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Magnetic spectroscopy and characterization of La  45Pbg 35MNO5

M. I. Chipara, S. Adenwalla,? P. A. Dowben, Qin Lan Xu, Sy-Hwang Liou,

and R. Shoemaker

Department of Physics and Astronomy and the Center for Materials Research and Analysis, Behlen
Laboratory of Physics, University of Nebraska, Lincoln, Nebraska 68500-0111

Crystalline films of L@ gsPhy3gMnO; grown on Si(100) substrates by rf sputtering have been
investigated by ferromagnetic resonance and MOKE. The dependence of the ferromagnetic
resonance line parameters on the sample orientation and temperature is investigated. An expression
for the angular dependence of the resonance field on the orientation of the sample is proposed, based
on the assumption that close to the Curie temperature the Zeeman and demagnetizing terms are
dominant. MOKE data support this hypothesis. The temperature dependence of the magnetization at
saturation, in relative units, estimated from ferromagnetic resonance agrees with SQUID data.
© 2000 American Institute of Physids$0021-89780)67008-1

INTRODUCTION 0y with the normal to the plane of the sampld00] and
In recent years there has been a dramatic rebirth of inLOlO]) and 0 represents the angle between the magnetization

terest in transition metal oxides, and many intriguing phe—Of the sample and the normal to the plane of the film. In the

nomena have been discoveredThe driving force behind absence of the external magnetic field orif=90°, the

these phenomena lies in the coupling between charge, sp eagennedt:azr?éfrc])fhilswlg tshzglir:ﬁ ggt&is"i}mﬁ:&é‘;h&e ox.
and lattice degrees of freedom. P P 9

Most studies on perovskites using ferromagnetic reso'Eernal magnetic fieldi and the plane of the sample, is rep-

nance(FMR) were performed on powdets® FMR inves- :esenéedhlin hFlg' 1,[' Thel posmor; o]f. tlhde FM?h line is tSTftedf
tigations on thin films of perovskites were usually restricted owards higher external magnetic Tields as the orientation o

. . : . .the sample is changed from the in-plane configuratién (
to the parallel and perpendicular orientations. The aim of this_ 90°) to the out-of-plane configuratiom§—0°). A second

contribution is a detailed study concerning the angular de- .
y 9 9 trong and narrow resonance has been noticed onlyjor

endence of FMR spectra on a crystalline epitaxial sample o? . T .
Ea Pb,_ MnO peroSSkite Y P P close to zerd. We ascribe this line to magnetostatitand-
X —X 3 .

ing spin wave resonangeodes. The FMR spectrum and the
first magnetostatic modes were recorded only close to the
EXPERIMENT Curie temperature as our spectrometer is limited to magnetic

Crystalline films of Lg gPhy 3gMNO; were grown on Si  fields of about 1 T.
(100) by rf Sputtering in a 4:1 argon/oxygen atmosphere The fOIIOWing terms contribute to the free ener@(,Of
maintained at 15 mTorr. The bulk chemical composition ofa ferromagnetic sampfe,”?
the films was determined from energy dispersive analysis of
X-ray emission spectroscopy. The films were subsequently
annealed at 873 K in an oxygen atmosphere of 2 atm at 1173
K for 5 h in order to improve the compositional homogeneity
of the samples. The thickness of the glgPky3MNO; 0
sample is nominally Jum.

The samples were studied by FMR using a Bruker
D-200 spectrometer operating in tieband(~9 GHz. The
dependence of resonance line parametfgiree position, 9 150 ;T
shape and widthon the angle between the external field and =.§ "\ —
the plane of the sample as well the temperature dependenc =
was studied. The magnetic hysteresis loops were measured ¢ & o~ W
room temperature by MOKE. 5 -

~

=]

=1
]
]

RESULTS AND DISCUSSION

The experimental data indicate a strong dependence of T T I T I T I
the resonance line position and width on the orientation of 2000 4000 6000 8000
the film. The external magnetic field is applied at an angle MAGNETIC FIELD (G)

FIG. 1. FMR spectra at various angles between the external magnetic field
dAuthor to whom correspondence should be addressed, electronic maiind the normal to the plane of the sample=<313 K). The orientation of
sadenwal@unlinfo.unl.edu; Fax: 402-472-2879 the magnetic field and magnetization is given in the inset.
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tion of the resonance line, the effective magnetization and
the effective fieldH . may be estimatetf~°

w)? 152 2
1004 Q — =(Hgp) =(H_.—47Mep)*,
_A % D D ‘y =0
&5 = 4)
< 075+ % w)? .
3 oA a ~ = (He)“=H(Hy+4mMeg),
e Ooo Y] o=
= 050
= Ooo whereH, andH, are the resonance field for the out-of-plane
s’ OC% and in-plane configurations, respectival§,s is an effective
0.25 4 A magnetization I ¢=Mg— 2K, /(47mMg)) which may contain
' ' A a contribution from the magnetocrystalline anisotropy. This
300 325 350 equation, initially developed for Co film$has been derived
TEMPERATURE (K ) supposing a uniaxial perpendicular anisotropy. The equation

has been used in the discussion of FMR data on

FIG.dZ.l)Tr;ths:gper%tuC:e Qe%e?dencFeMoFg tge relatjve miag_rz;iszatié)?g))as mepa, «Bag 3MNO, 14 Eor Héﬁ:Hlﬁ,13’14 taking into account
sured by and derived from ata using relatiof)san , _ 14 . . _
respectively.(O) represents the relative magnetization, as measured b)}hat Y 27Tg'U“B/h' Where'U‘B is the electronic Bohr mag

