PHYSICAL REVIEW B 71, 144417(2005

Positive exchange biasing in GdFe/NiCoO bilayers with antiferromagnetic coupling
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For GdFe/NiCoO bilayers after field cooling, hysteresis loops at low temperatures are shifted along both the
horizontal and vertical axes. The exchange fielgd changes from negative values to positive values with
increasing cooling fieldHcF and the coercivityHc acquires a maximum near the crossoveHef At 5 K, Hg
andH¢ at Hcp=3 T and the peak heighfHc are proportional to the inverse GdFe layer thicknessHA:
=3 T, Hg is always positive in the temperature region from 5 to 350 K. At ldw, however,Hg is negative
at low temperatures and becomes positive at high temperatures. These results can be ascribed to antiferromag-
netic coupling between GdFe and NiCoO layers.
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Positive exchange biasin@&B) has first been observed in antiferromagnetically at the interface. The compositions of
a variety of antiferromagnéAF)/ferromagnetFM) bilayers  the NiCoO and GdFe layers are selected so that the Néel
with AF materials fluorides, in which the FM and AF layers temperature of the AF layer is lower than the Curie tempera-
were argued to have antiferromagnetic coupling at thdure of the GdFe layer and FM and AF layers are coupled
interface! It has been detected recently in ferrimagnet/antiferromagnetically where the Néel temperature of the
ferrimagnet, FM/ferrimagnet bilayers with antiferromagneticNiCoO layer is 400 K and the Curie temperature of the GdFe
coupling and other systems’ These bilayers have two ad- layer is 430 K113
ditional distinguished features. First, the exchange fi¢id A large specimen of GdFe/NiCo0 nm) bilayer was
has a crossover from negative values to positive values at @eposited on $100) at ambient temperature by magnetron
critical value of the cooling fieIdH?:F. Second, the coercivity sputtering system. The base pressure wad@° Pa and the
Hc has a maximum aHgF, in addition to the normal en- Ar pressure 0.33 Pa during deposition. GdFe and NiCoO
hancement due to the EBApparently, the EB strongly de- layers were made from GdFe and NiCoO composite targets
pends on the magnitude of the cooling figldg. It is quite by dc and rf sputtering, respectively. In experiments, small
different from conventional FM/AF bilayers with ferromag- Gd pieces were put on Fe target and small pieces of CoO on
netic coupling, in whichtHg andH¢ are almost independent NiO target to form GdFe and NiCoO composite targets. The
of Heg if it is larger than the saturation field of the FM growth rates of GdFe and NiCoO layers were 0.1 and
layer®19 In the strict sensethe positive EB has been found 0.04 nm/s, respectively. The FM layer has a wedge shape to
only in a few FM/AF system$:.’ Therefore, extensive stud- alleviate the run-to-run variation. During deposition, a mag-
ies on the mechanism of the positive EB have been hinderegetic field of about 130 Oe was applied parallel to the film
and more experiments are required. plane and along the wedge direction to induce an in-plane

In this paper, we will study the EB phenomena in FM/AF uniaxial anisotropy in the FM layer. To analyze the magnetic
bilayers by using GdReGd,sF&;55) / NiCoO(=Ni4sC05,0) bi- properties, in-plane hysteresis loops were measured by su-
layers, where NiCoO and GdFe are typical AF material andgoerconductivity quantum interference device. Before mea-
ferrimagnetic alloys, respectively! The atomic magnetic surements, a large specimen was cut into small pieces along
moment of Gd comes from spin and orbital angular momenthe wedge direction. Each sample was heated to 370 K and
tums and both of them are parallel to the atomic magneticooled b 5 K under an external magnetic field and hysteresis
moment. The atomic magnetic moment of Fe is contributedoops were then measured during warming up. During field
only from the spin angular momentum because the orbitatooling and measurements, the external magnetic field is
angular momentum is almost quenched. Due to antiferroaligned along the wedge direction. The compositions of
magnetic coupling between the spins of Gd and Fe, thé&iCoO and GdFe layers were analyzed by x-ray fluores-
atomic magnetic moment of Gd is aligned antiparallel to thatcence. Structural characterization was carried out by x-ray
of Fe and the macroscopic magnetization of,{Fe; alloys  diffraction. GdFe layers are amorphous and NiCoO layers
is parallel to that of Gd atoms since the latter is dominantpolycrystalline with preferred002) orientation.
More remarkably, the magnetizations of NiCoO and GdFe Figure 1 shows typical hysteresis loops of
layers can have antiferromagnetic coupling at the interfac&dFe&15 nm/NiCoO(20 nm bilayers at 5 K, whereHce
when the contribution of Gd atoms is larger than that of Fe=3 T, 0.5 T, and 150 Oe. One can find that hysteresis loops
atoms. This is because the atomic magnetic moment of Gdre shifted away from the zero magnetic fidit is positive
should also be coupled to Co and Ni atoms in AF bilayersor Hoe=3 T and negative foHcz=150 Oe. MoreoverHc
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FIG. 1. Typical

