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Abstract

Magnetic ultrathin alloy films Co,Ni;_,/Cu(100) were prepared to characterize the behavior of spin reorientation
transition (SRT). With the double calibration by medium energy electron diffraction oscillation and Auger electron
spectroscopy, the composition of the alloy films was controlled within an accuracy of £0.5%, which allowed us to
prepare alloy films in very low Co concentration. The critical thickness of SRT in alloy ultrathin films Co,Ni,_,/
Cu(100) was significantly delayed for x less than 10%, and for x = 10%, alloy films, at least up to 20.6 ML, always
revealed in-plane anisotropy. Besides the sensitive influence of composition on SRT behavior when x < 10%, the vertical
interlayer distance of all the films did not show any significant difference. These results were consistent with prior
theoretical calculation, in which the magnetic anisotropy was concluded to change sign abruptly while tuning a few
average number of 3d electron. © 2001 Published by Elsevier Science B.V.
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1. Introduction

In magnetic ultrathin films, owing to the re-
duced coordination, the surface effect on magnetic
behavior is more significant than in the bulk. For
example, thin films within several monolayers may
have their surface anisotropy more important than
the volume term. Therefore if the two terms prefer
different moment orientation, by changing the film
thickness or the temperature, their competition
may lead to spin reorientation transition (SRT).

*Corresponding author. Tel.: +886-2-33665173; fax: +886-2-
23639984.
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These temperature and thickness induced SRT
have been observed in various systems such as Fe/
Cu(100) [1] Co/Pt(111) [2], Co/Au(111) [3] and Ni/
Cu(100) [4-7].

As a special case, Ni/Cu(100) films present very
different SRT behaviors [4-7], in which the nega-
tive surface anisotropy results in the in-plane
magnetization at low coverages (up to 7-8 ML),
and the positive volume term brings the easy axis
to be perpendicular with increasing thickness.
This perpendicular magnetization exists until 30—
70 ML in different experiments, then the easy
axis switches to the in-plane direction. The ori-
gin of this stable perpendicular anisotropy in Ni/
Cu(100) has been understood as being caused
by strain-induced anisotropy in the volume term.
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Because of the strain relaxation with increasing
thickness, the anisotropy comes back to be in-
plane again [4-7]. In contrast to the Ni/Cu(100)
system, Co/Cu(100) has a stable easy axis in the
plane of the film [8,9] due to its negative strain-
induced anisotropy [10,11]. Therefore, if Co and
Ni were combined to form alloy films on Cu(100),
the magnetoelastic coefficient may change sign
while increasing the Co concentration. Further-
more other magnetic properties such as magnetic
moment and crystalline anisotropy may also
change with the average number of 3d electrons.

It has been predicted in many theoretical
calculations that the crystalline and the strain-
induced anisotropy may change abruptly or
smoothly with the average number of 3d electrons
[12-14]. This can be checked experimentally in
magnetic alloy ultrathin films by varying the alloy
composition, that means tuning the average num-
ber of 3d electron. The composition-driven SRT
has been observed to occur in Fe,Co;_,/Cu(100)
system without structural transition [15]. However,
the previous experimental studies for the alloy
films Co,Ni;_,/Cu(100) always exhibited the in-
plane anisotropy without any SRT observed with
x ranging from 10% to 100% and film thickness
up to 9 ML [16]. So far, no further experiments
have been performed for the Co,Ni;_,/Cu(100)
system, and the SRT behavior in the range of
x < 10% is still an interesting subject. Thus, ultra-
thin alloy films Co,Ni;_/Cu(100) for x<10%
were prepared in this experiment. The growth,
crystalline structure and magnetic properties are
studied to characterize the relationship between
them and the alloy concentration.

