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This work explores the thickness dependence of magneto-transport propertieg@ofggranular

thin films with different thickness. These results are compared with silver-based film series studied
earlier. It was observed that the thickness dependence of the GMR effect was sensitive to the surface
chemistry of the films. The extraordinary Hall effd&2HE) in these films was measured and found

to be different from the Ag-based system. In the Cu-based system, the EHE is a weak function of
film thickness over the range studied. When the variation of the spontaneous magnetization is taken
into account the effective EHE has a universal thickness dependen@00®American Institute of
Physics. [DOI: 10.1063/1.1664171

I. INTRODUCTION Thus, it is proportional to the magnetization. This de-

scribes the extraordinary Hall effeEHE) and, in general,

Recent research interests of several groups have focusggh elE contains contributions from two different scattering
on examining magneto-transport properties in magneti¢nechanismst1) skew-scattering ané®) side-jump® The ex-

. . 1_5 .
granular thin film.™The magneto-transport properties gen-aordinary Hall coefficientRs, is dependent on the materi-

erally can be separated into longitudinal part and transversgis microstructure. and dimensional constraints.
part. The longitudinal resistivigyz corresponds to the giant 4 5 earlier work, an interesting correlation was uncov-
magnetoresistancéSMR) effect,*” which has drawn much = gre petween the EHE resistivity and dimensional confine-

attention. This is largely due to fundamental interest in thgnent in Ag—Co granular film& The EHE smoothly varied
basic mechanisms of spin-dependent scattering responsigi the film thickness in the range of 10—200 nm. Also, the
for the GMR effect and in using the GMR effect in techno- GR effect varied with the film thickness, and the two ef-

logical applications, such as magnetic recording and noNg.ts have almost perfect square correlation with each other,
volatile memory devices. One often-neglected aspect is thg jicative of side jump scattering mechanism.

transverse magneto-resistivity, i.e., the Hall effect in hetero-  1his \work reports a systematic study of magneto-

geneous materials, partly due to the Hall effect being a SeGransport with an emphasis on the EHE as a function of
ond order scattering process. This makes the Hall effect ing,ickness for another granular series, Cu—Co.

herently harder to understaid
Since its discovery by Hall in 1879, the Hall effect was
among the earliest physical phenomena to be applied to tecH-‘ EXPERIMENT
nological applications, such as sensbr$In heterogeneous Thin films of CgCugy were deposited with thickness
magnetic materials, the Hall effect can be broken down intosalues ranging from 10 to 150 nm on 3-in. silicon wafers by
two parts: dc magnetron sputtering using a compositedCog, target,
0 S carried out under a base pressure aboux1@ ’ Torr. Two
Pxy= Pxyt Pxy: (1) series of films were made under identical conditions: For the
first series no attention was paid to protection of the surfaces;
for the second series, once films were sputtered they were
[aced in a desiccator and subsequently transported to clean-
oom and patterned into Hall-bar using standard photolithog-
raphy for magneto-transport measurement. Square samples
for magnetic measurements were processed simultaneously.
s _ Magnetic properties were measured using a SQUID magne-
Pry=4mRM. @ tometer(Quantum Desi - ies in-
gn Magneto-transport properties in
cluding the GMR effect and EHE were carried out in a
dElectronic mail: jqwang@binghamton.edu Physical Property Measurement System. Hall resistance was

where the first term, the normal Hall resistivitqf(’y, is the
same as in other metallic systems and is a measure of carri
density of the material. The second term is the so-calle
extraordinary Hall resistivity, and, in magnetic materials, is
given by’
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obtgin_ed by mefisuring the transverse Hall voltage in mag- 12 photoresist protected
netic fields ranging front+-60 000 Oe to 60 000 Oe. o .
0o unprotected series
s .
I1l. RESULTS AND DISCUSSION o . D —
% 6 ey - *
The GMR effect for a thick film has a typical value of c%i /‘ £ 50 |T=10Kpt=150n
7% at low measurement temperatufes 10 K, in an applied s YA éj‘;
field of 60000 Oe. In the Hall effect, the linear normal Hall < 50/ a7
slope in the high field range3000 Oe) corresponding to a / T=5-10K 30000 0. 30000
carrier density of 5 1072 cm®, in agreement with the litera- 0 T T
ture value for transition metals. From these measurements 0 20 40 60 80 100 120 140
one can obtain another transport parameter, the electron Thickness (nm)

mean free patiMFP), \ 4, using the following formula:
13 2203 FIG. 1. Thickness dependence of the GMR effect for two series gy,
Ner=(379) (€ NTpyy). (3 films: Solid dots for a series without protection and subject to oxidation;

. . . _open dots for the series with photoresist protection. Inset shows magneto-
It was determined that the MFP for thicker samples iSiesistivity for a 150 nm thick film.

