-glasses. Nevertheless, it is
range also decreases and it begins at around the cusp of bately used in the magnetic studies of spin-glasses for the
curves. Finally, the peak is completely smoothed down agake of comparison. Taking a vaftleof y,=10""°s™, we
10 kOe where FC and ZFC curves are identical. Small difhave obtained reasonable values TerandE/Kg. To is 27,
ferences are observed in the other two samples. For instanck3 and 8 K forx=0.3, 0.4 and 0.5 samples, respectively. The
the magnetic irreversibility of LaMpMg, 403, shown in  activation energyE/Kg, values 100, 42 and 4 K for the
Fig. &a), begins at the peak since the lower field-tested. Thesame samples. The diminution of both parameters with in-
LaMng sMg, 505 instead, show a small irreversibility at tem- creasingx is in agreement with a decrease in the number of
peratures below the peak that practically disappears at 1 kCfeozen magnetic atom¥.Finally, we note that the dynamic
[Fig. 8c)]. behavior found in LaMp,Mg,O3; (x=0.3) is smaller than
The divergence in the ZFC and FC curves is a featur@ther manganites characterized as cluster-glasses. This may
ascribed to spirnor clustey-glass behaviot?3 In order to  be a consequence of the role of Mdons that tend to form
ascertain it, the ac susceptibility at low temperature was alsa double perovskite avoiding the gathering of Mn-clusters.
studied in detail foxx= 0.3 samples. Figure 9 shows the tem-  Our measurements confirm the presence of a spin-glass-
perature dependence of the ac susceptibilityphase com- like phase forx=0.3 samples. This implies the presence of
ponenj at different frequencies of the alternating field. All competitive interactions and randomness leading to magnetic
these curves exhibit a clear peakTatA dynamic behavior is  frustration®? Both randomness and competitive interactions
deduced for the three samples. The height of the pedk at can easily be invoked for=0.3. First, we have not detected
slightly decreases and it is shifted to higher temperaturea double perovskite structure for this samptedering of
with increasing the frequency of the ac field. This behavior isMg?* and Mr?7* onto the B-sitesbut the tendency of Mg

3.0x10%

20x10* |-

M/H (emu/g Oe)
3

15x10*

094426-7



BLASCO et al. PHYSICAL REVIEW B 70, 094426(2004)

to be surrounded by MnQoctahedra has to be taken into samples. Both samples are single phase at {ih#hoclinig
account. Second, competitive interactions are found in oxand above room temperatutehombohedrgl The appear-
ides with Mn in mixed valence. For example, considering anance of a rhombohedral cell is justified by the average de-
assembly of MA" and Mrf* ions as a rough approximation, crease of the B-sublattice due to formation of Wmwhose
either AFM (Mn**-O-Mn** or Mn®*-O-Mn*®) and FM  small ionic radius has more effect on the B-size than the big
(Mn**-O-Mn*3) interactions are expectéd. Mg?*.

A bit more difficult could be to understand the presence of XANES evidenced that the oxidation state of Mn continu-
competitive magnetic interactions x=0.5. A perfect double ously increases from +&=0) up to +4(x=0.5). Therefore,
perovskite with alternating Mg and Mrf* would result in  an intermediate valency of the Mn atom is observed for in-
isolated Mri* ions and a paramagnetic ground state would beermediate concentrations as occurs in;1@aMnO;
expected. Several possibilities could account for this behavsamples® According to the XANES results, EXAFS mea-
ior. First, long-range superexchange interactions were insurements showed a continuous decrease of the Mn-O dis-
voked in the past to account for the magnetic ordering intances with an increase in the content of Mg. There is not
related double perovskité8.Second, the presence of miss- evidence of tetragonal distortion in the Mg@ctahedron
site defects, quite common in double perovskites, could alssince the lowest substitution tested=0.1).
allow the formation of MA*-O-Mn** paths in this com- The o¢? factors exhibit the same trend in both
pound. In this case, it is worth noting that there is not spinLaMn,_Mg,0; and Lg_.CaMnO; series. In fact,g? has
glasses with only AFM interactioA&so only miss-site de- similar values for CaMn@and LaMny Mg, £O5. The rest of
fects are not enough to form competitive interactions. How4{.aMn,_,Mg,O5; samples show higher? values for the same
ever, the presence of oxygen deficiency as a source for a hitominal Mn valency. This finding may be ascribed to the
of mixed-valence Mn could give rise to the presence of comdisorder induced by the Mg substitution in the Mn sublattice.
petitive interactions. The small oxygen deficiency indicated Magnetic properties also change drastically. The occur-
in Table | for this sample would agree with this hypothesis.rence of FM forx<0.2 samples is ascribed to the mixed-
Accordingly, the low value ofT; agrees with a very low valence state of Mn atoms as occurs in related mangahites.
amount of “magnetic impurities.” However, the insulating behavior of these samptigh-

