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Oscillatory interlayer coupling in Co/Pt multilayers with perpendicular anisotropy
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Interlayer coupling in several series [@€o/Pfly multilayers with perpendicular anisotropy and Pt thick-
nesses from 3 to 79 A has been investigated using magnetometry measurements at temperatures from 293 K
down to 8 K. Oscillatory interlayer coupling with a ferromagnetic background as a function of the Pt thickness
was observed in every multilayer series. This oscillation of interlayer coupling can be attributed to the
Ruderman-Kittel-Kasuya-Yosida interaction. Unusual temperature dependence of the coercivity and the satu-
ration magnetization suggests that the polarization of Pt atoms by the adjacent Co layers is responsible for the
ferromagnetic interlayer coupling in Co/Pt multilayers and the magnetic polarization of Pt atoms extends
further into the Pt layers as the temperature decreases.
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The discoveries of oscillatory interlayer coupling in mul- Ruderman-Kittel-Kasuya-YosidéRKKY) coupling similar
tilayers composed of ferromagnetiEM) and nonmagnetic to that in other FM/NM multilayers, such as Co/Cu. The
(NM) metals in 1985and giant magnetoresistance in Fe/Crtemperature dependence of the interlayer coupling suggests
multilayers in 1988 spurred great interest in this field'*A  that the Pt atoms are magnetically polarized by the Co layers.
large variety of systems have been investigated and oscillaFhe magnetic polarization of Pt atoms extends further into
tions in interlayer coupling have been found in many sys-the Pt layers as the temperature decreases. The magnetized Pt
tems, including FM/NM multilayers with noble metals, such atoms are responsible for the FM coupling between the ad-
as Cut"Ag,2 Au,Btand transition metals, such as ®efs.  jacent Co layers. This result indicates that both RKKY cou-
3 and 12 and Ru*® The magnetization of the adjacent FM pling and the polarization of Pt play important roles in the
layers oscillates between ferromagnetic and antiferromagnterlayer coupling in Co/Pt multilayers with perpendicular
netic alignments as the NM layer thickness vattes. anisotropy.

To date, most of the systems that exhibit oscillatory inter-  Several series diCo/Piy multilayered samples with rep-
layer coupling have in-plane magnetic anisotropy. In recengtition N from 2 to 30 were fabricated using a ultrahigh
years, multilayers consisting of Pd, Pt, and ultra-thin FMvacuum magnetron sputtering system with a base pressure of
layers, typically Co, have attracted considerable attentionlx 107° torr or better. Ultra-pure Ar gas of 4 mTorr was used
These multilayers exhibit perpendicular magnetic anisotropyor sputtering. The deposition rates of Co and Pt are 0.78 and
which has potential applications in ultrahigh density perpen9.84 A/s, respectively. 50 mm long Si wafers with a native
dicular recording. The perpendicular anisotropy originatexide layer were used as the substrates. A 100 A Pt buffer
from the dominating interfacial anisotropy when the FM layer was first deposited on each wafer, followed by the
thickness is very smalle.g., 4 A C9.15%6The ultra-thin Co  deposition of Co/Pt multilayers. Each Co layer is uniform
layers are coupled together by the intervening Pd or Pt layensith a thickness b4 A and each Pt layer is a wedge with
and behave as a single ferromagnet. Despite intensive studigsicknesstp, from 0 to 80 A. Finally, a 30 A Pt layer was
on these multilayers, the mechanism of the interlayer coueleposited on top as the capping layer. Every Si substrate was
pling remains unclear. Previously, using hysteresis measureut into 40 pieces of 1.25 mm wide strips. Each strip has a
ments, Parkin showed that there was no antiferromagnetithickness variation of 2 A ant}, refers to the average thick-
coupling in FM/NM multilayers with Pt or P& while fer-  ness of each strip. For comparison, a single Co layer with a
romagnetic resonance studies have found an oscillatory bemiform thickness b4 A sandwiched between a 100 A Pt
havior superimposed on a FM background in Fe/Pd/Féuffer layer and a 30 A Pt capping layer was also fabricated.
trilayers with in-plane anisotroply.It is highly interesting to  Hysteresis loops were measured with a magnetic fiely
see if oscillatory interlayer coupling exists in multilayers perpendicular to the film plane using a LakeShore vibrating
with Pt and in systems with perpendicular anisotropy. Verysample magnetometer at temperatures between 293 and 8 K.
recently, oscillation in interlayer coupling across a single Pt \We measured the surface roughness of some Co/Pt mul-
layer was reported for Pt thickness larger than 28 A when theilayers using an atomic force microscope because the inter-
FM layers sandwiching the Pt are only weakly coupfgth  face and surface quality is critical for the magnetic properties
this paper, we report a systematic study of the interlayein multilayers. The peak-to-peak amplitude of the surface
coupling in Co/Pt multilayers with perpendicular anisotropy.roughness is 2—3 A with a wavelength of about 600 A. The
[Co/Piy multilayers with repetitiorN from 2 to 30 and Pt small roughness of the surface indicates the high quality of
thicknesses from 3 to 79 A were investigated using magnethe multilayer interfaces, which is desirable for the investi-
tometry measurements at various temperat(ifgsOscilla-  gation of interlayer coupling.
tory interlayer coupling with a FM background between the Perpendicular anisotropy has been obtained in all
Co layers has been observed and can be attributed to th€o/Pfy multilayers withN from 2 to 30 and, from 3 to
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FIG. 1. Room temperature hysteresis loops of
[Co(4 A)/Pitp)]s multilayers with Pt layer thicknessét) of (a)
3A () 13 A (0) 21 A (d) 41 A, and of[Co(4 A)/Pt(11 A)]y
multilayers with(e) N=5, (f) N=8, (g) N=12, and(h) N=30.
79 A. Examples of the hysteresis loops for :
[Co(4 A)/Pttp) s multilayers with eight repetitions anig, 1005, 0 i
=3,13,21,41 A are shown in Figs(a@-1(d). In this series, all 0 10 20 30 401& 50 60 70 80
the hysteresis loops are square excepttfgr3 A, which Iy (A)

