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Relationship between spin order and transport and magnetotransport properties
in Lag g/Cag 3Mn; _,Al, O, compounds
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We analyzed the magnetic, transport, and magnetotransport propertieg, §C&gsdMn; _,AlLO, as a
function of aluminum concentration, temperature, and magnetic field and we found that when the aluminum
concentration is increased, magnetization dpddecrease while resistivity and magnetoresistance increase,
respectively. Such results are in agreement with the literature dealing with differently doped La-Mn perovskites
and from this it can be hypothesized that magnetic and transport properties are correlated. Based on the
analysis of our data and the available literature, we have formulated a phenomenological description which
accounts for the general relationships between magnetic and transport characteristics. In the case of fully
ferromagnetically ordered materials the magnetoresistance effect was attributed to the spin alignment induced
by the magnetic field which opposes the thermal motion. The comparison between the experimental resistivity
and magnetization data, and those calculated on the basis of our model, proves to be reasonably consistent,
even on quantitative levels. In mixed ferro- and antiferromagnetically ordered matdriatdR(T), the model
we propose does not account for the experimental data. In this case we suggest a different phenomenological
approach based on a field-induced spin reorientation transition, which qualitatively justifies the observed data.
[S0163-182896)05842-0

INTRODUCTION were also reported. What mainly emerges from the analysis
of the available experimental data is that, in spite of the

The discovery of giant magnetoresistance effects in mesignificant scattering of the numerical values, constant rela-
tallic multilayers and granular filmsgenerated renewed in- tionships exist between the transport and magnetic character-
terest in ReM-Mn-O compounds, where Re is a rare earthistics, i.e., magnetic order temperatdig, saturation magne-
andM an alkaline earth or Pb. Such magnetic perovskitedization Ms, and resistivityp. They can be summarized as
were discovered and extensively investigated by Jonker an@!lows: (i) pomax increases a$. decreasesfii) po max
Van Santef” in 1950 and their peculiar magnetotransport9enerally occurs af =T (iii) materials with the lowest
characteristics were ascribed to the partial substitution of thif"romagnetic ordering temperature exhibit the If\srge_st mag-
divalent ion (M) for the trivalent onéRe):® this was claimed netoresistancedplp; (iv) a great deal of evidente'™ exists

to induce the onset of a mixed valence state in Mn, i.e., 3 mg'cga?ggssrtﬁ tgj;ctjhzr:ees;tr“rlglétzgd :ahveerzn?‘grt]r?nggllg?/aonft
and 4+,*° which, in turn, induced a ferromagnetic ordering, 1€ comp :
mechanism is not well understood. In the report of McCor-

responsible for the quasimetallic transport CharaCte”St'Csmacket al’ it was hypothesized that the colossal magnetore-

In|t_|aI attempts to correlate the magnetic and transport propgici e effects observed in La-Ca-Mn-O films could be at-
erties were made by Zen&he suggested a double exchange

mechanism between oxygen coupled ¥Mrand Mrf", and

attributed the conduction to the MhrMn** electron diffu- 100 o

sion, activated by the exchange energy. In 1994 McCormack - + Fﬁ}ns

et al reported “colossal” magnetoresistance effects in La- 10 . O Bulk samples
Ca-Mn-O and this stimulated plenty of interest in the scien- : 4 Present work
tific community. Numerous papers dealing with the phenom- 'g .

enology of the magnetic and electrical properties of these @ 1t

compounds have been published within the last two years. &

However, the experimental data of different groups, dealing "

with materials of similar nominal compositions, were not 01k

well consistent. This is mainly due to the fact that the mag- i 4 o
netic and transport characteristics of these compounds are 0.01 L L P
controlled by the Mn oxidation state, which is strongly de- 50 150 250 350
pendent on the synthesis conditions and the material history. T. (K

