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Origin of room-temperature perpendicular magnetic anisotropy in Ni/Pt multilayers
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Room-temperature perpendicular magnetic anisotropy~PMA! was observed in Ni/Pt multilayer films having
7–30 Å Ni and constant 3 Å Pt sublayer thickness, prepared by magnetron sputtering at an Ar sputtering
pressure of 7 mTorr. To understand the origin of PMA, the magnetoelastic anisotropy was determined from
delicatein situ stress andex situmagnetostriction coefficient measurements. Tensile stress, inversely decreased
with the Ni sublayer thickness, was observed in all samples prepared at this sputtering pressure while the
magnetostriction coefficient was found to be negatively increased as the Ni sublayer thickness increased. From
the measurements of stress and magnetostriction coefficient, we have found the magnetoelastic anisotropy of
2.88– 4.723105 erg/cm3 in the samples, which was large enough to overcome negative contributions from the
surface and shape anisotropies. Thus, it could be concluded that the magnetoelastic anisotropy plays a major
role in yielding PMA in this system.@S0163-1829~99!50110-0#
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Current research on ultrathin magnetic films is largely
cused on searching for multilayered systems exhibit
room-temperature perpendicular magnetic anisotr
~PMA!, where the easy direction of magnetization is perp
dicular to the film plane. Applications of these systems
high-density magnetic and magneto-optical recording h
been attracting particular attention. For this purpose, Co
Fe-based multilayer films prepared by alternate depositio
transition metal~Co or Fe! and nonmagnetic element~Pd,
Ag, Pt, Au, etc.! have been extensively investigated: Mo
systems have been reported to have a strong PMA when
thickness of transition metal Co or Fe was thinner than a
monolayers.1–7 The Néel’s surface anisotropy as a cons
quence of the reduced symmetry at an interface8 and en-
hanced magnetocrystalline anisotropy due to altered e
tronic structure9,10 in a multilayer are considered to be th
major origins for the observed PMA in Co- or Fe-bas
multilayer films: Thus, a positive interface contribution ove
coming a negative volume one results in PMA in those s
tems.

In contrast, most Ni-based multilayers have been repo
to show in-plane anisotropy at room temperature7 and a the-
oretical investigation by Gay and Richter has also predic
in-plane anisotropy for monolayer Ni.11 But very recently
Shin et al. have reported room-temperature PMA in Ni/
multilayers having 7–26 Å Ni and 2.3–4.6 Å Pt lay
thicknesses.12 In this paper, we clarify the origin of the ob
served PMA in Ni/Pt multilayers by the determination of t
magnetoelastic anisotropy from delicatein situ stress andex
situ magnetostriction measurements.

Ni/Pt multilayers were prepared by sequential dc mag
tron sputtering onto glass substrates of 4 cm(l )31.1 cm(w)
3130mm(t) at an Ar sputtering pressure of 7 mTorr. Th
multilayers had different Ni sublayer thicknesses of 7–30
but had the same Pt sublayer thickness of 3 Å and number of
repeats of 30. The samples will be designated
(tNi Ni/ tPt Pt)n , where tNi is the thickness of the nicke
sublayer,tPt is the thickness of the platinum sublayer, andn
is the number of multilayer repeats.
PRB 590163-1829/99/59~10!/6597~4!/$15.00
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Stress of Ni/Pt multilayers was measuredin situ during
the deposition using a homemade optical displacement de
tor. Details of the system have been described elsewhe13

Briefly, the displacement sensing probe, detecting a defl
tion of a substrate, was located behind the free end of
substrate in the cantilever geometry, where the back sid
the substrate was coated by 1000-Å-thick Al. A change
the gap distance between the probe and the substrate, ca
by stress of a film, was measured utilizing linearly chang
response in the intensity of the reflected light with the g
distance. The sensitivity of the displacement probe was
mV/mm and the minimum detectable displacement was
Å using a voltmeter of 100mV resolution: The probe turned
out to be sensitive enough to detect displacement cause
a monoatomic layer deposition. Stress of a multilayer w
determined from the change of the gap distanceDd using a
well-known Stoney’s formula as follows:14

s5
Ests

2

3l 2~12ns!

Dd

Dh
, ~1!

where Es , ns , ts , and l are Young’s modulus, Poisson’
ratio, thickness, and length of a substrate, respectively,
Dh is the change of the film thickness. So, usingEs51.51
31012dyne/cm2, ns50.3, ts5130mm, and l 54 cm for
glass substrate and assuming a monoatomic layer depos
of Dh52 Å, a minimum detectable stress using the pro
was estimated to be 2.93107 dyne/cm2.

The magnetostriction coefficient of multilayers was me
sured using the same displacement detecting system.
sample in the cantilever geometry was saturated along
film plane by an applied magnetic field up to 10 kOe and
saturation magnetostriction coefficient was determined us
the following equation:15,16

l5
Ests

2

3l 2~12ns!

