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Spin valves composed of ferrimagnetic/Cu/ferrimagnetic layers were fabricated with the
magnetization perpendicular to the film planes. By changing the composition of ferrimagnetic
layers, both negative and positive giant magnetoresistdBgHER) can be observed in ferrimagnetic
spin valves. For samples consisting of both transition-m€id-) rich TobFeCo and GdFeCo,
negative GMR values were obtained. Due to the high resistivity of amorphous ferrimagnetic films,
the shunting effect of Cu led to relatively small MR ratio. The negative MR effect was 1% for 1.7
nm Cu. For spin valves consisting of rare-ea®E-)rich TbFeCo and TM-rich GdFeCo, positive
GMR values were observed. A thin layer of Co was inserted between RE-rich TbFeCo and Cu to
manipulate the sign of GMR. @001 American Institute of Physic§DOI: 10.1063/1.1357112

Typical spin valves consist of ferromagnetic/spacer/RE, and was calibrated by Rutherford backscattering spec-
ferromagnetic/antiferromagnetic layers with the magnetizairometry. After depositions, the samples were magnetized in
tion lying in the film plane. Differential spin scattering has the field of 14 kOe to saturate TbFeCo and GdFeCo. The
been adapted for explaining the giant magnetoresistandeysteresis loops were measured using a vibrating sample
(GMR) effect in spin valves. Multilayers consist of rare magnetometer or perpendicular magneto-optical Kerr effect.
earth metals and transition metals show no GMRhile  Magnetoresistance was measured using a four-point probe
(Co/Dy/Co/Cu/Co/Cly) multilayers show a positive GMR  wjith the applied field perpendicular to the film plane, which
effect (that is, smaller resistance in zero field than in themakes current direction perpendicular to the magnetization.
saturation fieldl at 4.2 K. The positive GMR effect was goyr points were aligned in a straight line. The MR ratio is
attributed .to thg aqtlparallel allgnmeqt of adjace.nt Coyefined as Ro— Rea)/Ry, WhereR, and Ry, are the resis-
moments in a high field due to the antiferromagnetic cOUy,ce at the zero field and the saturation field, respectively.
pling between Dy and Co. Trilayers made 9" Therefore, the positive MR means that the resistance at the
COssFes5/Ag/(CossFes)soGak also showed a large resis- zero field is higher than that at the saturation field. The hys-

tance in a high field.Authors have concluded that the con- :
duction electrons were only scattered by Co or Fe momentstereSIS loop and MR curve of 200 A T(FexC0zd705 (TM

In this work, we fabricated a structure of spin valves com—nCh)/17 A Cu/100 A Gd, {FeyCon)r76 (TM rich) are

posed of ferrimagnetic/spacer/ferrimagnetic layers with theShowr_] in Fig. 1[The notation “TM_”Ch” represents that the
magnetization perpendicular to the film planes. To under_magnltude of the TM moments is larger than that of RE

stand the GMR effect of this perpendicular spin valve, theoments. The compensation compositions of these ferro-
effects on GMR ratio of spacer thickness and of ferrimag-magnets are Th {Fe;Coz0)77.3 and Gaa(FesCoz)77.] The

