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The crystalline structure and the magnetic properties giNGa,/ CusAu(100 films were characterized as
functions of thickness and alloy composition. No apparent alloy effect on the crystalline structure was observed
with x up to 11%. As the film thickness increases abev@& monolayerdML ), the films clearly exhibited a
progressively more relaxed structure. Due to the strain relaxation, both the first and the second spin-
reorientation transitionéSRT) occurred within 20 ML. The thickness region with perpendicular magnetization
was strongly reduced by increasing the Co concentrationxBdt0%, no SRT was observed. By combining
both the alloy effect and the strain relaxation effect, the SRT boundaries in the phase diagram can be described
in a phenomenological model on the basis of magnetoelastics.

DOI: 10.1103/PhysRevB.71.184413 PACS nun®er75.70.Ak, 75.50.Bb, 78.20.Ls

[. INTRODUCTION pared to characterize the alloy effect on the SRT behavior.
) o ) ] ) _ The SRT behavior reveals a clear boundary in the magnetic
In magnetic ultrathin films, the reducing of dimensionality phase diagram with the variation of the film thickness and
leads to many interesting properties different from bulk ma-+the alloy concentration. It can further be used to determine
terials. One of them is the spin-reorientation transitionthe contributions from various magnetic anisotropies with
(SRT), which implicates switching of the magnetic easy axislittle ambiguity. Presumably, the magnetic anisotropy varies
with variation of the thickness, the temperature, or the cryswith the alloy concentration as a result of the modification to
talline structure of the filn}? For example, the magnetiza- the electronic structure which is outside the scope of this
tion switches from perpendicular to in-plane direction as themanuscript at this point. Such an observation can be com-
film thickness increases for systems, such as C¢1AD,®>  pared with several theoretical calculations about the aniso-
Fe/CY100,* and Fe/CygAu(100.>25¢ In contrast, tropy of 3 alloys that have been reported receffly:
Ni/Cu(100 films revealinverseSRT at about 7-10 mono- In the case of C@Ni;_,/Cu(100), due to the small lattice
layer (ML),%~in which the magnetization switches from mismatch and the small strain, the film needs to be very thick
the in-plane to perpendicular direction with increasing thick-in order for strain relaxation to occur. Thus, the second SRT
ness. This inverse SRT originates from the strain-inducedhappens at very large thickness and is easily influenced by
magnetoelastic anisotropy, which prefers the perpendiculahe small changes in the growth condition. As there is larger
magnetization. At a higher thickness, the strain gradually rescatter in the measured critical thickness for the second SRT,
laxes and the easy axis goes back to in-plane ggmirthe it is difficult to analyze the alloy effect on this boundary.
past decades, the phenomenological Néel-type model ha$ence all the efforts of previous studies have been focused
been used successfully to describe the thickness-dependent the alloy effect on the first SRF-151t would be nice to
SRT in various systems, and many experimental studies haJyeve the information of the alloy effect on the second SRT,
aimed to characterize the SRT from the view of this phenombecause it can bring us more details about the alloy effects
enological model. However, in experiments studyingon the magnetic anisotropies, especially the magnetoelastic
thickness-dependent SRT, one may usually get only one critanisotropy. In this experiment, we choose;&u(100) as the
cal thickness(d;) to characterize the SRT phenomenon.substrate, instead of €L00). Due to the larger mismatch of
Since spin orientation is the result of the competition bethe Ni/CwAu(100 system [Ni/CusAu(100: -6.1%,
tween many different magnetic anisotropies, such as magnédi/Cu(100): —2.6%)], strain relaxation starts to occur with
toelastic anisotropy, shape anisotropy, etc., only one or twehinner films. Both the inverse SRT and the second SRT
data points ofl, is not adequate to tell us about the evolutionoccur within 20 ML. Therefore, the alloy effect on the sec-
of various magnetic anisotropy. Due to this point, manyond SRT boundary can be characterized completely in the
binary alloy systems, such as Fe-Co(0R0,*> CqNi;_/CuAu(100 system. With both SRT boundaries in
Fe-Ni/Cu100,'31% and Co-Ni/Ci100,'®> have been pre- this system, we can extract more information on the thick-
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ness evolution and the alloy modification of the various mag-
netic anisotropy terms. Due to the relaxation of strain, the
surface anisotropy of films is no longer constant in the thick-
ness region of the second SRT. A strain-dependent term must
be considered in surface anisotropy, called the surface mag-
netoelastic anisotrogyTherefore, the alloy effect on the sec-
ond SRT boundary not only helps us to reconfirm the previ-
ous experimental and theoretical results of volume
magnetoelastic anisotropy but also gives further information
about the alloying effect on the surface magnetoelastic an-
isotropy.
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Il. EXPERIMENT

