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Spin-reorientation transition and magnetic phase diagrams of thin epitaxial A§111)/Co 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 sapphireﬁb(llEO) substrates. The transition as a function of Co
film thickness was investigatemh situ at T=300K 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 @1BMCo/Au and A|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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l. INTRODUCTION f(0)=fo+K,sin® 6+K,sint g+--+, (1)

Magnetic anisotropy describes the dependence of the fredith the thickness- and temperature-dependent anisotropy
energy on the magnetization direction in a magnetic systerfoefficients of second,) and fourth K,) order. The most
and is therefore of great importance for the magnetism ofommon ansatz for the separation of volume and surface
condensed matter and its technical applications. The maifontributions is given %
sources of magnetic anisotropy are the magnetic dipole- 2KS(T)
dipole interaction and the spin-orbit interaction, which lead K.(d,T)=KY(T)+ i
to certain forms of appearance, essentially the shape anisot- e : d
;?r%yn and magnetocrystalline anisotropy. While the first 'vaéjth the film thicknesgd, the temperatur@&, and the volume

gly dependent on the shape of the sample, the secon : - S .-

: . and surface anisotropy coefﬁmeh(? andK;? of ith order.
reflects the symmetry of the underlaying crystal latticeelNe : - ! .
pointed out that for atoms near the surface additional contri:rh.ese are es_sentlally coeﬁ|C|entsVof th_e magnetocrys_,talllne
butions to the magnetic anisotropy arise, due to their mod;i&MisoOtropy, with the exception q{ ' V‘gh'Ch also contains
fied surrounding. In this sense, one distinguishes betweei!® Shape anisotropy coefficient; uoMs, whereMs is the
volume and surface anisotropy contributions. In thin films,Saturation value of the magnetization. For simplicity, we
the ratio of surface or interface atoms to the total amount of!@ve assumed that the magnetic layer is bound by two iden-
the film atoms is relatively large and therefore the surfacdical interfaces, which explains the prefactor 2. Equati@n
contribution is no longer negligible. As a rule, the volume S somewhat simplified, since lattice distortions and struc-
contribution is governed by the shape anisotropy, which altural changes can lead to dependence& bfand K on d,
ways favors a magnetization direction parallel to the filmt0O.
plane. In contrast to this, the surface contribution may favor Minimization of Eq.(1) gives three solutions for the equi-
either an in-plane or an out-of-plane direction of magnetizalibrium angle 6., of the magnetizationfe;=0, = /2,
tion. By changing the film thickness in the latter case, onednd feq=arcsin{—K,/2K,]%?). For the transition fromp
may induce a spin-reorientation transitidSRT), i.e., a =0 (perpendicular magnetizatiprto 6= /2 (in-plane
change of the easy axis of magnetization, at values of filminagnetizationand vice versa, one can distinguish between
thickness, at which the anisotropy contributions are in balthree type§ (i) Continuous SRT K,>0): 6., changes
ance with each other. Since magnetic anisotropies are gendiontinuously in the transition region with 64
ally temperature dependent, a SRT may also be induced therarcsin[—K,/2K,4]%9). (i) Discontinuous SRT K,<0):
mally. this transition is unsteady and, due to the existence of meta-

If we restrict ourselves to a discussion of polar anisotro-stable states, irreversiblgiii) Special SRTK,=0): this
pies, i.e., if we consider only the polar anglébetween the transiton is unsteady but, in contrast to césg reversible.
magnetization and film normal and neglect dependences on Within the framework of “anisotropy flow,” one can
the azimutal angle, then the free anisotropy enerdyd)  describe a thickness-driven SRT by plotting the trajectory
per volume of a thin magnetic film may be expressed by thdK,(d,T),K4(d,T)}r—const In @ K,-K, diagram with the
following power serieg: boundaries of the stable and metastable phaseg.pfIn