As an example, in Fig. 1, we summarized some data relevant

to the maximum value of resistivity, measured in a magnetic FIG. 1. Resistivity atH=0 (maximum valuesvs T, of Ca-
field, H,=0 (p, max), of samples with nominal composition substituted manganites, derived from independent experimental
close to Lg gL 3MnO, /"t as a function of the Curie works (individual symbol3, and calculated according to E¢g)
temperaturdl . ; po max values obtained in the present study(see text

0163-1829/96/54.8)/130526)/$10.00 54 13052 © 1996 The American Physical Society



54 RELATIONSHIP BETWEEN SPIN ORDER AN . .. 13053

TABLE I. Lattice parameter and average Mn oxidation state iggfday 3gVin; -, Al,O, . The calculated
oxygen and MA" stoichiometries are shown in the last columns.

Average Mn
Aluminum content, “a” parameter oxidation Oxygen Mn**
X A state stoichiometry stoichiometry
0 3.8566 (5) 3.25 2.96 0.25
0.01 3.8512(10 3.27 2.97 0.27
0.05 3.8520(8) 3.26 2.96 0.25
0.1 3.8342(13 3.28 2.96 0.25

tributed to some inadvertent aluminum doping due to thestructures, with an &” parameter which slightly decreased
LaAlO; substrate, heated at 900 °C during the film processwith increasing Al concentration: at a maximuxs=0.1, a

ing. We found such a hypothesis quite plausible for two rea9.6% reduction in the &” value was found with respect to
sons: first, the diamagnetic &l is expected to abate the the Al-free compound. Thed” values as a function ok are
properties of the magnetic oxides, in line with the experi-summarized in Table I. No traces of secondary phases were
mental data presented by the authors, and, secondly, the rgetectable, within the sensitivity limits of the experiméat
sulting enhancement of the magnetotransport characteristi¢gy percent

fulfills the general trend previously mentioned. In order 0 The Mn average oxidation state was determined by iodo-
get insights into such phenomena, we systematically investixeric titrations, with a dead-stop end point amperometric
gated the LgesCap 3dVIn;_(AlOy system, with 8x=<0.1. etection'® Details of the chemical process will be reported

Special attention was paid to the materials preparation an Isewheré’ Results are shown in Table I: the measurement

th? an_neallng procedure, and to the contrql of the actual I\/"Peproducibility was better than 0.01. Also summarized in
oxidation state. We assumed, in fact, that if such paramete

4
were kept constant in all samples, the ferromagnetic orderinl:ﬁapIe | are th_e data relevant to oxygen and,"Maoncen
ation per unit formula. Oxygen stoichiometry was calcu-

temperature, as well as the resistivity and the magnetoresigr— db . ) . d 2
tance, were controlled only by the Al concentration. This at€d by assuming no cation vacancies and constana

allowed us to correlate the magnetic, transport, and magné)’-J“ valences. for calcium and for lanthanum and aluminum
totransport characteristics in a series of compounds with corlOnS: respectively. The M content was calculated from the
stant Mn oxidation. On the basis of such findings we formu-nominal cation stoichiometry and the average Mn oxidation
lated a phenomenological model for explaining ourState. o -

experimental results, which is also consistent with a large Magnetization and susceptibility measurements as a func-
part of the literature. It further provides a possible interpre-tion of temperature and magnetic field were performed in a

tation of the general materials features pointed oufija vibrating sample magnetometer: temperature intervals were
(iv). between 78 and 300 K and between 78 and 700 K, respec-

tively; the magnetic field was<19 kOe. Magnetization was
determined on specimens containing precisely weighted
powders, embedded in an epoxidic resin.