~11n f !Dd

Eft f
, ~2!
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whereEf , n f , and t f are Young’s modulus, Poisson rati
and thickness of a film, respectively. The resolution of
magnetostriction coefficient in this study was about 3
31027.

In Fig. 1, we demonstrate a typical plot of the gap d
tance vs the deposition time measured at every 50 ms f
sample of(7-Å Ni/3-Å Pt)30. Here, the positive slope in th
Ni sublayer and the negative slope in the Pt sublayer indic
the tensile and compressive stresses, respectively. This r
is quite expected, since thed spacing of Ni in the~111!
matching plane is 10.2% smaller than that of Pt. It is int
esting to note from Fig. 1 that a large slope~i.e., a large
tensile stress! in the Ni sublayer is developed at the begi
ning of the Ni-sublayer deposition on Pt and it relaxes to
moderate value before deposition of a half monolayer.
believe that this change of the slope is caused by a cohe
to-incoherent transition with Ni thickness. A larger stress
expected in the coherent matching system than in the in
herent one. The coherent matching in the~111! planes of Ni
and Pt is expected only for Ni/Pt multilayers with very th
sublayer thickness due to a large lattice misfit. The critical
thickness of a coherent-to-incoherent transition is theor
cally estimated to be 1.2 Å,7 which is consistent with the
experimental observation in Fig. 1.

Figure 2 shows a plot of stress and magnetostriction
efficient as a function of the Ni sublayer thickness. Here,
value of stress is obtained from averaging the stress exis
in each Ni sublayer calculated using Eq.~1! and the error bar
corresponds to the variation of the stress in each subla
Stress in the Ni sublayer was tensile in all samples and
versely proportional to the Ni sublayer thickness, whi
again revealed the incoherent growth of Ni sublayer on Pt
general, there are three possible sources of stress
multilayer film caused by a difference of thermal expans
coefficient between the substrate and the film, sputtering
cess, and lattice mismatch of two constituents at the in

FIG. 1. A typical result ofin situ stress measurement showin
the gap distance variation with a function of the deposition time
a sample of(7-Å Ni/3-Å Pt)30.
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face. We refer to these stresses as thermal stress, pro
stress, and incoherency stress, respectively. The the
stress in Ni/Pt multilayers was estimated to be 6
3108 dyne/cm2 and thus, its contribution to the total stress
the samples could be negligible compared with oth
stresses. The process stress measured for a single film o
was 6.53109 dyne/cm2. Figure 2 shows that the averag
stress eventually approaches the value of the process s
of pure Ni film with increasing Ni sublayer thickness. Ther
fore, only the process stress seems to exist in Ni/Pt multil
ers having thick Ni sublayers. This is quite expected sin
the incoherency stress is inversely proportional to the
sublayer thickness.

While with decreasing Ni sublayer thickness the mag
tostriction coefficient was observed to decrease in magnit
and became nearly zero at 7-Å-thick Ni sublayer, with
creasing Ni sublayer thickness it approached a bulk value
2.831025. It therefore could be conjectured that the surfa
magnetostriction coefficient17 is positive and becomes dom
nant with decreasing Ni sublayer thickness in the Ni
multilayer system.

Using the data in Fig. 2 the stress-induced magnetoela
anisotropyKl was determined utilizing the relation ofKl

523/2ls, and the magnetoelastic anisotropy of 2.
;4.723105 erg/cm3 was obtained in our samples. In Fig.
we plot the magnetoelastic anisotropy vs the Ni subla
thickness, together with the effective magnetic anisotro
measured using a torque magnetometer. It can be seen
the figure that the magnetoelastic anisotropy is larger t
the effective magnetic anisotropy by a factor of about 3 in
samples showing PMA. One could notice that the pecu
dependence of the effective magnetic anisotropy on the
sublayer thickness originates from the magnetoelastic an
ropy depending on the Ni sublayer thickness.

The effective magnetic anisotropyKu
eff in Ni/Pt multilay-

ers could be modeled phenomenologically byKu
eff5Kl1Kd

1Kc12Ks/tNi , whereKd is the shape anisotropy,Kc is the
magnetocrystalline anisotropy, andKs is the surface anisot

r

FIG. 2. A plot of the average stress and magnetostriction co
ficient as a function of Ni sublayer thickness for a series
(tNi Ni/3-Å Pt)30 multilayers.
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ropy. SinceKd is given by2aMs
2 , wherea is the demag-

netization factor andMs is the saturation magnetization, bo
quantities should be known to estimateKd . Thea is 2p for
a perfectly flat film, but it is structure sensitive and becom
smaller than 2p for an imperfect film having a rough
surface.18 We have determined the demagnetization facto
our samples by numerical calculation of the magnetic dipo
energy, considering real surface topology obtained fr
AFM measurement. It was found thata was reduced to 83%
compared to that of a perfect film. Details of the calculati
will be published elsewhere.19 The saturation magnetizatio
was measured using a vibrating sample magnetometer.
saturation magnetization at room temperature was foun
inversely decrease with decreasing Ni sublayer thickness
it became zero when the Ni sublayer thickness was sma
than 6 Å. In Fig. 4 we plot the saturation magnetizationMs
as a function of the Ni sublayer thicknesstNi for the multi-
layers of (tNiNi/3-Å Pt)30. From these data, together wit
the theoretical calculation ofa, we have estimatedKd of 0 to
23.733105 erg/cm3 in our samples.