shows a more gradual switching than the others since the AG. 2 R ‘ ‘ ity (4 ¢

small Pt thicknes$2 to 4 A) cannot completely separate the Col4 A) /Pt('t )] r?]?;l?”a efsmv‘\)/ﬁ;]argritmome;f“(’;)y; (tCJ)) 8 (2)

adjacent Co layers. Therefore, the interfacial anisotropy[ proN y P ‘ ‘
o= : . . 2, (d) 20, and(e) 30 for tp, between 3 and 79 A.

which is responsible for the perpendicular anisotropy, at1

Co/Pt interfaces fotp=3 A is not as dominating as those

with thicker Pt layers, resulting in the gradual transition in

Fig. 1(a). h . . )
- . . . ave the advantage of understanding the interlayer coupling
1 Thledc%ercwny (HC). ﬁf.the hysteret)5|s loops in Flgs. from H¢, although not quantitatively. Figure 3 shows the
(?I)_ (F) ecreasles Eﬁ't | lncrefaflriggl Xt _nolt:_monoto_nl- coercivity of[Co(4 A)/Pt(11 A)]y multilayers which are the
cally. ror example, e ‘0op Tof= in Fig. Xc) is sixth strips cut from wedged wafers with repetitiNifrom 2

wider than that fotp=13 A in Fig. 1(b). The coercivity for : o .
. X . . & to 12. As a comparison, the coercivity of a singié=1) Co
the entire series of multilayer@<tp<79 A) with N=8, layer is also shown in Fig. 3. FroM=2 to 5, H. shows a

which exhibits an oscillatory behavior with a clear peak at
tp=23 A, is shown in Fig. @). In order to make sure that ! —— —

or monotonic dependence g (e.g., grain size
For Co/Pt multilayers with perpendicular anisotropy, we

this oscillatory dependence bf; ontp, is intrinsic to Pt, we 3000 / © o
measureH¢ for multilayers withN=>5, 12, 20, and 30, as E ]
shown in Figs. £a), 2(c), 2(d), and Ze), respectively. All five D 200k / E
series in Fig. 2 exhibit similatp, dependence oflc with a e