Lag 6Cap 3dMIN; - AlLO, compounds withx=0, 0.01, The transport and magnetotransport characteristics were
0.05, and 0.1 were prepared by solid state reactions dfétermined by the van der Pauw method, over a 78-300 K
La,0;, Al,O;, CaCQ, and MnCQxnH,O. Commercial tempergture range, anq in a maximum magnetlc fidia '
La,0, (99.99% was heated overnight at 1000 °C, in order to KO€. Disk-shaped specimens, 0.1 cm thick and 0.5 cm in
dehydrate before weighing; the exact concentration of Mn irfi@meter, were used. Four silver epoxidic resin dots were
MnCO;xnH,O was determined by a complexometric titra-
tion. Stoichiometric amounts of reagents were homogenized
and milled under ethanol, in an agate container, hand-pressed
in alumina crucibles and heated for a total of 100—150 h at G
1200 °C, in air. Intermediate cooling and mechanical grind- % E\O

=

EXPERIMENTAL

100 300

T (K)

ing steps were repeated in order to get an accurate homog-
enization and complete reaction. Pellets of 5 mm in diameter
and 1 mm in height were produced by unidirectional press- i N
ing; they were sintered at 1200 °C and furnace cooled in air. [ T~ 1
The specimen density was determined from the pellet ' ]
weight and dimensions: it resulted to b€70% of the theo-
retical value. , e
Lattice parameters were measured from a least-squares 0 0.06 0.12
fitting to the relevant diffraction lines in x-ray powder dif- X
fraction experiments, carried out on a Siemens D-500 dif-
fractometer, with a CuKa radiation, in steps of 0.05°, be- FIG. 2. Experimental and calculated saturation magnetization
tween 20° and 60°. All compounds exhibited cubicandT, of LaggCa3dMn;_4Al,Oy vs aluminum concentratior.
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FIG. 3. Magnetization at
Lag 6Ca 3Mn; ,ALO, (A: x=0; O: x=0.01; @: x=0.05; [1:
x=0.1).

placed on the disk in order to improve the contact conduc-

tivity.
RESULTS AND DISCUSSION

The saturation magnetizatidfl g and the Curie tempera-
ture T of Lay Cay 3Mn; Al O, are reported in Fig. 2, as
a function ofx. They both regularly decrease wit) from
x=0tox=0.05; in the case dfl g, the experimental data are

consistent with the values calculated by considering only the

spin contribution in the MA™ and Mrf" ions. With respect

to such a series, the 10%Al-doped compound exhibits both a

more reducedM g as well as a highef, than the expected
ones. Data relevant to the magnetization at condtantl9
kOe, M4, and to the reciprocal susceptibility,xl/are re-
ported in Figs. 3 and 4, respectively, verdusfor different

Al concentrations. Also in view of such characteristics, the
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peculiar behavior of the 10%Al-doped compound is evident,
when compared to the undoped and to 1% and 5% Al-doped FIG. 5. Experimentalpyt (filled symbolg and p;gr (empty

materials. In particulaM 14 is abnormally low; it exhibits a
unique dependence OR, thus it is quite problematical to

symbolg vs temperature in LgsCay 3dMn; Al O, (different x).
The continuous lines represgnyt calculated according to E¢G).

identify the ferromagnetic to paramagnetic transition tem-

perature, and it does not annihilateTat T,. Such aM vs T
behavior, which we observed alsobt 19 kOe, has already
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FIG. 4. 1k vs temperature in LgCéasMn; ,ALO, (A:
x=0; O: x=0.01; ®: x=0.05;: x=0.1).

been mentioned by other authdras far as the 1y depen-
dence on temperature is concerned, it linearly decreases by
decreasingT in 0-5% Al-doped materials, while in the
10%Al-doped compound it exhibits significant slope varia-
tions, which seem to suggest the presence of different phases
with varying T... In Figs. 5 and 6 the resistivity vs tempera-
ture atH=0 (py1) and atH=19 kOe(p;971) and Aplp [i.e.,
(po1-P197)/ P1o7] Are reported, respectively. In samples with
x=0, 0.01, 0.05p,1 max occurs atT=T;. pyr min and

por Max, as well asAplp, increase with decreasing..

p1oT Max occurs at a temperature higher than that corre-
sponding topy + max, thus suggesting that the magnetic field
improves the ferromagnetic interaction.