GdF€15 nm/NiCoO(20 nm) bilayers at 5 K, withHcg of 3 T (a),

0.5 T (b), and 150 O€c).

for Hoe=150 Oe is larger than that dficr=3 T. Remark-
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FIG. 3. Thetgy, dependence dfic andH¢ (a) and the additional
coercivity enhancementHc (b) for GdFe/NiCoO(20 nm bilay-
ers, whereHcg is 3 T and temperature is 5 K.

mum Hc is located neaH%F. At Hep=3 T, Hg andH¢ in-

crease with decreasirig,, as a result of the interfacial nature

of the exchange biasing in the GdFe/NiCoO bilayers.
Figure 3 showsHg and He at 5 K andHc=3 T for

ably, the hysteresis loop has a prominent asymmetry fOGdFe/NiCoO(ZO nm bilayers as a function of-y. He is

Hce=3 T and the asymmetry becomes weakHas is de-
creased. Figure(8) shows the variation oHg at 5 K as a
function of H for GdFe/NiCoO bilayers with different FM
thickness tgy,. With increasingHcg, Hg for all samples
changes sharply from negative to positive at sriklf and
finally approaches to saturate. The critical vahl%-F for the
crossover does not significantly withy. Figure Zb) shows

approximately proportional to 14,,, demonstrating an inter-
facial nature of the EB, as shown in Fig.aB According to
the slope of the curvélg vs 1/, the exchange coupling
energy can be calculated. For GdFe/NiCoO bilayers, it is
0.06 erg/cm. SinceH¢ of corresponding free single layer
films is as small as few oerste¢isot shown, the enhanced
H¢ of bilayers is proportional to 1, as shown in Fig. &).

that for alltey, Hc increases sharply with initially increasing rrom Fig. 3a), one can know that the right coercivity of the
Hcr and reaches a maximum. Finally, it decreases to reach steresis loopHq,(=Hg+Hc) changes sharply withey,

constant asdg is further increased. Fortunately, the maxi-
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FIG. 2. Dependence dfiz () andHc (b) at 5 K onHcg for
GdFe/NiCoO(20 nm) bilayers with a variety ofry, as denoted by

the inset numbers.

while the left coercivityHe,(=Hg—H¢) is almost indepen-
dent oftgy. In this way, one can know that for the ascent
branch of the wedged FM layers the magnetization reversal
process is accompanied by a motion of a single domain wall
while for the descent branch it is accompanied by the nucle-
ation of the multidomains and motion of the domain walls.
The right and left branches of the loop are thought to have
different magnetization reversal procéés® In Fig. 2, we
define theAHc=HZ*-HZ", where HZ® and HZ™ are the
coercivity of the sample neatrﬁoCF and atHc=3 T, respec-
tively. At 5 K, AHc is found to decrease dg is increased
and the dependence can be approximately fitted by the scale
of AHc o 1/tgy, as shown in Fig. @).