This experiment was performed in an ultrahigh vacuum Deposition time (sec)
(UHV) chamber with the base pressur@ x 1071 Torr. The
CuzAu(100) single crystal with miscut=0.1° was cleaned by
cycles of 3 keV Ne-ion sputtering. After cleaning, the su
strate was annealed at 765 K for 5 min, and then at 645 K
for 30 min to get smooth and well-ordered surface. The well-persists until 5 ML and after that, the amplitude of oscillation
orderedc2 X 2 structuré® was verified by low-energy elec- quickly reduces to smaller values. These small-amplitude os-
tron diffraction (LEED). CoNi,_, alloy films were prepared Ccillations, which continue for more than 20 ML and gradu-
by co-deposition while the substrate is at 300 K. During thedlly disappear, also help us to calibrate the film thickness
evaporation, the pressure was better thanl®1° Torr and ~ precisely even at higher coverage. The evolution of oscilla-
the growth was monitored in real time by medium-energytion intensity described above clearly shows the transition of
electron diffraction(MEED) with a beam energy of 5 keV growth mode from layer-by-layer to island growth at 5-6
and grazing angle of 1°. From the periodicity of MEED os- ML. After the transition to island growth, the surface be-
cillation, the deposition rate was calibrated and controlleccomes rougher than the condition under layer-by-layer
precisely. We calibrated the deposition rates of Co and Ngrowth (0-5 ML). As indicated in a previous study of the
individually from the MEED oscillation of pure Co and pure MEED and scanning tunneling microscopy experiments for
Ni films. Then, the same deposition rates of Co and Ni werd e/ Cu4Au(100),° the reduced peak intensity of MEED oscil-
repeated by keeping the same deposition parameters durif@fion is connected with the enhanced roughness in island
the co-deposition of Co—Ni alloy films. The repeat of Co andgrowth. In addition, Matthest al2° did not observe so many
Ni deposition rates was very reliable and can be checked byascillations in Ni/CyAu(100). We also tried to check it by
Deposition rate of Co-Ni alloy films=deposition rate of changing the grazing angle of the electron beam and, in fact,
Co+deposition rate of Ni. Besides, as shown in our previousve can reproduce the same data as shown by Matthes with a
papert® Auger electron spectroscopfES) also helped us to larger grazing angle of 4°. Thus, the growth condition in this
confirm the Co concentration. work should be similar to the previous study.

Measurement of LEED and LEED-current/voltagéV) Furthermore, as compared with Ni/@®0),® Ni films on
curves was performed to identify the morphology and theCusAu(100) revealed similar layer-by-layer growth, although
crystalline structure. From the LEEDYV curve, the average the mismatch of Ni/CyAu(100 (-6.1%) is much larger
vertical interlayer distancéa,) was determined using the than that of Ni/C¢100) (-2.6%). In our AES analysis, Au
kinematic approximatiof>1® Magnetic properties of the segregation could be seen in Ni films ongBu(100) grown
fims were monitored by magneto-optical Kerr effect at 300 K. Similar results also have been observed by Braun
(MOKE). The MOKE measurement was performadituin et al?! and they suggested that the segregated Au seems to
both the longitudinal and the polar geometry using modulahelp layer-by-layer growth in Ni/Gu(100) at 300 K.
tion and lock-in technique.

FIG. 1. MEED intensity oscillation of various ultrathin Co—Ni
b_aIon films grown at room temperature on £w(100).

