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Angle-resolved magnetic and transport properties
of Prg7SrosMnQOj thin films

J. Wolfman,® W. Prellier, Ch. Simon, and B. Mercey
Laboratoire Crismat, UMR CNRS 6508, ISMRA, Bd dé' Nuin 14050, Caen cedex, France

In this communication, the variation of the resistance and of the magnetization with respect to the
angle between the applied magnetic field and the substrate normal is discussed,f3rgaMnO;

thin film at 30 K. An angular hysteresis is observed for these properties and this behavior is
correlated with the magnetic domain wall motion. It is shown that the nhumber of domain walls is
controlled through the rotation of the applied magnetic field, and that these domain walls play an
important part in the colossal magnetoresistance behavior of these films. Furthermore, a model
describing the reversal of the magnetization with the rotation of the magnetic field has been
developed. This model enables one to extract the dependence of the resistance upon the direction of
the magnetization with respect to the crystalline axis. 1€98 American Institute of Physics.
[S0021-897€08)52511-X]

Manganese perovskites exhibiting colossal magnetore- Electrical measurements, registered by the four-probe
sistance(CMR) have drawn large interest these last fewmethod along thgl00] direction of LaAlQ;, evidence a tran-
years, particularly for the realization of thin films with tech- sition from an activated stateE(=108 meV) to a metallic
nological applicability'> However, the microscopic mecha- state aff =240 K as the temperature is decreased. This tran-
nism of CMR is not clearly established. The double ex-sition is correlated with the onset of ferromagnetic ordering
change (DE) interaction> which has been classically at To=252 K. These temperatures are comparable to those
involved to explain CMR, relates the hopping rate ofegn  observed in bulk materialsT¢=259 K).” A magnetic field
hole between two Mn sites to the angle between the respeof 70 kG, applied in the plane of the film and perpendicular
tive moments of these Mn sites. Yet this interaction does noto the current, gives rise to a CMRRy /Ry« of 400% at
consider the direction of the moments with respect to ther=200 K. The spontaneous magnetization of this composi-
hopping directior(i.e., the local current directiomor to the  tion has been reported to be 564 emuiah 5 K (neutron
crystalline direction. Ecksteiat al. have showhthat the re- diffraction’), i.e., locally, the magnetic moments are almost
sistivity of a La gCa 3qMnO; thin film depends upon the completely polarized. The maximum magnetization mea-
angle between the in-plane applied magnetic field and theured was 426 emu/chin a magnetic field of 17 kG at 5 K,
current direction. They have compared this effect to thesvidencing the existence of magnetic domains.
anomalous magnetoresistari@eMR) observed in metal thin Magnetic and transport measurements presented below,
films. However, this resistivity variation could also be re- were made at a constant field moduBisand at 30 K. The
lated to the direction of the Mn moments with respect to thedirection of B was varied inside a plane containing the sub-
crystalline axis. In order to investigate this possibility, we strate[010] direction and the substrate norm&.i(l). Og,
have carried out magnetic and transport measurements ondafined as the angle between tBedirection and the sub-
Pry.7S1p.aMNnO; thin film, while varying the direction of the strate normal, was varied from90° to +90°. Furthermore,
applied magnetic field3, with respect to the crystalline axis, transport measurements were mad@asvas varied back to
and keepingB perpendicular to the current direction. —90°.

In situannealed Ry7Sry 3VMnOs thin films were grown on The ®g dependence of the resistance and of the magne-
LaAlO; substrates by pulsed laser deposition. The microtization are given in Figs. 1 and 2, respectively, and will be
structure has been investigated by x-ray diffraction and transdiscussed together. It should be noted that the measured
mission electron microscopyT EM), and is discussed, with  magnetic moment, herein callédll (see Fig. 2, is the com-
respect to the growth conditions, in details elsewReF&EM ponent of the global mome along theB direction. Thus,
has evidenced that the films crystallize epitaxially and withif ©,, is defined as the angle betwebh and the substrate
the space group Pbnm. The growth axis is in[th&0] direc-  normal, MIl=M cos@y—®g). The observed decrease of
tion (a~b~v2 a,) and thec axis is in the plane of the film M|l at low fields[Fig. 2(b)] results from two effects. First, as
(c~2a,). The pseudocubic structure of this material, iden-M rotates out of the plane of the film, the internal fiedg
tical to that obtained by rf sputteriffggives rise to the co- decreases due to the increase of the demagnetizingHigld
existence of domains with perpendiculaexis. The thick- [Hy=47M cos@®,)], leading to a decrease M. Second,
ness of the films was determined to be 700@rdechanical asB rotates out of the planéyl tends to followB, but is
step measurement delayed with respect t® owing to Hy, increasing®,,
—0g. At 600 G[Fig. 1(a)], the resistance presents a large
3Author to whom correspondence should be addressed; electronic mailySteresis and two maximum. FBr=2500 G the hysteresis
wolfman@crismat.ismra.fr tends to be restricted arourtdlz=0°. For a furtherB in-