2. Experiment

A polished single crystal Cu(100) with miscut
< 0.5° was used as the substrate, which was pre-
pared by cycles of 2 keV Ar ion sputtering fol-
lowed by annealing to 800 K for 5 min to achieve
a flat and clean surface. At room temperature
(300 K), Co and Ni were coevaporated onto the
substrate using two evaporation guns (EFM-3,
OMICRON). The base pressure of the UHV
chamber was better than 5 x 107! mbar and up to

1 x 10~ mbar during the codeposition of Co and
Ni onto Cu(100). The process of film growth was
monitored by medium energy electron diffraction
(MEED) such that information about the mor-
phology can be observed. As long as the parame-
ters of the evaporation guns were repeated, the
MEED oscillation curve could be obtained with its
peaks at almost the same timing as the previous
MEED data. Since each peak of the MEED os-
cillation curve in the layer-by-layer growth means
the completeness of each monolayer, the deposi-
tion rate can be determined from the timing of the
peaks and thus the film thickness can be known.
Besides, because it took at least several hundred
seconds to deposit a thin film, the possible delay of
opening or closing the shutters, which is less than 1
s is negligible. Therefore the reliability of the de-
position rate helped to determine the film thickness
precisely within 0.05 ML.

A precise determination of alloy composition is
one of the key points in this work. Two indepen-
dent ways were chosen to check the composition of
the alloy ultrathin films. One is precisely control-
ling the deposition rate of Co and Ni, which can be
calibrated by MEED. Because of the definite re-
peat of the deposition rate by precisely controlling
the experimental parameters of evaporation guns,
it was possible to prepare samples in desired
composition within an accuracy of +0.5% con-
centration value.

The other method is checking the concentration
by Auger electron spectroscopy (AES). Although
the AES peaks of Co, Ni and Cu highly overlap, as
shown in Fig. 1(a), the calibration of the compo-
sition can still be performed with an accuracy of
+2% by quantitative AES analysis [17]. At first
we prepared various ML Co/Cu(100) and Ni/
Cu(100) and took their AES signal as the refer-
ence bases. The only peak of Cu, which does not
overlap with those of Co and Ni is the primary
peak at 920 eV (Fig. 1(a)). From this peak, we can
separate the AES signal of Cu from the mixing
curves. For example, as depicted in Fig. 1(b), the
Auger electron spectrum of pure bulk Cu was re-
duced to the same peak to peak height of the 920
eV peak as that of 7 ML Ni/Cu(1 00). The reduced
Auger electron spectrum was supposed to be the
signal from the substrate Cu(1 00) under 7 ML Ni.
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Fig. 1. (a) Auger electron spectra of bulk Co, Ni, and Cu
measured with 3 keV incident electron energy. It indicates that
the characteristic peaks of Co, Ni, and Cu are highly overlaid.
(b) By subtracting the AES signal of Cu, we can get the pure
Auger electron spectrum of 7 ML Ni. (c) Auger spectrum of 13
ML Ni/Cu(100) with its energy extending to the region of
carbon and oxygen.

By subtracting the reduced Auger electron spec-
trum of Cu from that of 7 ML Ni/Cu(1 00), we can
get the AES curve of 7 ML Ni, as shown in Fig.
1(b). In this way, the individual Auger electron
spectra of various ML Co and Ni can be taken.
Additionally, we can also get the Auger electron
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Fig. 2. (a) By linearly combining the signal of various elements,
the AES curves of 8 ML Cog;Nipo/Cu(100) can be simulated.
(b) The experimental data agree well with the simulation both
in the shape and the ratio of peaks.

spectra of the substrate Cu(1 00), which was under
films of various thickness.

