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Spin-reorientation transition and magnetic phase diagrams of thin epitaxial Au„111…ÕCo films
with W and Au overlayers
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We present a study of the thickness- and temperature-driven spin-reorientation transition in thin epitaxial

Au~111!/Co films grown on single-crystal sapphire Al2O3(112̄0) substrates. The transition as a function of Co
film thickness was investigatedin situ at T5300 K by means of the magneto-optical Kerr effect at Co
wedge-shaped samples prior and after coverage with W and Au overlayers. The thermal-induced transition, in
particular the evolution and stability of in-plane and out-of-plane magnetization components, was studied in
the temperature range from 10 to 300 K by reflectivity experiments with polarized neutrons and angular-
dependent measurements with superconducting quantum interference device magnetometry. Magnetic phase
diagrams, as determined by extended measurements on Au~111!/Co/Au and Au~111!/Co/W show that for the
former films the perpendicular anisotropy is stable over a larger thickness region at low temperature.
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I. INTRODUCTION

Magnetic anisotropy describes the dependence of the
energy on the magnetization direction in a magnetic sys
and is therefore of great importance for the magnetism
condensed matter and its technical applications. The m
sources of magnetic anisotropy are the magnetic dip
dipole interaction and the spin-orbit interaction, which le
to certain forms of appearance, essentially the shape an
ropy and magnetocrystalline anisotropy. While the first
strongly dependent on the shape of the sample, the se
reflects the symmetry of the underlaying crystal lattice. Ne´el1

pointed out that for atoms near the surface additional con
butions to the magnetic anisotropy arise, due to their mo
fied surrounding. In this sense, one distinguishes betw
volume and surface anisotropy contributions. In thin film
the ratio of surface or interface atoms to the total amoun
the film atoms is relatively large and therefore the surfa
contribution is no longer negligible. As a rule, the volum
contribution is governed by the shape anisotropy, which
ways favors a magnetization direction parallel to the fi
plane. In contrast to this, the surface contribution may fa
either an in-plane or an out-of-plane direction of magneti
tion. By changing the film thickness in the latter case, o
may induce a spin-reorientation transition~SRT!, i.e., a
change of the easy axis of magnetization, at values of
thickness, at which the anisotropy contributions are in b
ance with each other. Since magnetic anisotropies are ge
ally temperature dependent, a SRT may also be induced
mally.

If we restrict ourselves to a discussion of polar anisot
pies, i.e., if we consider only the polar angleu between the
magnetization and film normal and neglect dependence
the azimutal anglef, then the free anisotropy energyf (u)
per volume of a thin magnetic film may be expressed by
following power series:2,3
0163-1829/2001/64~5!/054418~10!/$20.00 64 0544
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f ~u!5 f 01K2 sin2 u1K4 sin4 u1¯ , ~1!

with the thickness- and temperature-dependent anisotr
coefficients of second (K2) and fourth (K4) order. The most
common ansatz for the separation of volume and surf
contributions is given by4–6

Ki~d,T!5Ki
V~T!1

2Ki
S~T!

d
, i 52,4 ~2!

with the film thicknessd, the temperatureT, and the volume
and surface anisotropy coefficientsKi

V and Ki
S of i th order.

These are essentially coefficients of the magnetocrysta
anisotropy, with the exception ofK2

V , which also contains
the shape anisotropy coefficient2 1

2 m0MS
2, whereMS is the

saturation value of the magnetization. For simplicity, w
have assumed that the magnetic layer is bound by two id
tical interfaces, which explains the prefactor 2. Equation~2!
is somewhat simplified, since lattice distortions and str
tural changes can lead to dependences ofKi

V and Ki
S on d,

too.
Minimization of Eq.~1! gives three solutions for the equ

librium angle ueq of the magnetization:ueq50, ueq5p/2,
and ueq5arcsin(@2K2/2K4#0.5). For the transition fromueq
50 ~perpendicular magnetization! to ueq5p/2 ~in-plane
magnetization! and vice versa, one can distinguish betwe
three types6: ~i! Continuous SRT (K4.0): ueq changes
continuously in the transition region with ueq
5arcsin(@2K2 /2K4#0.5). ~ii ! Discontinuous SRT (K4,0):
this transition is unsteady and, due to the existence of m
stable states, irreversible.~iii ! Special SRT(K4[0): this
transiton is unsteady but, in contrast to case~ii !, reversible.