B. Crystalline structure
. RESULTS

The crystalline structure of the alloy films after being
A. Growth mode cooled down to 100 K was characterized by LEED and
Figure 1 shows the MEED intensity of various films LEED-1/V measurements. Structure-wise, for alloy films of
grown at 300 K as a function of deposition time. The MEED the same thickness, no significant difference appeared with
curves of the alloy films with up to 11% have roughly the the variation of the alloy compositiax< 11%). This can be
same features as that of the pure Ni film. From this resultattributed to the similar fcc lattice constant of Co and Ni.
and the similar face-centered-culgfcc) lattice constants of Since the lattice mismatches of Co and Ni onz@u(100)
Co and Ni(Co: 1.77 A, Ni: 1.76 A, it is reasonable to con- are —-5.6% and —6.1%, respectively, a 10% alloy composition
clude that small Co concentration does not cause apparentll induce only a 0.05% variation in lattice mismatch, and
changes of the growth mode. In Fig. 1, clear oscillationsthus gives no significant effect on the crystalline structure.
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__________________________ to the case of Fe/\WL00)?2 in which pseudomorphic growth
1 g5k Bulk Cu,Au(100) ; guigl‘go was observed during the deposition of the first 3 ML, strain
o v 3.2%Co relaxation occurred between 3—6 ML and only small residual
8 480k A 5.4% Co strain existed after 6 ML. This thickness-dependent strain
5 o [anlo relaxation of CoNi;_,/CuAu(100) films may induce the
% 1.75F " BakNidooy © T T T g 3E o8 evolution of magnetic anisotropy, and thus leads to the sec-
g %# S % ond SRT. The related details will be discussed below.
2 ok iu&}ﬁi{ The quickly reduced MEED oscillation at 5-6 ML in Fig.
2 } i#i 1 implies the trend to an island growth. As the lateral relax-
T sk ¢ { @%} ation is more likely to initiate at the island edges, it seems
1 1 1 1 " " 1 " 1 quite reasonable that in @i, /CuAu(100 films, the
2 4 & 8 10 12 14 16 18 strain relaxes after the appearance of island growth.
(@) Thickness (ML) Froma, of the various alloy films in Fig. @), the verti-
0 cal straine | as shown in Fig. @) can be calculated by the

‘é?'iil following definition23
T - * . .
2k SS % "¥ ? 8L=(ai—as')/ag', (1)

whereal' is the bulk lattice constant of Ni.

Perpendicular strain (%)

> From the studies of Hat al,?3 the ratio of nickel in-plane
-4} to perpendicular strains is —1.18+0.05, which is also very
close to the value reported by Plataw al®* Thus, the in-
Sk . . . .
e plane strairg; can be estimated from the perpendicular strain
-6k v e, based on the ratio reported in previous papers:
. . . . y . . . g=-(1/1.18 - ¢,. (2

4 6 8 10 12 14 16 18
(b) Thickness (ML) Since the electron diffraction method can only give the
average value of tha, near the surface, data points shown
FIG. 2. (a) Vertical interlayer distance(a,) of various in Fig. 2b) are assumed to be the strain of the top layer by
CaNi;/CusAu(100 alloy films. a, relaxes from highly com- neglecting the averaging effect from the mean-free path of
pressed lattice (1.66+0.02A to amost bulk structure |ow-energy electron. The dashed line in FigbRis a curve
(1.76+0.02 A with the increasing of thickness. There is no appar-fitting with an analytical function of Gaussian form to all the
ent difference in the relaxation process of films with different alloy strain dat&> Similar to other reports on Ni/ Q00,23 our
composition.(b) Vertical strain calculated from the, in (a). The data of strain relaxation do not follow the conventiottald)
dashe.d que Is a curve fittinb3§(d)] of all the. data points and the form. From the stress measurement of other surface relax-
solid line is the "average strair¥,,(d) of the film. ation systems, such as Fe(¥00) studied by Enderst al,??
the total stress is the integration of the contributions from
each individual layers and it keeps on increasing with the
film thickness even after the strain relaxation. This suggests
that even when the top layers of the film start to relax, the
strain of the underlying layers might still remain locked in
place. That is why the total stress keeps on increasing, but
not dropping down during and after strain relaxation. Only
the increasing rate of the total stress is reduced by the strain
; . relaxation and finally the total stress saturates after total re-
from the LEED{/V of the substrate and its value iS |5yaiion From this picture of strain relaxation, the average
1.87+0.02 A, which is consistent with the literature. Be- gy ain of the film can be thus calculated, as shown by the
cause of the large negative mismatch, the films sustain 8olid line in Fig. 2b), by adding up the strain of the indi-

tensile stress in the film plane and the of the alloy film is idual | f the dashed li d then divided by th
compressed as compared with bulk Ni. In Figa)2a, keeps ;/(I)talljlathiirnaressstom € dashed fine and then divided by the

nearly invariant at about 1.66 A until 8 ML and then gradu-
ally increased to~1.75 A with thickness up to 18 ML. In d

other words, the alloy films gradually relax to the bulk struc- &,(d) = (1/d) - f eq(t) - dt, 3)
ture of Ni after 8 ML. From the&k-space lattice measured by 0

