
Vol . 105 (2004) A CT A PHY SIC A POLON IC A A No . 1{ 2

P ro ceed in gs of t h e Sy m p osium on Co lo ssa l Ma gn et or esist ance

M esoscop ic O r deri ng E ˜e cts

in Sin gle-C r y st allin e T h in Fil m s

of L anth anum Man gan ite s

Z.A . Samo il enko a , V .D. Ok un ev a , E. I. Pu she nko a ,

A . A bal 'o she v b, M. Ba ran b, P. Gi er ¤o w sk ib ,

S.J. Le wand ows ki b and R . Szy mc zak b

a Donet sk Inst i t ute for Physics & T echnology

N ati onal Aca demy of Sciences of Ukra ine (D onetsk)
b Insti tute of Physi cs, Pol ish Aca dem y of Sciences

al . Lotni k§w 32/ 46, 02-668 Warszawa, Poland

W e have investi gate d thin Ùl ms of lanthan um manganites epita xial l y

grow n by pulsed laser depositi on on single -crystal l ine substrates . X -ray di˜rac-
tion studies show that the characteristic feature of the investigated Ùlms
is a superp ositio n of fractions w ith long range atomic order in the basic

single- crysta ll i ne matrix , and mesoscopic order in the clusteri zed structure
encompassin g the Mn { O layers. A detailed analysi s of di˜usiv e scattering
show s that the size of metallic clusters and their volume concentration in
the dielectri c matrix varies. I n the case of a small size and concentration,

the metallic clusters in low temp erature b ehave as quantum dots and their
presence leads to a tunneli ng mechanism of conductivi ty w ith characteristic
R ( T ) = const. I n the case of large cluster size, the discrete energy levels
b ecome smeared. I t app ears also that the optical, transp ort, and magnetic

prop erties of the investigated Ùlms depend critical ly on the distrib utio n of
Mn 2 + , Mn 3+ , and Mn 4+ ions in the clusters.

PAC S numb ers: 75.30.K z, 75.47.Lx, 61.50.K s

1. I n t rod uct io n

Physi cal pro perti es of the fam i ly of LaCa (Sr) Mn O 3 perovski te m angani tes
are determ ined by intera cti ons of thei r electro n, ato mic, and m agneti c subsystem s.

(93)
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The behavi or of these com pounds, includi ng thei r colossal m agneto resistance, de-
pends on thei r ato mic order and the presence of compositi onal or structura l in-
hom ogeneiti es [1, 2]. In epi ta xi al thi n Ùlms exhi bi ti ng a high qual it y crysta l l ine
structure the pri ncipa l ro le in thei r electri cal and opti cal pro perti es plays the
presence of clusters wi th the m etal l ic conducti vi ty , whi ch are embedded in the
insul ato r host m atri x [3]. The electri cal resistivi ty of the Ùlms is l imi ted by tun-
nel ing of electrons between clusters. The concentra ti on and typ es of such clusters
stro ngly depend on the growth condi ti ons of the Ùlm s and are determ ined by the
competi ti on of ortho rhom bic and rhom bohedra l structures [3].

In thi s work we have investigated the local cluster structure and i ts inÛuence
on the electri c and magneti c pro perti es of LaCa (Sr)MnO 3 thi n Ùlms obta ined by
pul sed laser (Kr F) depositi on on di ˜erent m onocrysta l l ine substra tes.

2. R esul t s an d d iscu ssio n

The local cluster structure can be determ ined by X- ray coherent di ˜usi ve
scatteri ng. Thi s scatteri ng was analyzed in order to determ ine the peculiari ti es of
cl uster structure of the Ùlm s deposited using vari ous am bient condi ti ons.

Typi cal debyegrams obta ined in Cr radiati on for La2= 3Ca 1= 3MnO 3 and
La 0 :6Sr0 :2 Mn 1 : 2O3 mangani tes have the Laue form . The m ost intense La ue re-
Ûex apparentl y is the result of X- ray interf erence on the crysta l lographi c pl anes
representi ng the dom inant ato m ic orderi ng of the Ùlm . Its angular ˚ positi on char-
acteri zes the (d ; h k l ) crysta l lographi c parameters and the phase adherence of the
relevant pl anes. The ˚ values of the other reÛexespositi oned on the axi al l ine of the
debyegram fol low the W ul˜{ Bra gg law and allow the determ inati on of the (hk l )
indexes of the corresp ondi ng planes, parti cipati ng in the di ˜ra cti on. Mi cro pho-
to m etri c measurements along thi s l ine render possible a quanti ta ti ve compari son
of the intensi ty of X- ray scatteri ng in a given ˚ -interv al for sam ples wi th di ˜erent
ato m ic order in the corresp ondi ng structura l groups of pl anes, even for identi cal
nom inal chemical compositi on, as shown e.g. in Fi g. 1.

