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We report measurements of the alternating curi@ct magnetic susceptibilityy,.=x’ +ix”,
performed on colossal-magnetoresistaf@®R) materials. We have studied thin film samples of
Lag gCa 3dMNO5; and Ng ;Sry sMnO;. For homogeneous samples, the temperature of the peak
observed iny”(T) is in agreement with the temperature of peak resistivity)(obtained from
transport measurements. This agreement is not found for inhomogeneous samplesy’i{fgre
shows multiple peaks. The analysis gf(T) enables one to determine the quality of the CMR
materials. The results obtained in thin films ofylggCa 3dMNO; and Ng Sty ;MnO;, are consistent
with those obtained from an homogeneous single crystal ggdS# ,oMnO;. We show that the
contactless ac magnetic susceptibility technique is a quick method to reveal inhomogeneities which
are not directly evident in direct current transport measurements19@8 American Institute of
Physics[S0003-695098)01049-3

The study of perovskite oxides of the form NSMO-1, NSMO-2, and NSMOJ3 We also measured a
R;_xAMnO; (R=La, Pr, Nd; A=Ca, Ba, Sy has been re- bulk single crystal of LggoSry ,gMnO; grown by the floating
newed after the discovery of colossal magnetoresistanczone techniqué® Thin film samples were prepared from sto-
(CMR) in thin films of these materiafs? They are being ichiometric targets 0r{001) oriented LaAlQ substrates us-
pursued both for their potential applications as magnetic fieldng pulsed laser deposition. The deposition conditions are
sensors and infrared detectotsand for understanding the shown in Table 1. We controlled the quality of samples
fundamental mechanisms governing their properiédhe  LCMO-1, NSMO-1, and NSMO-2 by annealing, according
CMR materials exhibit a very large negative magnetoresisto the conditions shown in Table I, to observe the effect on
tance at temperatures close T@, where they undergo a xac-
ferromagnetic—paramagnetic transition. The resistivity peaks We used the conventional ac technitfl measure the
atT=Tp in most cases close to the magnetic transitibg)(  bulk sample. To measure the thin films, we used the screen-
indicate a correlation between transport and magnetic progng technigue in the reflection configuratiGhSince the re-
erties. Transport measurements of very homogeneowgistivity is large, even fof<Tp,'® x'(T) and x"(T) are
samples show values dfp close to the value of ¢ deter-  proportional to the magnetic moment and the ac losses of the
mined by direct currentdc) magnetizatiors. In addition to  sample, respectively/. For conventional ferromagnets in
this correlation there is evidence that lattice polarons play asmall external magnetic fielgy' (T) decreases sharply at the
important role in these materiaglhowever, the mechanism Curie temperaturel, when going from low to higher tem-
responsible for the magnetoresistance is not yeperatures. Alsox”(T) peaks atT¢ and it is typically 100
understood:1° times smaller thary’(T).*81°

One of the major concerns, both in terms of basic phys- We measuredy,{T) in the range 50 KT<330K,
ics and applications, has been the indication of microscopitvith an amplitude of the ac fieldh,.=5.0 Oe. The bulk
inhomogeneities in these materials as evidenced by a largéngle crystal was measured with an ac frequerfcy
ferromagnetic resonan¢EMR) line width and other anoma- =37.4 Hz and thin film samples with= 10 kHz. We did not
lies in several measurements:?In this work, we show that
the contactless ac magnetic susceptibility technique iS &ABLE I. Values of T, andTp obtained fromy,{T), compared with those

quick method which can unambiguously reveal the presencebtained from dc magnetization and transport experiments, and processing
of inhomogeneities parametersl,, and P [temperature of the substrate, and pressure of the

. - . atmosphere in the periodic lattice distortifLD) chamber, respectivel
We measured the ac magnetic susceptibifjty, of thin P P (.D) P Wy

films of the CMR oxides LggCa 3MnO; (samples T Ton tam
LCMO-1 and LCMO-2 and N@;SrpsMnO; (samples  Sample T(SQUID) Tc(x') (transp) Te(x") (°O) (h)

LSMO-1 300 K 300K 318K 305K

dpermanent address: Universidade Federal@eCzalos, Departamento de  LCMO-1 250 K 250K 270K 271K 900 10.0
Fisica, Grupo de Supercondutividade e Magnetismap Sarlos-Sa LCMO-2 250 K 250 K 249K asdep. asdep.
Paulo, 13565-905 Brazil. Electronic mail: faraujo@power.ufscar.br andNSMO-1 225 K 226 K 227K 226 K 900 2.0
faraujo@squid.umd.edu NSMO-2 223 K 218 K 225K 218K 850 1.0

PAlso at Department of Electrical Engineering, University of Maryland, NSMO-3 205 K 203K 205K 211K asdep. asdep.
College Park, MD 20742-4111.
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observe any dependencexf(T) onf. For the thin films we 0.8 5.0