clear peak attp,=23 A. For each series of samples, the = F / E
sample-to-sample variation of quality, such as substrate 100¢ / E
roughness, density of defects, interface roughness, and impu- 3 E
rity level, is minimal across the whole range. The only vari- 9% Q ST S ST OT)

able within each series is the Pt thickness, which increases
linearly from 3 to 79 A for the 39 strips. Thus, the consis-
tency of the oscillatory dependence Hf on tp; must be FIG. 3. Coercivity of(Co(4 A)/Pt(11 A)]y multilayers withN
intrinsic to Pt since other factors either give no dependencéom 1 to 12 at room temperature. The point f8~1 is from a
on tp; (e.g., substrate quality, interface roughness, impurity single Co layer.

224403-2



OSCILLATORY INTERLAYER COUPLING IN Co/Pt... PHYSICAL REVIEW B 71, 224403(2005

linear dependence oN, while for larger N, Hc deviates @) 8II<K,AA
from the straight line and starts to decrease. The linearity of o

Hc versusN is directly related to the interlayer coupling of

the Co layers. Previous, the magnetic switching in perpen-
dicularly magnetized multilayers has been attributed to the
domain wall nucleation and domain wall motidtowever,

Fig. 3 indicates that foN<5, the interlayer coupling deter- >
mines the domain wall nucleation which initiates the mag- 9U
netic reversal. Otherwisél: would not be linear withN. B
Therefore, we can relate the amplitude of the interlayer cou-

pling to H¢ by the equation

1500

500F

(N=1)J “q_ JRL L-"’A--A»rk--A’"-A—A»-A--A---AA
HC = HCO * MStC ! (1) ...‘~..\.-....7.7....7.‘.‘1i(.)i<..‘
° 0 b ; : : . e

whereHq, is the intrinsic coercivity of one Gd A) layer, J 2200 [ () ET=§5KE ;
is the exchange coupling per unit surface area between the "E B_,.,,a»-->"3'
adjacent Co layersVigis the saturation magnetization of Co, = S 1
andtc, is the thickness of a single Co layet A). The term 52000 e ]
(N-1)J represents the total interlayer coupling strength per = | *- .. ]
unit area fof Co(4 A)/Pt(tpy) ]y multilayers because there are 1800 F el T=293K 1
N-1 intervening Pt layers. Equatigqd) implies thatH is ‘ ‘ . L e e
linear with N, which is exactly what we have observed for 0 10 20 30 40 50 60 70 80
multilayers with 2<N=<5. Because the domain wall nucle- Iy (A)

ation also depends on other factaigletermined fromHc is
not the actual coupling strength. Nevertheld$g represents
the tp; dependence of interlayer coupling.

At N=<5, the hysteresis loops are square, while for
>5, part of the loop becomes slantfigs. 1f)-1(h)], re-
sulting in the deviation oH¢ from linearity in Fig. 3. For
N=8, a tail appears in the magnetic switching in an othernetic for all the Co/Pt multilayers we studied. Similar behav-
wise square loop. The tail becomes more significaniNas ior has been observed in Fe/Pd/Fe trilayérdhe FM
increases. The magnetic switching in Co/Pt multilayers iscoupling of Co layers is because both Pt and Pd are transition
accomplished by the domain nucleation and domain walmetals of group 10(same group as Niand are nearly
motion?1® At N<5, once the nucleation process starts, theferromagnetic®?! The Pd or Pt atoms in the vicinity of a
domain walls quickly move across the whole sample, givingFM layer can be polarized and carry magnetic moméhts.

a sharp switch. For multilayers with larghr after the nucle- The polarized Pt or Pd layers give the ferromagnetic cou-
ation, the domain wall motion slows down &kincreases, pling between the FM layers and eliminate the possibility of
giving a more gradual transition. However, within the sameantiferromagnetic coupling such as that in Co/Cu multilay-
series of multilayersti still follows thety, dependence af,  ers. The FM coupling strength decreases monotonically with
which allows us to investigate the interlayer coupling simplytp,. Reference 18 attributed the FM background of interlayer
throughHc. coupling across a Pt layer to the orange-peel coupling for