From thi s point of vi ew, the m ost interesti ng are structura l groups form ed
duri ng the growth of manganese{oxygen com plexes of the perovski te subl atti ce.
It is known [1, 2] tha t these compl exes exhi bi t a wi de vari ety of lengths and
angles of Mn{ O bonds, as wel l as a selection of charge states: Mn 2 + , Mn 3 + , and
Mn 4 + . Basing on the publ ished data , we have determ ined an interv al (31{ 36) £ of
the di ˜ra cti on angles, capturi ng these reÛexes, whi ch ta ke on the di ˜usi ve f orm
because of the above l isted vari atio ns in the scatteri ng centers of the analyzed
local structure. Varyi ng the Ùlm growth parameters induces substanti al changes
in the matri x and in the cluster structure. The f act tha t cluster boundari es are
smeared facil i ta tes local changes of ato mic order. The deta i led analysis of di ˜usi ve
scatteri ng shows tha t the size of m etal l ic clusters in the dielectri c m atri x vari es
from 40{ 70 ¡A to 140{ 200 ¡A, and thei r volum e concentra ti on | from 1{ 10% to
20{ 50%.
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Fig. 1. Typical di˜ractograms of manganite Ùlms (a). Di˜usi ve maxima are charac-

teristic of clusterized regions of the crystalli ne structure, here show n in detail for Ùlms

undergoin g the R ! O transition (b).

In the Ùrst case (a smal l size and concentra ti on), the m etal l ic clusters in
low tem perature behave as quantum dots and thei r presence leads to a tunnel ing
m echani sm of conducti vi ty wi th characteri stic R (T ) = const dependence at low
enough tem peratures. In the second case (a large cluster size), the discrete energy
levels become smeared (Â § k T ) and the electri cal properti es of the sampl es
become independent of quantum size e˜ects .

2 . R esul t s an d d iscu ssio n

W e describe f urther three groups of experi ments, in whi ch we analyzed the
e˜ect of changes in the local structure of cl usters on electroni c and m agneti c
pro perti es of LaSr(Ca )MnO Ùlm s.

1. W e have observed qual i tati ve changes in the shape of angular di ˜usi ve
scatteri ng spectra accompanying the phase tra nsiti on from rhom bohedra l (R) to
ortho rhom bic (O) Ùlm structure, occurri ng as a result of varyi ng the Ùlm growth
tem perature in the 600£ C < T s < 670£ C range (see Fi g. 1). For T s = 600£ C,
characteri sti c are structure s wi th dom inating ato mic order in the form of di s-
ta nt (Mn{ O) pl anes of (202)-O and (203)-R typ es wi th weakl y ionized Mn 2 +

and Mn (2 Ë 3 )+ ions (structura l group A 1 ). Hi gher growth tem peratures lead to
the form ati on of closely spaced pl anes of (400)-R and (004)- O typ es conta ini ng
stro ngly ioni zed Mn 3 + and Mn (3 Ë 4 )+ ions (structura l group A 0 ). These Ùndings
are based on the assumpti ons tha t the interpl anar distance d ¿ = sin È , and
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tha t wi th increased ionizati on the distance between intera cti ng ions is reduced.
Structura l changes R ! O are accompanied by qual i ta ti ve changes in the tempera-
ture dependence of Ùlm resistivi ty . For R -phase thi s dependence is exhi bi ti ng the
R ( T ) = const feature, whi le for O-phase R ( T ) accepts values from the [R m a x ; R m in ]
interv al, as seen in Fi g. 2.

Fig. 2. Changes induced by R ! O transition in characteristic features of temp erature

dep endence of Ùlm resistivity , from R ( T ) = const to R ( T ) = [ R m ax ; R m i n ] , and the

dep endence of \metallic " interv al of R ( T ) on the cluster concentration in A and A

groups.

