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Based on surface x-ray diffraction and resonant magnetic surface x-ray diffraction measurements on ultra-
thin films of Pt on N{111) and Ni on P{111), we propose a simple explanation for the perpendicular magnetic
anisotropy(PMA) observed at room temperature in Ni-Pt multilayers. The stacking sequence of Ni grown on
Pt(111) is the same as that of the Pt substi@®rmal stackingABCABQ whereas that of Pt grown on (i)
is reversed ACBACB. As a consequence the Ni layers in Ni-Pt multilayers alternate between normal and
reversed stacking. TH&11] direction, which is normal to the interface planes, is invariant under the two types
of stacking whereas the other equivalent crystallographic directions are not. This specific symmetry selects the
[111] direction as the preferred magnetic easy axis over all the multilayer stack, causing PMA. The influence
of the Pt layer thickness on the PMA is also discussed.
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The Pt-Ni system has recently attracted attention sincevhereas Ni on P111) grows with the stacking sequence of
Pt-Ni multilayers exhibit perpendicular magnetic anisotropythe Pt substraténormal growth, Pt on N{111) grows with
(PMA) at room temperatureéRT).l'2 In contrast to Co-Pt reversed stacking, as will be shown later on. As a conse-
multilayers, where PMA appears when the magnetic Co laygquence, Ni-Pt multilayers, which contain both Ni on Pt and
ers are very thin, for Pt-Ni multilayers, PMA at RT only Pt on.Ni layers, will exhibit alternate packing sequences of
exists when the Pt layers are very thirn2 atomic layers the Ni layers as normal/reverse/normal/reverse.

For Co-Pt, PMA is generally agreed to be the result of the We assume that the axes of easy magnetization in the Ni
dominating contribution of the spin-orbit energy of interfacelayers are the same as in bulk Ni, i.e., {141]-type direc-

Pt atoms over the dipolar energy, which favors parallel antions. Among the fouf111]-type directions, one of them, the
isotropy, and becomes more important at increasing Co filni111, is perpendicular to the surface of the films. The other
thickness. The case of Pt-Ni is less clear. On the atomi¢hree make angles of 19° with the surface plane. If the stack-
level, Wilhelmet al® showed, using x-ray magnetic circular iNg sequence changes from normal to reversd1afl]-type
dichroism (XMCD), that the PMA in NjPt, multilayers at ~ directions undergo a reflection with respect to tid1)

10 K is associated with an anisotropy, of the Ni orbital ~ Plane, which leaves tha11] direction unchanged but rotates
moment. They proposed, as Bruno already did on a theorethe three other directions. Fig(& shows as an example, the
ical basis} that the PMA is caused by thidx, . On the

. . ; ) : 00L 10L
mesoscopic level, Shiet al? attributed the PMA in Pt-Ni normal g« ; )
multilayers to a “bulklike” magnetoelastic effect in the Ni [111] 6
layers, that are under tensile stress. However, their model did = Pt

57

not explain why very thin Pt layers are necessary for PMA.
Angelakariset al! suggested that this was related to the re-
quirement of Pt pseudomorphism with the Ni lattice: as soon
as the Pt thickness exceeds one atomic layer, pseudomor-
phism is lost and Pt relaxes towards its bulk lattice param- 19.4°
eter. However, the link between pseudomorphic Pt and PMA (@) TEVerse 0
was not established.

In this Communication, we propose that, in Pt-Ni multi-
layers with very thin Pt layers, there is another structura
contribution to the PMA, which is the stacking reversal. We(ABCABC”:ACBACB") of the(111) planes, observed for Pt

also propose an explanation for the need of very thin an Ni, but not for Ni on Pt, leads to successive Ni layers having
. - . : . reversed stacking sequences. Among the fddd) easy magneti-
layers. We will describe the effect first and show its experi- g seq g faag) easy mag