The oscillatory behavior ofic in Fig. 2 can be attributed perpendicular magnetization due to the relatively large sur-
to the RKKY coupling of the Co layers through Pt. RKKY face roughness of 12 A. In our Co/Pt multilayers, the surface
interaction is responsible for the oscillatory interlayer cou-roughness is 2 to 3 A, and thus, the orange-peel coupling is
pling in many FM/NM systems. Recently, oscillatory cou- unlikely.
pling between two stacks of Co/Pt multilayers separated by Because the magnetic polarization of Pt atoms depends on
a single Pt layer with a thickness larger than 28 A has beetemperature, the temperature dependencelofshould re-
reported(with one peak atp=37 A), which was also due to veal important information of interlayer coupling. We chose
the RKKY interaction® In all of our Co/Pt multilayers with  a series of Co/Pt multilayers witi=8 and measurel for
tp between 3 and 79 A, we observed an oscillatory interlayety, between 3 and 79 A at temperatures of 8, 25, 50, 80, 150,
coupling with a pronounced peak arouipg=23 A. At larger  and 293 K, as shown in Fig.(d). Thetp, dependence dfic
tp, because of the weaker interlayer couplibty; is unable  shows little change whem drops from room temperature to
to reflect the oscillation of the interlayer coupling. The oscil-150 K except that the magnitude &f- becomes larger.
latory behavior inHc is likely to originate from the RKKY  However, below 80 KHc exhibits significantly differentp,
coupling of Co layers through Pt. dependence, instead of decreasing at ldggeH shows a

Unlike other FM/NM multilayers(e.g., Co/Cl which  considerable rise aftep=40 A. The increasingl indicates
show oscillations between ferromagnetic and antiferromagthat the interlayer coupling becomes strongetpgisicreases,
netic coupling, the interlayer coupling is always ferromag-while in most FM/NM systems, the interlayer coupling

FIG. 4. (a) Coercivity (Hc) and (b) saturation magnetization
(Mg) of [Co(4 A)/Pttp)]g multilayers fortp between 3 and 79 A at
temperatures of 293 Ksolid circleg, 150 K (solid up trianglel 80
K (open circleg 50 K (solid down trianglel 25 K (open squargs
and 8 K(open up triangles
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weakens as the adjacent FM layers are further apart. This This explanation is supported by the total magnetization
unusual behavior can be interpreted as a result of the strongef the multilayersMs in Fig. 4(b). At room temperatureMg

polarization of Pt atoms at lower temperatures. As an exdecreases with increasirig, because the Pt atoms near one
ample, we discuss the curve f6=25 K in Fig. 4a). Ontop  CO/Pt interface are less polarized by the Co layer on the

of the oscillation, He increases considerably up t, Other side of the Pt layer &g increases, resulting in the
=60 A, after whichHe reaches saturation. First-principles "éduction of the total magnetic moment. The estimated depth
' ¢ of Pt polarization is about a few layers, consistent with pre-

calculations have found that magnetic polarization of Pd atyious reports? At 25 K, Ms increases with increasing,

oms extends several layers into the Pd layer in Fe/Pd/Fgniij anout 55 A. This is a clear evidence that for thicker Pt
trilayers at room temperatuté.The same should exist in |ayers. more Pt atoms are polarized, resulting in a stronger
Co/Pt multilayers. At room temperature, the depth of the Piyterjayer coupling at largets, We also noticed that the os-
polarization is only several layers. At largg, the adjacent cjllatory coupling with a pronounced peaktat=23 A essen-

Co layers are coupled through nonpolarized Pt and the coually does not change with temperature, which is consistent
pling strength decreases with increastpgHowever, at low  with the RKKY coupling in other systems.

temperatures, the depth of the Pt polarization becomes much In conclusion, RKKY-type oscillatory interlayer coupling
larger. The adjacent Co layers are coupled together by polahas been observed [iCo(4 A)/Pt(tp) ]y multilayers withN

ized Pt layers, which are effectively FM layers. &g in-  from 5 to 30 andtp, from 3 to 79 A using hysteresis mea-
creases, more Pt atoms are polarized. The addition of polasurements. We found that the magnetic polarization of Pt
ized Pt atoms makes the whole multilayer a strongemmtoms is responsible for the FM coupling between the Co
ferromagnet, resulting in a largétc at largertp,. From Fig.  layers. The FM coupling becomes stronger at low tempera-
4(a), we estimated that the polarization of Pt extends into theures because the polarization of Pt atoms extends deeper
Pt layers for about 30 A from each side Bt 25 K. Thus, into the Pt layers which, in turn, couples the Co layers more

aftertp=60 A, Hc essentially saturates. strongly.