Within the framework of ‘‘anisotropy flow,’’7 one can
describe a thickness-driven SRT by plotting the traject
$K2(d,T),K4(d,T)%T5const in a K2-K4 diagram with the
boundaries of the stable and metastable phases ofueq. In
©2001 The American Physical Society18-1
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general, these trajectories are not identical for different v
ues ofT. Thus, for certain values ofd, trajectories$¯%d5const

may also traverse a region of transition and describ
temperature-driven SRT. Obviously, the thickness- a
temperature-driven SRT are closely related. However, fro
theoretical point of view, the temperature-driven SRT
much more difficult to treat, sinceT is an implicit variable of
K2 andK4 @see Eq.~2!# and both depend on it in a compl
cated way. Very often, one confines oneself to semiclass
spin models and performs calculations8–10 within the frame-
work of mean-field theory or Monte Carlo simulations11–12

by use of Heisenberg-type models. Recently,
temperature-driven SRT has been investigated within
itinerant-electron model for the first time.13

Usually, the perpendicular anisotropy appears at sm
values of film thickness and at low temperature, as it w
observed among others for the systems Cu~001!/Fe,14,15

Ag~001!/Fe,14,16 Cr~110!/Fe,6,17 Ru~0001!/Co,18 CeH2 /Co,19

Pd~111!/Co,20 and Au~111!/Co.21–25 In contrast to this, the
system Cu~001!/Ni exhibits an anomalous transition in a ce
tain Ni thickness and temperature regime, i.e., a chang
the easy axis of magnetization from the in-plane to the o
of-plane orientation withincreasingNi thickness and tem-
perature, which can be explained by a magnetoelastic co
bution to the magnetic anisotropy.26,27 In some systems a
SRT occurs within the film plane—for example,
W~110!/Fe ~Refs. 28 and 29! and Au~111!/Fe ~Ref. 30!.

According to the Mermin-Wagner theorem,31 a two-
dimensional spin system with an isotropic, short-range in
action cannot exhibit any long-range magnetic order at fin
temperatures. In addition to this, some theoretical studie
the temperature-driven SRT predict a loss of magnetic o
at the transition.32–34A clear experimental proof has not bee
given yet. Bander and Mills showed for a two-dimension
Heisenberg system that arbitrarily small anisotropies are
ficient to stabilize long-range magnetic order.35

Experimental investigations of micromagnetic structu
show that films with perpendicular anisotropy often decay
small domains15 magnetized up and down. The domain co
figuration is frequently irregular, but in some cases the f
mation of a stripe pattern has also been observed. In the
ical work it was also shown that under certain condition
domain structure in films with perpendicular anisotropy m
be energetically more favorable than a single-dom
state.36–39 Domain structures are increasingly simulated
means of computers. Monte Carlo simulations yield confi
rations which are similar to configurations observ
experimentally.40,41

In this paper, we present investigations of the thickne
and temperature-driven SRT in thin epitaxial Au~111!/Co
films prepared on sapphire Al2O3(112̄0) single crystals, tak-
ing into account the effect of different Co/nonmagnetic me
interfaces as well. At room temperature, ultrathin uncove
Co~0001! layers prepared on Au~111! substrates exhibit a
perpendicular magnetic anisotropy22,24,25 in contrast to
Co~0001! films grown on W~110! substrates.42–44 Here we
compare the thickness- and temperature-dependent an
ropy properties if W and Au are used as overlayer materi
Section II gives a description of the preparation and grow
05441
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of the samples. In Sec. III we present experiments dedica
to study the evolution of perpendicular magnetic anisotro
and details of the SRT as a function of Co thickness a
temperature. These have been performedin situ by the
magneto-optical Kerr effect~MOKE! and ex situby polar-
ized neutron reflectometry~PNR! and superconducting quan
tum interference device~SQUID! magnetometry. A summary
of the main results is given in Sec. IV.

II. SAMPLE PREPARATION

The samples were prepared by molecular beam epitax
an ultrahigh-vacuum system45 ~base pressure ,3
310210mbar!. As substrates, we used one-side polished s
phire Al2O3(112̄0) single crystals. In PNR studies it is ad
vantageous for reasons of intensity to choose substrates
a relative large area, while a commercial SQUID magne
meter requires sample sizes which amount to only a
square millimeters. Hence, in PNR and MOKE investig
tions, we used substrates with a areas of 30315 and 39
315 mm2, respectively, while we chose an area of
35 mm2 for SQUID magnetometry. A relative large distanc
of 0.60 m between the evaporator and facing substrate
sures a homogeneous film thickness across the substrate

Prior to film deposition, the sapphire crystals were sp
tered and annealed until they had a contaminant-free sur
with a well-defined crystal order. The surface layer was w
crystallized, as checked by Auger electron spectrosc
~AES! and low-energy electron diffraction~LEED!. In order
to grow an epitaxial Au~111! substrate layer, we first depos
ited an epitaxial W~110! buffer layer at a substrate temper
ture Tp'1200 K. A deposition rate ofr W50.05 Å/s and a
film thickness ofdW'100 Å were chosen. After deposition
the substrate heater was turned off and the sample wa
lowed to cool down to room temperature at a natural ra
The LEED spots of the buffer layer were quite sharp, a
their positions indicated the presence of a bcc~110! crystal
structure. Onto the W~110! layer we deposited Au atTp
5300 K with a rate r Au50.04 Å/s and a thicknessdAu
530 Å. LEED investigations of our Au film revealed th
known fcc~111! diffraction pattern. The spots were som
what broader in comparison to the LEED pattern of t
W~110! buffer layer, but were still well defined.

