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We have compared a single layer of (Ba;MnO; and a trilayer structure of
SrTiOy/Lay Bay ;MnO4/SITiO;, both grown epitaxially on a LaAlQsubstrate, using information
obtained by ferromagnetic resonan€EMR). The trilayer samples have a more uniform
magnetization and are not susceptible to environmental degradation. This may be due to the strain
relief that the buffer SrTiQlayer provides for the LgBa, sMnO; layer. We have also studied the
magnetic homogeneity of the trilayer structure as a function of the deposition temperature. The
perpendicular FMR linewidthl’, , shows a clear window in the deposition temperature where the
linewidth is <50 Oe. However, the parallel linewidth,, is nearly ten times larger thdn, with

only a weak dependence on the deposition temperature. This broadening of the parallel linewidth
compared to the perpendicular linewidth can be explained by invoking a local unidirectional
anisotropy in the plane of the film. @996 American Institute of Physics.

[S0021-89706)01416-9

I. INTRODUCTION SITiOy/LBMO/SrTiO; using information obtained by FMR.
We also study the magnetic homogeneity of the trilayer

Recently, the Mn oxide perovskite compounds of thestructure as a function of the deposition temperature. The
form (R;_,AMnO;) whereR s (La, Nd, Py andAis (Ba, trilayer samples have better uniformity in the magnetization
Ca, Sy have generated much attention due to the colossaind their microwave response does not change with time.
magnetoresistance observed in themThese compounds X.ray diffraction spectra of the trilayer samples show a
have been given so much attention since they could possiblymg|e peak from(00l) LBMO and SrTiQ, (STO) layers in-
be used for sensor applicatiohsespecially to increase data dicating that the strain relief that comes from using the
storage by increasing the sensitivity of hard disk drive reachuffer STO layer is important for uniform magnetization. For
heads’ With this in mind, many studies are being performedthe trilayer structure, we observe a range of deposition tem-
on the transport and magnetic properties of these materialperatures where the perpendicul@anagnetic field applied
MagnetoresistancéMR) of >10°% in Nd-Si, gMNOs has  perpendicular to the surface of the thin fillinewidth, T, ,
been observed at 60 K and 8(Ref. 4 and even larger MR s |ess than 50 Oe, and we observe spin wave resonances
has been reported in semiconducting L&CaMnO;.° How-  obeying Kittel's equationt® This suggests that the magneti-
ever, to be technologically applicable, sensitivities of thiszation is uniform and that this uniformity is dependent on
level are needed at room temperature and low magnetigeposition temperature. However, even in the best films the
fields® As a characterization technique, ferromagnetic resoparallel (magnetic field applied parallel to the surface of the
nance(FMR) is proving to be a very useful tool in these thin film) linewidth, I';, is nearly 10 times larger thdh, and
studies. FMR is characterized by two parameters, the resgtoes not appear to depend on the structure of the sample or
nance fieldHg, and the linewidth]". Measurement of these on the deposition temperature. We propose a model of local
two parameters yields information on the magnetization an@nidirectional anisotropy in the plane of the film, presumably
high frequency losses, respectively. The advantage of thisaused by the twinning of LaAID(LAO) and the strain-
method is that FMR can reveal inhomogeneous effects nghduced effects due to differential thermal expansion, to ex-
uncovered by other means of examination. plain the broadening df, compared td", .

In this paper, we make a comparison between a single
layer of Lg, Ba; sMnO; (LBMO) and a trilayer structure of

II. EXPERIMENT

3E|ectronic mail: chuhee@squid.umd.edu L . .
bAlso at the Department of Nuclear and Materials Engineering. The fabrication of samples was accomplished using a

°Also at the Department of Electrical Engineering. pulsed laser deposition technique. The system included a
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multiple target holder in order to achiewe situ deposition.
The laser energy density was2 J/cnf. The oxygen pressure
during deposition was 400 mTorr and was increased to 300
Torr for cool down after deposition. Two types of samples
were examined in the course of this study. The first was a
single layer of LBMO and the other was a single layer of
LBMO deposited between two layers of STO, creating a
trilayer structure. The deposition temperature was then var-
ied between 650 and 800 °C for both the trilayer and the
single layer structures. The single layer film was 1100 A and
the trilayer structure consisted of a 1600 A STO base fol-
lowed by a 1300 A layer of LBMO and a 500 A STO cap.
All films were grown on(100) single crystal LAO substrate
and no post anneals were performed on the films. L ] L
X-ray diffraction was performed on a Siemens four !
circle x-ray diffractometer. The ion channeling minimum 20 40 60 80 10
yield measurement was performed using Rutherford back- 20 (degrees)
scattering spectroscogiRBS) with a 1.5 MeV He beam ob-
tained from a 1.7 MV tandem accelerator. The EMR meaf!G- 1. (@ The x-ray diffraction6—2¢ spectrum of a trilayer sample show-
. . . ..ing no peaks other than th@®0) of LBMO and STO.(Inse) The ¢ scan
surements were made using conventional microwave cavityo,4202 1 BMO.
techniques and field modulation at 10 GHz from 77 K to
room temperature. The sample was actually placed inside the
cavity for the measurements. The magnetic field was applied
both perpendicular and parallel to the surface of the samplénterfaces. Samples which show SWR display either Portis
The measurement setup in this study is described in an eamodes(a linear dependence of the resonance field ofrthe
lier publication® mode,H,,, on the mode numben) or Kittel modes(H,, linear
in n?). The Portis modes, indicative of a parabolic spatial
dependence of the magnetization, are found in both the
single layer and trilayer samples. On the other hand, Kittel
lll. RESULTS/DISCUSSION modes, seen when the magnetization is uniform, are ob-