, 1=24 (2
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general, these trajectories are not identical for different valof the samples. In Sec. Ill we present experiments dedicated
ues ofT. Thus, for certain values df, trajectorieq - -}4—const 10 Study the evolution of perpendicular magnetic anisotropy
may also traverse a region of transition and describe @nd details of the SRT as a function of Co thickness and
temperature-driven SRT. Obviously, the thickness- andemperature. These have been performedsitu by the
temperature-driven SRT are closely related. However, from anagneto-optical Kerr effedMOKE) and ex situby polar-
theoretical point of view, the temperature-driven SRT isized neutron reflectomet®NR) and superconducting quan-
much more difficult to treat, sincgis an implicit variable of ~ tum interference devicéSQUID) magnetometry. A summary
K, andK, [see Eq(2)] and both depend on it in a compli- of the main results is given in Sec. IV.
cated way. Very often, one confines oneself to semiclassical
spin models and performs calculati8n® within the frame- Il. SAMPLE PREPARATION
work of mean-field theory or Monte Carlo simulatidhs-?
by use of Heisenberg-type models. Recently, the The samples were prepared by molecular beam epitaxy in
temperature-driven SRT has been investigated within a@n ultrahigh-vacuum systéth (base pressure <3
itinerant-electron model for the first tintd. x 10" °mbay. As substrates, we used one-side polished sap-
Usually, the perpendicular anisotropy appears at smalphire Al,05(1120) single crystals. In PNR studies it is ad-
values of film thickness and at low temperature, as it was/antageous for reasons of intensity to choose substrates with
observed among others for the systems(D®)/Fe*™  a relative large area, while a commercial SQUID magneto-
Ag(001)/Fel*® Cr(110/Fef!” Ru(0001)/Co,*® CeH,/Co,*®  meter requires sample sizes which amount to only a few
Pd111)/Co* and AY111)/Co* % In contrast to this, the square millimeters. Hence, in PNR and MOKE investiga-
system C(001/Ni exhibits an anomalous transition in a cer- tions, we used substrates with a areas ok28 and 39
tain Ni thickness and temperature regime, i.e., a change ok 15mnt, respectively, while we chose an area of 4
the easy axis of magnetization from the in-plane to the out:x 5 mn? for SQUID magnetometry. A relative large distance
of-plane orientation withincreasingNi thickness and tem- of 0.60 m between the evaporator and facing substrate en-
perature, which can be explained by a magnetoelastic contrsures a homogeneous film thickness across the substrate area.
bution to the magnetic anisotrofy*’ In some systems a  Prior to film deposition, the sapphire crystals were sput-
SRT occurs within the film plane—for example, in tered and annealed until they had a contaminant-free surface
W(110/Fe (Refs. 28 and 2Rand Au1ll)/Fe (Ref. 30. with a well-defined crystal order. The surface layer was well
According to the Mermin-Wagner theoreth,a two-  crystallized, as checked by Auger electron spectroscopy
dimensional spin system with an isotropic, short-range inter{AES) and low-energy electron diffractiof. EED). In order
action cannot exhibit any long-range magnetic order at finitao grow an epitaxial A(111) substrate layer, we first depos-
temperatures. In addition to this, some theoretical studies dfed an epitaxial W110) buffer layer at a substrate tempera-
the temperature-driven SRT predict a loss of magnetic ordetire T,~1200K. A deposition rate of,,=0.05 Al/s and a
at the transitiorf>~3*A clear experimental proof has not been film thickness ofd,,~100 A were chosen. After deposition,
given yet. Bander and Mills showed for a two-dimensionalthe substrate heater was turned off and the sample was al-
Heisenberg system that arbitrarily small anisotropies are sufowed to cool down to room temperature at a natural rate.
ficient to stabilize long-range magnetic order. The LEED spots of the buffer layer were quite sharp, and
Experimental investigations of micromagnetic structuresheir positions indicated the presence of a btt0) crystal
show that films with perpendicular anisotropy often decay instructure. Onto the W10 layer we deposited Au an
small domain® magnetized up and down. The domain con-=300K with a rater ,,=0.04A/s and a thicknessl,,
figuration is frequently irregular, but in some cases the for=30A. LEED investigations of our Au film revealed the
mation of a stripe pattern has also been observed. In theoreinown fcq111) diffraction pattern. The spots were some-
ical work it was also shown that under certain conditions ayhat broader in comparison to the LEED pattern of the
domain structure in films with perpendicular anisotropy mayw(110) buffer layer, but were still well defined.
be energetically more favorable than a single-domain For a growth study of Co on the Aldl) substrate layer,
state®®~** Domain structures are increasingly simulated bywe prepared a wedge-shaped Co layer with an inclination of
means of computers. Monte Carlo simulations yield configu0.79 A/mm by translating the sample behind a mask during
rations which are similar to configurations observedgrowth with a motor-controlled manipulator. The deposition
experimentally.>** was done al ,= 300 K with a ratenc,=0.036 A/s. At a film
In this paper, we present investigations of the thicknessthickness of about two monolayef@ ML) (1 ML=2 A),
and temperature-driven SRT in thin epitaxial (Al)/Co  one can recognize a LEED pattern with sixfold symmetry.
films prepared on sapphire &)3(1120) single crystals, tak- With increasing Co film thickness, the spots sharpen. Fur-
ing into account the effect of different Co/nonmagnetic metalther, an analysis of the relative distances of the LEED spots
interfaces as well. At room temperature, ultrathin uncovereghows that the strained Co lattice is relaxing above a thick-
Co(000) layers prepared on AWill) substrates exhibit a ness of 2—3 ML. The relatively fast onset of relaxation has
perpendicular magnetic anisotrdpy*?® in contrast to also been observed in previous stuéfé84’on Co/Au111)
Co(000)) films grown on W110) substrate’>~**Here we and is attributed to the large in-plane lattice mismatch of
compare the thickness- and temperature-dependent anisatbout 14% between Alill) and C¢0001), which is relieved
ropy properties if W and Au are used as overlayer materialshy emerging misfit dislocatiorfs*®
Section Il gives a description of the preparation and growth The Co layers of our samples were covered either with W
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TABLE I. Characteristic Co thicknessélg, ¢, , d,, anddc,g