For a growth study of Co on the Au~111! substrate layer,
we prepared a wedge-shaped Co layer with an inclination
0.79 Å/mm by translating the sample behind a mask dur
growth with a motor-controlled manipulator. The depositi
was done atTp5300 K with a ratenCo50.036 Å/s. At a film
thickness of about two monolayers~2 ML! (1 ML>2 Å),
one can recognize a LEED pattern with sixfold symmet
With increasing Co film thickness, the spots sharpen. F
ther, an analysis of the relative distances of the LEED sp
shows that the strained Co lattice is relaxing above a th
ness of 2–3 ML. The relatively fast onset of relaxation h
also been observed in previous studies22,46,47on Co/Au~111!
and is attributed to the large in-plane lattice mismatch
about 14% between Au~111! and Co~0001!, which is relieved
by emerging misfit dislocations.2,46

The Co layers of our samples were covered either with
8-2
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SPIN-REORIENTATION TRANSITION AND MAGNETIC . . . PHYSICAL REVIEW B 64 054418
or Au at Tp5300 K. In both cases the overlayer thickne
was 30 Å, which is sufficient to cover the Co layer com
pletely ~the Auger electron spectra were free of Co peak!,
without reducing considerably the signal-to-noise ratio
MOKE measurements. Samples forex situexperiments were
prepared with about 200-Å-thick Au overlayers. Such ad
tional, thick overlayers are advantageous in PNR meas
ments, since they shift the Kiessig fringes, which corresp
to the total thickness of the layered system, to smaller va
of the scattering vector. Differences in the reflectivity b
tween spin-up and spin-down neutrons are measured m
sensitively in this way.48

III. SPIN-REORIENTATION TRANSITION AND
MAGNETIC PHASE DIAGRAMS

A. Thickness-driven SRT

We studiedin situ the thickness-driven SRT in epitaxia
Co wedge-shaped layers on Au~111! at T5300 K by MOKE
prior and after deposition of W and Au overlayers. The lig
source was a He-Ne laser (l5632.8 nm). The basic detec
tion scheme consisted of a lock-in amplifier combined wit
photoelastic modulator, which was placed between two
larizers. The amplitude of the laser beam was modula
with a frequency of 100.24 kHz.

Figure 1 shows some Kerr loops measured on a co
wedge-shaped sample on Au~111! after coverage with W.
The inclination of the wedge was 0.79 Å/mm, while the d
ameter of the laser spot on the sample was about 0.3
which results in a spatial resolution of the Co film thickne
of about 0.2 Å. We denote measurements in the longitud
geometry asH i ~H parallel to the film plane! and measure-
ments in the polar geometry asH' ~H perpendicular to the
film plane!. As shown in Fig. 1, theremanent Kerr signal
I K,r is given by the difference of the intensity between bo

FIG. 1. Hysteresis loops of a wedge-shaped sam
Au(111)/dCoCo/W measured atT5300 K for magnetic fields ap-
plied perpendicular~left panel! and parallel~right panel! to the film
plane.I K,r and I K,e denote the remanent and extrapolated Kerr s
nals ~see text!.
05441
i-
e-
d

es
-
re

t

a
-
d

lt

m,
s
al

branches of the loop atH50. Theextrapolated Kerr signal
I K,e is obtained by extrapolation of the Kerr data at each e
of the loop toH50.