. . . —d‘“‘"“‘“‘“
used a higher frequency to increase the resolution of the 071 i 4.5
. NSMO-1 NSMO-1 N
susceptometéf: . 4.0
In Table | we also compare the results B and Tp 087 N 353
obtained from our measurements with those obtained from _ 05 mtrnd =301 e’
. . . . . 3
dc magnetization, using a superconducting quantum interfer- E o4 ﬂ% 5 5 5]Nsmo-2 o
ence devicg SQUID) magnetometer, and dc resistivity, re- D NSMO.2 % “’_ 0o &
spectively. We have define@lc as the temperature where =031 = ﬂ
1.5

x'(T) starts to increase, when going from high to lower 0.2
temperature&’ Also, Tp was determined as the value of the
temperature wherg”(T) peaks. The values df- obtained
from the x'(T) data for the Ng;SrpMnO; and 0.0
Lag 6 Ca 3dMN0O; thin films agree with those determined by

dc SQUID magnetization measurements. By contrast, the T(K)

H "
values OfTP obtained fromX (T) and f.rom de transport FIG. 1. Evolution ofy’(T) andx"(T) for the thin films of N@ ;Sry ;MnO;
meas_urements agree only for hlgh?qu.allty samples. ~according to the annealing conditions. For clarig/(T) and x"(T) are
Since x"(T) measures the dissipated power, whiChvertically shifted by 0.25% 105 and 1.5¢10°5 emu, respectively.
should correlate with dc resistivity, this comparison is of

interest from the point of view of materials characterization. _ ) o )
Previous work has shown that the relation betw@gnand ~ Same samples. The FMR linewidths decrease with increasing

Tp depends on the material qual®yIn bulk, as well as in time and temperature qf the annealing c_;onditions, which in_—
thin films, lower quality samples with small grain size showdicate that the magnetic homogeneity improves. The addi-
values of T well above the resistiv@p. For bulk samples tional low temperature peaks observed ¥fi(T) are thus
and thin films with large grain size or improved crystallinity indicative of sample inhomogeneity which ot directly
and oxygen stoichiometry, the resistiVg is observed to be evident in the dc resistivity data. It is worth mentioning,
close or even higher thaffic.?* Our results indicate that however, that the presence of such inhomogeneities tend to
since x'(T) and x"(T) correlate withT¢ and Tp, respec- broaden the resistivity drop beloW, . We observe that the
tively, complex y,{T) measurements can serve as a quickesistive transition in dc measurements becomes sharper as
and contact-free characterization method to assess samghe samples are anneaféd.
quality by examining the relation betwedip andTp. In Fig. 2, we observe that this correlation between the
It has been observed previouglythat as-grown features in x”(T) is also followed by the films of
Nd, 7Sty sMnO; films are oxygen deficient and that extensive Lag g8 3dMNO3 (samples LCMO-1 and LCMO3J2In this
postdeposition annealing is required to obtdig and Tp case, sample LCMO-2 was measured as deposited, and
close to bulk values. In as-grown films, the value of thesample LCMO-1 was measured after annealing. We have
saturation magnetization is smaller than the value expectedlso verified this correlation in bulk samples of both
for complete Mn spin alignment. In this case, ferromagnetid_a, ¢Ba, 3gMNO; and Lag ¢LCay3dMN0O;, and also in thin
resonancéFMR) lines are very broad, indicating significant films of La, ¢/Ca, 3gMInO3 with low oxygen content.
magnetic inhomogeneities in the sample®vith progressive We have measureg,{T) for a bulk single crystal of
annealing in oxygen it is observed thgt, Tp and the satu-  La, g,Sr, ,gVINO; (sample LSMO-1 This sample exhibits a
ration magnetization increase, while FMR line widths de-sharp transition in bothy,. components aff=300K, in
crease. agreement with its high compositional homogeneity. The

We observe features in the,{T) measurements that sharp peak iny”(T) confirms that it is a reliable indicator of
clearly correlate with these changes. In Fig. 1 we show the

x'(T) and x"(T) data for an as-grown filniNSMO-3) and

two oxygen annealed filmgNSMO-1 and NSMO-2 of 3.5
Ndy 7Srh sMnO5. As shown in Table I,T values obtained
from x'(T) for this set of samples agree with those from
SQUID magnetization measurements, indicating a progres- 2.5
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sive increase inT¢ as the samples are annealed. More £ , ]

noteworthy is the fact that features ¥(T) clearly distin- «g ] -
guish annealed samples from as-grown samples. We observe Sx 18 o
that peaks iny”(T) correlate reasonably well with the values 1.0-\

of Tp obtained from dc resistivity measurements. In addition, osiLoMO2 %
the as-grown film shows an additional broad pealgT(T) E
at a lower temperaturé=100 K). When annealed at 850 °C O 150 200 250 350 350 U0 1m0 om0 20 360 30
for 1 h (NSMO-2), this second peak shifts to a higher tem- T(K)
perature. When annealed at 900 °C for ZNSEMO-1), the _ o

V\)EP 2. Evolution of x'(T) and x"(T) for the thin films of

second peak disappears and we see only a single narro ay 6. Ca 3MN0O; according to the annealing conditions. For clarjy(T)

peak corresponding to thies frqm resistivity measurements. ,nq "(T) are vertically shifted by 1.810 5 and 0.5<10°5 emu, respec-
These results correlate well with FMR measurements on thevely.
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