Finally, the Auger electron spectra of various
alloy films Co,Ni;_,/Cu(100) was simulated. In
Fig. 2(a), the AES peaks of 8 ML Ni and Co were
reduced as 90% and 10% of the original ones, re-
spectively, and then were combined to form the
Auger electron spectrum of 8 ML CogNijo. Next,
by combining the AES signal of 8 ML films
Cog.1Nipo and that of the substrate Cu(100) under
8 ML coverage, Auger electron spectrum of
Co00.1Nipo/Cu(100) can be simulated. The pre-
dicted AES ratio of 848 eV/777 eV and 920 eV/848
eV which gives information about the alloy com-
position and film thickness, respectively, are
agreed well with our experimental data (Fig. 2(b)).
In this method, it was unnecessary to fit any model
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parameters. What we needed were the AES spectra
of various Ni/Cu(100) and Co/Cu(1 00) films with
their thickness precisely determined by MEED.
Then by the processes described as above, the
simulation could be done. By the consistent results
of MEED and AES, the compositions of alloy
ultrathin films can be confirmed precisely.

A small Auger signal of carbon was observed
and it was hard to observe oxygen in the films.
Therefore the contamination of CO existed but
was not serious. An example was shown in Fig.
I(c). It is the Auger spectrum of 13 ML N/
Cu(1 00) with its energy extending to the region of
carbon and oxygen.

The growth of the alloy films was monitored by
MEED which was performed with the electron
energy of 2 keV. After the thin film deposition, the
crystalline structure was detected by low energy
electron diffraction (LEED) and //V-LEED mea-
surement at 200 K. From the Bragg condition and
the de Broglie relation, we have

h h

2dsin0 =ni=n-=n————_ (1)
p 2m(Ek— V)

with d the vertical interlayer distance, Ex the ki-
netic energy of the incident electron beam, 6 the
diffraction angle, and ¥ the potential cost for
electrons to escape from the atoms. Eq. (1) can be
rewritten as

2 h2

Ey=n st
k 8md? sin” 0

(2)
For example, Fig. 3(a) is the //V-LEED curve of
bulk Cu, which shows the (00) beam intensity in
different beam energy. If £y and n* are taken as the
Y and X axis, respectively, we can fit the peaks of
1/V-LEED curve to Eq. (2), as shown in Fig. 3(b).
Since 4, 8 and m are known, d can be got from the
prefactor of n*. This method has given the useful
information on the average vertical interlayer
distance in many other systems [18,19].

The polar and longitudinal MOKE were per-
formed in situ to characterize the magnetic prop-
erties. The applied field was aligned along the
[010] direction for the in-plane measurement. In
the MOKE measurement, a modulated He-Ne
laser beam was used as the light source such that
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Fig. 3. (a) I/V-LEED curve of bulk Cu(100) measured at 200
K. (b) The fitting of (b) to Eq. (2). The vertical interlayer dis-
tance can be got from the slope.

the periodic signal from magnetic ultrathin films
can be taken out by lock-in technique with a high
signal to noise ratio.

3. Results and discussion

In ultrathin films, it has been found in recent
decades that the magnetic properties such as
magnetic moment and anisotropy are very sensi-
tive to the surface morphology and crystalline
structure which may change with different growth
condition [1,18,20,21]. Therefore in this experi-
ment, the analysis of morphology and crystalline
structure were made to realize that if they should
be responsible for the change of the magnetic be-
havior with alloy concentration.

In Fig. 4, all the MEED intensity oscillations of
the alloy samples grown at 300 K reveal nearly the
same feature as that of pure Ni/Cu(1 00) [22]. The
first four peaks of the MEED oscillation can be
identified clearly, indicating that the layer-by-layer
growth mode applies up to the fourth layer. The
above result is quite consistent with the STM study
in Ni/Cu(100) by Shen et al. [23]. Co/Cu(100), as
shown in Fig. 4, has a feature of bilayer growth
mode in the first two ML and the layer-by-layer
growth persists up to more than § ML at room
temperature [16]. However, this behavior seems to
have no effect on our alloy films for x up to 10%. It
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Fig. 4. MEED oscillation of ultrathin films with different Co
concentration grown at 300 K.

is not surprising that in such low Co concentra-
tion, Ni dominates the growth behavior.