In our measurements we find three regions of film thic
nessdCo separated by the characteristic thicknessesdCo,c'
and dCo,ci , with values ofdCo,c' and dCo,ci summarized in
Table I. In region I (dCo,dCo,c'), I K,e increases withdCo
for H' . The hysteresis loops have a rectangular shape w
I K,r'I K,e @Fig. 1~a!#. For H i we find I K,r'0 and I K,e'0
@Fig. 1~e!#. In region I the shape anisotropy is overcompe
sated by the interface anisotropy, which leads to a perp
dicular anisotropy. In region II (dCo,c'<dCo<dCo,ci), I K,r
starts to decrease forH' with respect toI K,e . The hysteresis
loops are losing their rectangular shape. Both branches
on an S-like curve@Figs. 1~b! and 1~c!#. The reduction of
remanence indicates that the perpendicular orientation
magnetization is becoming unstable. IfdCo is further in-
creased by a small amount,I K,r continues decreasing, an
now I K,e starts to decrease, too@compare Fig. 1~b! with Fig.
1~c!#. For the moment, we only mention that in this regio
one possibly observes in-plane hysteresis loops with rela
large values ofI K,r and I K,e and coercive fieldsHc @Fig.
1~f!#. This will be discussed below. In region III (dCo
.dCo,ci), we find hysteresis loops forH i with small satura-
tion and coercive fields andI K,r'I K,e @Figs. 1~g! and 1~h!#.
Now I K,e is increasing forH i approximately linearly with
dCo. Here I K,e is smaller than forH' in region I, since a
longitudinal Kerr signal is generally weaker than the cor
sponding polar Kerr signal.49 The observed magnetizatio
curves forH' are apart from small hysteresis effects char
teristic for a hard axis@Fig. 1~c!#. In region III the magneti-
zation is no longer stable in the out-of-plane orientatio
Therefore, a thickness-driven SRT has taken place in reg
II. In the transition region, the polar hysteresis loops show
striking change of the Kerr signal nearH50. This change
may be expressed by the Kerr susceptibilityxK,r
5dIK /dHuH50 of the remanent state. Figure 2 shows t
polar Kerr susceptibility xK,r for Au~111!/Co/W @and
Au~111!/Co/Au# as a function ofdCo. In region I, xK,r'0,
which is a consequence of the rectangular shape of the
teresis loops. In region II,xK,r strongly increases in a narrow
thickness interval and reaches a maximum atdCo5dCo* . This
jumplike increase marks a pronounced reduction ofI K,r with
respect toI K,e and indicates that the single-domain state
perpendicular magnetization in region I, which is charact

le

-

TABLE I. Characteristic Co thicknessesdCo,c' , dCo* , anddCo,ci

of the thickness-driven SRT atT5300 K for Au~111!/Co without
~UHV! and with W and Au overlayers determined with MOKE. F
dCo,dCo,c' (dCo.dCo,ci), the perpendicular~in-plane! magnetiza-
tion is stable.dCo* is the Co thickness at which the polar Kerr su
cepibility in the remanent state is maximum.

dCo,c' dCo* dCo,ci

Au~111!/Co/UHV 8.8 9.6 10.0
Au~111!/Co/W 11.7 12.8 14.8
Au~111!/Co/Au 12.6 14.5 20.1
8-3
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R. SELLMANN et al. PHYSICAL REVIEW B 64 054418
ized by rectangular hysteresis loops, becomes unstable
possibly decays into domains nearH50. The decrease o
xK,r abovedCo* accounts for the fact that the film norm
becomes more and more a hard axis with increasingdCo.
The measured values ofdCo* are listed in Table I.

The transition regions, which we found for ou
Au~111!/Co systems grown on Al2O3(112̄0) substrates
~Table I!, are in good agreement with other studies
Au~111!/Co/UHV ~Refs. 22 and 24! and Au~111!/Co/Au
~Ref. 23!. To our knowledge, the system Au~111!/Co/W has
not been studied up to now, only the syste
W~110!/Co/Au.43 Our results show that the coverage with
leads to a shift of the SRT region to larger values of the
film thickness, which is somewhat smaller than for a A
coverage atT5300 K.

As already mentioned, in-plane hysteresis loops with
usual large Kerr signals and coercive fields@Fig. 1~f!# may
appear in the transition region. We assume that, as for
system Ag~100!/Fe,16 this appearance is caused by the dom
nant polar Kerr effect of out-of-plane magnetization comp
nents. In order to study the behavior of the in-plane mag
tization in the transition region in more detail, we perform
measurements with PNR. The particular value of t
method48,50–53is that it allows one to determine the absolu
magnetic moments of the individual layers in a stack. In o
experiment, we profit from the fact that the neutrons are o
sensitive to the in-plane magnetization and no superimpo
contribution from perpendicular magnetization has to
taken into account. We prepared five samples of the t
Al2O3(112̄0)/W~110!/Au~111!/Co/W/Au with different dCo
~no wedges!. In Fig. 3 spin-dependent reflectivities measur
at the neutron reflectometer V6~HMI, Berlin! ~Ref. 54! at
T5300 K are shown for the remanent~left panel! and mag-
netic ~right panel! saturated state. The neutrons are polariz
either parallel~spin up! or antiparallel~spin down! with re-
spect to the external magnetic fieldH, which is applied par-
allel to the film plane and perpendicular to the incomi
neutron beam. To prevent a depolarization of the neutr