netic composition were investigated. In these ferrimagnetiélySteresis loopsFig. 1(@] clearly demonstrate the charac-
spin valves, by changing the composition of ferrimagnets of€ristic of perpendicular magnetization with the coercivity of
by inserting a Co layer at the interface, the sign of GMR carGt.4F&C0z0)77.6 and Thyo {(FespC0z0)79.5 Of 110 Oe and
be manipulated. The mechanism of positive GMR in thesel1.5 kOe, respectively. The minor loop and the correspond-
ferrimagnetic spin valves will be discussed. ing R—H curve are shown in Figs.(i) and Xc). The inter-
Spin valves with the structure SiN/200 A TbFe€A8/ layer coupling is 270 Oe, and the MR ratio is1%. From
Cu/100 A GdFeCo/SiN were prepared by dc magnetron sputFigs. 1b) and Xc), the parallel state corresponds to a low-
tering onto Si wafers at room temperature. The spin valveesistance state, representing a negative MR effect. Figure 2
was sandwiched by SiN protective layers to prevent TbFeCghows the dependence of absolute MR ratio and interlayer
and GdFeCo oxidation. Ferrimagnetic layers were cosputtedoupling on Cu thicknes&ll MR ratios in Fig. 2 are nega-
using a transition metal (TM:lggC0,) and a rare-earth tar- tive). As the Cu thickness increased, MR ratio and interlayer
get(RE: Tb or Gd. The composition of ferrimagnetic films coupling both decreased. Notice that the interlayer coupling
was controlled by the relative sputtering power of TM andis sjgnificantly higher than the ferromagnetic spin valves.
The coercivity of GdFeCo and TbFeCo oscillates with Cu
dElectronic mail: chlai@mse.nthu.edu.tw thickness, as depicted in Fig. 3.
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12450, — : : . - In the spin valves composed of ferrimagnetic layers, the
000 00200 0 200 400800 coercivity of ferrimagnetic layers can be manipulated by the

Applied field (O e i i i
pplied field (Oe) composition. The hysteresis loop, shown in Figa)l

FIG. 1. (a) Hysteresis loop(b) minor loop of (a), and(c) R—H curve of  showed a distinguished difference in coercivity between fer-
SiN/200 A Ty dFeCogs (TM rich) 17 A Cw100 A rimagnets, so the antiparallel state of the net magnetization
t?]izg‘g';?‘g’g%géfﬁ (TM rich)/SIN. The arrows represent the sequence of o veen ferrimagnetic layers can be achieved. High resis-
tance was observed in tliR—H curve corresponding to the
antiparallel statéshown in Fig. 1c)], which suggested that
For samples consisting of both TM-rich ThFeCo angthe origi_n of the observgd magnetqre_sistanc_e be the GMR
GdFeCo, negative GMR values were obtained, as shown ifff€Ct: Since the measuring current is in the film plane, per-
Fig. 1. In fact, spin valves consisting of both RE-rich pendicular to the magnetization, an.|sotrop|c magnetoress—
TbFeCo and GdFeCo also showed negative GMRFanC? can be excluded. The four-point probes with a linear
On the other hand, for samples consisting of RE-richconfiguration for current and voltage probes exclude the

TbFeCo [Tb,; {F&CO0)724 and TM-rich GdFeCo probability of Hall effect contribution on resistance change.
[Gd22_4(F980C020)77.6] (or TM-rich TbFeCo and RE-rich The resistivity of amqrphous ferrimagnets p (
GdFeC9, positive GMR values were observed, that is, the™ 2004 cnrt) is about 50 times larger than that of Cu,
resistance is high at the zero field. A thin layer of Co waswhich leads to significant current shunting effect and to a

inserted between RE-rich ThFeCo and Cu to manipulate theMall MR ratio. Figure 2 shows that the MR ratio decreases
with increasing Cu thickness, consistent with the shunting

effect of Cu. It should be noticed that the interlayer coupling
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FIG. 2. Dependence of the absolute MR ratio and the interlayer coupling ofFIG. 4. Dependence of MR ratio on the Co thickness for 200 A
the Cu thickness for SiN/200 A ThdFe;C0,0)795(TM rich)it A Cu/100 A Th,, {FeydC0y0)724 (RE richi/t A Co/20 A Cu/100 A G, fFeyCoy)776
Gy AFe3¢C0s0)77.6 (TM rich)/SiN. (All MR values are negative (TM rich).