. zation axes of the Ni, only the one perpendicular to the surface is

mental _baS|s_ later. . . . . continuous through the whole multilayer. The other three, which are
The idea is the following. Upon growing Pt-Ni multilay- |5se within 19°) to parallel to the surface, rotate at each new Ni

ers, Ptand Ni, which have a fcc structure, both grow with thgayer. (1): side view of the reciprocal lattice for Pt on (L), in the
[111] axis along the growth direction, since thiEll) faces (14 oL) plane.L andH are respectively the Miller indexes in di-
are the most stable. The two materials can a priori growections perpendicular and parallel to the surfédelattice units.
either with anABCABC.. stacking of thg111) planes, or a  Empty (solid) squares: Ni Bragg peaks withBC (ACB) stacking;
ACBACB.. stacking. Usually, in most metallic systems, films empty (solid) circles: Pt Bragg peaks witABC (ACB) stacking.
tend to grow with the same stacking sequence as the sulthe different locations in the Pt rod of the two stacking sequences
strates. This is not the case for the Pt-Ni system sinceallows to identify the one that is actually occurring.

0 1 [-211]
FIG. 1. (a) Schematic structural model of a Pt-Ni multilayer,
Fsed to explain the origin of PMA. The stacking reversal
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zig-zag that thg1-11] axis (which is in the plane of the ture of the films was studied using standard surface x-ray
figure) makes when going from one stacking sequence to thdiffraction (SXRD).® The details of the structural study will
next. Suppose now that the magnetization within a Ni layeibe presented elsewhet@he magnetic properties of the in-
with normal stack is parallel to thel-11] direction, that we terface were investigated by resonant magnetic surface x-ray
design ag§ 1-11],,ma- Then, in the next Ni layer, the mag- diffraction (RM-SXRD) (Ref. 8 near the PtL,, edge
netization will not be able to remain in the same direction,(11.564 Ke\). This technique allows to determine the profile
because th¢l-11],,ma IS NO More an axis of easy magne- of magnetic moment in the Pt across the interface, and also
tization in this layer. To be aligned with the easy axis theto measure the element-specific Pt magnetization curves. It is
magnetization will have to rotate by at least 38° between théased on the fact that, when the energy of the x rays is
“normal” and “reversed” Ni layers, which implies the ap- precisely tuned to excite dipolar transitions in the Pt atoms
pearance of a domain wall at the interface between the tw@in our case P-5d) the atomic scattering factor becomes
Ni layers. This is energetically unfavorable compared to aslightly dependent on the Pt magnetic monfiérthrough a
uniform magnetization, due to the excess exchange energgrm that we design as,,. As shown by de Bergeviat al®
stored in the wall. In contrast, if the magnetization in a ‘nor-j, 5 Co-Pt single crystalline alloy and also verified by us on
mal’ Ni layer is along thd 111] axis, w_hlt_:h is perpendl_cula_r NiogPlo,” Ny, is approximately proportional to the magnetic
in a “reversed” Ni layer since th¢111] axis is continuous r\:;(;;nne;r:cgfetnheerg;tt: ;o(;];;aggﬂTr{tlézéﬁyB;t a2 ;j-m':t)tg]?

over the wholg ml_JIt|Ia}yer. The conflgL_lratlon ‘.N'th perpen- reciprocal space contains a small magnetic contribution that
dicular magnetization is therefore stabilized with respect to . .
ay be extracted by measuring the asymmetry ratio,

the configurations with non-zero components of the paralle (HKL)Y=(1,~1,)/(1,+1,). I, (respectivelyl ) is the in-

magnetization, leading to PMA. Why does the thickness o : :
the Pt films have to be less than two atomic layers in order t§€nSity measured aHKL) upon applying an external mag-

