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Spin-reorientation transitions in ultrathin Co films on Pt (111) and Pd(111) single-crystal substrates
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Spin-reorientation transitiofSRT) behaviors in ultrathin Co films grown on both(Ptl) and Pdl111)
single-crystal substrates are investigated \itlsitu magneto-optical Kerr effects. At the region of SRT from
the perpendicular to in-plane magnetization with the increasing of Co thickness, canted out-of-plane orienta-
tions are observed, from which we can determine not only the effective secdapb(t also fourth- K,)
order anisotropy constants. Both the constants, which can be separated inko,fuli and interface anisot-
ropy termsK,4s) are essential to understand the stable canted out-of-plane magnetization. We found that the
value ofK,g for Co/P{111) is larger than that for Co/Pd.11), resulting in the later onset thickness and wider
range of the observed SRT, while the negative small valuég,ofn the both systems yield the stable canted
phases. In addition, we observed different polarization effects of Pd and Pt near the interfaces which might also
contribute the contrasting SRT behaviors.
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Ultrathin magnetic films have the property that the mag-x10-1° Torr. Thein situ MOKE measurements were carried
netic anisotropy prefers out-of-plane or in-plane magnetizapyt at the same position in the growth chamber without any
tion depending on the film thickness or temperature. Perpersample transportation, which made the experiment conve-
dicular magnetic anisotropyPMA) in ultrathin magnetic nient in the sample growth and measurement cycle with a
films has been one of the most attractive subjects due to itstep of 0.5-ML Co thickness. HeNe laser with a wavelength
application to ultrahigh-density information storage. It is of 632.8 nm and silicon detectors were used at an incident
well known that Co films on FP111) and Pd111) substrates angle of 45°. Using a lock-in technique with a precise pho-
exhibit PMA at the monolayer¢ML) regime, where the toelastic modulator of 50 kHz and crystal polarizers with
magnetocrystalline anisotropy caused by a broken symmetrgxtinction ratio of better than 13, we simultaneously mea-
at the interfaces is sufficient to overcome the demagnetizingured the Kerr rotation as well as ellipticity with an accuracy
energy originated from the shape anisotrbpYAs the film  down to~0.001°. Details of the measurement system were
thickness increases, the magnetic easy axis changes froescribed elsewhere.
perpendicular toward in-plane orientation, which is a so We havein situ measured the polar and longitudinal
called thickness-driven spin-reorientation transit@RT). MOKE signals after every Co deposition of 0.5 ML cover-
In the present work, we compare SRT behaviors in Co filmsage. Figure @a) and Xb) show the evolution of the polar
grown on between P111) and Pd111) single-crystal sub- Kerr hysteresis loops of Co films grown on(Ptl) and
strates, especially under the context of their secomd;) ( Pd111) substrates. For both substrates, the square loops start
and fourth- ) order anisotropy constant flo#Observed

difference in the transition thickness between the two sub- @ Colt1ly e ki w

strates is explained by differences in their interface anisot- Eliptici

ropy terms and likely by the polarization effects of Pt and Pd Kmf_f;ﬂwjjjf////

at the interfaces as well. Rttt W W I N W N N NG N
The Co films were grown on P11 an.d Pd11)) single- (b) CorP(I11)

crystal substrates at a rate of 0.4 ML/min &peam evapo- IML1S 2 25 3 35 4 45 5 55 6

ration. The substrates were cleaned by a few cycles of 1 keV =2 T I j Jf / /S

Ar™ ion sputtering and annealing up to 1000 K. Well-defined g :;;Kgmlﬁ@ N

terrace structures of the Pd1) and P¢111) surfaces were g e X1

confirmed by a reflection high-energy electron diffraction 1009

(RHEED) and a scanning tunneling microsco&TM). The FIG. 1. Evolution of the polar Kerr hysteresis loops with Co

magneto-optical Kerr effedOKE) measurements as well thickness on(a P(111) and (b) Pd111) substrates. For 2 and 2.5
as the Co growth were performed in an ultrahigh vacuumvL Co films on Pd111), the Kerr rotation loops are magnified to
(UHV) chamber maintained under a base pressure of tlearly see the polarity change.