*Electronic address: fyyang@mps.ohio-state.edu Harp, and R. J. Savoy, Phys. Rev. L€, 3718(1994).

1P. Grunberg, R. Schreiber, Y. Pang, M. B. Brodsky, and H. Sow-1J. Unguris, R. J. Celotta, and D. T. Peirce, J. Appl. P5.6437
ers, Phys. Rev. Lett57, 2442(1986. (1994).

2M. N. Baibich, J. M. Broto, A. Fert, F. NguyenVanDau, F. Petroff, 12S. T. Purcell, W. Folkerts, M. T. Johnson, N. E. W. McGee, K.
P. Etienne, G. Creuzet, A. Friederich, and J. Chazelas, Phys. Jager, J. aandeStegge, W. B. Zeper, W. Hoving, and P. Grunberg,

Rev. Lett. 61, 2472(1988. Phys. Rev. Lett.67, 903(1991.

3S. S. P. Parkin, N. More, and K. P. Roche, Phys. Rev. L&4f.  13S. S. P. Parkin, Phys. Rev. Le7, 3598(1997).
2304(1990. 14M. D. Stiles, Phys. Rev. B8, 7238(1993.

4S. S. P. Parkin, R. Bhadra, and K. P. Roche, Phys. Rev. Béft.  1°S. Hashimoto, Y. Ochiai, and K. Aso, J. Appl. Phy&6, 4909
2152(1991). (1989.

5M. T. Johnson, S. T. Purcell, N. W. E. McGee, R. Coehoorn, J16B. N. Engel, C. D. England, R. A. Van Leeuwen, M. H. Wied-
aandeStegge, and W. Hoving, Phys. Rev. L68§, 2688(1992. mann, and C. M. Falco, Phys. Rev. Le67, 1910(1991).

6M. T. Johnson, R. Coehoorn, J. J. deVries, N. W. E. McGee, J17Z. Celinski and B. Heinrich, J. Magn. Magn. Mate®9, L25
aandeStegge, and P. J. H. Bloemen, Phys. Rev. 168t.969 (1992);E. E. Fullerton, D. Stoeffler, K. Ounadjela, B. Heinrich,
(1992. Z. Celinski, and J. A. C. Bland, Phys. Rev. Bl, 6364(1995.

’F. Petroff, A. Barthélemy, D. H. Mosca, D. K. Lottis, A. Fert, P. 1873, Moritz, F. Garcia, J. C. Toussaint, B. Dieny, and J. P. Nozieres,
A. Schroeder, W. P. Pratt, Jr., R. Loloee, and S. Lequien, Phys. Europhys. Lett.65, 123(2004).

Rev. B 44, R5355(1991). 193, Pommier, P. Meyer, G. Pénissard, J. Ferré, P. Bruno, and D.
8Z. Celinski and B. Heinrich, J. Magn. Magn. Mate®9, L25 Renard, Phys. Rev. Let65, 2054(1990.
(1991). 20y, L. Moruzzi and P. M. Marcus, Phys. Rev. B9, 471 (1989.

9V. Grolier, D. Renard, B. Bartenlian, P. Beauvillain, C. Chappert,21H. Chen, N. E. Brener, and J. Callaway, Phys. RevA® 1443

C. Dupas, J. Ferre, M. Galtier, E. Kolb, M. Mulloy, J. P. Renard,  (1989.

and P. Veillet, Phys. Rev. Letf71, 3023(1993. 223, Bouarab, C. Demanfeat, A. Mokrani, and H. Dreysse, Phys.
105, s. P. Parkin, R. F. C. Farrow, R. F. Marks, A. Cebollada, G. R. Lett. A 151, 103(1990.

224403-4