LEED images, the in-plane strain relaxation was also obwhered is the film thickness, ands is the surface strain
served. However, due to the morphology-induced broadeningbtained from experimental data af . These dashed and
of the spot profile, it is difficult to precisely characterize the solid lines shown in Fig. @) represent thus the evolution of
in-plane strain relaxation. Unlike the drastic fcc-to-body-the surface straieg(d) and the average volume straip(d),
centered-cubic structural transition of FehBu(100 respectively, which later will be applied in the phenomeno-
films,?® the relaxation process of Q4i,_, films was similar  logical model with magnetoelastic anisotropy.

Therefore, the effect of alloying on the crystalline structure
can be neglected in the following discussion.

On the other hand, the energy of the peaks in LBED-
curves shifted drastically with the variation of the film thick-
ness. Figure @) shows the vertical interlayer distaneg
obtained from LEEDHV curves of various alloy film&?
The dashed lines indicate the, of bulk Ni(100 and
CwAU(100.251° The a, of bulk CuAu(100 is deduced
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f 13-AML FIG. 4. Magnetic phase diagram of {8,/ CusAu(100) with
" respect to the film thickness and the alloy concentration. All of the
o films were grown at 300 K and the magnetic behavior was mea-
200 -100 0 100 100 0 100 200 sured at 100 K. The empty and solid circles indicate the presence
Magnetic field (Oe) and absence of polar hysteresis signal, respectively. The solid line

presents the fitted boundary. The dashed line indicates the bad fit-
FIG. 3. Longitudinal and polar MOKE hysteresis loops(af  ting of the second SRT by taking=¢,. For comparison, the inset

Ni/CuzAu(100 and (b) Cog g74Nig 906/ CusAU(100) films with dif- shows our previous results of @¢i;_,/Cu(100).
ferent thickness. The measurement temperature is 100 K. In the two . o .
cases, both of the first SRT and the second SRT were observed. perpent_jlcular magnetization was gradually reduced with '.[he

' increasing of the Co concentration. As the Co concentration
increases from 0% to 9.5%, the critical thickness of the first
and the second SRT varies from 7.8 ML to 9.8 ML and from
17 ML to 10.5 ML, respectively. When the Co concentration
is larger than 10%, no SRT can be observed.

C. Magnetic properties

Figure 3 shows the MOKE hysteresis loops of pure Ni In comparison  with our revious  stud on
and Cg ¢7Nig gpg alloy films grown at room temperature on CoNi /Cu(plOO) (inset of P Fi 4 ythe
CuwAu(100 in both longitudinal and polar geometry. The COXN'H/C AU(100 A | 9. d'ﬁ; t SRT
measurement was performed at 100 K. In pure Ni films, the ﬁx '1‘8. UgAU( F') syshen']l revgaFl;,r iverﬁ meren hifted
easy axis switches from the in-plane to perpendicular direcPhase diagram. First, the first o oundary was s lfte
tion at 7.7-8 ML (first SRT) and switches back again at from 7 to more than 20 ML by 9% Co in €100 system.
higher thickness of~17 ML (second SRY. Our data are However, in the case of GAu(100 system, the shift is on!y
similar to the report of Braunet al?* on Ni/Cu;Au(100 ~2 ML by 9.5% Co. Apparently, the alloy effect on the first
films. They showed that between 8 and 12 ML, no signaIsSRT IS not as strpng in GAu(100 system as in Gaoo
were measured in longitudinal geometry, but in polar geom_system. Besides, in contrast to that only 'ghg first SRT bound-
etry. There are two possible reasons for the deviation of th@"y was observed in _the @00 system within 2.0 ML_’ the
SRT critical thickness. The first one is the differences in thec@AU(100) system displays both SRT boundaries within 20
preparation condition, especially the UHV environment andML-
the substrate. Take Ni/CLO0 for example, the critical
thickness of the first SRT ranges from 7 to 10 ML due to the ) i
different preparation conditions in different groups!: The In the past decades, the phenomenological Neel-type
second possibility might be that Braun’s MOKE data weremodel has been .used .successfully to describe the th|pkness—
taken from a wedge sample. The possible differences in maglépendent SRT in various systems, and many experimental
netic domain and crystalline structure between a wedgedtUdies have aimed to characterize the SRT from the view of
sample and a uniform film may also influence the SRT pethis phenomenological model. Considering only the lowest-