2.0 nm, comparable to the typical microscopic length scale.

From magnetic measurements as reported previdtishe

average particle size is about 3.0 nm. At 20% volume fracRepresentative Hall effect curves for samples of two limiting
tion, the average interparticle distance is comparable to ththickness values are also shown in the insets. The two arrows
particle size. Thus, the measured mean free path is consistgmbint to the corresponding values pfy for two different

with a microscopic picture of segregated magnetic phaseneasurements on films with thickness values of 25 nm and
with nanoscale phase boundaries limiting the scatterind00 nm, respectively. The difference in low measuring tem-

length scale. peratures should have negligible effect on the measured EHE
Another pronounced feature in the measured Hall effectesults.
is the large value of the extraordinary Hall resistivipjy, The thickness dependence of the EHE for thg Co,g

obtained by extrapolating the high-field linear portion to zeroseries displays a different thickness dependence compared to
field: Cu-based granular films tend to have a large value othat of AgyC0o,q. The extraordinary Hall resistivity of the
EHE compared to non-Cu based granular materials. For excuggCo,, Series appears to be approximately constant
ample, EHE for AgyCo,, is 0.06 u) cm and comparable throughout the range of thickness studied, whereas that of
value of EHE was found for as-sputtered gffte,o.'° The  the AgCoy, Series varied greatly with the thickness, even
sign of the EHE is also dependent on the material typechanging sign from a negative value in the thick limit to a
Cu—Co, Fe—Ag, Fe—Au have positive values of EHE whilepositive value in the thin limit® This apparent difference
Co—Ag has negative valués. between Ag-based and Cu-based granular thin films can be
Comparison was made in the thickness dependence afnderstood in terms of the microstructure difference between
magneto-transport properties. As for the GMR effect, initialthe two systems.
study from a series of GyCo,q films was carried out and In the Ag—Co series, it was found that the microstructure
apparent similar thickness dependence on the thickness asd magnetic properties remain unchanged as the thickness
Ag-based films was reportéd.However, for this series, of the films varied. This was demonstrated by invariance of
there was the possibility of surface oxidation, which couldthe measured particle size and spontaneous magnetization
have enhanced the surface effects in thinner films and madeith the thickness. Thus, the variation in EHE with the film
the effective thickness thinner than the actual samples.  thickness can be entirely attributed to scattering from the
In the new series of granular films the samples weresurfaces of the films, i.e., the two surfaces of the films ap-
reasonably protected by coated photoresist. Such coating Boach each other as the films become thinner. It can be
known to protect metal films from oxidizing and was suc- concluded that the dimensional constraints on the EHE leads
cessfully used befor¥. Comparison of the GMR effect for to an excess positive extraordinary Hall resistivity.
the two series of CyCoy films is shown in Fig. 1, and we On the other hand, the apparent invariance of the ex-
observe that the GMR effect is relatively constant down totraordinary Hall resistivity with film thickness in the Cu—Co
12 nm, the thinnest samples studied in the new series. Thuseries is due to the presence of two conflicting factors, the
it appears that surface chemistry plays an important roleffects of which tend to cancel each other. The first effect is
here. the surface scattering just as in Ag—Co series. The second
However, what is surprising is that the EHE effect is effect is the microstructure variation in the Cu—Co films as
insensitive to the surface chemistry. For both series of filmsthe thickness decreases. It was observed that, although the
the thickness dependencies of EHE are almost identicalverage particle size remained more or less constant as the
within the margin of errors of the measurements. Figure Zhickness varied, the spontaneous magnetizatidg, de-
shows the measurqaify versus thickness for both series of creased with the thickness by a large fractibim fact, Mg
the samples. It is apparent that two sets of data display littleeduces to less than half the value of the thicker films as the
dependence on the surface conditions, and all data pointeickness approaches the thin limit, as shown in the inset of
practically follows a line of constant value of 0.2d0cm.  Fig. 3 and Ref. 12.
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0.30 1 able that the two contributions tend to cancel each other,
resulting in relatively weak thickness dependence of the
0.25 1 EHE.
g 0.20 Assuming thaRg is only material dependent, i.e., it does
C': not strongly depend on the associated microstructure changes
= 0.15 as film thickness varies, then, the thickness dependence of
@ 010 o 1st Series py, Can be written as
* 005 ®  2ndSerie PRAD=RIME-AML(O)]+S(1). @
0.00 Thickness (nm) In this gqua_ttion%l\_/l s(t) is the net reduction of spontaneous
0 30 60 90 120 \ 150 magnetlzatmn_MS is the buII_< spontan_eous magnetization for
_ the granular films, an&(t) is the universal surface contri-
5 0.2 [=100 nmg—— bution to the extraordinary Hall resistivity, as functions of
g gﬁ ' g.(l) thicknesst. The present results show thaiy(t) is almost
2z 00 0.1 T=10K independent of, and one can set it equal to the bulk value,
g :8;5 = -0.2 RgMS. Then, we conclude that if the microstructure does
E 30000 0 30000 30000 0 30000 not change \_Nit_h_thesfilm thickness, the effgctive extraqrdi—
H (Oe) H (Oe) nary Hall resistivity,{5,(t), should be further increased with