7126 J. Appl. Phys., Vol. 89, No. 11, 1 June 2001 Lai et al.

ferrimagnets, the sublattice magnetizations of transition met-
T H,, T H,, als are antiparallel. Sincef £lectrons have little contribution

et to the differential spin scatterirff the GMR effect in ferri-

TMorich . T T . T magnetic spin valves is mainly contributed from the: Sub-
Gdy | FeCo GdY | FeCo lattice. When the magnetization of GdFeCo is switched, that
spacer Cu Cu is, the net magnetizations of GdFeCo and TbFeCo become
Interface layer Co v Co T antiparallel, the magnetizations of transition metals become
A T : parallel. Consequently, the antiparallel state of net magneti-
RE-rich | p & ¢FeCo Thd TFeCo zations results in a small resistance, and a positive GMR
: \4 effect. For the samples inserted with a Co layer between Cu

and RE-rich TbFeCo, the magnetization of Co is opposite to

the magnetization of the Tb sublattice due to the exchange
(a) (b coupling® For Co thickness less than 1 nm, the composite
layer Thy; { FesgC0y0)72.4/Co is still RE rich, so the net mo-
ment of the composite layer is opposite to the Co moment
[Fig. 5@], but is aligned with the applied field. Conse-
quently, for thin Co samples, the moments of two transition

significantly increases as Cu thickness decreases. In ferr§1€t@lS are opposite at saturation fields, resulting in a positive
magnetic spin valves, maximum GMR occurs at the opti—MR' Due to strong interfacial spin-dependent scattering at
mum Cu thicknes&.For spin valves with thin Cu, the anti- Co/Cu, the positive MR increases with Co thickness. For the

parallel state is difficult to obtain due to the strong interlayerS@mple with 1.5 nrfor 2 nm Co, the composite layer be-
coupling: for spin valves with thick Cu, current shunting €0Mes TMricl{Fig. 5(b)], leading to a parallel alignment of
effect occurs so MR decreases. In ferrimagnetic spin valvednagnetizations of transition metals and to a negative MR.
large interlayer coupling limited the minimum Cu thickness. __ I conclusion, ferrimagnetic spin valves were fabricated
The oscillation of coercivity with Cu thickness was ob- with the magn.etl'zat|on perpendlcglar to the film planes. For
served, as shown in Fig. 3. To explain the above-mentione§@MPles consisting of both TM-rictor both RE-rich Tb-
experimental findings, we propose an indirect exchange coz€C0 and GdFeCo, negative GMR values were obtained.
pling model, which was well known in a layered SystemThe coercivity oscillation of ferrimagnets with Cu thickness
containing two ferromagnetic layers and a nonmagneti¢Vas observed, and can be presumably explained by the indi-
spacef” to relate the oscillatory coercivity to the oscillatory "€Ct €xchange coupling. For the samples consisting of RE-
interlayer coupling. As in a FM/spacer/FM system, the cou-ich ToFeCo and TM-rich GdFeCo, a positive GMR effect
pling between the ferrimagnetic layers will oscillate as a"VaS observed. Since the_ spin-dependent scattering potential
function of the spacer thickness, due to the quantum welfor the rare earth was quite weak, the observed GMR effect
effect for conduction electrons in the spaééfor Cu thick- Was mainly contributed by the transition metals. When the
ness with ferromagnetic coupling, the coercivity of GdFeco?Pplied field switched the magnetization of GdFeCo, the mo-

is enhanced for the ferromagnetic coupling from the TbEecdnents of transition metals were parallel aligned, leading to a

layer, while the coercivity of TbFeCo decreases since theéMall resistance and thus positive GMR. A thin layer of Co

reversal of magnetic moment within GdFeCo induces theVas inserted between RE-rich TbFeCo and Cu to manipulate

instability of the magnetic moment of TbFeCo. For the anti-€ Sign of GMR. _ _ _
ferromagnetic coupling region, starting from the saturation 1S work was partially supported by the National Sci-

state, the low coercivity GdFeCo will become unstable eas€Nc€ council of Republic of China under Grant No. NSC.
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