FIG. 2. Polar Kerr susceptibilityxK,r in the remanent state a
T5300 K of Au~111!/Co/W and Au~111!/Co/Au vsdCo.
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outside the sample, a small guide field of 20 Oe is alwa
present. As usual,qz denotes thez component of the scatter
ing vectorq5k f2k i , wherek i andk f are the wave vectors
of the incoming and reflected neutron waves. The lines r
resent model calculations,55 which are based on the Parra
formalism.56 The nuclear scattering length densities of th
individual layers and substrate are based on the value
Ref. 58. For the calculations of themagnetic scattering
length density of the in-plane saturated state~solid lines!, the
spontaneous magnetizationMS of bulk hcp Co~Ref. 57! was
assumed. Figure 3 shows that the experimental data for
in-plane saturated state agree well with the calculated refl
tivities.

If the magnetization is aligned parallel to the film norma
one expects a vanishing splitting~dashed line! between the
spin-up and spin-down reflectivities, since exclusively t
in-plane component of the magnetization contributes to
spin-dependent reflection of neutrons.59,60 The samples with
dCo510.3 and 11.7 Å do not show a significant spin depe
dence of the reflectivity in a weak magnetic field after sa
ration. As we have seen in the MOKE experiment, there is
fact a perpendicular magnetic anisotropy for these film thi
nesses. The samples withdCo513.2 and 14.5 Å are in the
region of transition. Here a finite, but considerably reduc
remanent in-plane magnetization is present. We can there
conclude that the global magnetization istilted with respect
to the film plane. Further, we can now exclude an enhan
ment of the in-plane component in the transition region,
was pretended by the MOKE experiment. Finally, the s
dependence of the reflectivity pattern of the sample w
dCo516.0 Å at low field is only slightly reduced with respe
to the saturated state. The easy axis of magnetization is
oriented in the film plane.

FIG. 3. Polarized neutron reflectivities of Au~111!/Co/W
samples with different Co thicknessdCo measured for the approxi
mately remanent~left panel! and the in-plane saturated~right panel!
states atT5300 K. The lines represent calculations for the in-pla
~solid line! and out-of-plane~dashed line! saturated states.
8-4
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B. Temperature-driven SRT

An interesting question is which way the perpendicu
magnetization evolves with changing temperature. In t
section, we present SQUID and PNR experiments wh
were dedicated to this aspect.

Figure 4 shows SQUID data measured for a Au~111!/
Co/W sample withdCo516.7 Å. We used a sample holde
which permitted us to rotate the sample in an axis perp
dicular to the external magnetic field by means of
computer-controlled precision mechanism. The maxim
absolute error of the angleuH between the external field an
film normal amounts to about 3°. We corrected the data
the background signals of the sample holder and subst
The dotted lines in Fig. 4 represent the bulk value of
magnetic saturation momentmS for hcp Co according to Ref
57. In separate field-dependent measurements, we d
mined the magnetic moments up to a magnetic field ofH
550 kOe for several temperatures, showing that the sat
tion values agree with the values of Ref. 57 within a sta
tical error of about 8%.

At T510 K, an external field withH550 kOe was ap-
plied perpendicular to the film plane in order to saturate
sample. Then the field was reduced toH550 Oe and the
temperature was raised stepwise up toT5300 K. At fixed
temperatures, the magnetic momentmH was measured from

FIG. 4. Vector diagrams of the effective magnetic mome
m(T) of a Au~111!/16.7 Å Co/W sample for~a! increasing and~b!
decreasing temperatureT.
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uH50° to uH590°. The vectorsm(T) of the magnetic
sample moment result from the maxima ofmH(uH ,T) as a
function of uH . After the saturation atT510 K, m5umu is
only slightly reduced with respect to the saturation mom
mS @Fig. 4~a!#. With increasing temperature,m rotates to-
wards the film plane. AtT5300 K, m is nearly parallel to
the film plane. The ‘‘lacking’’ amountmS2m has increased
during the reorientation, but it is considerably smaller th
mS . Therefore, one can conclude that when the sample
saturated atT510 K a single-domain state was produce
and this remains stable with increasing temperature. AT
5300 K the sample was saturated parallel to the film pla
with H550 kOe. At decreasing temperature,mH was mea-
sured in the same manner (H550 Oe). Herem(T) first only
shows small differences to the respectivem(T) measured at
increasingT. At T'180 K one can recognize a bend in th
curve ofum(T)u. If T decreases further,m reduces more and
more with respect tomS . At T510 K the differencemS
2m is even larger thanm.