Figure 4 shows the temperature dependendé-cdindHc
for GdF€15 nm)/NiCoO(20 nm) bilayer with two different
Hce ForHoe=3 T, He is always positive at all temperatures,
as shown in Fig. @). It decreases monotonically with in-
creasing temperature and approaches zero near 334:K.
changes with temperature in a similar way. Apparently, the
large H¢ is caused by the establishment of the EB. It is of
particular interest to find different temperature dependence
for small Her. As shown in Fig. 4b), at low temperatures,
He is negative and becomes positive at temperatures above
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those of GdFe/TbFe bilayets:21617Below we will analyze
§ the above experimental results and reveal the mechanism be-
e B hind them. Few models were proposed to explain the posi-
I tive EB in Fe/Fek and Fe/Mnk bilayerst®21 The evolu-
oo N tion of Hg and He with Hee was thought to originate from
-—-—~~H\'x\_ the competition between the Zeeman energy of the AF spins
ot ‘ s in an external magnetic field and antiferromagnetic coupling.
‘ ' ) ©) In Gd—Fe/Th—Fe bilayers with antiferromagnetic coupling,
-./'-"’—".;—P>4<. \ however, the positivélg was explained in terms of the hy-
¢ o brid domain wall near interfack.
It is instructive to first analyze the vertical magnetization
_10/"’ H, ] shift at differentHcr for GdFe/NiCoO bilayers. In general,
the hysteresis loops of free FM layer films should be cen-
20t 1 tered about the horizontal axis. For the present GdFe/NiCoO
0 100 200 300 400 bilayers, however, the hysteresis loop is shifted along the
TX) vertical axis because of two possible reasons. First, a domain
wall might be formed in the GdFe layer parallel to the
FIG. 4. Temperature dependencettf andHc atHcr=3 T (@ film plane, which was argued to exist in ferrimagnet/
and 150 Ogb) for GdF&15 nm/NiCoO(20 nm bilayers. ferrimagnet bilayerd.For positive EB, the domain wall will
be formed at large positive magnetic field and thus the mag-
nitude of the magnetization at positive saturation magnetic
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250 K. H¢ increases slightly with rising temperature and
?cquires a maximum near 250 K, i.e., the same temperatu?laeld is reduced, that is to saymey(+H)| < [mey(=H)|
or the crossover oHg. : : )

We have carefully compared the hysteresis loops o-mFM(saturanom and  vice versg for negative EB,
GdF&6.2 nm/NiCoO(20 nm) bilayers at differentHge in~ |MeM(—H)| <|Mey(+H)|=mgy(saturation.  Therefore,  the
Fig. 5. One can find that whecg is 50 Oe and 15 kOe, the Vertical shiftAmgy, is negative and positive for positive and
exchange field is —14 and 39 Oe, respectively. More remarki€gative EB, respectively. Second, an additional small mag-
ably, the inset showsm(+H)(15 kO8>m(+H)(50 Og.  netic momentAm,: might be contributed from the AF lay-
Actually, at negative saturation fieldm(—H)(15 kO8] ers, which cannot be altered within the measuring magnetic
<|m(=H)(50 08|, that is to say, the hysteresis loop with field.” For positive and negative ER\m,¢ has positive and
positive EB is shifted towards positive magnetization axis, innegative signs and thus the hysteresis loop should be shifted
comparison with negative EB. Fét.r=15 kOe, the positive towards positive and negative magnetization axis, respec-
shift amountAm is about 3< 10°% emu for a sampling area tively. The total vertical shift of the hysteresis loops consists
of 0.25 cnt, which is equivalent to the magnetic moment of of two parts andAm=Amag+Amgy,.

1 ML FM or AF layers. At least, one can draw two conclusions from the results in

All the above results for GdFe/NiCoO bilayers are simi- Fig. 5. First, Amae is not equal to zero. Otherwise,
lar to the observed phenomena in fluoride based bilayers ang,(+H)(15 kOg <m,(+H)(50 O8 with FM domain wall or
without any FM domain wall. The results in the inset are in
agreement with the fact thahm,g is positive for Hepe
=15 kOe and negative fdid-r=50 Oe. Second, no domain
wall parallel to the film plane exists in the FM layers. This is
becausédm is about the magnetic moment of 1 ML AF layer
and equivalent tAAm,r. Therfore,Amgy,, must be equal to
zero and thus no FM domain wall parallel to the film plane
exists in the GdFe layer. In a word, the so-called hybrid
domain wall model can be excluded in the explanations of
, j the present results.