Unlike the sharp circular LEED spots in
Cu(100) (Fig. 5(a)), all the ultrathin films such as
N1/Cu(1 00) and COologNi()Agz/Cu(l 00) show the
same crossing streaks in the LEED spots (Fig. 5(b)
and (c)). After annealing to 350 K for 10 min,
these crossing streaks disappeared as depicted in
Fig. 5(d). This feature is attributed to the rectan-
gular 3D islands which have been observed in the
STM study of Ni/Cu(100) [23,24]. The 3D plate-
like islands form the additional periodic structure
in the [011] and [01 1] directions, resulting in the
crossing streaks along these two directions. Since
annealing at 350 K smoothed the films, which also
has been realized in the STM study, the LEED
patterns recover its circular spots as that of
Cu(100). From the same feature of crossing
streaks in the LEED patterns, all the alloy films
are believed to have nearly the same structure or-
dering as Ni/Cu(100).

Fig. 6(a) gives the LEED intensity curves of (00)
beam recorded at 200 K in different beam energy
for various alloy films. The solid lines mark the

139eV

Cu(100)

18. 1ML 8% 139evj 18.1IML8% 136eV

Fig. 5. LEED patterns of (a) Cu(100), (b) 9 ML Ni/Cu(100)
and (c) 18.1 ML Coy s Nipg,/Cu(100), measured at 200 K with
Ey =139 eV. Only (a) presents sharp circular spots. (b) and (c)
show the apparent crossing streaks in the [011] and [011] di-
rections denoting the edges of rectangular islands in the films.
(d) After annealing to 350 K for 10 min, the crossing streaks
nearly disappear.

positions of Bragg condition, with which the ver-
tical interlayer distance could be determined.
There is no apparent difference in the positions of
Bragg condition of various films. As shown in Fig.
6(b), the alloy films almost have the same vertical
interlayer distance within the error of +0.02 A.
Unlike Fe/Cu(100) which shows a phase transi-
tion from fcc to bee structure [1], all the Co,Ni;_,/
Cu(100) films have the same structure within the
error bars in different thickness. Comparing with
the lattice constant of Ni bulk, the vertical inter-
layer distance is a little bit smaller due to the
tensile strain of the film on Cu(1 00). It can also be
found in the data of Fig. 6(b) that since all the
ultrathin films keep the same deviation from the
bulk in the vertical interlayer distance, the relax-
ation seems not to happen in the above alloy films.
In the previous study of Ni/Cu(100), the structure
relaxation was observed when thickness is larger
than 9-13 ML [5,25]. It is believable that in the
alloy ultrathin films, the critical thickness of re-
laxation could be delayed by adding the Co con-
centration due to smaller mismatch of Co on
Cu(100) than Ni.
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Fig. 6. (a) Intensity vs. electron energy of LEED (00) beam for
clean Cu(100) and various ML Co,Ni,_,/(100), measured at
200 K. The solid lines denote the beam energy at which the
Bragg conditions of the same index were reached. (b) The
vertical interlayer distance of various alloy films, which were
fitted from the above peaks.

It can be seen clearly in the magnetic hysteresis
loops measured at 110 K by in situ MOKE (Fig. 7)
that ultrathin films in different alloy composition
do have a SRT at different critical thickness d,. As
compared with Ni/Cu(100) films, the -critical
thickness of SRT was strongly delayed by only 3%
and 5.5% Co in alloy films. This effect was stronger
with the more Co concentration. Increasing the Co
concentration also changed the shapes of hystere-
sis loops. The polar and longitudinal hysteresis
loops of Ni/Cu(100) films above d. are more
square than that for 3% and 5.5% Co. Similar re-
sults were also observed in other series of speci-
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Fig. 7. Magnetic Kerr hysteresis loops taken at 110 K for (a)
NI/CU(I OO) (b) COO,UgNiUvm/Cu(l 00) and (C) C00.055Ni0'945/
Cu(100). The SRT with the increasing thickness can be ob-
served clearly, and the 4. are about 7.5, 9.5 and 12.5 ML for
these cases respectively. It should be noted that the unit of polar
remanence was three times that of longitudinal one because the
polar effect had much larger sensitivity.

