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W e have investi gated the st ructure , and electric, optical, and magnetic
prop erties of LaSr ( Ca) Mn O Ùlms containing atomic clusters of various t yp es
coherently built into the basic crystallograp hi c matri x . Belo w the transitio n

to the metallic state, the electrical conductivi ty of the Ùlms is determined by
tunnelin g of charge carriers b etw een metallic clusters. W e have found that
for each sample there exists a threshold value of magnetic ordering, above
w hich the magnetic subsystem starts to a˜ect actively the Ùlm conductiv ity .

T he observed increase of conductiv ity w ith decreasing temp erature is caused
by the fact that in the pro cess of magnetic ordering of the samples the cluster
size and concentration of metallic phase increase. Exp erimental results are

in agreement w ith theoretical calculati ons.

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

1. I n t rod uct io n

One of the im porta nt integ ra l characteri sti cs, reÛecting the e˜ects of intera c-
ti on between electroni c and magneti c subsystem s in m angani tes, is the dependence
of sam ple resistance R on tem perature T . Its behavi or is dom inated by the ap-
pearance of a m axi mum on the R ( T ) curve, below whi ch the resistance drops
wi th decreasing tem perature [1{ 7]. Indi vi dual sampl es may di ˜er not onl y by the

(121)



122 V .D. Okunev et al .

positi on of the m axi mum on R ( T ) curves, but also by the rate dR / dT of resis-
ta nce changes. Mo noto nic decrease of resistance usual ly extends over an interv al
200À 3 0 0 £ C wi de, but there are kno wn cases of more rapid R ( T ) changes con-
centra ted in a 20{ 30£ C interv al wi th the ( 1 =R ) dR / dT derivati ve appro aching
3{ 4%/ K [4{ 6]. Assum ing tha t the reason of the observed di ˜erences in sampl e
behavi or is in the intera cti on of the ato mic, electro nic, and magneti c subsystem s,
we have investigated the deta i ls of thi s mechanism .

2. E x per i m en t a l

The inv estigated sam ples were obta ined by pul sed laser depositi on (Kr F
laser, § = 2 5 ns [8], ` = 1 : 5 À 2.5 J/ cm 2 on the ta rget surface, La0 : 6Sr0 : 2Mn 1 :2 O3

and La2= 3Ca 1= 3MnO 3 ta rgets) onto vari ous substra tes at depositi on tem peratures
T s varyi ng between 6 5 0 £ C and 7 3 0 £ C. The resul ta nt sampl es exhi bi ted an or-
tho rhom bic structure. Transport m easurements in the 4.2{ 300 K tem perature
range were m ade usi ng the conventi onal f our-pro be techni que. Ma gneti zati on of
the sampl es was m easured in a SQUID magneto meter. Structura l inv estigati on
wa s carri ed out usi ng the longwa ve Cr K ˜ X- ray radiati on.

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

In the m ajori t y of the inv estigated sam ples, the R ( T ) dependence could
be considered as indi cati ng m etal l ic conducti vi ty , in the sense tha t the form al
dR / dT > 0 cri teri on was sati sÙed. Ho wever, the comparison of the m easured ¥

values to the m inimal m etal l ic conducti vi ty [10]
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where z i s the coordi nati on numb er and B i s the wi dth of the band, yi elds
¥ § ¥ min . Indeed, for LaCa(Sr)MnO ¥ min = 100 Ë 1000 ¨ À 1 cm À 1 , whi le the R ( T )

characteri sti cs reveal m axi ma of resistivi ty even at ¥ = 0 : 6 À 1 : 5 ¨ À 1 cm À 1 , i .e.
2{ 3 orders of magni tude below ¥ min . For the m etal l ic phase concentra ti on C m < 0 : 5

(i .e. below the percolati on thresho ld for Ùlm s [11]), the sampl es apparentl y are in
the dielectri c state and thei r electri c conducti vi ty is determ ined by tunnel ing of
charge carri ers between mesoscopic regions (gra ins, clusters) wi th m etal l ic conduc-
ti vi ty . Indeed, X- ray structura l inv estigati on (Fi g. 1) shows m esoscopical ly ordered
cl usters of a nearl y consta nt size Ûuctuati ng around 100 ¡A, coherentl y bui l t into
the basic matri x of long range order. Am ong the cl usters, the m ost importa nt ro le
is played by tho se,whi ch are com posed of Mn{ O pl anes, determ ini ng the tra nsport
and m agneti c pro perti es of LaSr(Ca )MnO. Assum ing tha t these gra ins have the
size D and are arra nged in a regular m atri x, the sampl e resistivi ty is given by