4

M (10™ emu)

The evolution of the exchange field wikh-¢in Fig. 2 can

50 Oe be explained as a result of the competition between antifer-

— — -15000 Oe romagnetic coupling energy of FM and AF spins and the

_2'00 _1'00 0 1(')0 2(')0 Zeeman energy of the AF spins with the _external n_1agnetic

H (Oe) field Hcr Fpr a large/smalHcg, the AF spins are allg.ned

parallel/antiparallel toH-r and the FM spins. After field
FIG. 5. (Color online Typical hysteresis loops at 5 K of Ccooling procedure, the AF spins at low temperatures are of a

GdF€6.2 nm/NiCoO(20 nm bilayers with cooling fields of 15 Mmeta-stable/stable state, i.e., in high/low energy state. There-

kOe and 50 Oe. The inset enlarges the curve of magnetization vi®re, the positive/negativéde can be induced and there

magnetic field in the saturation region. The inset numbers refer tshould be a critical valuel2 for the crossover offg. It can

the cooling fields. be estimated as follows:
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HO = _ (J1SarSee+ JoSarSso) i of field cooling from te_mperatures lower _the_m the Néel tem-
CF M ar ' perature to the sampling temperatéterhis is a so—callgd.
memory effect. In the present work, the exchange biasing
where S is the spins of Fe atoms near interfa@q the  \was established by a field cooling procedure from 370 K,
spins of Gd atoms, an8,r the AF spins.J; andJ, are the  whjch is lower than the the Néel temperature of the AF layer.
exchange interaction constants of Fe and Gd spins with Afat yery smallHcr, the Zeeman energy cannot overcome the
spins, respectivelyM ¢ is the net magnetization of the AF gpiiterromagnetic coupling at any temperature in the region
material, .WhICh was observed before in fluoride base resented here, and thus the AF and FM spins are aligned
FM/AF bilayers:” Apparently, above equation shows that antiparallel to each otheHg is negative at all temperatures.

Hee is independent of the FM and AF layer thickness, aSSimiIarIy, one can understand the reason tHatis always

ﬁ}bstigeggl‘:g}?\'“éo%n;% dangjfzg?.\r/glzoepp&f;;eefégr;?%uchpositive at the whole measuring temperature region for high
smaller than those of Fe/FeBnd Fe/Mnk bilayerst2 Hce At an intermediateHq, the coupling energy is larger
: dthan the Zeeman energy at low temperatures and the former

Since a multi-domain structure in the AF layer is forme . . .
and then fixed after field cooling procedure, an additionaP"€ 'S smaller than the latter at high temperatures since the

pinning effect of the AF domain walls on the motion of the INterfacial exchange coupling energy weakens at high tem-
FM domain wall exist§;2? and AHc can be expressed in peratures. Thereforég is nggatlve and positive at low and
terms of the domain size in FM and AF bilayers as follows:high temperatures, respectively.

In summary, we have prepared GdFe/NiC(&D nm) bi-

Jett  Lem 2 layers with a wedged FM layer and studied the EB as a
temMEm dAFaS' function of Hcr, temperature, and the GdFe layer thickness.
) o ) As Hcr is increasedHg changes from negative values to
where Jo is the effective interaction between FM and AF positive values with a crossover &2 and finally ap-
layers anda, is the interfacial atomic separation in the FM proaches saturation, amtk acquires an additional enhance-
layer. Lgy is the length of the FM domain wall under con- yent nearHOCF. He andHc for Hee=3 T, andAH, are pro-
sideration andlr the dor_nain size of the AF layer. Since the portional to the inverse GdFe layer thickness.Hygr=3 T,
number of the AF domain has a maximum and thgshas — p_js positive in the entire temperature region. At lé#s,

a minimum atHcg, the AHc has a maximum near the Cross- however,H is negative at low temperatures and becomes
over. As the FM layer has a wedged shape, the motion of Bqsitive at high temperatures. For GdFe/NiCoO bilayers, the
single domain wall occurs during magnetization reversal promagnetization shift is positive and negative for positive and
cess, which is perpendicular to the wedge direction. Therenegative EB, respectively. It is proposed that there is no FM
fore, Ley, taking the sample size perpendicular to the wedg&jomain wall parallel to the film plane during FM magnetiza-
direction(about 3 mn), is independent df,** AHc should  tion reversal process. The present results can be attributed to
be inverse proportional tg:. In a word, one can find that 5 competition between the antiferromagnetic coupling at the
Eq. (2) can be used to explain the results in Figl)zand  GdFe/NiCoO interface and the Zeeman energy of the AF
3(b). ) ) ) ) spins in theHcr

