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Drastic change of giant magnetoresistance of Co/Cu multilayer
by decreasing residual impurities in sputtering atmosphere

Satoshi Miura, Masakiyo Tsunoda, Toshiya Nagatsuka, Satoshi Sugano,
and Migaku Takahashi
Department of Electronic Engineering, Tohoku University, Sendai 980-8579, Japan

In order to clarify the influence of residual impurities in the sputtering atmosphere on the
microstructure and the giant magnetoresistaf@®R), Co/Cu multilayers were fabricated by
changing the chamber pressurBg, just before introducing processing g&s, was controlled by
changing the pumping time after venting the chamber with air. A drastic change of magneto
resistance MR) ratio from 48% to 14% was observed, whéy was changed slightly from 7
X108 to 3x10 8Torr. In that P, region, the root mean squafems roughness increased
discontinuously from 3.7 to 4.6 A aB, was lowered. The abrupt drop of the MR ratio was
accounted for by the decrease of the antiferromagnetic coupling accompanied by the increase of
interfacial roughness. €999 American Institute of Physids$0021-89789)73608-X]

I. INTRODUCTION impurities in the sputtering atmosphere was controlled by
changing the chamber pressul,, just before introducing

The giant magnetoresistané@MR) effect in multilay- : . : S
ers has been activity investigated by many researchers. Hoﬁ_puttermg gasP, was varied by changing the pumping time

i AR . . after venting the chamber with air. For the process gas, ul-
ever, multilayers with high magnetoresistarib#R) ratio are . .
. ._traclean Ar gagUC-Ar), whose moisture level is less than 1
not consistently produced even at present because the micro-

1 - 1 -
structure of the multilayer is not carefully controlled. It is Ppb, was used. The flow rate of the UC-Ar gas during sput

. : . tering was 54 sccm to make the presst@.6 mTorr. The
widely known that the purity of the sputtering atmosphere . : :
. . . . microstructure of the multilayers was analyzed by x-ray dif-
strongly affects the magnetic properties accompanied by si
nificant change of microstructure in thin film medidor
multilayers, we have reported the significant change of M

ratio with increasing the impurities in the sputtering atmo-

%raction (XRD) with a CuK « radiation source and by trans-
Rmission electron microscogiffEM). M—H loops were mea-
sured by a VSM at room temperature. The magnetoresistance

) . . . was measured by a dc four-point probe method in a magnetic
sphere by introducing air after pumping the chamber down tcfield up to 13 kOe at room temperature. The MR ratio was

the base pressufeTaking into account this fact, the differ- defined ash o/ —(po— Y whereon is the
ences in the purity of the respective sputtering atmospheres P7P13kOe=P0" P13 kO)'P13 kOer Po

L . haximum resistivity at around zero field apgs o is the
could be one of the causes of poor reproducibility of GMR Ir1resistivity under the applied field of 13 kOe, respectively.

multilayers, because the purity of the sputtering atmospherslahe saturation fieldHs was defined as the magnetic field

is easily changed by the base pressure of the chamber. Th TR :

. . Where the resistivity is 1% larger thans; e in the magne-

base pressure of the sputtering chamber usually used is |n_ "~ . : _—

e . ) S 4 oresistance curves which were corrected for the contribution
10" " Torr order, and the residual impurities, mainly,®

are not excluded enough. When the base pressure becomcgsthe forced effect in the high magnetic field. An antiferro-

lower than 10° Torr, the content of residual #® decreases magnetic(AF) coupling energy,) between adjacent Co lay-
. . ers in the multilayer was calculated ligH ;d /4, whereM
and H, becomes a major element. In the present study, N the saturation magnetizatign
order to clarify the influence of residual impurities on GMR, )
Co/Cu multilayers were fabricated by changing the base
pressure of the sputtering chamber, and the correlation be-
tween their MR ratio and microstructure was investigated)||. RESULTS AND DISCUSSION
especially focusing on the interfacial roughness. _ )
A. GMR and magnetic properties
Figure 1 shows the MR ratio ang ;0. Of multilayers
as a function ofP,. Here dc, was optimized 9-10 A to
Multilayers, of the form substrate/(Qlp,/Cudc)3p/Cu  make the MR ratio maximum. In the multilayers with
20 A were deposited on SiL00) wafers with a thermally dc,=10A, the MR ratio, which was about 39% arouRg
oxidized layer at room temperature using a dc magnetror=3x 10 ' Torr, gradually increased with lowering, and
sputtering machine which enables to pump down to 2reached about 48% d&®,=7x10"8Torr. However, when
x 101 Torr. The Co thicknessjc, was 10 and 20 A. The P, was lower than ¥ 10 8 Torr, the MR ratio drastically
Cu layer thicknesgj, was varied within the range from 8 to dropped and became about 14%Pat=3x 10" 8 Torr. Fur-
11 A, where the so-called “first peak” of the GMR oscilla- ther loweringP,,, the MR ratio decreased, and vanished at
tion is expected. The thickness of each layer was controlled,=7Xx 10" Torr. p;30eWas constant at about 2&) cm
by changing the deposition time. The amount of residuabver the whole range d®, in this study. These results indi-