Finally, the x=0.4 sample shows particular features, lights, the importance of a perfect Mn sublattice to achieve
namely two anomalies in thg/. curves and a large ZFC-FC the metallic FM state inferred from the double exchange
magnetic irreversibility at temperature aboVe Chemical mechanisn®’ The disorder induced by Mg is enough to lo-
inhomogeneities cannot be discarded to explain these profalize carriers but it does not preclude the magnetic ordering.
erties. However, such inhomogeneities could be intrinsic tol- diminishes with increasing and forx=0.3 a random
the sample. We note that this sample has the structure typicalagnetic system is observed at low temperatures. The loss of
of a double perovskite so part of Mn atoms must be locatedM ordering can be understood in terms of two combined
into the big “Mg-site.” Bearing in mind the two crystallo- effects. First, the increase of formal Mn-valency giving rise
graphic sites for Mn atoms, the two magnetic anomalies mayo competitive interactions and second, the disorder induced
arise from a bimodal distribution of magnetic clusters withby substituting Mg for Mn in spite of the tendency to de-
different sizes. In such a case, the sample would be comelop a selective occupation onto the perovskite B-sites. The
posed of clusters similar to the=0.5 samplgregions with  spin-glass transition is developed at lower temperatures as
Mn almost isolategland clusters similar t&=0.3 (neighbor-  the Mn content decreases in agreement with a diminution of
hood to the Mn located in the “Mg-sitg” the number and size of magnetic clusters. The spin-glasses

were characterized anfi(v) of the three samples follows a
IV CONCLUSIONS Vogel-Fulchar law with fit-parameters similar to other spin-
glass systems.

The substitution of Mn with Mg in LaMn@strongly af-
fects the crystallographic and magnetic properties of the
LaMn,_,Mg, O3 system. There is not evidence of the reported
substitution of La with Mg. In fact, the tested This work was supported by CICy{Spair) Project No.

La; ,Mg,MnO; samples were multiphasic, LaNigMg,O4 MAT02/01221 and DGA. We acknowledge the ESRF for
being the only perovskite phaggee the AppendjxNo long  beam time allocation. We are also indebted to the BM29 staff
range ordering of Mg and Mn atoms onto the B-site wasfor the technical support in the XAS measurements.
detected forx<0.3 samples. The crystal structure is ortho-
rhombic without the periodic arrangement of tetragonal dis-
torted MnQ octahedronO’-structure characteristic of the
parent compound(x=0). Higher levels of replacing(x
=0.4) leads to an ordered arrangement of Mg and Mn atoms Recent studi¢d—**claim for the substitution of Mg for La
onto the B site giving rise to a double ABBg perovskite. in the perovskite lattice. This finding was a subject of
We have detected two perovskite phases at room temperatucentroversy® that keeps on to date. The ceramic procedure
in this concentration range: rhombohedgalain phasgand reported to prepare LaMg,MnO; is very similar to the
monoclinic (minority). This result is ascribed to a structural synthetic route used in this work so a partial distribution of
phase transition just around room temperature for botiMg?* ions onto both sites would influence the physical prop-
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erties, strongly. Nevertheless, this kind of replacement is§ o 1