have PMA? As will be shown later, at the Pt-Ni interface, the"€tic field pointing ugresp. down. The experimental geom-
magnetization of the Pt atoms is essentially concentrated iRtrY iS shown in the inset of Fig. 3. More details about the
the Pt plane in contact with the Ni, the next Pt plane has dnethod can be found in Refs. 8 and 9.
magnetization at least three times smaller. Therefore, Pt lay- We will first present the structural results. Pt is known to
ers with a thickness of two atomic planes or less will begrow on Ni(111) in a parallel epitaxy? Diffraction measure-
magnetic over their whole thickness, while thicker Pt layersments(not shown of the in-plane reciprocal lattice revealed
will have a central part that is non-magnetar much less that most of the Pt grows non-pseudomorphic on the Ni sub-
magnetig. strate: it is almost completely relaxed from the beginning of
The idea is that Pt layers with a nonmagnetic central parthe growth. Also, the widths of the in-plane peaks indicated
favor parallel magnetization with respect to perpendiculathat the diffracting domains had dimensions of more than
magnetization, for two reasons. First, and this is true for anyl00 A. Figure 1b) shows a schematic side view of the re-
multilayer, the magnetic/nonmagnetic Pt interfaces are aiprocal space of Pt and Ni considering thd1.3% lattice
source of magnetic dipoles in the case of perpendicular magnismatch between both elements. The figure shows the ex-
netization, and their magnetostatic energy destabilizes thpected locations of the Bragg peaks of the Pt film. The stack-
perpendicular configuration. Second, nonmagnetic Pt layerisig sequencéABC... or ACB...) of the Pt planes on the Ni
reduce the tendency of stacking reversal to induce PMAgan be determined by measuring the diffracted intensity
since the two adjacent Ni layers are no more exchangealong the Pt rodlocated at (0.9 @)], and comparing it to
coupled and the notion of a domain wall in between thenthe neighboring (10) Ni crystal truncation rotl (CTR) as
does not apply any more. shown in Fig. 2a). As may be seen, both stacking of the Pt
To summarize, we propose that PMA originates from theare present, with a net predominaneefactor~10) of the
periodic stacking reversal of the Ni layers, and from the di-reversed stacking. The Pt peaks (8t9 0 0.9 (inversed
rect magnetic coupling between the Ni layers that is providedtacking and (0.9 0 1.8 (normal stacking had the same
by very thin Pt layers. In what follows, we will describe first width alongL indicating that the thickness of each type of
the structural data, which evidence the stacking reversal fostacking was the same. Thus, it appears that, if an area of the
Pt on Ni and the stacking conservation for Ni on Pt andfilm adopts at the early stages of growth a given stacking
second, the magnetic data, which reveal that there is onlgequence, it maintains it during all the growth. Figufe)2s
one magnetic Pt plane at the Pt-Ni interface, both for Pt orihe equivalent of Fig. @) but for the reverse growth of Ni
Ni and for Ni on Pt. In our experiments we did not investi- on P{111) (which grows with its own in-plane lattice spac-
gate multilayer stacks but only single interfaces. ing). It shows that, in an eight-layer Ni film on @f1), again
The experiments were performed on the ID0O3 surface difboth stackings are present, but this time with a dominance of
fraction beamline of the ESRFThe samples consisted of the normal stacking by a factor ef3. The films correspond-
ultrathin[1—8 monoatomic layeréMLs)] Pt films grown on  ing to Figs. 2a) and 2b) are both grown at RT. This ten-
a Ni(111) single crystal, and of a thifB ML) Ni film grown  dency toward stacking reversal for Pt on Ni and stacking
on a Pt11)) single crystal. They were all grown by electron conservation for Ni on Pt has in fact already been observed
beam depositior{deposition rate: 1 ML/30 min for Pt, 1 by Staigeret al! in molecular beam epitaxy grown Pt-Ni
ML/8 min for Ni) and characterizenh sity, in the ultra high  multilayers.  The  high-resolution-transmission-electron
vacuum chamber mounted on the diffractometer. The struamicrographd' in side view also showed that Ni and Pt layers
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0 L 4 Pt CTRs, for the Ni film on RL11). Lines: calculated rods. Inset:
FIG. 2. SXRD data showing the stacking reversal for Pt ongeometry for magnetic diffraction: the incident be&mnand the
Ni(111) (a) and the stacking conservation for Ni on(Bttl) (b). (a) incident linear polarization;eare horizontal. The sample surface

The Ni(1@L) CTR (thin line) measured on the clean Ni substrate is @1d the applied magnetic field are vertical.a, y and 6 are the
compared to the neighboring (0.91&. rod (thick line) of the pt  diffractometer angles.

film, measured on a eight-layer filrth) The (1@) CTR (thin line)

of the Pt substrate is compared to the neighboring (L) @od  ent magnetic Pt planes to the toRfactor are additive, and
(thick line) of the Ni film, both measured on a eight-layer Ni film. each is proportional ta,(n).