These changes in the R T curves reÛect fundam enta l changes in the m echa-
ni sms of charge tunnel ing between meta ll ic clusters: in the case of R -phase, at low
enough tem peratures, the clusters behave as quantum dots wi th discrete energy
levels, whi le f or O-phase, at hi gh enough concentra ti on of metal l ic clusters, the
energy levels becom e quasi-conti nuous because of a high density of states.

2. An increa se in growth tem perature T s of LaSrMnO Ùlm s f rom C to
C leads to an increase (eventua l ly satura ted) in relati ve concentra ti on of A

cl usters, represented by (400)-R and (004)-O pl anes (see I A curves in Fi g. 2),
accom pani ed simul ta neously by a sym metri cal decrease in the concentra ti on of
cl usters, whi ch belong to the A group (see I A curves in Fi g. 2). These changes
in the local orderi ng of clusteri zed regions of the crysta l l ine structure are reÛected
in the lengthened \ meta lli c" interv al on the R T R ma x ; R min characteri sti c:
T ma x increases, whi le T min decreases, as shown in the relevant characteri stics.



Mesoscopi c Order ing E˜e cts in Single-Cryst al li ne T hin Fi lms . . . 97

Lengtheni ng of the Â T = T ma x À Tmin interv al denotes strengthened inter-
acti on between m etal l ic clusters in the dielectri c crysta ll ine m atri x [3], whi ch is
caused by a decreased cluster separati on due to the increased concentra ti on of the
m etal l ic phase.

3. By varyi ng the Ùlm growth tem perature and using vari ous substra te m a-
teri als, we obta ined LaSr(Ca )MnO Ùlm s di ˜eri ng by the detai ls of ato mic orderi ng
in the clusteri zed regions, as indicated by the intensi ty changes of X- ray scatteri ng
in discrete angul ar di recti ons, shown by the I h k l characteri stics in Fi g. 3. These
structura l di ˜erences apparentl y m agniÙed the di ˜erences in m agneti c pro perti es
of our Ùlms. In parti cular, the satura ti on m agneti zati on of indi vi dual sam ples could
di ˜er 14 ti m es.

Fig. 3. X -ray scattering intensity I h k l at discrete ˚ values for di˜erent manganite Ùlms.

Let us dra w our attenti on to two groups of sampl es,paired by identi cal chem-
ical com positi on and identi cal substra tes, but di ˜eri ng in growth temperature Ts .
W e can compare the X- ray scatteri ng intensi ti es I hk l in di screte angles˚ , assuming
tha t by increasing ˚ and m ovi ng from structura l Mn{ O groups wi th higher inter-
pl ane distances d to wards groups wi th lower d values, i .e. by movi ng along the path
( 202) O ! 203 R 400 R 004 O , we increase also the m anganese ionizati on
and fol low the path Mn 2 Mn 2 :5 Mn 3 :5 Mn 4 . La0 :6 Sr0 : 2Mn 1 :2O3 Ùlms
grown on SrLa GaO at T s 650 C exhi bi t satura ti on m agneti zati on 14 ti m es
greater tha n tha t of the sam e Ùlm s grown at T s 650 C (Fi g. 4). The structura l
inv estigati on of these sam pl es (see also Fi g. 4) reveals tha t the higher m agneti za-
ti on of T s 650 C sam ple is related to a higher (3 ti m es) concentra ti on of clusters
wi th closely spaced pl anes conta ini ng hi ghly ionized m anganese Mn .

The m angani te Ùlm s grown on oxi di zed Si substra tes at T s 625 C show
hi gher (2.8 ti mes) satura ti on m agneti zati on tha n tho se grown at T s 725 C (see
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Fig. 4. Graphical representation of I hk l ratios for clusterized regions of the compared

structures (a, b) and saturation magnetization measured in H = 1 00 Oe in a function of

temp erature (c, d) for LaSr(C a)MnO Ùlms grow n at T s = 600 Ë 725 £ C .

Fi g. 4). The structura l analysis reveals, however, tha t the higher m agneti zati on of
T s = 625£ C sam ple is also related to hi gher (1.5 ti m es) concentra ti on of Mn 3 :5 +

ions (Fi g. 4). In thi s case, m agneti c orderi ng is reduced because of increased anti -
ferrom agneti c intera cti ons intro duced by the accompanyi ng hi gh concentra ti on of
cl usters wi th Mn 4 + ions [4].

T o concl ude, our results clearl y dem onstra te the expl icit e˜ect of local crys-
ta l lographi c structure of Mn{ O clusters on the physi cal properti es of manganites.
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