0163-1829/2002/68.7)/1724094)/$20.00 66 172409-1 ©2002 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B56, 172409 (2002

N
th

—a— Co/Pt(111)

g0} (a) %
: % - 2.0 Canted —<|—CnIPd(111)_
& 60: % % 1.5 e Perpendicular ]
é [ % / o & 4<«<< e 7ML
== ESC
Fo ‘% 7/’ M 0.5/ In-plane 3IML |
—e— Co/Pt(111) i ; i ;
0.3|(®) -—0— Co/Pd(111) 00— 0 2 4
g : K, (x 10° ki/m’)
s 02 ~
.E FIG. 3. Anisotropy constant flows on the€,-K, plane with
8 01 varying Co thickness. The perpendicular, canted, and in-plane
N phases are separated as noted in the figure.
0.0
5 10 15 20 1
t, (ML) E=K,sirf 6+ K,sin6+ 5 HoM 2cog, (1

FIG. 2. (a) The canted anglé, of the magnetization vector from
the film normal as a function of Co film thickness,. The spin  Where the first, second, and third terms are the second- and
reorientation transition occurs in the shaded regibh.Polar Kerr ~ fourth-order anisotropy energies, and the demagnetization
susceptibility at the remanent statg,{ as a function otc,. The  energy, respectively. By minimizing with respect tod, one
dotted line indicates the critical thicknegs, . can obtain the three solutions for the stable phases of mag-

netization orientations, i.e=0°, 90°, and sif¥=(3uoM?
to appear at 2 ML coverage. Then, the loops become slantedK,)/2K,. Those angles correspond to perpendicular, in-
from 10 ML for P{111) and 4.5 ML for Pd(111). The evo- plane, and canted out-of-plane phases, respecﬁv%tyince
lution of the hysteresis loops vs the Co thicknegsclearly  the interfaces between Co and(PHl) or P{111) substrates
exhibits that perpendicular magnetization switches to in2re present in the whole systet, andK, could be sepa-
plane orientation asc, increases through the transition re- rated into the bulk and interface ternks, =Ky, +Kos/tc,
gion of spin reorientation. Overall trends in the SRT behavio@nd Ks=Kgp+Kas/tc,. From the Fig. 2a), the onset ()
VS te, are similar for both substrates, but the onset thick-and end (¢,) thicknesses of transition are determined, which
nesses from perpendicular to in-plane orientation and th&orrespond to the cross points from perpendicular to canted
thickness ranges of transition are different. phase and from canted to in-plane phase orkiju, plane,

In order to compare different SRT behaviors in both subsespectively, wherek,=3u,M2—K,. One can determine
strates, we first plot the canted angkgsfrom the film nor-  the values ofK,s and K4s from the two conditions with
mal at the remanent state, i.e., at zero field as a function abking Co bulk valuejé) for Koy andKyp: (i) K,=0 atte,
tco, as shown in Fig. @). The canted angles are determined =t2  and (i) K,= — 3K, attc,=t&,.% The numerical calcu-
from cos [m,/(mf+nP+ng)2], wherem,, m,, andm, are lation results inK ,;=0.78 MJ/M; K ,o= —0.041 mJ/rA for
the magnetization components along each axis. The vectori@o/Pd111), and K,s=1.8 mJ/nt; K,=—0.034 mJ/m for
determination of all the magnetization components fromCo/P{111). The large difference in the determined values of
MOKE signals was reported elsewhérin the plots of¢, vs K, is evidently responsible for the contrasting onset thick-
tco for Co/Pd(111) and Co/Pt(111), different transition on- ness as well as transition range between both substrates.
sets and ranges are evident, and also supported by the polarThe observed SRT behaviors in the Ca/Pd) and Co/
Kerr susceptibility,y, , defined bydm,/dH|_o as seen in  Pt(111) systems could be well explained under the context of
Fig. 2(b).™ The critical thicknessg,, wherey, has a maxi- the anisotropy flow. By adopting the calculated values, in
mum, are determined to be 5.5 ML Co on P11l and  Fig. 3 we plot the anisotropy flows on ttig,— K, plane for
~12 ML Co on P(111). Before starting SRTy, remains the Co/Pd111) and Co/Pfl1l) systems with varyingtc,
almost zero due to the square shapes of the hysteresis loops3—-9 ML and 7—20 ML, respectively. It is clear that the
while the rapid increases up tg, and then decreases in the larger value ofK 4 in the Co/Pt111) than that in the Co/Pd
transition region represent the distinct SRT behaviors. (119 gives rise to the later onset and wider range of the SRT,