Similar behavior was observed for Au~111!/Co/W and
Au~111!/Co/Au samples with other values ofdCo. Distinct
states of domain splitting may be stabilized for the out-
plane magnetization, as illustrated in Figs. 5~a! and 5~b!,
which correspond to the situation atT510 K of Figs. 4~a!
and 4~b!, respectively. The effective magnetic momentm is
considered as composed of magnetic domains with mom
mi such that the conditionsS imi5m and S i umi u5mS are
fulfilled. We restrict ourselves to the discussion of two d
ferentmi . For reasons of symmetry, we can assume that
angles betweenm1 andm2 and the film normal are equal. In
Fig. 5~b!, m is considerably reduced with respect tomS . In
contrast to the situation of Fig. 5~a!, the conditionsS imi
5m andS i umi u5mS may be simultaneously fulfilled only if
the perpendicular components ofmi are different in sign.
These considerations suggest that the evolution of the ou
plane component at decreasing temperature is mainly
fected by the formation of up and down magnetized d
mains, but the formation of in-plane magnetized doma
during the transition cannot be ruled out. In order to inves
gate this in more detail, we used PNR~see also Sec. III A!.

t

FIG. 5. Vector analysis of the effective magnetic mome
m(T510 K) measured for the Au~111!/16 Å Co/W sample with
different magnetic history@see Figs. 4~a! and 4~b!#.
8-5
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Figure 6 shows some of the neutron reflectivity spec
measured in the temperature range from 300 K down to 1
for the PNR sample Au~111!/Co/W with dCo516.0 Å ~Sec.
III A !. Before cooling, the external field, which was used
saturate the sample and to produce a defined remanent
was turned off with exception of the guide field. Betwe
300 and 210 K no considerable changes of the spectra w
observable. The splitting between spin-up and spin-down
flectivities was only slightly reduced from the saturated sta
From 210 to 150 K the splitting decreased continuously. B
low 150 K only a small splitting remained. In order to qua
tify the behavior of the in-plane component of the magne
zation, the spin asymmetryS,

S5
R12R2

R11R2 , ~3!

with the reflectivitiesR1 andR2 of spin-up and spin-down
neutrons was considered. The simulatedS(qz) scales ap-
proximately linearly with the in-plane componentM i of the
magnetization, which gives the possibility to determine
absolute value ofM i directly by comparing simulated an
the measuredS(qz). Figure 7 shows the evaluatedM i nor-
malized to the values ofMS of Ref. 57 as a function ofT.
The diagram also contains the results measured for
Al2O3(112̄0)/W~110!/Au~111!/Co/Au sample with dCo
519 Å at the neutron reflectometer ADAM~ILL,
Grenoble!.61 In this case we also measured the magnetic m
ments for increasingT immediately after reachingT510 K
without changingthe magnetic field. Within the error bar
the values ofM i /MS were the same as for decreasingT.
Thus the change ofM i is reversible.

The spin-dependent neutron reflectivities contain inform
tion about domain formation, too. In the case of a decay i

FIG. 6. Polarized neutron reflectivities of a Au~111!/16 Å Co/W
sample measured for decreasingT.
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in-plane magnetized domains with a mean lateral diam
D, which is larger than the lateral or longitudinal coheren
length l c

long of the neutrons,48 one can take for granted tha
the reflectedintensitiesof the different domains add up to th
total reflected intensity. With the experimental paramet
Dq'0.002 Å21 and with l54.66 Å ~V6!, we can estimate
l c
long'28mm at qz50.03 Å21 ~for qz50.04 and 0.05 Å21,

we find l c
long'21 and 17mm, respectively!. We now assume

that the in-plane magnetization decays into large doma
which are magnetized parallel and antiparallel with respec
the virtual saturated state parallel to the polarization axis
the neutrons and which occupy the parts 12g andg of the
lateral sample area. The magnetization within a domain
assumed to be homogeneous and equal to the saturation
netizationMS . The total in-plane component of the magn
tization is then given byM i5(12g)Ms1g(2Ms)5(1
22g)Ms . Within this domain model the observable tot
neutron reflectivity is an incoherent, weighted sum of t
reflectivities corresponding to the respective domains. O
has to take into account that spin-up~spin-down! neutrons
reflected from an antiparallel magnetized domain are
flected as spin-down~spin-up! neutrons for the case of satu
ration. The experimental data shown in Fig. 8 are the sam
in Fig. 6. The calculations~solid lines! for the model of a
reduced buthomogeneousin-plane magnetization and th
domain model described above were fitted to the experim
tal reflectivities in the following manner: first, we calculate
the spin asymmetriesS(qz) for both models as a function o
M i . These were compared with the measured spin asym
tries around the Bragg peak position atqz50.033 Å21. The
comparison gives the experimental values ofM i with which
we finally calculated the reflectivity profiles. As one can s
there is an obvious discrepancy in the minima of reflectiv
between the domain model and experimental values@Fig.
8~b!#. In contrast to this, the reflectivities, which were calc
lated for the homogeneous magnetized state, are in m
better agreement with the experimental data@Fig. 8~a!#. This
shows that decay into large in-plane magnetized doma
does not occur. What about the formation of very small d