. . . . served only in the trilayer structure. According to the Kittel
Figure 1 shows typical x-ray diffraction spectra for the formula y y 9

trilayer samples. X-ray diffraction spectra of the single layer
and trilayer samples display an absence of other phase peaks o= 0] ArM D
in the 6—20 scan and thep scan around th€¢202) LBMO ”_;Jr N

peak, indicating that these samples exhibit single phase andh is th " tich is Planck’ tant
epitaxial growth. In thef—20 x-ray spectrum of a trilayer where y IS the gyromagnelic ratidh 1S Flanck's constant,

structure, the STO and LBM@Q) peaks coincide almost andD is th? spin wave stiffnes.s-param.eter. By measuring
exactly indicating an almost perfect lattice match betweerﬁVgR_aiggfgus te\TZ(Z;rl%tZrles, It .'tshptﬁss'blf to cﬂglculate that
the STO and the LBMO. Th¢004) peaks split enough to (0)=(150+8) me ’ S0, Wi € value olb com-

help determine that the lattice constants of the STO an@utedffl\r/lo;n Lhewlgggl PO?:' s,f.:/ve est;}r%z.itt.e thF? stpatlal c;/arla-
LBMO layers are what we expect, i.edgro=3.92 A and lon o 0 be o for the ims exhibiting Fortis modes.

diemo=3.91 A. The crystallinity of the single layer and
trilayer samples has been characterized by RBS channeling
as shown in Fig. 2. The channeling minimum yielgs,n,

are in the range of 2.5%—7% at room temperature, indicating
high crystalline quality.

Figure 3 shows an example of the FMR spectra for a
single layer of LBMO (a) and for a STO/LBMO/STO
trilayer (b) at room temperature. It is plotted as the derivative
of the power absorption with respect to magnetic figlé/
dH) as a function of applied dc magnetic field. The perpen-
dicular linewidth (the field separation between points of
maximum slopg I', , for both samples is approximately 50 _
Oe. In both kinds of structures, a single resonance can some- e S I T
times be observed as shown in Figa3 However, most -3 2 -1 0 1 2 3
films show spin wave resonancéSWR) where multiple Tilt Angle (degrees)
m.OdeS appear, as mdlcated. by a.rrO\.NS in Figo) S‘OI" a . FIG. 2. The angular channeling scan of a trilayer structure at room tempera-
trilayer structure. SWR occur in a thin film when a dc field is yre done by Rutherford backscattering spectroscopy showing a minimum
applied normal to the surface and there is spin pinning at theield of 2.5%.
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FIG. 3. The output signal for FMR measurementsl&dH vs H: (a) for a

single layer of LBMO andb) for a STO/LBMO/STO trilayer. The measure- FIG. 4. A plot of FMR signal aslP/dH vs H for STO/LBMO/STO trilayer

ments were performed at room temperature and 10 GHz with the field apat 228 K for the magnetic field appligd) parallel and(b) perpendicular to

plied perpendicular to the sample surface. the sample surface. The spin wave resonance peaks are marked by the mode
number for the perpendicular direction.

The constant magnetization, which occurs across the
LBMO layer when Kittel modes are seen in the trilayer struc-interference devicéSQUID) data. AlsoH, r andI’; are iso-
ture, is the reason for using this trilayer structure rather thatropic for field rotation in the film plane. Thus, when aver-
a single layer in our studies. As shown in Fig. 1, the LBMO aged over the entire film, the anisotropy torques are negli-
layer grown on the STO buffer has a smaller lattice mis-gible. However, if the film consists of a number of regions
match(0.3%) compared to that of the single LBMO layer on with local anisotropy energies whose symmetry axes are
a LAO substratd2.8%. Hence, the buffer STO layer elimi-
nates strain in the LBMO layer and, as a consequence, cre-
ates a uniform magnetization. Furthermore, the top layer of
STO is grown to protect the LBMO layer from environmen-
tal degradation. This degradation was observed as a time [ e
dependence of the microwave surface resistance in a single I 150 | —~Sample B
LBMO layer without the STO cap. The day after deposition 150 -
there was a 50% decrease in the microwave surface resis-
tance compared to that measured immediately after deposi- £ ]
tion. A thin layer of STO deposited on top of the LBMO § 100 |-
served to halt _this_time-varyin_g effe_ct. _ _ _ ! [ 0 o553t~ 35- 30538000