Il. EXPERIMENTAL PROCEDURE
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FIG. 1. Changes of MR ratio anfli3yce @S @ function of the chamber £ 3. Changes of XRD profiles of the multilayers witl,=20 A fabri-
pressure Py, for the multilayers withdc,=10 A (circles and dg,=20 A cated under the various chamber pressugs,
(squares Also shown as a dashed line is the calculated MR ratio of the

multilayers withd.,=20 A by using the results ai,=10 A.

mum. 1-M, /Mg, which was 0.45 aroundP,=3

cate the change of MR ratio was dominated by the magneX 10~ Torr, gradually increased with lowering,, and
toresistancep. In the multilayers withde,=20 A, we can reached a peak value of 0.80 Bt=7x10"°Torr, while,
see the similar dependence of MR ratio gnd o against 1—M,/Ms decreased steeply with the further loweriRg
P,, although with lower absolute values. The differences ofreaching a value of 0.24 #&,=3x10 8 Torr. This change
MR ratio between the multilayers witldc,=10A and ©of 1—M,/Mg corresponds well to the change of the MR
dc,=20 A are explained by a shunting effect of current in theratio shown in Fig. 1. In other words, the change in the MR
Co layers as follows. Using boiby 3 o Values of the multi-  ratio was caused by the change in the amount of antiparallel
layers withdc,=10A anddc,=20A, we can estimate the alignment of magnetization of the Co layers at zero fid|d.
resistivity of the Co layerpc, at 16.7 uQ cm. From the Which was 0.17 erg/cfrat P,=3x 10" Torr, gradually in-
experimental MR ratio of the multilayer wittic,=10A and ~ creased with lowerin®, and took a value of 0.20 erg/érat
the ey, We can calculate the MR ratio of the multilayer with Pp=7>10"8Torr. Further loweringP,,, J decreased simi-
dco=20A (dashed line in Fig. 1 The agreement of the ex- larly to 1—M, /My reaching roughly half its maximum
perimental value and the calculated one means that the MRalue, 0.13 erg/chat Pp=3x10"8Torr. Therefore, the
ratio is diluted by shunting current with increasidg, in the ~ rapid drop of MR ratio between the multilayers fabricated
case of the multilayers witdc,=20 A. underP,=7x10 8 Torr andP,=3x%10 8 Torr was caused
Figure 2 shows the volume fraction of AF coupled re-by diminishing the amount of antiparallel alignment of the
gions of the Co layers at zero field—IM, /M, as a func- magnetization of the Co layers, associated with the decrease
tion of P, for the multilayers withdc,=10 A shown in Fig.  of AF coupling energy,). Such a change af of the multi-
1. Remanent magnetization ratid, /M was determined layers fabricated under variol, is anticipated to be caused
from anM —H loop along the axis of easy magnetization in by microstructural change.
the multilayers.J of multilayers withdc,=10 A was also

shown. Heredc, was optimized 8—9 A to makel, maxi- B. Microstructure

Figure 3 shows the changes in XRD profile of multilay-
N P —, ers withde,=20 A anddc,=9.5 A fabricated under various
Py. In the region of 2=36°-55°, interference peaks dif-
fracted from Cu(111 and Co(111) planes are observed
around 2=44°. The intensity of the interference peak be-
came larger on lowering,,, indicating the enlargement of
grain size and the decrease of defects in the multilayers. The
decrease of grain boundaries and defects means the decrease
of scattering center and results in the enhancement of the AF
coupling energy,J, because the coupling between the adja-
cent magnetic layers arises through conduction electrons. It
is speculated that the enlargement of grain size and the de-
e ] ] crease of defects induced the increasel afi the range of

107" 1070 107 107 107 107 P,=3x10 "=7Xx10 8 Torr as shown in Fig. 2.