Figure 3 shows the nonmagnetic and magnetid_{j0and
consisted of columns with a single stacking sequence oveflOL) truncation rods of the Pt substrate, for the eight-layer
the layer thickness, consistently with our results. Ni film grown on P{l11l) at RT. The lines for the non-

The magnetism of the Pt was probed, as mentioned abov&)agnetic rods are a fit with a bulk-terminated(121)
with RM-SXRD. From the dependence of the diffracted in-surface!® with a 1.5 A rms roughness. The lines for the
tensity on the magnitude of the applied magnetic fiéld, magnetic rods are a fit in which only the topmost Pt plane is
was found that both the Pt films on Ni and the Ni film on Ptmagnetic and has &, of 0.14. The other atoms of the Pt
have an in-planéi.e., paralle]l easy magnetization axis. This substrate are nonmagnetic,{=0). Putting a nonzera, in
means that the sample is magnetically saturated in-plande Pt plane before last would add oscillations of shorter
when measuring thR factors. This is important to obtain the period in the magnetic rods, which are not present in the
“full” value of the Pt magnetic moment, since we measure data. From this analysis, the Pt magnetic moment is/B06
only its in-plane component in our geometry. atom in the topmost Pt plane, and zéoo similar to the error

To determine how the magnetic moment of the Pt atom$ar ~0.01uB) in the Pt planes below. Figure 4 shows the
varies along the directionnormal to the interface, we mea- nonmagneti¢a) and magnetic¢b) (00L) (i.e., specularrods
sured “magnetic rods.” These are profilesRfL) at fixedH measured at RT for a four-layer Pt film grown at 150 K on
andK, along the diffraction rods of the film or of the sub- Ni(111). The fewR values measured both at 150 K and RT
strate. The influence of the different structural and magneti¢lid not show any change with temperature. This indicates
parameters on the magnetic rods can be seen from the fol-
lowing equation:

=]
2

(ooL)

Pt/Ni(111)

1
[tan26(L))| g
R(L)=2—=— = >, {oca(n).Ny(n)cog — ego (L) o
[Foo(L)[ 45 E )
£ 1
+2mLz(n)]}, 10
which describes th&(L) profile for the (OQ) rod, for a Pt b %

film on Ni. The sum is taken over thePt planes of the film

1000R

[occupation ocaf), “magnetic moment’n,,(n), z position O —%

z(n)]. #is the Bragg angldF oy | andeyy are, respectively, !
the modulus and phase of the “nonmagnetic” structure fac- 2l®)

tor, which includes contributions from both the Ni substrate 0 3 | 6

and the Pt film. The data analysis is done in two steps; first FIG. 4. Nonmagneti¢a) and magneticb) (00L) rods, measured
we measure andz analyze the standard crystallographic rqg}, 5 four-layer Pt film grown at 150 K on KiL1). Lines: calculated
[1(L)=|Fukc(L)|7], to find an atomic model of the inter- 1o4s. The atomic model is a bulk-terminated fla( 1) single
face (atomic positions and site occupation$he structural  ¢rystal, surmounted by a Pt film withdp.=2.10 A, dpypr
model is then used as input to fit the measuRgtl) and to =228 A (bulk 2.265 A and occupations aD.65, 0.58, 0.39, 0.17,
deduceny, for the different Pt layers. This fit oR(L) is  and 0.04 for the first five Pt planes. The magnetic model comprises
relatively simple since the contributiofig,(L) of the differ-  only one magnetic Pt planghe first ong with n,,=0.3.
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that the Curie temperature is far above RT, so that the maghree Pt planes in a NPt multilayer. On the contrary, the
netic moment deduced from Fig. 4 is a good approximatioragreement with the experimental XMCD results of Wilhelm
of the one at 0 K. The line in Fig.(@) is a fit with a bulk et al!® on a NiPt, multilayer is poor since these authors
terminated Ni surface covered by an imperfectly flat Pt layerreported 0.2@B/atom for the average magnetic moment of
The line on Fig. 4b) is a fit with only the interfacial Pt plane the Pt, which is about a factor of 2 higher than ours. Such a
of the film being magnetic, witm,,=0.3. The Pt planes discrepancy between the Pt moments derived from XMCD
above haven,,=0. A fit of similar quality can be obtained by and RM-SXRD was already noted for the Co-Pt system, and
taking the same totai,,=0.3, but putting 75% of it in the IS not yet explained. o