mens. Above the d., every series of magnetic films
presented a dramatic increase both in remanence
and coercive field in the longitudinal component as
compared to those below d.. Meanwhile the mag-
netization in the polar component also began to
appear (Fig. 7). Similar phenomenon was also
found in earlier MOKE measurement of Ni/
Cu(100) [5,16,26], but it is not realized very well
so far. In general, the presence of both compo-
nents of magnetization could be due to a canted
easy axis state, or a distribution of in-plane and
out-of-plane multidomain. It was thought to be
the case of multidomain in previous discussion
because of the 100% polar remanence. However,
this conclusion lacks direct evidences.

In this experiment, when performing the MOKE
measurement, the magnetic field was controlled
slowly from positive maximum magnetic field to
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zero in the last step to ensure its final state is
aligned in the upward direction with respect to the
plane. Therefore the final state of the moment was
aligned along the positive field direction, which
means that if the MOKE measurement in this ge-
ometry is repeated again, its initial state should
also be aligned along the positive magnetic field.
However, when the geometry was switched from
polar (in-plane) to in-plane (polar), then back to
polar (in-plane) component, it was observed that
while measuring the in-plane (polar) component,
the magnetization of polar (in-plane) was changed
simultaneously from fully positive saturation to
fully negative saturation. It has been checked that
the above situation does not result from the
component of magnetic field since both the coer-
cive field of the two directions are less than 50 Oe.
Moreover, if it were multidomain, the moments in
the two components should be independent and
would not be influenced by magnetic field in the
other direction and thus only a canted state can
achieve the situation mentioned above. Therefore
the coexistence of polar and longitudinal compo-
nents is believed to be due to a canted state when
the thickness is larger than d.. Besides, the abrupt
increase in the in-plane coercive field is due to the
reorientation transition of the easy axis from
the film plane to canted direction. Also because of
the canted moment, the polar Kerr effect has
contribution in the hysteresis loops when measur-
ing the in-plane MOKE. The sensitivity of the
polar Kerr effect is several times that of the lon-
gitudinal Kerr effect [26]. Therefore an abrupt
increase in the remanence of the in-plane magne-
tization is observed. Recently several models [27-
29] recommended that if the second order term
anisotropy is taken into account, canted magneti-
zation may appear. This could be also the origin of
the canted state found here.

Correspondingly, the magnetic remanence of
both perpendicular and in-plane components for
various alloy films measured at 110 K were sum-
marized in Fig. 8. The critical thickness of SRT in
alloy ultrathin films Co,Ni;_,/Cu(100) were about
7.5, 9.5, 12.5 and 16.5 ML for x = 0%, 3%, 5.5%,
and 8%, respectively. For x = 10%, alloy films al-
ways revealed in-plane anisotropy at least up to
20.6 ML. Additionally, the change of d. with the
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Fig. 8. Perpendicular and in-plane remanence Kerr effect of
various alloy films Co,Ni;_,/Cu(100) measured at 110 K. It can
be clear observed that the critical thickness d, was significantly
delayed by increasing only a few Co concentration. Above d.,
both the perpendicular and in-plane remanence had a dramatic
increase. It should be noted that the unit of polar remanence
was three times that of longitudinal one.

variation of measurement temperature from 110 to
350 K was within 1 ML. This result was compat-
ible with prior work for the Ni/Cu(100) films [30]
and will be discussed in our forthcoming publica-
tion [31].