H (pol 1
1(polan (ong'ltudlnal) of the thickness-driven SRT &t=300K for Au(111)/Co without
@ T f"j'" © (UHV) and with W and Au overlayers determined with MOKE. For
2 684 =i 9.6 A deo<dcoc: (deo>deoe), the perpendiculafin-plane magnetiza-
2 ® tion is stabled?, is the Co thickness at which the polar Kerr sus-
3 | doo ot Vo adl cepibility in the remanent state is maximum.
- 124 A [ TKe LV 120A
2 |© deocr do deogl
g [1324 )78 ®
£ y/ 152X Au(111)/Co/UHV 8.8 9.6 10.0
5 @ Au(111)/Co/W 11.7 12.8 14.8
“ligoh | () Au(111)/Co/Au 12.6 145 20.1
] 176 A
05 0 05 05 0 05 branches of the loop & =0. Theextrapolated Kerr signal
H (kOe) Ik o is obtained by extrapolation of the Kerr data at each end

_ of the loop toH=0.
FIG. 1. Hysteresis loops of a wedge-shaped sample |n our measurements we find three regions of film thick-

Au(111)/dc,Co/W measured al=300K for magnetic fields ap-  nessd, separated by the characteristic thicknessgs,,
plied perpendiculafleft pane) and parallelright pane] to the film 5.4 dcocy» With values ofdc,c, anddey e summarized in

plane.l¢ , andly . denote the remanent and extrapolated Kerr sig “Table I In region | Bee<degc), I o iINCreases withde,

nals(see tex. for H, . The hysteresis loops have a rectangular shape with
Ik ~lke [Fig. (@] For H;, we find Iy ,~0 andly (~0
or Au at T,=300K. In both cases the overlayer thickness[Fig. 1(€)]. In region | the shape anisotropy is overcompen-
was 30 A which is sufficient to cover the Co layer com-sated by the interface anisotropy, which leads to a perpen-
pletely (the Auger electron spectra were free of Co pgaks dicular anisotropy. In region Il dgec; <dce<dcoc)), Ik r
without reducing considerably the signal-to-noise ratio instarts to decrease fét, with respect tdy .. The hysteresis
MOKE measurements. Samples for situexperiments were loops are losing their rectangular shape. Both branches take
prepared with about 200-A-thick Au overlayers. Such addi-on an S-like curveFigs. 1b) and Xc)]. The reduction of
tional, thick overlayers are advantageous in PNR measuréemanence indicates that the perpendicular orientation of
ments, since they shift the Kiessig fringes, which correspondnagnetization is becoming unstable. d, is further in-
to the total thickness of the layered system, to smaller valuegreased by a small amourlt , continues decreasing, and
of the scattering vector. Differences in the reflectivity be-now | . starts to decrease, tgoompare Fig. (b) with Fig.
tween spin-up and spin-down neutrons are measured mo#c)]. For the moment, we only mention that in this region
sensitively in this way® one possibly observes in-plane hysteresis loops with relative
large values ofi , and ¢ . and coercive fielddH, [Fig.
1(f)]. This will be discussed below. In region lldg,
IIl. SPIN-REORIENTATION TRANSITION AND >dcoc), We find hysteresis loops fdf, with small satura-
MAGNETIC PHASE DIAGRAMS tion and coercive fields ankk ~I ¢ [Figs. 1g) and 1h)].
) _ Now Iy . is increasing forH, approximately linearly with
A. Thickness-driven SRT dco. Herely e is smaller than foH, in region I, since a
We studiedin situ the thickness-driven SRT in epitaxial longitudinal Kerr signal is generally weaker than the corre-
Co wedge-shaped layers on@d1) at T=300K by MOKE  sponding polar Kerr sign4f. The observed magnetization
prior and after deposition of W and Au overlayers. The lightcurves forH, are apart from small hysteresis effects charac-
source was a He-Ne lasex € 632.8nm). The basic detec- teristic for a hard axigFig. 1(c)]. In region Il the magneti-
tion scheme consisted of a lock-in amplifier combined with azation is no longer stable in the out-of-plane orientation.
photoelastic modulator, which was placed between two poTherefore, a thickness-driven SRT has taken place in region
larizers. The amplitude of the laser beam was modulated. In the transition region, the polar hysteresis loops show a
with a frequency of 100.24 kHz. striking change of the Kerr signal nelr=0. This change
Figure 1 shows some Kerr loops measured on a cobamay be expressed by the Kerr susceptibilityy
wedge-shaped sample on @adl) after coverage with W. =dl/dH|,_, of the remanent state. Figure 2 shows the
The inclination of the wedge was 0.79 A/mm, while the di- polar Kerr susceptibility xi , for Au(111)/Co/W [and
ameter of the laser spot on the sample was about 0.3 mmA\u(111)/Co/Au] as a function ofdc,. In region I, yx ,~0,
which results in a spatial resolution of the Co film thicknesswhich is a consequence of the rectangular shape of the hys-
of about 0.2 A. We denote measurements in the longitudinaieresis loops. In region Il , strongly increases in a narrow
geometry aHH, (H parallel to the film planeand measure- thickness interval and reaches a maximurd@t=dg,. This
ments in the polar geometry &b, (H perpendicular to the jumplike increase marks a pronounced reductlthqfwnh
film plang. As shown in Fig. 1, theemanent Kerr signal respect tol , and indicates that the single-domain state of
Ik is given by the difference of the intensity between bothperpend|cular magnetization in region |, which is character-
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FIG. 2. Polar Kerr susceptibilityy , in the remanent state at 000 002 004 000 002 004