FIG. 7. Normalized in-plane magnetization componentM i /Ms

of a Au~111!/16 Å Co/W and a Au~111!/19 Å Co/Au sample vs
temperatureT.
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mains? In order to deal with this aspect, we also investiga
the off-specular (qxÞ0) neutron intensity by measurin
rocking scans at the Bragg peak (qz50.033 Å21) for differ-
ent temperatures. According to the diffraction relationDqx
>2p/D, one would expect a broadening of the peaks if
magnetization decays into domains with a mean lateral
ameterD which is much smaller than the longitudinal cohe
ence lengthl c

long. We did not observe a significant change
their width in our experiments. However, up to now o
specular neutron intensity of magnetic origin has only be

FIG. 8. Comparison of measured with calculated neutron refl
tivities for the Au~111!/16 Å Co/W sample. The underlaying mag
netization models~see text! are represented schematically.
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observed for periodic, antiferromagnetically coupl
multilayers.62–64 The investigation of single ultrathin mag
netic layers is complicated by the fact that the amount
magnetic material is much smaller than in multilayers a
that the maxima of reflectivity due to nuclear and magne
scattering are at fairly the same position so that a poss
magnetic off-specular intensity may be obscured by the t
reflected intensity. Further experiments with the ne
position-sensitive detectors~PSD’s!, which allow measure-
ments with a higher resolution and sensitivity, may help
clarify the question as to whether off-specular neutron int
sity due to magnetic roughness is also observable for sin
ultrathin magnetic films.

In both samples Au~111!/16 Å Co/W and Au~111!/19 Å
Co/Au, the in-plane component of the magnetization at l
fields was found to decrease continuously with decreasinT
~Fig. 7!. If the differenceDdCo* 514.5 Å212.8 Å51.7 Å be-
tween the reorientation thicknessesdCo* of both systems at
T5300 K ~Table I! was independent of temperature, o
would expect that the in-plane magnetization of the Au~111!/
Co/Au sample decreases at lower temperature in compar
to the Au~111!/Co/W sample, since its Co film is thicker by
Å. Obviously, the opposite situation is the case. The thi
ness region of perpendicular anisotropy seems to incre
more with decreasing temperature in case of an Au overla
That will be investigated in more detail in the followin
section.

C. Magnetic phase diagrams

The experimental proof of the conclusion drawn at t
end of Sec. III B requires a systematic measurement of
in- and out-of-plane magnetization in both systems as a fu
tion of Co film thickness and temperature. For that purpos
Au~111!/Co/W and a Au~111!/Co/Au sample series each wit
samples of different Co film thickness were investigated
means of SQUID magnetometry, as was described in S
III B. We restricted ourselves to measurements withuH
50° anduH590°. In order to describe the results in a com
pact manner, we introduce the quantity

P5
M',T↑2mi ,T↓
m',T↑1mi ,T↓

, P5P~dCo,T!, ~4!

which compares the in- and out-of-plane componentsmi ,T↓
and m',T↑ of the sample moment measured for decreas
and increasing temperature, respectively. Due to the sm
applied field (H550 Oe),m',T↑ andmi ,T↓ have always the
same sign, and thereforeP can have values only between21
and 11. HereP is positive in the case of a perpendicul
anisotropy and negative if the easy axis of magnetization
in the film plane.P(dCo,T) is represented as a gray sca
map for each of both systems in Fig. 9. Data points w
measured in distances ofDdCo51.3 Å starting at dCo
57.6 Å up to dCo523.2 Å for the system Au~111!/Co/W
@Fig. 9~a!# and in distances ofDdCo53.0 Å starting atdCo
59.0 Å up to dCo533.0 Å for the system Au~111!/Co/Au
@Fig. 9~b!#. The temperature was varied between 10 and 3
K in steps ofDT510 K. Both diagrams show that the thick

c-
8-7
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ness region of perpendicular anisotropy increases with
creasing temperature. The increase is significantly stron
for Au~111!/Co/Au ~as supposed at the end of Sec. III B!.
The difference betweendCo,P50 of both systems is less tha
2 Å at T5300 K, but about 10 Å atT510 K. Further, one
can recognize that the transitions develop over a wider ra
of film thickness for this system Au~111!/Co/Au. While the
reorientation thickness is mainly determined by the interf
anisotropy constant of first order,K1

S ~see Sec. I!, the second
orderK2

S determines the width of the transition.7 Comparison
between the phase diagrams suggests that the surface a
ropy constants for Au~111!/Co/Au are larger and also moreT
dependent than those of Au~111!/Co/W.