In order to understand this we think that two main points
must be investigatedi) the carrier scattering dependence on
the magnetic spin ordédMSO) as a function of temperature
and magnetic field; andi) the p dependence on the intrinsic
magnetic characteristidg, strongly increases with decreas-
ing T.).

As far as point(i) is concerned, we assume, as a working
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FIG. 8. Magnetization aH;;—0 andH=19 kOe and the rel-
FIG. 6. Aplp percent vs temperature in . gCa 3gVny _,Al, O, evant f'(H,T) [Eq. 4] S temperature in
(A: x=0; O: x=0.01; ®: x=0.05;: x=0.1). Lag gCay 3qMNg 9oAl 9.0102 97 The Mg line represents the saturation
magnetization extrapolated at 0 K.
hypothesis, thap,, + can be expressed as
der variation due to the application of the magnetic field after
por=pod1+f(T)] (1) technical saturation is reached. Thus, the simplest macro-
scopic function related to MSO variation can be expressed as
(My 1/Mg)—(My1/Mg), whereM, 1 indicates the magne-
pur=pod 1+f(T)f'(H,T)] (2) tization atH field, M1 represents the technical saturation at
internal field,H;,,—0, andM g the intrinsic saturation mag-
underH field, where py, represents the resistivity in the netization. Furthermore, becaugeis proportional to the
unperturbed statéT=0 K and H=0), f(T) is the function = magnetic disorder, we expressed it as
describing thep dependence on temperature, d&n(H,T) is
the temperature-dependent function describing the magnetic poof (T)=K(T)(1—Mq7/Msg) (©)]
spin order(MSO) variation induced by the magnetic field. In 44
order to select the most appropridtg€H,T) it is necessary
to establish if MSO, responsible for the magnetic scattering, poof (M (H,T)=k(T)(1-My 1/Mg) 3)
depends on the average angle between moments of adjacent . :
atoms and/or on the macroscopic order connected with th mere(l_MHvT/MS) is the function we choose to represent

magnetic domain and with the domain boundaries. To clarif)}_ e spin disord_er, as a funct@on O.f temperature and ma_gnetic
this we measureg and M as a function ofH at constant f|eld, andk(T_) is the pr9port|onallty constant. By substitut-
temperature and reported the relevant values in Fig. 7. The&r/‘g Eg. (3) within Eq. (3') we have

show that p slightly decreases until the magnetization FHT)=(1=Mu ~/MO/(1=Max/M 4
reaches its technical saturatiuppression of domain walls H, )_ ( _ nr/Ms) (_ or/Ms). @
and then decreases at a higher rate; correspondingly slights an example in Fig. 8 the experimental value$/fr and
increments oM occur, which can be attributed to the action Mgy, and the resulting’(19,T), calculated according to
of the applied field against the thermal motion of the mag-Ed. (4), relevant to the 1% Al-doped compound are shown.

netic momentghigh field susceptibility. Such a phenom- By substitutingf’(H,T) in Eq. (2) we have
enology suggests thatis mainly dependent on the spin or-
pH,7=pod 1+ F(T) (1 =My 1/Mg)/(1-Mqg7/Mg)],

®)

under a null magnetic field, or as

Jn o X001 and by combining Eq(5) with Eq. (1), we obtain

® X=0.05
© PH,T=PooT [(PO,T_Po,o)(l_ M H,T/MS)/(]-_ MO,T/M S)(]é)

© The values ofpy, 1 calculated according to E@¢6) atH=19
g kOe are reported in Fig. 5 and compared to the relevant
% experimental results. At low Al concentratiolx=0 and
0.0]) the two sets of data are consistent, even on a quantita-
_ tive basis; no adjusting factor has to be introduced: this sug-
o7b o i 8L gests that the functiofl—(cos#))=(1-—My {/Mg) is a con-
0 20 40 60 80 100 venient approximation for describing the dependence of
M (emu/g) resistivity on MSO in such compounds.
As far as the resistivity dependence on temperature is
FIG. 7. Normalized resistivity vs magnetization at 78 K in concerned, the relevaf{T) function, according to EqQ3),
Lag 6Cap 3Mn; Al Oy, for two differentx. can be expressed as