T=300K of Au(111)/Co/W and A111)/Co/Au vsdc,. a.( A
Z

ized by rectangular hysteresis loops, becomes unstable and FIG. 3. Polarized neutron reflectivities of f411)/Co/W
possibly decays into domains nedr=0. The decrease of samples with different Co thlcknex;_t%0 measured for the approxi-
YK 1 abovedéo accounts for the fact that the film normal mately remanenieft pane) and the in-plane saturatédght pane)

becomes more and more a hard axis with increasiag states a =300 K. The lines represent calculations for the in-plane
The measured values dE are listed in Table | (solid line) and out-of-planddashed ling saturated states.
o .

The transition regions, which we _found for our otside the sample, a small guide field of 20 Oe is always
Au(111/Co systems grown on AD;(1120) substrates present. As usuaty, denotes the component of the scatter-
(Table ), are in good agreement with other studies ofing vectorq=k;—k;, wherek; andk; are the wave vectors
Au(111/Co/UHV (Refs. 22 and 24 and AU111)/Co/Au  of the incoming and reflected neutron waves. The lines rep-
(Ref. 23. To our knowledge, the system A11)/Co/W has  resent model calculatiori§,which are based on the Parratt
not been studied up to now, only the systemformalism® The nuclear scattering length densities of the
W(110/Co/Au.*® Our results show that the coverage with W individual layers and substrate are based on the values of
leads to a shift of the SRT region to larger values of the Coref. 58. For the calculations of theagnetic scattering
film thickness, which is somewhat smaller than for a Aujength density of the in-plane saturated si@tid lines, the
coverage af =300K. spontaneous magnetizatits of bulk hcp Co(Ref. 57 was