IV. PHENOMENOLOGICAL MODEL OF SRT

havior. order term, the perpendicular magnetic anisotropy per vol-
In Fig. 3(b), 7.2% Co delays the first SRT to higher coy- Ume can be described‘as

erage and shifts the second SRT to lower coverage. The same E =K - Sirf 6, (4)

measurement was performed for alloy films with different Co

concentration and thickness. All of the MOKE data are sum- K K ,

marized as a phase diagram shown in Fig. 4. The empty and Keit = — + K, ==+ (Kpe= 27M7), ©)

solid circles indicate the presence and absence of polar hys- d d
teresis loop, respectively. Clearly, the thickness region wittwhere 6 is the angle between the surface normal and the
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orientation of the magnetizatiod.stands for the film thick- experiment¥*'> and calculation$®'® Both in the experi-
ness. -2rM? is the shape anisotropy aildenotes the mag- ments and calculations, the magnetic anisotropy oNTo,
netic moment densitK,,. is the volume magnetoelastic an- alloy is approximately a linear function a&f whenx is small.
isotropy, which is the product of the volume magnetoelastic
constantB, and the average volume straif). B. Strain relaxation effect on SRT

In Eq. (4), from the condition of minimum energy, the
magnetization of the film prefers the perpendicyiarplang
direction if Kez>0 (<0). Thus, SRT happens wheg
changes signs and we can get the critical thickingsd SRT
by solvingK4=0:

Besides the alloy system, E(p) is extended to describe
both of the first and the second SRT of Ni/(@Q0) by add-
ing the surface magnetoelastic anisotropy and considering
the strain relaxation as:

— (Beo + K&V
- Ky - K Ko = (sﬁ(s:i ks)

Ky (Kpe=27M 2) - ©
whereBs is the surface magnetoelastic constant, anid the
perpendicular strain at the surfa¢€? is the surface magne-
tocrystalline anisotropy, which is the strain-independent part
of the surface anisotropl{s due to spin-orbital coupling.
While studying the first SRT of Ni/Q100), no strain
relaxation was observete =¢,=constant?®23 Therefore,
A. Alloy effect on SRT B,-& can be combined with®¥ as a constant, which is in-
Furthermore, we had found the experimental data of thelependent of the film thickne$like K in Eq. (6)]. However,
first SRT boundary in CiNi;_,/Cu(100) can be reproduced in considering the second SRT of Ni/@00), strain relax-
by this model if we assume the magnetic momevitsthe  ation happens with increasing thickness. ThRig is no
surface anisotropis, and the volume magnetoelastic aniso-longer a constant and we need to sepaBgess and k™
tropy K are linear function of the concentratianEquation  explicitly to take care of the thickness-dependent strain re-
(6) is modified as laxation.

4= - 2[xKE+ (1 —x)KL1)
© 7 IXKES + (1~ KN} — 27 xMCO+ (1 - )M 2

+(B, &, - 27M?), (8)

d.=

This model has been applied to the first SRT of
Ni/Cu(100.° It gives us the picture that the first SRT
originates from a negativeK; and a large positive
Kme (>27M?2).

C. Alloy+strain relaxation effect on SRT

Since our data shown in Fig. 4 include both the alloy
(7)  effect and the strain-relaxation-induced second SRT, It is

The linear variation of magnetic moment has been meagtraightforward to combine Eqs$7) and (8) as

sured by experiments as the Slater-Pauling céfv&. The — (Bg- 5+ ko s
reason for the linear approximation of magnetic anisotropy  Kesr= d 3—200/>
originates from the small value of Co concentratignand o7

the consistent results of linear variation in previous - 27 xMC°+ (1 - x)MN']?, 9)

+{[XKG2+ (1 —x>r<mu}(

= (Bs-estky

d.=

XK+ (1 —x)Kmu}(;Tg/o) - 20fXMO+ (1 - MV

(10)