PPy
.
&

08|
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0.05 concentratiort® In order to explain, the measureddepen-
dence on the intrinsic magnetic properties we propose the
following phenomenologial description. According to Zéher
the carriers responsible for the conduction are those involved
in the ferromagnetic double exchange coupling, and their
number per unit volume must be proportional to the number
of ferromagnetically ordered atoms. On the other hand, the
7 antiferromagnetically ordered atoms hinder the electron mi-
gration, so that their number can be assumed to be propor-
tional to p. According to Ref. 6, the probability of the
3 Mn®"-Mn*" electron diffusion is proportional to the double
0 L v b exchange energy, which, in turn, is proportional td ., so
50 100 150 200 250 300 that p can be expressed as

TK)

o p(Qcm)

.0256

p=pol (NAINF)(T, max/T,)], ®

FIG. 9. (Resistivity at H=0 vs temperature in where NA and NF are the number of Mn atoms antiferro-
Lag 6Cap 3MN0O, g6 derived from experiments and calculated ac- magnetically and ferromagnetically coupled, respectively,

cording to Eq.(1). and T, max is T, of the material fully ferromagnetically or-
dered. In order to verify the validity of this assumption we
f(T)=[k(T)/ pool(1—Mgy1/Mg). (7) calculatedp, accordingly to Eq(8), by using the experimen-

tal values of NA, NF, and’; reported in Refs. 3, 4, and 18.

By assuming as the first approximation tkéT) is indepen- In particular we assumed NF as the ratio between the experi-
dent of T, it is possible to calculatgy r by substitutingf (T) mental and the calculated values, respectivelyMaf, at a
in Eq. (1). The resulting values are reported in Fig. 9 andgiven Mrf** concentration(Fig. 6 in Ref. 4, and NA as
they are in reasonable agreement with the experimentdll-NF). NA and NF values were then related Tg of the
curves. The discrepancy between the experimental and cafaterial with the same M concentratior{Fig. 5 in Ref. 4.
culated plots can reasonably be attributed to the fact thafhe results, represented in Fig. 1 as a continuous line, are in
factors, such as lattice dimensions and atom vibrationgieasonable agreement with the experimental values: in par-
which influence resistivity, are not temperature independentjcular, they prove that variations gfas a function ofT . as
as had been assumed. large as many orders of magnitude are justified. An exponen-

The model we have presented so far, and which is sumtal dependence gf, max onT, is also deducted from the
marized in Eq(6), however, does not properly fit the experi- data of Guptaet al,"relevant to laser ablated epitaxial films
mental data fopy, 1 in 5% Al-doped materiglFig. 5(c)], and  of La,MnO;_; (0.67<x<1), and from those of Jet al,?°
it is quite inadequate in the case of 10%Al-doped manganiteelevant to bulk LggBa, 3aMn0O, (2.85<z<3). Both groups
[Fig. 5(d)]. This is reasonable considering that compoundsalso stress that th€; decreasing is always accompanied by
with low ferromagnetic ordering temperatuf€.<<220 K)  significant reduction ofM in the manganites. These data
exhibit very large magnetoresistance effects pgig, ratios, seem to support the hypothesis that the resistivity of the ma-
thus requiring an order functioff (H,T) approaching zero. terial is related to the intrinsic magnetic order, i.e., the rela-
On the contrary, in compounds with loW, the magnetiza- tive amount of ferro- and antiferromagnetic aligned spins.
tion, My, 1, atH#0 and afT~T, is lower than the saturation This description also accounts for the experimental data rel-
at 0 K. As a consequendd—M /Mg)>0, and because evant to the dependencedp/p onT at T~T, (many orders
(1-My1/Mg)=<1, f'(H,T) never approaches 0. For such of magnitud¢: at T~T,, in fact, the exchange interactions
systems different mechanisms must then be hypothesized ftecome less effective due to the thermal energy; thus the
explaining the exponential dependencepobn T, and its  action of an applied magnetic field can induce a reorientation
collapse under the action of the magnetic field. transition of the antiferromagnetically aligned spins to a fer-