As already mentioned, in-plane hysteresis loops with Unassumed. Figure 3 shows that the experimental data for the
usual large Kerr signals and coercive fie[@g. 1(f)] may in-plane saturated state agree well with the calculated reflec-
appear in the transition region. We assume that, as for thgyities.
system A¢100)/Fe;'° this appearance is caused by the domi-  |f the magnetization is aligned parallel to the film normal,
nant polar Kerr effect of out-of-plane magnetization compo-pne expects a vanishing splittifgashed ling between the
nents. In order to study the behavior of the in-plane magnespin-up and spin-down reflectivities, since exclusively the
tization in the transition region in more detail, we performedin-p|ane Component of the magnetization contributes to a
measurements with PNR. The particular value of thisspin-dependent reflection of neutrafi€® The samples with
method®*°~%is that it allows one to determine the absoluteq_ =10.3 and 11.7 A do not show a significant spin depen-
magnetic moments of the individual layers in a stack. In ourdence of the reflectivity in a weak magnetic field after satu-
experiment, we profit from the fact that the neutrons are onlyation. As we have seen in the MOKE experiment, there is in
sensitive to the in-plane magnetization and no superimposingct a perpendicular magnetic anisotropy for these film thick-
contribution from perpendicular magnetization has to benesses. The samples with,=13.2 and 14.5 A are in the
taken into account. We prepared five samples of the typeegion of transition. Here a finite, but considerably reduced
Al,05(1120)/W(110/Au(111)/Co/W/Au with differentdc,  remanent in-plane magnetization is present. We can therefore
(no wedges In Fig. 3 spin-dependent reflectivities measuredconclude that the global magnetizationtiised with respect
at the neutron reflectometer M&IMI, Berlin) (Ref. 54 at  to the film plane. Further, we can now exclude an enhance-
T=300K are shown for the remane(ieft pane) and mag- ment of the in-plane component in the transition region, as
netic (right pane) saturated state. The neutrons are polarizedvas pretended by the MOKE experiment. Finally, the spin
either parallel(spin up or antiparallel(spin down with re-  dependence of the reflectivity pattern of the sample with
spect to the external magnetic figt] which is applied par- dc,=16.0A at low field is only slightly reduced with respect
allel to the film plane and perpendicular to the incomingto the saturated state. The easy axis of magnetization is now
neutron beam. To prevent a depolarization of the neutroneriented in the film plane.
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T=10K (@ ()
40K
60K
80K
100K
110K
120K
180K
190K
200K
220K
240K
270K
300K
FIG. 5. Vector analysis of the effective magnetic moments
T= ;ggg m(T=10K) measured for the Aa11)/16 A Co/W sample with
pybes (b) different magnetic historysee Figs. @) and 4b)].
220K .
200 K 04=0° to 64,=90°. The vectorsm(T) of the magnetic
190K sample moment result from the maximarof;(64,T) as a
180 K function of 6, . After the saturation aT=10K, m=|m| is
only slightly reduced with respect to the saturation moment
120K mg [Fig. 4(a)]. With increasing temperaturen rotates to-
LRE wards the film plane. AT=300K, m is nearly parallel to
100K : . . ;
the film plane. The “lacking” amouning—m has increased
80 K . . , S .
60K during the reorientation, but it is considerably smaller than
40K mg. Therefore, one can conclude that when the sample was
10K saturated aff=10K a single-domain state was produced,

and this remains stable with increasing temperatureT At
FIG. 4. Vector diagrams of the effective magnetic moment=300K the sample was saturated parallel to the film plane
m(T) of a Au(111)/16.7 A Co/W sample fota) increasing andb)  with H=50kOe. At decreasing temperatura,; was mea-
decreasing temperatufie sured in the same manned €50 Oe). Heran(T) first only
shows small differences to the respectim€T) measured at
increasingT. At T~180K one can recognize a bend in the
An interesting question is which way the perpendicularcurve of|m(T)|. If T decreases furthem reduces more and
magnetization evolves with changing temperature. In thisnore with respect tang. At T=10K the differencemg
section, we present SQUID and PNR experiments which-m is even larger tham.
were dedicated to this aspect. Similar behavior was observed for Aii1)/Co/W and
Figure 4 shows SQUID data measured for a(#)/  Au(111)/Co/Au samples with other values d.,. Distinct
Co/W sample withdc,=16.7 A. We used a sample holder, states of domain splitting may be stabilized for the out-of-
which permitted us to rotate the sample in an axis perpenplane magnetization, as illustrated in Figga)5and 5b),
dicular to the external magnetic field by means of awhich correspond to the situation &= 10K of Figs. 4a)
computer-controlled precision mechanism. The maximumand 4b), respectively. The effective magnetic momemtis
absolute error of the anglg, between the external field and considered as composed of magnetic domains with moments
film normal amounts to about 3°. We corrected the data fom; such that the condition&;m;=m and Xi|m;|=mg are
the background signals of the sample holder and substratéulfilled. We restrict ourselves to the discussion of two dif-
The dotted lines in Fig. 4 represent the bulk value of theferentm;. For reasons of symmetry, we can assume that the
magnetic saturation momenmig for hcp Co according to Ref. angles betweem; andm, and the film normal are equal. In
57. In separate field-dependent measurements, we detd¥ig. 5b), mis considerably reduced with respectri. In
mined the magnetic moments up to a magnetic fieldtHof contrast to the situation of Fig.(&, the conditionsX;m;
=50kOe for several temperatures, showing that the satura=m and;|m;|=mg may be simultaneously fulfilled only if
tion values agree with the values of Ref. 57 within a statisthe perpendicular components of; are different in sign.
tical error of about 8%. These considerations suggest that the evolution of the out-of-
At T=10 K, an external field wititH=50 kOe was ap- plane component at decreasing temperature is mainly af-
plied perpendicular to the film plane in order to saturate thdected by the formation of up and down magnetized do-
sample. Then the field was reduced Hic=50 Oe and the mains, but the formation of in-plane magnetized domains
temperature was raised stepwise upTte 300 K. At fixed  during the transition cannot be ruled out. In order to investi-
temperatures, the magnetic momem; was measured from gate this in more detail, we used PN&ee also Sec. Il A