In the numerator, following the form of Ed8), a strain- and the second SR{,;,d.,) in pure Ni films into Eq.(10)
related term is separated from the surface anisotropy. In th@vith x=0), we can solve the values Bf, andky, from these
denominator, the volume magnetoelastic anisotrpk of  two equations. Finally, only two paramete,; and kg,

the alloy films follows the same linear combination in EqQ. need to be determined from fitting the SRT boundary of alloy
(7), since Eq(7) is good in describing the Co—Ni alloy films films.

on CU100. The factor 3.2% in front of th&,. term is the
correction for the differente;, of Ni/Cu(100 before : .
relaxation?®2*Next, we need to determirig, andk, with the strain 5(385) and.the average vqlumg strasiav). In B(,)Chls
variation of alloy compositionc. Sincex ranges up to only €POrt es=g, is assumed, which implies the strain relax-
0.11, the undetermined parametds and k. are approxi- ation in all layers of the film are the same. However, if
mated as linear functions ok Bg(X)=Bg+XBy,ki(X) g,= &g One fails to describe the phase boundaries of SRT, as

=kg+xky. By taking the two critical thickness of the first shown by the dashed line in Fig. 4. No matter what values of

The last question is how to properly calculate the surface
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Bs andkg we choose, it is impossible to fit the second SRTwhy we useks instead ofk:”. Besides in the case of
boundary welP® Ni/Cu(100, Bochi et al®3' also reported the B
At the conclusion of the above attempt, we are forced tapf Ni-vacuum surface=-5174eV/atom. Our By(x=0)
give up the assumption, =ss. As mentioned in the section =p_=-1950+200ueV/atom is of the same sign and the
of the crystalline structure, it is compatible with the experi-sgme order as theirs.
mental data that individual layers in the film have a different
degree of strain relaxation. Thus, the average volume strain
g, can be determined by the definition of H) [solid line
in Fig. 2b)] and is substituted into E¢10). The SRT bound-  wjith the parameters obtained in the last section,Kpge
ary in the phase diagram can now be determined venyith various Co concentrations is depicted in Figa)5as a
well in this new model if B=-1950+200ueV/atom,  fynction of thickness. Figure(B) reveals the competition
ko=-441+10ueV/atom, and properly choosing the petween the surface contributiéi/d) and the volume con-
fitting ~ parameters: 5)51:1300015Q0QueV/at0m, Ksi  tribution (K,) in different alloy films. Figures @)-5(f) show
=2340+200peV/atom:™ Note that, since we used the per- yq thickness and the alloy evolution of distinct magnetic
pendicular strain in the Eq10), the value ofB, should be anisotropy terms in Eq(9).
little deviated from that obtained with in-plane strain by a
factor of Poisson’s ratig~1.18.23:31
According to the above picture of relaxation, although the
further away from the interface, the better the strain is re- The thickness and alloy-induced evolution of magnetic
laxed, the strain on the Ni-GAu(100) interface is supposed anisotropy from surface and volume contribution are shown
to be frozen in, and the surface magnetoelastic anisotropy fan Fig. 5b). At low coverageg<10 ML), the positiveK o
the Ni-CyAu(100) interface should be independent of strain and the decayin$¢/d (<0) result in the increasing tendency
relaxation. Theks of the surface anisotropis thus includes of K. Thus, K increases from negative to positive with
not only the surface crystalline anisotropy, but also thethickness in Fig. &), and the first SRT happens whé&Ry
surface magnetoelastic anisotropy for the Niz@uw(100 crosses zero. After 10 ML, due to the strain-relaxatidp,
interface related to the residual strain. This is alsodrops down quickly and becomes compatible with the decay-

V. DISCUSSION

A. Strain-induced (thickness-dependent) SRT
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TABLE |. Magnetic moments and anisotropies of Co and Ni.

Kmd ueV/atom Ky(ueV/atom M (ug) —27M2(ueV/atom
Co/Cy100)26:27 -73.8 -55.8 1.8 -90
Ni/Cu(100)°27 29 -77 0.57 -9.1