The evolution ofHg with temperature at differetticg in
Fig. 4 can be explained as follows. First, in FM/AF bilayers  This work was supported by the National Natural Science
with antiferromagnetic coupling, the change in the sign ofFoundation of China Grant Nos. 10174014, 60271013,
Hg comes from the competition of the Zeeman energy of thel0021001, 10321003, 60490290, and 10474038, and
AF spins in the external magnetic field and the antiferromagthe State Key Project of Fundamental Research Grant
netic coupling between the FM and AF layétsSecond, at Nos. 2001CB610602 and 2002CB613504, and Shanghai
low temperatures the exchange biasing can be produced niianotechnology Program CentéNo. 0252nmO00% J.D.
only by the effect of the field cooling through the Néel tem-and X.X.Z. thank the support of Hong Kong RGC
perature of the AF layers, but also by the accumulation effectHKUST6165/01Fp

AHC =

*Electronic address: shimingzhou@yahoo.com 5R. L. Compton, M. J. Pechan, S. Maat, and E. E. Fullerton, Phys.
1J. Nogués, D. Lederman, T. J. Moran, and |. K. Schuller, Phys. Rev. B 66, 054411(2002.

Rev. Lett. 76, 4624(1996. 6C. Prados, E. Pina, A. Hernando, and A. Montone, J. Phys.: Con-
2S. Mangin, F. Montaigne, and A. Schuhl, Phys. Rev.@B, dens. Matter14, 10063(2002.

140404(2003. ’T. Gredig, I. N. Krivorotov, P. Eames, and E. D. Dahlberg, Appl.

3F. Canet, C. Bellouard, S. Mangin, C. Chatelain, C. Senet, R. Phys. Lett.81, 1270(2002.
Siebrecht, V. Leiner, and M. Piecuch, Eur. Phys. J3& 381 8C. Leighton, J. Nogués, B. J. Jonsson-Akerman, and I. K.

(2003. Schuller, Phys. Rev. Leti84, 3466(2000.
4T. L. Kirk, O. Hellwig, and E. E. Fullerton, Phys. Rev. B5, 9T. J. Moran and I. K. Schuller, J. Appl. Phy39, 5109(1996.
224426(2002. 10T, Ambrose and C. L. Chien, J. Appl. Phy83, 7222(1998.

144417-4



POSITIVE EXCHANGE BIASING IN GdFe/NiCoQ. PHYSICAL REVIEW B 71, 144417(2005

1T, Ambrose, K. Liu, and C. L. Chien, J. Appl. Phy85, 6124  7J. Nogués, C. Leighton, and Ivan K. Schuller, Phys. Re\6 B

(1999. 1315(2000.
12A. J. Devasahayam and M. H. Kryder, IEEE Trans. Mags, 18T, M. Hong, Phys. Rev. B58, 97 (1998.

649 (1999. o . 19M. Kiwi, J. Mejia-L6ez, R. D. Portugal, and R. Ramirez, Solid
13N, Nishimura, T. Hiroki, T. Okada, and S. Tsunashima, J. Appl. State Communi16, 315 (2000,

Phys. 79, 5863(1996. 20D, S. Deng, X. F. Jin, and R. B. Tao, Phys. Rev.6B, 172402

14y I. Nikitenko, V. S. Gornakov, L. M. Dedukh, Y. P. Kabanov, A.
F. Khapikov, A. J. Shapiro, R. D. Shull, A. Chaiken, and R. P.
Michel, Phys. Rev. B57, R8111(1998.

I5M. R. Fitzsimmons, P. Yashar, C. Leighton, 1. K. Schuller, J.22A6g’ 1&?37(19?"] Mool Phvsea. 3874(198
Nogues, C. F. Majkrzak, and J. A. Dura, Phys. Rev. Lét, 233' M Zi 0zemo y J. ppl. Pnys| S (1988.

3986(2000. . M. ou, K. Liu, and C. L. Chien, Phys. Rev. B8, R14 717

164, T. Shi, D. Lederman, N. R. Dilley, R. C. Black, J. Diedrichs, (1998.

K. Jensen' and M. B. Simmondsy J. App| Ph)&?}, 8600 24N. J. Gokemeljer, J. W. Cal, and C. L. Chlen, Phys Re\ﬁ(B

(2003. 3033(1999.

(2002.
21C. Leighton, J. Nogués, H. Suhl, and I. K. Schuller, Phys. Rev. B

144417-5