B. Temperature-driven SRT
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FIG. 7. Normalized in-plane magnetization componkht/Mg

1
P M, =0 1 of a Au(111)/16 A Co/W and a A@11)/19 A Co/Au sample vs
i spin up Y temperatureT.
1 spin down }IM"=MS . .3
0.00 0.02 (A")O'M 0.06 in-plane magnetized domains with a mean lateral diameter
4

FIG. 6. Polarized neutron reflectivities of a @11)/16 A Co/W

sample measured for decreasiig

for the PNR sample A@11)/Co/W with dc,=16.0 A (Sec.

D, which is larger than the lateral or longitudinal coherence

length1°" of the neutroné® one can take for granted that

the reflectedntensitiesof the different domains add up to the

total reflected intensity. With the experimental parameters
Figure 6 shows some of the neutron reflectivity spectradq~0.002 A™* and with\=4.66 A (V6), we can estimate

measured in the temperature range from 300 K down to 10 K2"%~28um atq,=0.03 A~ (for q,=0.04 and 0.05 A?,

we find1°"%~21 and 17um, respectively. We now assume

[l A). Before cooling, the external field, which was used tothat the in-plane magnetization decays into large domains,
saturate the sample and to produce a defined remanent statehich are magnetized parallel and antiparallel with respect to
was turned off with exception of the guide field. Betweenthe virtual saturated state parallel to the polarization axis of
300 and 210 K no considerable changes of the spectra wethe neutrons and which occupy the parts & and y of the
observable. The splitting between spin-up and spin-down relateral sample area. The magnetization within a domain is
flectivities was only slightly reduced from the saturated stateassumed to be homogeneous and equal to the saturation mag-
From 210 to 150 K the splitting decreased continuously. BenetizationMs. The total in-plane component of the magne-
low 150 K only a small splitting remained. In order to quan-tization is then given byM;=(1—y)Ms+y(—Mg)=(1

tify the behavior of the in-plane component of the magneti-—2y)M,. Within this domain model the observable total
neutron reflectivity is an incoherent, weighted sum of the

zation, the spin asymmet§;,

reflectivities corresponding to the respective domains. One
has to take into account that spin-(gpin-down neutrons
reflected from an antiparallel magnetized domain are re-
flected as spin-dow(spin-up neutrons for the case of satu-
ration. The experimental data shown in Fig. 8 are the same as

R*—R~
SRR ©

with the reflectivitiesR* andR™ of spin-up and spin-down

neutrons was considered. The simulat®@],) scales ap-
proximately linearly with the in-plane componedt, of the

in Fig. 6. The calculationgsolid lineg for the model of a
reduced buthomogeneousn-plane magnetization and the

magnetization, which gives the possibility to determine thegomain model described above were fitted to the experimen-
absolute value oM directly by comparing simulated and tg] reflectivities in the following manner: first, we calculated

the measure®(q,). Figure 7 shows the evaluatéd, nor-
malized to the values dflg5 of Ref. 57 as a function of.

the spin asymmetrieS(q,) for both models as a function of
M, . These were compared with the measured spin asymme-

The diagram also contains the results measured for agjes around the Bragg peak positionggt=0.033 A~1. The

Al,05(1120)/W(110/Au(111)/Co/Au  sample with dg,
reflectometer

=19A at the neutron

ADAM(ILL,

comparison gives the experimental valuesvbf with which
we finally calculated the reflectivity profiles. As one can see,

Grenobl@.®! In this case we also measured the magnetic mothere is an obvious discrepancy in the minima of reflectivity

ments for increasing immediately after reaching=10K

between the domain model and experimental vallfeg.

without changingthe magnetic field. Within the error bars 8(b)]. In contrast to this, the reflectivities, which were calcu-

the values ofM;/Mg were the same as for decreasifg

Thus the change d¥1, is reversible.