ing K. Thus, although the surface anisotrofy0) decays (the value at~8 ML). Thus, we have the conclusion: Both
by (1/d), it still can cover the positive volume contribution. K, and Kg are about twice that in the GAu(100 system
Then,K.; goes back to be negative again. This is the secondelative to the C(LO0) system. According to Eq(6), the
SRT. At a much higher thicknesk,,. andK, drop to zero factors ofKg andK, cancel each other, and there is no ap-
due to the strain relaxation and thedldlecay. Then, the parent difference in thd,, of the two systems.
shape anisotropl-27M?) always dominatek; to be nega- With regard to the second SRy, of Ni/CuzAu(100) is
tive and no more SRT will happen. much smaller than that of Ni/GL00 (30-70 ML). One
The netKy; as compared with the individual componentsreason is the earlier strain relaxation in Ni/4Bu(100),
(such as Beg, ks, Kye Or —27M?) is really small. Thus, the which makes,, drop down earlier. The other reason is the
direction of magnetization is controlled by a small differencelarger negativeK of Ni/CusAu(100), which can driveK g
between two large opposing contributiorf&ig. 5b)].  negative again even whek,=K.~27M? is still positive
Change in any one of the components may thus easily infludut smal). In Ni/Cu(100), K¢+ goes back to be negative
ence the final outcome. From an engineering point of viewonly afterK, < 08
this allows us to “tweak” the system one way or another.

B. Comparison between Ni/CyAu(100) C. Alloy effect on SRT
and Ni/Cu(100) In Fig. 5(b), we can see the alloy effect on bdthy/d and

Different substrates of GO0 and CuAu(100) provide CKrUéa\QgtSh ;23 ihr:\gllgfsrelcgio C?;;S;Tragzrgi :sgs;aquhei‘!yn;g:ans
different environments and conditions for the Ni films, such v 9 y ’

as the film-substrate interface and the lattice mismatchthat’ from the view oK, increase of the Co concentratian

which implies the different strain. Only the intrinsic proper- Will shift K upward and however, in the view &, in-
ties of Nipfilms the maanetic mémen>t/ densi) anoFI)thFe): crease ofk will shift Kq downward. The alloy effects oikg

o 9 Ni i and K, are opposite to each other. The final result of their
magnetoelastic constafB,=K,/strain are unchanged, as

o e competition is theKs shown in Fig. %a), which shifts
shown in in Eqs_(?) and (10). Thus: the modification OK.S downward with increasing. Apparently, alloy effect on the
andK, by changing the substrate is reasonable. That is als

Qolume anisotropy, especial dominates the final result.
the reason for the different SRT critical thicknesses in th&ya ~onclude thgz’thepdelaylis;]mge’ of the first SRT and the ad-

two cases. : e
. . . . vancing of the second SRT originate from the strongly re-
As compared with Ni/C(L00) system, in whichK, ducedK,, (or B,) by Co concentration.

=(Kme—2mM?) ~ 20 ueV/atom (Table ), Ni/CugAu(100)
reveals a larger strain, which means a larger

K,~42 peV/atom[Fig. 5b)], about 2.1 times of that in D. Comparison between CeNi;_,/CuzAu(100 and
Ni/Cu(100). Accordingly, one might expect the first SRT to CoyNiz—/Cu(100)
occur at much lower coverage in the Ni/£w(100) system From the inset of Fig. 4, the first SRT boundary was

in comparison with the Ni/GQU00 system. However, the ghjfted from 7 to more than 20 Mlvariation >13 ML) by
critical thickness of the first SR{d,;) in both systems are 99, Co in Cy100 system. However, in the case of
quite similar. The reason is that, in Figs(cband §d),  Cu,Au(100 system(Fig. 4), the shift is only~2 ML by
Ks(=Bsest+ks) ~—336 ueV/atom in the Ni/CyAU(100  9.5% Co. Following the above discussion, we also try to find
system, about 2.2 times of that in Ni/00 system the reason for the significant difference.

(Ks~=-154 ueV/atom. Since in the thickness region of the At first, we neglect the strain relaxation during the thick-
first SRT, the strain relaxation is not serious, the above valness region of the first SRT and calculate the anisotropy en-
ues are taken from the condition without strain relaxationergy at~8 ML in the two cases.

TABLE Il. Comparison between Gbli;_,/ CusAu(100 and CgNi;_,/Cu(100).