0021-8979/98/83(11)/7186/3/$15.00 7186 © 1998 American Institute of Physics

Downloaded 01 Oct 2003 to 193.52.223.65. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Wolfman et al. 7187

] 66 ¥ I T T Ll T I T T T T I-II:I:III I-l—
875 : ; 65.2 [T
66.8 ; : : 1]
| 65 - -
66.4 -1 — : 65.0 -|||||||||-::
65.8 ¥ N 3500 70001
65.6 | ] v 64 | .
S 65.5 | ] i :
~ 65.4 . i i
s : :_ 63 [ -
64.2 | . i ]
641 Z::i:::::i:::::i:::::i:::::;::.::;:::::ié NSRS ISR BN BRI N
62.8 - ] 5000 10000 15000 20000
62.7 ::':::::'s::::':::::':::::':::::It:::f:l' H, (Gauss)
56.8 - - _
+ g 1 FIG. 3. H, dependence of the resistance extracted fromR{@g) curves
56.6 bt Lisia, | Losss, P Loties Ll (solid lineg in an applied of (from bottom to top: 20 kG, 15 kG, 12.5 kG,
_ 10.5 kG, 8.5 kG, 7.5 kG. In inselB=7.5 kG. Al h iR(H) whil
90-60-30 0 30 60 90 H is ramped fron 0 G to 7%IE(SSEand>ack to 0 (E?Iirsle(sw\\/l\;;t;] d(ots)) i\:1v tlhz
GB (d €g ree) plane of the film.

FIG. 1. ® dependence of the resistance in an applied magnetic field equal
to (a) 600 G, (b) 2.5 kG, (c) 4.5 kG, (d) 5.5 kG, (e) 12.5 kG,(f) 20 kG, and ~ set up described abovkl, is about 4000 G foB=7500 G

() 60 kG. and®,,=0 [see Fig. ) for ®z=—90], leading to an in-
ternal field of about 3500 G.

To establish the correlation betweéh, and Og at a
fixed applied field, we have developed a model describing
M(®3), which takes into account the applied fieh] the
demagnetizing fieldHy, and the magnetocrystalline energy.

not appear foP s =0 denotes thal is delayed with respect The magnetization was assumed to be homogeneous to de-

to B. A decrease of the resistance is also observedBfor fine Hy. Furthermore, we assumed tidtis pointing in the
>4500 G aroundd=45° and 0°. FoiB>7000 G, the re- direction of the internal fieldH; (H;=B+Hg). The total
sistance is reversible with respect @ . The revérsibility energy _iS minimized in a step-by-step caIcuIatipn, varyi.ng
(or the irreversibility of R(®5) uponB can be accounted for ®g. This model does not account for hysteresm. bghawor,
by the magnetic domain wall motion. TI(B) curve at 30 and was then used f@>7000 G. A detailed description of

K with Bl to the film (not shown indeed presents hysteresis the model will be qulished elsewhere. The calc'u'lations re-
of the magnetization foB<3500 G. This hysteresis, due to S!Jlt ina gc_>od quantitative agreement as exe_m_pllfled by that
domain wall motion, is thus reversiblgrreversiblg for B displayed in Fig. Asolid lines. Thus, the variation 0By

>3500 G B<3500G). In the out-of-plane magnetic field andH; as functions 0f®3 can be calculated by this model.
We have represented the variation of the resistance ex-