On the other hand, we have already pointed out that theomagnetic state. On the other hand, a reorientation phenom-
magnetic characteristics of manganites do not change at enon, even if modest, significantly modifies the NA/NF ratio,
constant rate as a function of dopant concentratiigs. 2, and, proportionallyp, according to Eq(8). The possibility
3, and 4, when the Al level is increased. A reasonable hy-of a field-activated reorientation transition was already sug-
pothesis for explaining such phenomena is that the Al dopingiested by von Helmolet al® and it is consistent with the
weakens the ferromagnetic double exchange coupling post@xperimental data of Guo-Qiangetal,*?> for the
lated by ZeneP, although it still dominates at=0.01. With  Lay <Ca, sMnO,; compound.
increasing Al concentration, i.ex=0.05 and 0.1, an antifer- Finally, we want to mention the results of &tal“=" and
romagnetic spin order arises and coexists with the ferromage point out how they can be interpreted within the frame-
netic one. A similar mechanism may also account for thework of our description. These authors, in fact, present some
experimental data relevant to Ca-doped La-Mn perovskitesexperimental evidence of significaptvariation induced by
which exhibit a significant reduction &fl when Ca concen- the application of a magnetic field before reaching technical
tration is reduced from 33 to 096" In such compounds the saturation; this could seem to be in disagreement with our
coexistence of ferro- and antiferromagnetic interactions hadata. The Ju experiments indeed were done on a fully ferro-
indeed been proved on the basis of neutron diffraction exmagnetically ordered system at a very low temperaflire4
periments, carried out as a function of temperature and CK), where almost null magnetic scattering inside domains is

IZO
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expected; under such conditions the scattering induced byain magnetic parameter affecting the transport and magne-
the spin misalignment at the domain wall boundary becomesotransport properties. We propose different phenomenologi-
predominant and can produce macroscopic effects. These peal approaches to explain the relationship between magnetic
culiar conditions no longer exist at higher temperature and/ond transport characteristics, which respectively apply in the
in partially antiferromagnetically ordered systems, where thegse of fully ferromagnetically ordered materialg€RT),
scattering inside domains is predominant and masks thgy for mixed ordered compound3 (<RT). In the first case

magnetic effects at the domain boundaries. the correlation betweep and macroscopic magnetic proper-
ties is expressed in E¢6), which guantitatively accounts for
CONCLUSIONS the p dependence on the spin order as a function of tempera-

The analysis of the experimental data presented in thiture and magnetic field. In the second case our interpretation
work as well as that of numerous independent groups ingilS based on the assumption that the ratio between antiferro-

cate that the intrinsic characteristics of La-Mn perovskites2nd ferromagnetic coupled atoms determines the transport
(T¢,M,p) show recurrent relationships, i.e., the resistivitycharactenstlcs of the materials. We expressed such a rela-
andAplp increase ad . and magnetization decrease. Such ationship in Eq.(8), which well fits the experimental data
behavior has been observed in different compounds, indéFig. 1). In this case we also suggest that the large magne-
pendently of the method used for controlling the materialgoresistive effect, observed @tapproachingrl., can be ex-
characteristics, i.e., Ca doping,oxygen stoichiometry at plained by assuming that the applied field induces a spin
fixed Ca doping® La vacances® pressuré! Al doping reorientation, which strongly modifies the number of free
(present study In particular, the spin order seems to be thecarriers and their intrinsic mobility.
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