decreasing thickness as
FIG. 2. Thickness dependence of extraordinary Hall resistivity for both

series of CyyCo,, films with and without photoresist protection. Insets show s B B
the corresponding Hall effect measurements for a B nm) film and a §xy(t) =RsM st S(t)=RsM S
thicker (100 nm) film, respectively. The two arrows indicate the correspond-
ing data points for the two samples.

1+ (5)

Ms(t))
Ms /)
Such thickness dependence can be derived from the variation
of spontaneous magnetization with film thickness. For the
The effect of such magnetization reduction can be underCU—Co films examined in this study, the bulk value\d§ is
stood by Eq.(2), showing the extraordinary Hall resistivity 1000 emu at the cryogenic temperature, and the function
as proportional taVls. Such variation inMg should influ- AMg(t) can be derived from the interpolation of the mea-
ence the thickness dependence of the EHE in the cu—cgured data set. The effective EHE result thus derived is plot-
series. In particular, since the value of the extraordinary Half€d in Fig. 3, and reveals a similar thickness dependence of
coefficient, Rg, is positive in Cu—Co, as the thickness de-the extraordinary Hall resistivity on the thickness in
creases, the bulk extraordinary Hall resistivitiy should de-CUsoC0z0 @S in AgC0y. It is likely for the mechanism of
crease with the associate decreasdig, tending to reduce the surface induced EHE to be side jump.
the EHE. On the other hand, if one assumes that the surface
contribution to the EHE as a function of film thickness is ACKNOWLEDGMENT
universal for Ag-based and Cu-based films, one could expect This work was partly supported by DoD/DARPA
that the thinner films tend to have more positive extraordi-MDA972-97-1-0003, and partly supported by Research Cor-
nary Hall resistivity from surface scatterings. It is conceiv- poration Award No. CC5766.

LA, E. Berkowitz, J. R. Mitchell, M. J. Carey, A. P. Young, S. Zhang, F. E.

0.4 Spada, F. T. Parker, H. Hutten, and G. Thomas, Phys. Rev.a88745
8 L] (1992.
2J. Q. Xiao, J. S. Jiang, and C. L. Chien, Phys. Rev. 16§t3749(1992.
0.3 ® # 3J.-Q. Wang and G. Xiao, Phys. Rev.48, 3982(1994.
) % . L 4Pp. Xiong, G. Xiao, J.-Q. Wang, J. Q. Xiao, J. S. Jiang, and C. L. Chien,
5 Phys. Rev. Lett69, 3220(1992.
Cll 0.2 - N L SH. E. Camblong, S. Zhang, and P. M. Levy, J. Appl. Phys, 6906
37 = (1994.
= g L. Berger and G. Bergmann, ifihe Hall Effect and Its Applications
2 3 edited by C. L. Chien and C. R. Westggfelenum, New York, 1979
w01 1E p. 55.
= ¢ | Thickness (nm) "A. Schuhl, F. Nguyen Van Dau, and J. R. Childress, Appl. Phys. Bétt.
= "0 50 100 150 200 2751(1993.
0.0 w : : w w 8M. Johnson, B. R. Bennett, M. J. Yang, M. M. Miller, and B. V. Sha-
nabrook, Appl. Phys. Let71, 974 (1997).
0 30 6,0 90 120 150 L. Berger, Phys. Re2, 4559(1970.
Thickness (nm) 103.Q. Wang and G. Xiao, Phys. Rev.5, 5863(1995.

L. M. Malkinski, J.-Q. Wang, C. T. Seip, J. Wiemann, and J. B. Wiley, J.
FIG. 3. Thickness dependence of the effective extraordinary Hall resistivity, Appl. Phys.85, 4471(1999.

(fy(t), after correcting for the variation of spontaneous magnetizalibn, 12, M. Malkinski, J.-Q. Wang, J. Dai, J. Tang, and C. J. O’Connor, Appl.
Inset: variation ofM g versus thickness. Phys. Lett.75, 844 (1999.

Downloaded 09 Aug 2010 to 137.30.216.119. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



	Thickness dependence of magneto-transport in Cu-Co granular thin films
	Recommended Citation

	tmp.1305576391.pdf.8g7cc