tracted from theR(®3) curves as a function dfl; in Fig. 3
- (the minimumH; is for ®3=0 and corresponds to the maxi-
mum Hy). Figure 3 also displays the variation of the resis-
tance upon a magnetic field [R(H)], while the latter is
applied along thd010] direction of the substraté.e., H;
=H), and ramped from O to 70 kG and back to 0 G. It
appears that the resistance extracted fromRf@g) curves
are much less sensitive t#, than isR(H). R(H) is hyster-
etic, resulting from a different magnetic state before and after
the application of a 70 kG field: the number of magnetic
, domains can be assumed to be different, giving rise to an
TR RVREN RS MR B B increasddecreasgof the scattering rate of the carriers as the
—90—-60-30 0 30 60 90 number of domain walls increasédecreases The .R(Hi)
0 (degree) curves deduced from thB(®g) curves are reversible and
B join the two branches of thR(H) curve asH; varies. This
FIG. 2. , dependence | (see text for B—20 kG (a) andB—7.5 kG indicates a nucleation of magnetic domains Msrotf?\tes
(b) (circles accompanied by the correspondent fisslid line9 from the ~ T0OM @y =0 to ®=90. The dependence of the resistance
model (see text uponH; (see the inset of Fig.)3esults from the onset of two

creasdFigs. 1c) and 1d)], a hysteresis develops for higher
O3, the resistance maximum moving towa@k=0. The
maximum of resistance are expected to arisblas perpen-
dicular to the substrat@naximumHy,). The fact that they do
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antagonist effects. A8l rotates from®,,=90 to®,,=0, H; IR BRLRLEN LI LA L L

decreases, giving rise to a slight decreasklof-rom the DE

point of view, decreasinil leads to a decrease of the hop- 1.000

ping rate, i.e., an increase of the resistance. However, it has

been shown that, during the same rotatidh,(=90—0 $ 0.999

=0), the number of domain walls decreases, tending to de- n

crease the resistance. The competition between the decrease . © 4 ggg
. . x 0.

of bothM and the number of domain walls explains the not  ~

monotonous variation dR uponH;. TheR(®g= *90) val- o

ues are systematically higher than fRgH) values from the 0.997

upper branch(field increasing and can be accounted for by

the existence of a larger number of magnetic domain walls, 0.996

since theR(®g) curves were registered one after the other, PP PR TR AU BN B

increasingB. SinceR is not monotonous iH;, it appears —-90—-60~30 0 30 60 90

thatH; is not the primary factor in determining(®g). ) (deg ree) *

To investigate thé®,, dependence of the resistance, we M

hgve plotted in Fig. 4 the normallz_eR((E)_ m) curves for four FIG. 4. ®, dependence of the resistance extracted fronR{®;) curves,

different B. These curves are field independent 0%,  normalized toR(®5=—90°), in an applied of: 7.5 kG (triangles, 12.5

=60° and diverge for lowe® ), values. Because of the co- kG (circles, 20 kG (solid ling) and 60 kG(squarek

existence of magnetic domains, there is some deviation of

the local magnetic moment directioi®(,) with respect to

the global moment direction®,): ©,, is then the spatial UPoNM as follows: the resistance is maximum wHdnis in

average value of th® . In a plot displaying the total en- the film plane and is minimum wheM is perpendicular to

ergy as a function O®M for a fixed@)B, there appears two the film. At lower ﬁE|dS, the fluctuations (ﬁm arOUnd@M

local minima with a difference energyE. The probability  imply the creation of magnetic domain walls which take part

of a local moment direction to shift from one local minimum in the observed increase of the resistance ardige O (in-

to the other is related tdE: the lower AE is, the more Set of Fig. 3. Finally, it has been shown that AMR is not the

eas”y@m shifts (AE has to be Compared to the energy Costonly aniSOtrOpiC effect involved in CMR thin films; the re-

E,, of a domain nucleation The calculation shows that as Sistance also depends upon the direction of the magnetization

0 decreasesAE decreases and minimizes forg=0. Lo-  With respect to the crystalline axis.

cal magnetic direction fluctuations are then favored by a de-

crease 0@ (which implies a decrease 6fy). For a fixed 1R. M. Kusters, J. Singleton, D. A. Keon, R. M. Greedy, and W. Hayes,
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AE is. In the field independent part of tiR§®,) curves, the  2S.Jin, H. M. O'Bryan, T. H. Tiefel, M. Mc Cormack, and W. W. Rhodes,

deviations of®, around®y, are negligible, which implies 3’;%’)': gzyé'ehigf,ebiii.%gagié 1411960,

thatAE is large compared t&,. For@g<60°, theR(®y) 4l. Bozovic, J. N. Eckstein, J. O’Donnell, M. Onellion, and M. S.

curves separate, and their different shapes are thus due t@®zchowski, Appl. Phys. Let69, 9 (1996.

different AE (for a fixed®g and®,,) owing to the different ~ °J. Wolfman, W. Prellier, B. Mercey, and Ch. Sim@mpublishedt
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