A, (Tom) On the other hand, in low angle region, the first and the
FIG. 2. Changes of £ M, /M, and the AF coupling energy, as a function ~ S€cond order diffraction peaks originated from the artificial
of the chamber pressur®,, for the multilayers withdc,=10 A. period are observed around@-23° and 6°, respectively. The
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FIG. 4. Changes of the rms roughness as a function of the chamber pressure, Rl e PR R
Py, for the multilayers withdc,=20 A. — 140 A

FIG. 5. TEM cross section images of the multilayers with=10 A fabri-
cated under the chamber pressures(@fP,=1x10"" Torr and (b) P,

observed positions of these peaks corresponded to the calcly, 1g-1i 1oy, respectively.

lated ones from the reflectivity of the multilayédashed

lines). Both the diffraction peaks and the finite-size peaks,

which appears as a high frequency oscillation in the low<10 >erglcnt, respectively. The difference of thedgval-

angle region, diminished with lowering,, indicating the Ues is the same in order with the changelafgainstP;, as

interfacial flatness deteriorates with loweriRg . shown in Fig. 2. Namely, we can say that the amount of
According to Uedaet al.* the root mean squareéms) antiparallel alignment of the magnetization in the adjacent

roughness of the multilayer was calculated from these low=0 layers at zero field is decreased by the orange peel effect,

angle XRD profiles. Figure 4 shows the rms roughness as @nd results in a fatal decrease of GMR.

function of P,,. The rms roughness, which was about 3.7 A

in the multilayers fabricated underP,=3%x10 -5 IV. SUMMARY

X 1078 Torr, became about 4.6 A in the multilayers fabri- Co/Cu multilayers were fabricated by changing the

cated underP,=1x108-9x10 ™ Torr. The important chamber pressur®,,. P, was the pressure just before intro-

point to note is the correspondence of the discontinuouslucing sputtering Ar gas and varied by changing the pump-

change of the rms roughness and the drastic change of MRg time after venting the chamber with air. The change of

ratio aroundP,~5x 10 8 Torr. MR ratio againstP, was investigated in connection with the
It is widely known that the interfacial roughness of microstructure of multilayer. As results, we found théit)

multilayer induces a ferromagnet(E) coupling between the the MR ratio took a peak of 48% &,=7x10 8 Torr, and

magnetic layers. According to the Blés model, the so- steeply dropped to 14% within the range &,=7

called “orange peel effect,” thd--coupling energyJ; in- X 10°8-3x10 8 Torr; (2) in that theP,, region, rms rough-

creases like a quadratic function with heightening amplitudeness discontinuously increased from 3.7 to 4.6 APgsvas

h of the sinusoidal waving interface when the wavelength, lowered;(3) the abrupt drop of the MR ratio was accounted

and the intermediate layer thickness,are constart.ln or-  for by the decrease o} accompanied by the increase of

der to estimatel;, induced by the interfacial roughness of interfacial roughness.

the multilayers with lowerind®, , TEM cross section images We conclude that residual impurities have a strong effect

of the multilayers withdc,=10 A andd,=9.5A fabricated on the microstructure to change drastically the magnetic

underP,=1x10"" and 7x 10 1 Torr are shown in Fig. 5. property of multilayers, and that the control of impurities in

In the multilayer withP,=1Xx10"’ Torr, a continuous lay- the sputtering atmosphere is the important factor stabilizing

ered structure was observed. In contrast, in the multilayethe GMR.

with P,=7x10 ! Torr, it was found that the interfaces are

relatively rough, because of large undulations observed M. Takahashi, A. Kikuchi, and S. Kawakita, IEEE Trans. Mag8, 2938

around .COlumnar boundaries. The estlmateo_l VaIL.ldsamd 2(Sl.glg\)/ri)tljra, D. Takahashi, M. Tsunoda, and M. Takahashi, IEEE Trans.

h by taking an average from several undulations in the TEM ;45 34 936(1998.

images, were L=120A and 2=7A for Py,=1  3F. N.van Dau, A. Fert, P. Etienne, M. N. Baibich, J. M. Broto, J. Cha-

x10 'Torr, L=180A and H=20A for P,=7 ZEIarS' G. ngeu'clet, A. FrJiegehr)i(c?h, g-gacgguldéé;-l g;afdequint, J. P. Re-
—11 H H i H oules, an . Massies, J. arl , - .

><.10 Torr, respectively. .Usmg the miermedli':l;e layer “H. Ueda, O. Kitakami, Y. Shimada, Y. Goto, and M. Yamamoto, Jpn. J.

tthkneSS, 9 A,Jf of the multllayers Wlthpb— 1x10 " and Appl. Phys., Part B3, 6173(1994.

7x10 Y Torr are calculated as X102 and 5 5L. Néel, Comp. Rend. Acad. Sc255, 1545(1962; 255, 1676(1962.
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