£ = £ 0 exp f D =L 0 [ ÛC m ) À 1 = 3
À 1 ] g ; (2)

where Û depends on the gra in shape, and £ 0 ¿ 1 0 À 3 ¨ cm.
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Fig. 1. Examples of di˜ractograms obtained for the investigated Ùlms. (a) Full

di˜ractogra m of X -ray (C r K ˜ ) scattering on LaSrMnO Ùlm grow n on SrLa GaO 4 at

T s = 700 £ C . (b) Di˜ractogram fragments in the region of di˜usi ve maxima due to

Mn {O clusters in crystalli ne LaC aMnO Ùlms grow n on di˜erent substrates: 1 | SiO 2 /Si,

2 | (SrA l 0: 5 Ta O LaA lO , at the same temp erature 725 C .

W e have selected two groups of sampl es di ˜eri ng by thei r ( ) depen-
dence. In the Ùrst group, the resistivi ty for changed slowl y, (d d )

0 7 % / K (Fi gs. 2 and 3). For the sam ples in thi s group, simulta neous plots of re-
sisti vi ty and magneti zati on versus tem perature reveal tha t the maxi mum of ( )

i s located on the slope of the ( ) curve, as i f the electronic subsystem has a
delayed reacti on to the changes in the m agneti c subsystem , and the latter has to
reach som e thresho ld state in order to induce changes in the electroni c pro perti es.

The sampl es in the second group exhi bi t rapi d decrease in the resisti vi ty
in a narro w tem perature interv al wi th the rate of change (d d ) 4 % / K,
i .e. 5{ 6 ti m es hi gher tha n in the Ùrst group. The magni tude of cooled sampl es
(1 0 1 0 ¨ cm ) exceeds , and | in contra st to the sampl es of the Ùrst

Fig. 2. T emp erature dependence of magnetizatio n (1) and resistivity (2) for LaSrMnO

Ùlm grow n on SrLaGaO substrate at 650 C . (3) | theoretical Ùt of curve (2)

obtained for K , K .
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Fig. 3. Temp erature dep endence of magnetization (1) and resistivi ty (2) for LaC aMnO

Ùlm grow n on SiO 2 /Si substrate at T s = 725£ C .

group | the conducta nce for T < 2 3 0 K has a meta ll ic character. At low tempera-
tures, the R ( T ) curve can be appro xi m ated by the l inear, characteri sti c for metals,
dependence R ( T ) = R 0 (1 + ˜ T ) , where ˜ = 7 : 1 È 1 0 À 3 K À 1

Ë 3 : 7 È 1 0 À 3 K À 1 ,
i .e. ˜ v alues are close to tho se exhi bi ted by pure m etals (e.g. Co and Al ). In thi s
group, m inimum in R (T ) i s absent, the maximum coinci des wi th the beginni ng of
m agneti zati on M ( T ) increase, and maxi ma l dR =dT and dM =dT ra tes (of opp osite
signs) are observed at the same tem peratures.

Co mparison of the sampl esof the two groups shows tha t the positi on of R ( T )

curves wi th respect to M ( T ) i s nei ther di rectl y related to the Curi e tem perature
nor to the m agni tude of satura ti on m agneti zati on. D i ˜erent threshold values of
M ( T ) =M (5 K) reÛect di ˜erent sensiti vi ti es of the electro nic subsystem to the
changes in the m agneti c subsystem.

D i ˜ra cto grams of the inv estigated Ùlms exhi bi t a bri ght maxi mum
( ˚ Cr ¤ 25£ ), due to the basic group of pl anes in the crysta ll ine Ùlm , as well as
weak di ˜usi ve m axi ma (˚ C r ¿ 27 Ë 38£ ) due to the cl usters (Fi g. 1). In the Ùrst
group of sampl es, the (202) planes (the layers para llel to the y axi s) are dom i-
nati ng, and the dom inance of these planes in the cl uster structure is reÛected by
the reducti on of ¥ . In the second group (Ùlm s on (SrAl 0 :5 T a0 :5O3) 0 :7 ( LaAl O3) 0 : 3) ;

the intensi ty of di ˜usi ve scatteri ng is di stri buted sym metri cal ly wi th respect to
the center. The verti ces of the di ˜ra cti on com plexes correspond to the fragm ents
of (202) and (004) pl anes of the ortho rhom bic pha se. Each of the two com plexes
yi elds inf orm atio n on the structura l fracti ons com pri sing clusters wi th vari able
layer separati on, both com pressed and expanded.