As shown in Fig. 4, there is a big difference in the line- I Temperature (K)
width of the FMR spectra when the magnetic field is applied 50 -
parallel and perpendicular to the sample surface. The broad-
ening of the FMR linewidth for the parallel direction is ob- I
served in all samples independent of the structure. A possible L :
model for this occurrence is given next. 680 690 700 71.0 720 730 0740 750 760

There are several important observations that should be Deposition Temperature (°C)

kept in mind. The values of #M eff determined from the FIG. 5. (a) The deposition temperature dependence of the minimum perpen-

resonance fielddd, g andHL,R(n:l)! usingg=2, agree With  gicular (T min) linewidth. (Insey The temperature dependence of the per-
one another as well as with the dc superconducting quantumendicular linewidthT,) for two different trilayer samples.

200 ™ T A L B BN A B

P PRI L - L
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spread uniformly over all possible orientations within thelikely. This will leave the perpendicular resonance unaf-

film plane, the parallel linewidth may be greatly enhancedfected. To model the parallel spectrum, we also assume that

This will still preserve the anisotropy ¢, r and . the anisotropy field¥{/M, have a flat distribution between 0
Thus, consider a unidirectional anisotroggosp, where and some maximum value, K{(M) .. Using the

¢ is the inclination of the local symmetry axis with respect to Landau—Lifshitz—Gilbeft equation of motion we can write

the applied field, and assume that all valueghcdre equally  for the FMR signal in the parallel configuration:

Py~ | [ LZ
g

!

V) COosp

!

—) cosp+4mM

+{H+
M

H+

depdK'’

ﬁr'
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!
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2

+I'2

wherew is the angular frequencyy the gyromagnetic ratio, special relationship with’, andI’;. However, the peak re-
andI’, the intrinsic linewidth. By using numbers appropriate sistivity is in the range 10-19 fhcm and has a similar
for LBMO and 10 GHz, i.e./y=3500 OeM=200 G, and relationship ad’; with the deposition temperature.
I',;=50 Oe, this equation is sufficient to explain all of the
observed features with a relatively small value /i) .«
of 100 Oe. Considering the occurrence of twinning in LAO |y coNCLUSION
and the strain-induced effects due to differential thermal ex-
pansions, the existence of an anisotropy of this magnitude In summary, we have achieved considerable improve-
appears reasonable. ment in magnetic homogeneity using a strain relieved, epi-
Since the films studied here cover a wide variety, that isfaxial STO/LBMO/STO trilayer structure. We observe a
some exhibit Kittel modes while others show only singlerange of deposition temperatures for the trilayer structure
lines, the FMR linewidth becomes the most telling criterionwhereI’; is less than 50 Oe, suggesting that uniformity in
for fixing the quality of a film. However, even in the best the magnetization is sensitive to the deposition temperature.
films the effects of inhomogeneities still exist. As shown in However,I'; is about ten times larger thdn, and exhibits
the inset of Fig. 5 for two trilayer samples, this is revealed byonly a weak dependence on deposition temperature, suggest-
the temperature dependence of the perpendidlilar line-  ing the important role played by a distribution of strains in
width. The peak inl"; at around 310 K originates from the the film plane. The broadening df, compared tol’, has
fact that the entire film does not have a single transitiorbeen explained by invoking a local unidirectional anisotropy
temperaturé! The increase inl", at low temperatures is whose axis is taken to be distributed uniformly in the film
most likely due to a residual nonuniformity in the plane. As noted previousfy;*?the FMR linewidth is a more
magnetizatiort! The two samples shown in the inset of Fig. exacting test of inhomogeneity than any of the conventional
5 have almost the same minimudm . However, the range of structural studies, such as x-ray linewidths, RBS channeling,
temperature wherE, is relatively independent of is quite  etc. Unfortunately, one cannot use it to obtain unequivocal
different, indicative of the different levels of uniformity. guantitative information as an inhomogeneously broadened
Figure 5 shows the deposition temperature dependendie can arise from a number of sources.
of the perpendiculafl’, ) linewidth at its minimum value. A
definitive window of deposition temperatures whére;, is
less than 50 Oe has been found. This is the region of intereg{ckNOWLEDGMENT
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