—Kg% —KS% Estimation'—Kg%/ Kgﬂ%} Experimental—df’);/D

K2.4% Kg""% : (KS% / K8.4%) dgf%
CoNiq_/CuzAu(100 ~2 ~2 ~1 8/10
Co,Ni;_/Cu(100 ~1 ~3 ~1/3 7120
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(@ CuAu(100 system: From Figs. (8)-5(f), were sustained at least up to 20 ML. In LEEDY curves,
K=Bges+ks and K, =K.~ 27M? are reduced by 9.4% Co the thickness-dependent strain relaxation was observed to
from K2%=-336 to K2“4*=-182ueV/atom (K2*/K24%*  follow a common trend. No significant difference appeared
~2) and fromKS%: 42 (for pure Nj to Kf"‘%:Zl (for 9.4%  when the alloy composition was vari¢x= 11%). For mag-

Co) ueV/atom(K2%/K%4%~2), netic properties, the strain-induced first and second SRT

(b) Cu(100) system: From Eq(7) and Table K,  Wwere measured by MOKE within 20 ML. Alloy composition
and K, are reduced by 9.4% Co fronh(g%:—77 to influenced _the SRT behavior significantly. Increas_ing the Co
K24%=-75 ueV/atom(K2*/K24*~ 1) and fromKS%:zo to  concentration strongly_ reduced the_thlckness region for per-
K94%=6.2 yeV/atom (KO /K% 4%~ 3), pendicular magnetization. By combining the alloy effect and

With the above ratios and E@6): d.=-K/K,, we can the strain relaxation effect in a phenomenological model on

estimate the ratio otﬂgi/" (for pure Nj to dgf% (for 9.4% C9 the basis of magnetoelastics, the SRT boundary in the phase

of CuAU(100 and C100) systems to be “1” and “1/3,” diagram can be fit well with the experimentally measured
respectively, which are close to the experimental values: §lckness-dependent strain profile. This result depicts the

ML/10 ML, and 7 ML/20 ML, respectively. For the ease of thickness evolution and the alloy modification of distinct
compariso’n, all the related r:atios are listed in Table 1. magnetic anisotropy terms. From the detailed evolution of

Thus, we can have the following conclusions about theanisotropy.er?ergy, the fc_)llowing conclusions are given.
smaller alloy-induced shift of the first SRT in the (1) Strain-induced (thickness-dependentSRT: When

CoNi; /CwAU(100 system as compared  with <10 ML, the positiveK . and the fast reducing{s/d (<0)

CoNi_,/Cu(100) system. result in the first SRT. After 10 ML, due to the strain relax-
1) )I<30th the larger(K?%/K34%) ratio and the smaller ation, K, drops down quickly and is covered by negative

(K®%/K4%) ratio in the CyAu(100) system result in the Ks/d. Thus, the second SRT happens.

%251, being very different from thed®dd (2 comparison - between  Ni/GAu(100 - and

~Cl:L/3Clin CL(,].OO) systemyThus the aIon-inducceld Scl’lﬂft of Ni/Cu(100: SinceKgandK, are both about twice as large in

d., is much smaller in thé QAu(lOO) system. the Ni/CwAu(100) system relative to those of the

(2) The small deviation between the estimated ratio:N'/t%l.Jéloo) sy;rtljem, ]:al;:ctohrdlngt to qu)’ trt]erti IS nol_app?r-_
dg;_/oldgf%"" 1 and the experimental Va|UeSdg;A’/d2'14% en Ifrerence | c1 (0] (0] SyS ems. bue 1o e earlier strain

~8/10 in the CyAu(100) system is due to the neglecting of relaxation and the larger negatit, d, of Ni/CuzAu(100

train relaxation, which results in reduction , and th is much smaller than that of Ni/ Q100
isndulces~; I\/:L sr:Iivft Iof d lsu S| uction i us (3) Alloy effect on SRT: The delayed first SRT and the
1

(3) The earlier strain relaxation in the GAU(100) sys- advanced second SRT originate from the strongly reduced

; . Co . Kme (0r B,) by introduction of Co.
tem is not the main reason for the significant difference be-"m¢ v . .
tween the first SRT of the GAu(100) and C{100 systems. (4). Comparison between & ;|1_X/0Cu3Aug100) and
: : : Cao,Ni;_,/Cu(100): Both the larger K2%/K>4* and the
In Figs. Sc) and 3d), because&s dominates in the surface X 0w 0.4% - s S .
anisotropy (Ky), the quick decay oBge, driven by strain  Smaller K,7/K, " in the CuAu(100 system drive the
relaxation thus does not cause a significant shift otthdor ~ der /dci ~1, very different from thed;;"/dc; ™~ 1/3 in

the SRT. As mentioned in Point 2, the strain-related term&U(100) system. Thus, the alloy-induced shiftay is much
only induce~2 ML shift of d. smaller in CyAu(100 system.
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