The funda m enta l di ˜erence between (004) and (202) clusters is tha t the
(004) planes are m ore cl osely spaced (d 0 0 4 = 1 : 9 4 3 7 7 ¡A) tha n the (202) ones
(d 2 0 2 = 2 : 2 5 6 8 9 ¡A). Thi s is related to the vari able length of Mn{ O bonds for di f-
ferent Mn ionizati on states. In (004) cl usters dominate Mn 3 + and Mn 4 + ions wi th
shorter bonds, whi le (202) clusters are mostl y com posed f rom Mn 2 + and Mn 3 +
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ions f orm ing longer bonds wi th oxygen. Meta l l ic conducta nce and ferro magneti sm
are real ized in clusters composed of fragm ents of layers wi th smal l d , conta ini ng
Mn 3 + and Mn 4 + ions in com parabl e quanti ti es.

The above results indi cate a vari ety of m echanisms whi ch induce the neigh-
bori ng ato m ic clusters into structura l l iaisons increasing the volum eof the m etal l ic
phase and thus facil i ta te the magneti c orderi ng and lead to increased conducti vi ty
of the Ùlm s. Ato m ic order appears to determ ine the interrel ati onshi p between the
electronic and magneti c subsystem s.

The dielectri c{ m etal tra nsiti on m echani sm as well as the dM / dT and dR =dT

ra tes is determ ined by the pace of cluster structure reorganizati on. Thi s pro cess
is the easiest for Ùlm s grown on (SrAl 0 :5 Ta0 : 5O3 ) 0 :7 (La Al O3) 0 : 3, as thei r cluster
structure is represented by groups involving hi ghly ioni zed Mn 3 + and Mn 4 + m an-
ganese states wi th dom inati ng ferrom agneti c intera cti ons. It is not accidenta l tha t
in these sampl es R (T ) maxi mum coinci des wi th the beginni ng of m agneti zati on
increase (Fi g. 4). In the Ùrst group of sampl es characteri zed by mixed cluster
structure and by com peti ng ferro- and anti f erromagneti c intera cti ons, the tra nsi-
ti on into magneti cal ly ordered state is smeared, R ( T ) maxi mum is shifted below
the Curi e tem perature, and the tra nsi ti on di electri c{ m etal is obscured.

Fig. 4. Temp erature dep endence of magnetization (1) and resistivi ty (2) for LaC aMnO

Ùlm grow n on (SrA l 0: 5 Ta0: 5 O 3 LaA lO substrate at 725 C .

It can be shown [12] tha t i f the conducti on m echanism rel ies on tunnel ing
between cl usters, then the Ùlm resistivi ty in the interv al T min < T < T m ax i s given
by the expression

£ = £ 0 exp
D (0 )

L 0

( ÛX ) 1 = 3 1 + 1

3

B

X
T 1

Y ¡ 1 B
Y

T
¡ ; (3)

where X = C
(0 )
m + B T ma x ; Y = C

(0 )
m + B T ma x C crit

m ; C crit
m = 0 :5 , and ¡ = 0 : 8 5

i s the cri ti cal index. In accordance to the experim enta l data , we can assume in
thi s m odel tha t D changes as the correl ati on radius in the percolati on theo ry :
D ( T ) D (0 ) [ C

(0 )
m + B ( Tma x T )] C c rit

m
¡ and on cool ing the sam ple below



126 V .D. Okunev et al .

the Curi e temperature, the concentra ti on of m etal l ic pha se C m depends l inearl y
on tem perature, C m = C

(0 )
m + B ( Tma x À T ) . In deri vi ng Eq. (3) i t is also assumed

tha t B T =X < 1 . Increa sed size of FM clusters in the AFM m atri x is revealed on
the M ( T ) characteri stic as a reducti on of the length of M = const section wi th
increasing m agneti c Ùeld or as the tota l absence of thi s section for H Ñ 1 kOe [13].
From Eq. (3) i t is seen tha t in the considered m odel the resisti vi ty decreaseswi th
tem perature. As a test of the val idi t y of (3), we have calcul ated the £ (T ) curve for
C m = 0 : 1 and plotted i t in Fi g. 2 to gether wi th experim enta l data for a sampl e
whi ch in opti cal m easurements exhi bi ted C m = 0 : 0 8 5 . As seen, the agreement
between calcul ated and m easured data is sati sfactory .
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