SQUID, (CJ) is the relative magnetization, estimated from FMR data usingneton anch is the Planck constant, E¢4) allows the esti-
Eq. (4), and(A) represents the relative magnetization, obtained from FMRmation of theM .z and of the effectivey value, gef .
i 5 . et o e e e Dcoe  Th rlation btveen (e, a esimated fom PR
cf)nf’iguratior). The line i)s, only a guide to tr{e eye. using Eq.(4), and Mg, as melilsurgd by SQUID, has been
analyzed for LggBay 3qVInO, .~ Using the same approach,
we represented in Fig. 2, the temperature dependence of the
relative magnetizatiorat saturation and effective, respec-
E=—MH +Ky(afioqa 010+ @f100@ o0+ @forg@fooy)  tively). The agreement between the data calculated from
s 2 o 2 FMR data and the data obtained by SQUID is not very good.
+Ka(afi092{ 100 00g) + (NpooyMiooy The result is explained by the discrepancy betwbbnand
2 2 Mg, .., Mgg—Mg and is due to the termK; /Mg which
* NiogMios+ NizogMizon) - @ contains the effect of both the demagnetizing term and the
The first term is the Zeeman energy, the next two refleciagnetocrystalline anisotropy perpendicular to the plane of
the contribution of the cubic magnetocrystalline anisotropythe film. For thin films of Lg gBag 3dMnO,, Loflandet al*
and the last is associated with demagnetizing effédtss  reported that the temperature dependenck ofis not mo-
the magnetizatiorti is the intensity of the applied magnetic notonous, presenting an extremum below Curie temperature.
field, K; andK; are the first and, respectively, the secondThey ascribetf this behavior to magnetostriction. Hence we
order cubic magnetocrystalline anisotropy constants,@&nd conclude that in our samples the strains are not negligibles,
(i=[100],[010],[001]) are the direction cosines of the mag- as there is a lattice mismatch between the film and the sub-
netization with respect to the coordinate axes. 1). In the  strate. Using Eq(4) we were not able to obtain reasonable
derivation of(1), only the diagonal components of the de- values forH., which is expected to be around 3500 G
magnetizing tensor N (N;=N;, where i=[100], (close tog=2.00 above 360 K, as the sample undergoes a
[010],[001]) were considered. We have chosen @&axis  transition from ferromagnetism to paramagnetism. This is
along the growth direction of the filiftalong the[001] axis).  expected as in Eq4), M o# Ms.

The position of the resonance line is estimated usitfg We postulate that the dependence of the FMR spectrum
(w)z He 1 (&ZE)((;ZE) ( 9E ﬂ gn thee.andgleaﬂ dtercljott)edﬂ?séhe out—of—pdlanr:aagggular dtgpen—
—| =Hg= - — || === | =] | ence is dominated by the Zeeman and s magnetiz-
Y M=sin 0o | 9671 ¢ 906¢ ing) terms. For ferromagnetic thin films, the dominant con-
tribution to the demagnetizing field is due W[y -
JE B JE B However, this term may include an axial out-of-plane contri-
90 . =0, @ - (3) bution due to the magnetocrystalline anisotropy. Under these
=0 ?=%0

circumstances, the equilibrium orientation of the magnetiza-
The derivatives of the free energy are estimated at equition corresponds tay= ¢, as the in-plane anisotropy is
librium (6= 6y, ¢=¢g). In our caseM is equal to the mag- neglected.
netization at saturatiorM g, as the coercive field at room For the out-of-plane orientation, a slight misalignment
temperature is of the order of G and the lowest resonance between the magnetic field and sample’s magnetization has
field is above 2000 G. The in-plane magnetic hysteresi®een introduced supposirly= 64+ ¢. Based on the results
loops obtained by MOKE indicate that the effect of the in- obtained by MOKE, which indicate that the magnetocrystal-
plane magnetocrystalline anisotropy at room temperature, ine anisotropy is of the order of 1610 G, and taking into
smaller than 19G (see the inset of Fig.)2Hence this con- account that within the ferromagnetic to paramagnetic tran-
tribution to the FMR spectrum is negligible. From the posi- sition range the contribution of the magnetization at satura-
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tion of the resonance field corresponding to the in-plane and
3500 + ) - out-of-plane configuration is proposed, postulating that the
{ FREE ELECTRON ( g=2.00) Zeeman an_d d_emagnetizing terms govern thg eyolution of
3250 o the magnetization, and supposing that the misalignment of
the magnetization relative to the external magnetic field is
. 1 o very small. It is suggested that these equations may be used
© 3000 - in the discussion of FMR data on soft magnetic films. The
e magnetic hysteresis curves obtained by MOKE spectroscopy
o indicate that the in-plane magnetocrystalline anisotropy is
2750 1 small, supporting the above-mentioned hypothesis. From the
| resonance fields corresponding to the in-plane and out-of-
plane configurations, we have estimated the magnetization at
saturation and the effective magnetic field. The temperature
dependence of the magnetization, in relative units, is in good
agreement with the data obtained by magnetic measurements
(SQUID). The small discrepancies may be due to the fact
FIG. 3. The temperature dependence of the effective field, estimated frofhat we have neglected all magnetocrystalline anisotropy and
FMR data, using Eq(5). the magnetostriction contributions. The temperature depen-
dence of the effective field is compatible with a Curie tem-

L . . .. perature of about 360 K.
tion is small in comparison to the external magnetic field

(which is larger than 2000 Gwe concluded thak is very
small. Hence, we have found the following expressions for

Heff

2500 + O

T T
340 360

TEMPERATURE (K )

T
320

H, andH, ,
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