lated for the homogeneous magnetized state, are in much

better agreement with the experimental ddtimy. 8a)]. This
The spin-dependent neutron reflectivities contain informashows that decay into large in-plane magnetized domains
tion about domain formation, too. In the case of a decay intaloes not occur. What about the formation of very small do-
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g y observed for periodic, antiferromagnetically coupled
L= (a) ; 62-64 ; iyt i i .
— multilayers: The investigation of single ultrathin mag

o i 1 netic layers is complicated by the fact that the amount of

spiimown ] magnetic material is much smaller than in multilayers and

that the maxima of reflectivity due to nuclear and magnetic
scattering are at fairly the same position so that a possible

1 magnetic off-specular intensity may be obscured by the total
z ] reflected intensity. Further experiments with the new
B position-sensitive detector®SD’s, which allow measure-
% 3 ments with a higher resolution and sensitivity, may help to
= 1 clarify the question as to whether off-specular neutron inten-
% ] sity due to magnetic roughness is also observable for single
=]

ultrathin magnetic films.
In both samples A@11)/16 A Co/W and A111)/19 A

I Fit-model

F single domain: 3 Co/Au, the in-plane component of the magnetization at low
s ! Mg 4 fields was found to decrease continuously with decrea8ing
r a\,rz ] (Fig. 7). If the differenceAd.,=14.5A—12.8 A=1.7 A be-
S tween the reorientation thicknesseg, of both systems at
{ ey . 3 T=300K (Table ) was independent of temperature, one
. ; L would expect that the in-plane magnetization of the JA1)/
0.00 0.02 o, O 0.06 Co/Au sample decreases at lower temperature in comparison
9, (A7) to the AU111)/Co/W sample, since its Co film is thicker by 3
. r T A. Obviously, the opposite situation is the case. The thick-
r¥:22‘l)0012 (OF ness region of perpendicular anisotropy seems to increase
S — ] more thh deqreasing temp'erature in case pf an Au over'layer.
spin down ] That_ will be investigated in more detail in the following
section.
- 3 C. Magnetic phase diagrams
E l The experimental proof of the conclusion drawn at the
§ 1 end of Sec. IlI B requires a systematic measurement of the
o ] in- and out-of-plane magnetization in both systems as a func-
§ tion of Co film thickness and temperature. For that purpose a
gF L Au(111)/Co/W and a A@l11)/Co/Au sample series each with
rF‘t'—m‘_’q-"-l 1 samples of different Co film thickness were investigated by
r‘a'gef“'?la“e ] means of SQUID magnetometry, as was described in Sec.
. Il1B. We restricted ourselves to measurements with
L M, M, M ; =0° andfy=90°. In order to describe the results in a com-
. <_\ > 5 > 1 pact manner, we introduce the quantity
e ’
A _
: . , L pzw, P=P(deo,T), (4)
0.00 0.02 0.04 0.06 m, r+my
q, A"

which compares the in- and out-of-plane components
FIG. 8. Comparison of measured with calculated neutron reflecand m; 1, of the sample moment measured for decreasing
tivities for the Au111)/16 A Co/W sample. The underlaying mag- and increasing temperature, respectively. Due to the small
netization modelgsee text are represented schematically. applied field H=500e),m, 1, andm, 1| have always the
same sign, and therefoRecan have values only betweerl
mains? In order to deal with this aspect, we also investigateednd +1. HereP is positive in the case of a perpendicular
the off-specular §,#0) neutron intensity by measuring anisotropy and negative if the easy axis of magnetization is
rocking scans at the Bragg peaty,&0.033 A1) for differ- in the film plane.P(d¢,,T) is represented as a gray scale
ent temperatures. According to the diffraction relatibgy map for each of both systems in Fig. 9. Data points were
=27/D, one would expect a broadening of the peaks if themeasured in distances ohdc,=1.3A starting atdc,
magnetization decays into domains with a mean lateral di=7.6 A up todc,=23.2A for the system A{11)/Co/W
ameterD which is much smaller than the longitudinal coher- [Fig. 9(a)] and in distances oAdc,=3.0 A starting atdc,
ence Iength'cong. We did not observe a significant change of =9.0 A up todg,=33.0A for the system A@11)/Co/Au
their width in our experiments. However, up to now off- [Fig. Ab)]. The temperature was varied between 10 and 300
specular neutron intensity of magnetic origin has only beerK in steps ofAT=10K. Both diagrams show that the thick-
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300 — 1000 T T T T T T
P | @ Au(111)/Co/W
_ 1.0
038 800 [ —s—T=10K -
Lo - —o—T=300K
40 0.4
~ 600} J
2 150} —— 8 —e—T=300K
= 0> e (MOKE-
100 400 - measurement, |
I 04
N €C. .
Il os Sec. I A.)
50
/\ I os 200 F -
. | B
9 12 15 18 21
O i 1 A 1 L 1
Aoy (A) 0 10 20 30
300 P deo A
1.0
0.8 2000 T T T T T
0 0.6 (b) Au(111)/Co/Au
200 04 —a—T=10K
) — b el —o—T=300K
% 150 0.0 =
= B 02
100 [ - —e—T=300K
KX S 1000 (MOKE-
50 03 g measurement, |
L LA L_B&Y Sec. I A.)
9 12 15 18 21 24 27 30 33 500 | J
dCo (A)
FIG. 9. Magnetic phase diagrams @) Au(111)/Co/W and(b) 0 \ ) ! . 1