first Pt plane @,;,=0.225) and 25% of it in the second Pt _In conclusion, a new structural contribution to the PMA of

plane ,,=0.075). The error bars on the magnetic moment\i/Pt multilayers has been proposed. It is based on the ob-

profile are therefore larger than for Ni on Pt. This comesServed alternation of stacking sequences in the Ni layers

from the large number of parameters in the structural modeff@used by the Pt spacer, which privileges the direction of

which induces some imprecision on the phase of the strudnagnetization normal to the film. It has also been shown that
ture factor. From this analysis, the total Pt moment is (0.121€ magnetism of the Pt atoms is essentially reduced to these

+0.01)uB, with 100% to 75% of it in the first Pt plane, and in COFtaCt Vr\:ith tEe I\rl]' pllanes, V}’hLCh favors the i_nterlayer Ni"
0% to 25% of it in the second Pt plane. coupling when the thickness of the Pt spacers is very small.

The analysis of Figs. 3 and 4 shows that in both caseErom the point of“view Of.tr,',e stacking, the I.Dt'Ni mul_tilayer
(Nig/Ptgy x and P%/Nigy.k), the magnetic moment in- 'S analogous toa polytypic” hexagonal Pt-Ni alloy, with the
duced in the Pt is essentially confined to the Pt plane i axis perpendlcula.r to the surface. The Iower' symmetry of
contact with the Ni. The total moment in the Pt is about twoth'S hexagonal lattice _co_mpared to the cubic fcc Iattlc_e
times larger for Pt on Ni(0.12uB) than for Ni on Pt should favor a large uniaxial anisotropy, as, for examp_le, in
(0.06uB). It is not clear yet if this difference is due to the hcp Co compared to fec CG.If the stacking reversal in-

structural asymmetry between the two growitegarding ducgd PMA is _strong .enough_, it should b? possible_ to
strain’ and stacking or simply to a possibly lower Curie achieve thick perpendicular films by growing epitaxial

temperature of the thin Ni filni compared to bulk Nithe Ni(11_1) and periodicall_y reversing the_stacking sequence of
Nig/Ptg x measurements were done only at) R order to f[he N'(l.ll) planes. This COL."d be achieved for example by
apply our results on thewp(z) profile for Nig/Ptgy x and mtrpdgcmg ca_rboq atoms via an exposure o carbon Monox-
P, /Nigy_ to Ni. Pt multilayers, one has to assume that theld'e. Ni;C consists in a hcp stacking of Nl planes, intercalated
up(Z) profile is independent of the Pt thickness, and of with carbon_ plane_s, and a monoatomic carb_on layer shou_ld
the Ni thicknessn. Using this assumption, our data show fayor the Ni stacklng_ revgrsal. The perpen(_j|cular m"’}%gynet'c
that only the NiPt, multilayers have fully magnetized Pt anisotropy _observed in thick cgrbon—conta}mlnated Ni fifms
layers. The same assumption was used in Ref. 9 to buil&OUId possibly be related to this, Fl_naIIy, I S.hOU|d be nOted
magnetic moment profiles from “totap.” and “total " ohur E’nl\c/JldAEI .doesbno\jvgl?‘ntlradlctl tShBe rr;llcroscoplcI e;planatlr?n of
XMCD measurements on NPt, multilayers with different the given by Wilhelmet al.” Both structural effects, the
m’'s andn’s. Wilhelm et al®® also used the additional as- stress_z, and_ the stacking faults, may produce an anisotropy of
sumption that thep(z) profile is the same for the Pt on Ni the Ni orbital moment, as they reduce the symmetry of the

. . Ni.
and Ni on Pt interfaces.
Our results for Pt on Ni agree reasonably well with the We thank E. Paiser, L. Petit, and A. Sdier technical
results ofab initio calculations,> which give magnetic mo- assistance, and Y. Jugnet for lending us the Pt-Ni single
ments of 0.1LB, 0.05«B, and 0.0B per atom for the first crystal.
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