The MEED and LEED data of the alloy films
are analyzed to be of the same feature and al-
though there exists SRT, their vertical interlayer
distances are always of the same value within the
error bars. We can thus conclude that SRT has
nothing to do with the change in the crystalline
structure and this conclusion is consistent with
previous study of Ni/Cu(100) [21,22]. Besides,
another experiment also indicated that even the
rough film which was deposited at low tempera-
ture can only delay the d. about 1 ML [21], so we
can assume that the effect of roughness on d.
should be negligible in our system. Furthermore,
since the mismatch of Co and Ni on Cu(100) are
—1.9% and —2.5% respectively, in such little dif-
ference of Co concentration (< 10%), the change
of the strain (0.06%) is not the dominating origin
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of the composition-induced effect and is should be
negligible. Therefore what influences the strain-
induced anisotropy most should be the intrin-
sic change of magnetoelastic coefficient. Recently,
a theoretical calculation of the magnetoelastic
anisotropy in 3d binary alloy has indicated the
dramatic changes from the perpendicular magne-
tization to in-plane with only a few percent of Co
concentration [12]. On the other hand, the change
of magnetocrystalline anisotropy in such little
variation of alloy composition is negligible as
compared with the change of magnetoelastic an-
isotropy [14,33]. The later is about 10 times the
former. Because the magnetic moment of Co—Ni
alloy changes linearly from the value of Ni 0.6y,
to that of Co 1.8uy [32], the demagnetization en-
ergy has no dramatic change for the alloy films
with such low Co concentration. So the strain-
induced magnetoelastic anisotropy which abruptly
changes sign in the range of very low Co concen-
tration should be responsible for the significant
delay of the d. of SRT in alloy films.

In previous reports [22,34], the CO contamina-
tion might relax the structure of the top layer and
reduce the magnetization and Curie temperature.
The CO contamination had stronger effect for
thinner films and it reduced the magnetic moment
more when the temperature got closer to Curie
point. However, for the Co—Ni alloy films in this
experiment, almost their thickness were more than
10 ML and the MOKE measurement was per-
formed at 110 K which was nearly in the region of
saturated magnetization and far from Curie tem-
perature. Thus the possible effect of CO contami-
nation was reduced to the least and not enough to
influence the conclusion. In another aspect, the
possible relaxation induced by CO in the top layer
may only result in the change of the surface term
anisotropy and the volume term will be the same.
The possible change of the surface anisotropy was
not strong enough to result in the significant delay
of SRT for Co-Ni alloy films. Therefore the con-
clusion about the abrupt change of the volume
anisotropy with 3d electron number was still sup-
posed to be right. As the AES simulation was
concerned, the little CO signal must have been
added into the simulation through the reference
data of various ML Co/Cu(100) and Ni/Cu(100).

Finally, this simulation can still match the exper-
imental data of alloy films.

4. Summary

Alloy ultrathin films Co,Ni;_,/Cu(100) with
0% <x<10% up to 20.6 ML were prepared
in precise thickness and alloy composition. The
growth mode of alloy films was characterized as the
layer-by-layer growth until 4th monolayer, which
was dominated by the feature of pure Ni films. All
the films had the same features in LEED patterns
denoting the apparent square islands with edges
aligned to [011] and [011], consistent with the
previous result of Ni/Cu(1 00) monitored by STM.
The quantitative //V-LEED analysis showed no
significant difference in crystalline structure in the
alloy films. Conclusively, in this series of alloy ul-
trathin films Co,Ni;_,/Cu(100), 0% < x < 10%, the
growth mode, morphology and crystalline struc-
ture do not change with the alloy composition.

The critical thickness d. of SRT was strongly
delayed by only few percent of Co concentration.
For the Co concentration x = 0%, 3%, 5.5% and
8%, the critical thickness of SRT were about 7.5,
9.5, 12.5 and 16.5 ML, respectively. For x = 10%,
alloy films showed only the in-plane anisotropy
with increasing thickness, the same as found in Co/
Cu(100). This extremely sensitive SRT behavior is
believed to result from the change of magneto-
elastic anisotropy induced by tuning the average
3d electron number at variation of Co composi-
tion.

Finally, the coexistence of the polar and longi-
tudinal components were shown to be due to the
presence of canted moment rather than magnetic
microstructure of multidomain.
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