In order to understand the underlying physics of the dif-while the negative small values &, in the both systems
ference in SRTs on R1l) and P{111) single-crystal sub- vyield a stable canted phase during the SRT’s. As seen in Fig.
strates, we determink€, andK,, both of which are essential 3, the SRT's in both the substrates proceed via a stable
for the canted orientation existing in the SRT region. To de<anted phase, i.e., a typical second-or@enooth) SRT as
termineK, andK, values as a function dt.,, we use their tc,increases. However, there is a large difference in the on-
correlation withé,. For a uniaxial anisotropy system in the set thicknesses of the transition between the two substrates.
second-order approximation the free energy density in th&he SRT from perpendicular to in-plane orientation starts at
absence of an applied magnetic field is given by 4.5 ML Co for Pd111), and proceeds through the thickness
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range of 1.5 ML. On the other hand, the transition of1P1) o ColPt(ill) | ’ N
substrate occurs in the rangetgf=10-15 ML's. Our results 0151 o coaqitn) @)
vividly witness that the contrasting behavior is essentially . <
originated from the different interface anisotropies sensi- .

tively dependent on the substrate material. For instance, in
the Co/AY111) system with K,s=0.66 mJ/m and K,
=—0.12 mJ/mM, Oepenet al! reported an onset thickness
of 3.7 ML and the transition via a coexistence phase within a

0.4 ML thickness. atol
In the thin film regime, the Kerr signal depends linearly

on the thickness of the magnetic layer by the additivity taw. P aos| ) N

Our results also show the linear dependence of the Kerr sig- B

nal on the Co thickness up t§,. In addition to this linear ¥ 000

dependence, however, the Kerr signals for Co/Pd and Co/Pt

show a contrasting behavior. Very interestingly, in Figh)1 005 s .
I 15 20

the negative polarity of the Kerr rotation loop at 2 ML Co on 0 5 1&1
Pd111) changes into the positive one at 2.5 ML Co, which te
might be caused by the polarization effect of Pd by Co at the o i

intgrface To our kzowlezge we report, for the firs),/t time, an FIG. 4. (a) Polar Kerr ellipticity **and (b) rotation 6°* values
ex eriméntal evidence for t’he olarit 'chan e of the IO’O Sat the saturation field vig,. The vertical dashed lines stand for the
fro?n the MOKE measurementsp To c%nvinci%gly verify thg critical thickness¢,. The solid lines are linear fits to the data.
polarization effect, we plot the thickness dependence of the i , i ,
saturation values of the polar Kerr ellipticigf®and rotation influence t_he mterface anisotropy terms being essential for
6% as shown in Fig. 4. Botk** and 65 increase linearly the SRT’s in ultrathin Co films on both @fl1) and Pd111)

with te, Up to g, as shown in Fig. @). The e** curves for Su?r?t::%tﬁsl.usion we compared the spin-reorientation transi-
both Pd111) and P¢111) substrates have no significant offset tion behaviors ir,1 uItrathinp Co films gF;own on both(BE1)
when extrapolated to:,=0 with the linear fits to the data and Pd111) single- A i

: c at gle-crystal substrates usiig situ magneto
prior totc,. Thea. curve for the case of Rﬁﬂ), however, optical Kerr effects. With increasing Co thickness in the
has_a large negative oﬁget: .Our results are different from thﬁwonolayer regime, the canted phases of magnetization were
earlier reports, where significant offsets in beff¥* and 653 '

. . . observed during the transition from perpendicular to in-plane
were observed in the sandwiched Co films o(LE]) (Ref. magnetization on both substrates. We could determine the

t14)bandttP_cglil)d(lt?eIh12 Slibtf]tr?ttis' Th_e dlscrgg_il_ncy Isgem;‘, nterface anisotropy termis,q 45y which are essential to un-
0 be atlributed 1o the tact that there 1S no additional L0-Fhg o1anq the stable canted phase of magnetization. The larger

(or Pd interface in ourin situ measurements compared to | f . . .
. . Ko f P{111 h th f
their wedged sandwich samples. Our results suggest that tl\r:/g ue of Ky for Co/PLLLY in comparison with that of Cof

polarization effect is more dominant in Pd than Pt, which is d111) results in the later onset thickness and wider range
in accordance with theoretical predictidhd’ and the experi- of the observed SRT from perpendicular to in-plane orienta-

: tion, while the negative small values Kf,¢ in the both sys-
mental observation of charge transfer from Co to Pd at the_ ' . S
interface™® Note that the polarity change of the Kerr rotation fems yield the stable canted phases. In addition, we observed

and the negative offset in Co/Pd.1) might imply a probable diff_erent _polarization effects of Pd and P_t near the interfaces

o o2 . . \{VhICh might also contribute the contrasting SRT behaviors.
pposite direction of the polarized Pd moments with respec

to Co moments. As evidenced by distinctively different onset This work was supported by the Korean Ministry of Sci-

thicknesses of SRT's in Co/Ptll) and Co/P{l11), the dif- ence and Technology through the Creative Research Initia-

ference in the polarization effect between those systems maijve Project.
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