quite surprising considering that there are not examples o g, 1900 e e s o e e o

solid solutions between Mg and La oxides in the literatire g o

Whlle there IS a IOt Of Mg and Mn m|Xed OXIdeS formlng 'Fé 1 | ‘Illlill fl m TIII DU NDIRETI WONNWAN (TMRNN NS (I AT NI
solid solutiong'®*! First of all, Mg?* is too small for the = _y00 | T A R R TIT T T T TR T
12-fold coordinated A-site in the perovskite cell. Even, there '.‘ . 'g” ‘uul“ n"lu"“ l" '| "Hl ""h"‘ﬂ "ufl “:‘ ) ‘“f F' M\! u'u': ::ul‘uwu "u”"m;w u“
is not a tabulated ionic radius for 9-fold coordinated A¥g 20 40 60 80 100 120
with oxygen atom$3 Moreover, other ions with similar size 20 (deg)

form competitive ABQ phase® such as InMnQ (note the , ,
similar ionic sizes for 8-coordinated¥hand Mg that are FIG. 11. Profile refinement of the baMgo.3MnO; x-ray pat-
0.92 and 0.89 A, respectively Finally, if Mgz" replaced tern considering(a) a sggle orthorhombic perovskite phagé)
La3* in the perovskite cell, the easy preparation of four phasesPbnmand R3c perovskites with a Mn/Mg solid solu-
LaMn,_Mg,O5 phases would be quite surprising without the tion. cubic spinel MgMnO, and hausmanite MgMiD,. Inset: the
apparent segregation of secondary phases arising from g magnetic susceptibility for leaMgo 3MnO,. Reliability factors
partial substitution of La indicated in both figures are defined in Ref. 15.

In order to gain insight into the site-preference of ¥g . )
ions, we attempted to prepare several,Ll&lg,MnO; refining our x-ray patterns by using four phasB&nmper-
samples(x=0.33,0.5 following the reported synthesl$:14  ovskite, R3c perovskite, MgMpO, and MgMnO,. The
We have never found single phases in our samples thoud]vﬂn/Mg ratio in the perovskite phases was fixed to the start-
the main phase is a perovskite. Figure 10 shows the x-raijng value and the final refinement for the nominal
patterns for both samples. Impurity peaks are clearly visibld-8y Mo 3dMNO; is shown in Fig. 1(b).
and according to the binary MgO-M@; phase diagrarft On the other hand, the inset of Fig. (bl shows the ac
they can be ascribed to the presence of spivgd,MnO,) magnetic susceptibility of LgMgy3qMnO; that correlates
and Hausmanite-lik¢Mg;_,Mn,,,0,) phases. Concerning duite well with the repolrteq in Ref. 12 for the same nominal
the perovskite phase, we were not able to reproduce the préample. These rfasults indicate t_hat the properties ascrlbed to
vious resultg314 Our patterns can hardly be indexed in the L&1-xMg,MnQ; single phases might be due to a mixture of
frame of an orthorhombic phase with the large distortionPhases. In the same way, the substitution of Mg for Mn can
reported elsewheré. A detailed inspection of the patterns 9o unnoticed for low doping ratio due to the formation of La
evidences the presence of two perovskite phases, orthorhofacancies, the so-called self-dopitig.
bic and rhombohedral. Finally, we have not detected the presence of superstruc-

Secondly, Rietveld analysis clearly shows that Mg doedure peaks arising from the Mn/Mg ordering in these perov-
not enter into the La-site. Figure (Bl shows the best refine- skite phases justifying the use &bnm and R3c space
ment for Lg Mgy 39Mn0O; using a single orthorhombic per- groups. This is in agreement with the relative low Mg/Mn
ovskite phase. Convergence is not reached, not only due tatio but, surprisingly, a rhombohedral phase is now ob-
the additional peaks from secondary phases but also to treerved for Mg/Mn~0.33 while in section Il A, we ob-
strong discrepancy in the intensity of several perovskiteserved a single orthorhombic phase for Mg/M0.43. This
peaks. Such a discrepancy will disappear considering thdact is most likely to be related to differences in the oxygen
Mg replaces Mn in these samples. A conclusion results evieontent between both series due to the different sintering
dent. If we always substituted Mn for Mg, we would have antemperaturglower for La;_,Mg,MnO; sampleg It is well
excess of Mn/Mg in the La,Mg,MnO; samples giving rise  known that oxygen excess favors the appearing of rhombo-
to the mentioned secondary phases. We were successful redral phases in the LaMnQ systent!®
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