We also performed field-dependent measurements aT
510 and 300 K for magnetic fields250 kOe<H<50 kOe
applied both parallel and perpendicular to the film plane. T
magnetization curves confirmed the differences between
reorientation thicknesses of both systems found in
temperature-dependent measurements at low constant
but they provide some further information. In Figs. 10~a! and
10~b!, the perpendicular (uH50°) coercive fieldsHc are
shown as a function ofdCo. Since only a few of the prepare
samples revealed a perpendicular anisotropy atT5300 K,
we show for comparison the coercive fields measured w
MOKE on the respective Co wedges~Sec. III A!. As ex-
pected, the coercive fields are larger at low temperature
significantly larger for the system Au~111!/Co/Au. Moreover,

FIG. 9. Magnetic phase diagrams of~a! Au~111!/Co/W and~b!
Au~111!/Co/Au. The valueP511 (P521) corresponds to a
magnetization perpendicular~parallel! to the film plane. Please not
that the thickness scales of both diagrams are different.
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the curvesHc(dCo) exhibit striking features for each system
i.e., a shoulder for Au~111!/Co/W and a bend for Au~111!/
Co/Au. These features are more pronounced at 10 K and
for the SRT, shifted to higher values of Co film thickness

What are the reasons for the difference in the thickn
and temperature dependence behavior of the two syste
One possible explanation is the presence of epitaxial stra
the interfaces, which depends in a different way ondCo and
T. The LEED spots of the 30-Å-thick W and Au overlaye
were only weak and diffuse in our study. On the other ha
we found well-pronounced LEED spots for the addition
200-Å-thick Au overlayers, which were prepared for th
PNR samples~Sec. II!. This shows that further epitaxia
growth onto the Co film and overlayers occurs. However
systematic growth study including strain analysis was o
performed for the Co layer as a function ofdCo ~Sec. II!, but
not yet for the overlayers, which would require measu
ments as a function ofdCo and overlayer thickness. Anothe
possibility for the observed differences could be the sensi
ity of the surface or interface anisotropy to the detailed el
tronic structure. To get more information about this cont
bution, calculations performed for the temperatu
dependent electronic band structure of both Co/overla
interfaces or corresponding experimental studies would
fruitful.

FIG. 10. Coercive fields of Au~111!/Co/W and Au~111!/Co/Au
at T510 and 300 K for magnetic fields applied perpendicular to
film plane vs Co film thicknessesdCo.
8-8
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IV. CONCLUSIONS

In summary, we have studied the spin-reorientation tr
sition of Au~111!/Co films prepared on Al2O3(112̄0) single
crystals as a function of Co film thickness and temperat
We used magneto-optical Kerr-effect~MOKE! measure-
ments, polarized neutron reflectometry~PNR!, and SQUID
magnetometry as complementary methods.

The thickness-driven SRTwas studied atT5300 K prior
and after coverage with W and Au overlayers. Both overl
ers shift the SRT to larger values of the Co film thickne
which is, for W, 1.7 Å smaller than in the case of Au. Stud
ing the temperature-driven SRTof Au~111!/Co/W and
Au~111!/Co/Au samples, we observed a strong depende
of the magnetization on the magnetic history at low tempe
tures, which is attributed to a different degree of dom
splitting of the perpendicular magnetization component. T
magnetic phase diagramsof both systems showed that th
reorientation thickness of the Co layer in Au~111!/Co/Au is
less than 2 Å larger than in Au~111!/Co/W atT5300 K, but
the difference increases with decreasing temperature
amounts to about 10 Å atT510 K. Striking features were
found for both systems in the curves of perpendicular co
cive fields as a function of Co film thickness.
r,
.

hy

er
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In no hysteresis and low-field measurements have we
served a situation in which both the in-plane and out-o
plane components of the magnetization vanish simul
neously. This finding is in agreement with other studies
Au~111!/Co ~Refs. 2 and 23! and further Co-based systems
e.g., Ru~0001!/Co.18 In contrast to this,simultaneouslyvan-
ishing or at least strongly reduced out-of-planeand in-plane
magnetization components were observed in the region
transition for the systems Ag~100!/Fe ~Refs. 14 and 16! and
Cu~100!/Fe ~Refs. 14 and 15!. While it was first speculated
that an intermediate paramagnetic state exists, it seems m
probable that this phenomenology is due to pronounc
domain formations.15 Therefore, both systems might be in
teresting for a study of the specular and off-specular neut
reflectivity. Without overlayers these experiments requ
UHV conditions, but as shown recently,45 in situ PNR mea-
surements can be performed.
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