It is worthwhile to point out from Fig. 4 that the depen
dence ofMs on tNi strongly indicates the existence of inte
facial effects in the Ni/Pt multilayers. We believe that t
magnetic moment of the Ni sublayer adjacent to the Pt s
layer is suppressed due to an overlapping between thed band
of Ni and the conduction band of Pt.20,21 Therefore, Ni sub-
layers near the interfaces are expected to be nonmagne
less magnetic. In this circumstance the magnetization of
Ni sublayer in a multilayer might be expressed by a sim
relationship ofM5M0(122d/tNi), whereM is the Ni mag-
netization of a multilayer,M0 is the magnetization of bulk
Ni, andd is the thickness of the nonmagnetic layer. Here,
factor 2 accounts for two interfaces for each Ni sublay
Using this relationship we could well fit the dependence
the magnetization on the Ni sublayer thickness in Ni/Pt m
tilayers. The solid line in Fig. 4 was obtained from this equ

FIG. 3. The calculated magnetoelastic anisotropy vs Ni subla
thickness, together with the effective magnetic anisotropy.
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tion with the values ofM05343632 emu/cm3 and d52.7
60.6 Å. This thickness of the nonmagnetic Ni sublayer
consistent with the experimental observation that the mag
tization is zero for the Ni sublayer thinner than 6 Å.

Since the value of (Ku
eff2Kd2Kl) is equal to (Kc

12Ks /tNi) in the phenomenological model, we plot (Ku
eff

2Kd2Kl) vs 1/tNi in Fig. 5 to examine the contributions o
the magnetocrystalline and surface anisotropies. As see
the figure this value increases with decreasing 1/tNi and it
approaches the magnetocrystalline anisotropy of bulk Ni
the samples havingtNi>18 Å. So, it is believed thatKc of
;4.53104 erg/cm3 exists in our samples, but it is about te

er
FIG. 4. Dependence of the saturation magnetizationMs on tNi

in the (tNi Ni/3-Å Pt)30 multilayers. The sold line was obtained u
ing the relation ofM5M0(122d/tNi).

FIG. 5. A plot of (Ku
eff2Kd2Kl) as a function of 1/tNi .
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times smaller than a typical value ofKl observed in the
samples. The decreasing trend in the value of (Ku

eff2Kd

2Kl) with increasing 1/tNi implies a negative contribution o
the surface anisotropy to the magnetic anisotropy of
samples. It therefore can be concluded that a positive m
netoelastic anisotropy overcoming negative contributions
the shape and surface anisotropies yields perpendicular m
netic anisotropy observed in our samples.

If our assertion that the stress-induced magnetoelastic
isotropy plays a major role in the magnetic anisotropy

FIG. 6. Torque curves of two samples with the same comp
tion of (14.5-Å Ni/3-Å Pt)30, but made under different Ar pres
sures of 1 and 7 mTorr.
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Ni/Pt multilayers were true, one might naturally expect i
plane anisotropy for the samples having compressive st
in the Ni sublayers, assuming that the magnetostriction co
ficient remains negative. To test this scenario we have e
neered stress in the Ni sublayer by varying an Ar sputter
pressure during the sample preparation, and we obtain
compressive-stress sample prepared at an Ar sputtering
sure of 1 mTorr. In Fig. 6 we demonstrate two torque curv
of (14.5-Å Ni/3-Å Pt)30 multilayers prepared at different A
sputtering pressures of 1 and 7 mTorr. The sample mad
an Ar sputtering pressure of 1 mTorr, which has compress
stress in the Ni sublayer, clearly shows in-plane anisotro
whereas the sample made at an Ar sputtering pressure
mTorr exhibits perpendicular magnetic anisotropy. This
sult provides further crucial evidence that the magnetoela
anisotropy is mainly responsible for perpendicular magne
anisotropy observed in our Ni/Pt multilayers.

In summary, we have investigated the origin of the roo
temperature PMA in Ni/Pt multilayers fabricated at an
pressure of 7 mTorr. By careful determination of the mag
toelastic anisotropy from stress and magnetostriction m
surements, we have found that PMA of this system ori
nated from the magnetoelastic anisotropy induced by ten
stress in the samples. The tensile stress in Ni layer was
to the multilayer structure which reset the incoherent grow
of Ni every bilayer period. The behavior of the effectiv
magnetic anisotropy with varying Ni sublayer thickness w
quantitatively explained by a phenomenological model c
sidering the magnetoelastic, magnetocrystalline, shape,
surface anisotropies.
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