Au(111)/Co/Au. The valueP=+1 (P=-1) corresponds to a 0 10 20 30
magnetization perpendiculgparalle) to the film plane. Please note dCo(A)

that the thickness scales of both diagrams are different.
FIG. 10. Coercive fields of Al11)/Co/W and Ay111)/Co/Au
ness region of perpendicular anisotropy increases with defthle and 300 K for magnetic fields applied perpendicular to the

. . R, ilm plane vs Co film thickness .
creasing temperature. The increase is significantly stronge'r P v ! I ko

for Au(111)/Co/Au (as supposed at the end of Sec. B the curvesH (de,) exhibit striking features for each system,
The difference betweedc, p—q Of both systems is less than i.e., a shoulder for A(L11)/Co/W and a bend for AQ11/
2 A at T=300K, but about 10 A aT=10K. Further, one  Co/Au. These features are more pronounced at 10 K and, as
can recognize that the transitions develop over a wider ranggy the SRT, shifted to higher values of Co film thickness.
of film thickness for this system Ati11)/Co/Au. While the What are the reasons for the difference in the thickness
reorientation thickness is mainly determined by the interfacgyng temperature dependence behavior of the two systems?
anisotropy constant of first ordet,$ (see Sec.)| the second  One possible explanation is the presence of epitaxial strain at
orderKgdetermines the width of the transitidtComparison  the interfaces, which depends in a different waydgg and
between the phase diagrams suggests that the surface anispt-The LEED spots of the 30-A-thick W and Au overlayers
ropy constants for A{i11)/Co/Au are larger and also mofe  were only weak and diffuse in our study. On the other hand,
dependent than those of Ai1)/Co/W. we found well-pronounced LEED spots for the additional
We also performed field-dependent measurement$ at 200-A-thick Au overlayers, which were prepared for the
=10 and 300 K for magnetic fields 50 kOesH=<50kOe PNR samples(Sec. l). This shows that further epitaxial
applied both parallel and perpendicular to the film plane. Theyrowth onto the Co film and overlayers occurs. However, a
magnetization curves confirmed the differences between theystematic growth study including strain analysis was only
reorientation thicknesses of both systems found in theperformed for the Co layer as a functiondy, (Sec. I), but
temperature-dependent measurements at low constant fielapt yet for the overlayers, which would require measure-
but they provide some further information. In Figs(dand  ments as a function af, and overlayer thickness. Another
10(b), the perpendicular §,=0°) coercive fieldsH, are  possibility for the observed differences could be the sensitiv-
shown as a function afc,. Since only a few of the prepared ity of the surface or interface anisotropy to the detailed elec-
samples revealed a perpendicular anisotropy &300K,  tronic structure. To get more information about this contri-
we show for comparison the coercive fields measured witlpution, calculations performed for the temperature-
MOKE on the respective Co wedgéSec. IlIA). As ex- dependent electronic band structure of both Co/overlayer
pected, the coercive fields are larger at low temperature anidterfaces or corresponding experimental studies would be
significantly larger for the system Ail1)/Co/Au. Moreover,  fruitful.
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IV. CONCLUSIONS In no hysteresis and low-field measurements have we ob-

. . . . served a situation in which both the in-plane and out-of-
In summary, we have studied the spin-reorientation tran:

N . — plane components of the magnetization vanish simulta-
sition of Au(lll)/CQ films prepared.on AD;(1120) single neously. This finding is in agreement with other studies of
crystals as a function of Co film thickness and temperaturea(111)/Co (Refs. 2 and 2Band further Co-based systems,
We used magneto-optical Kerr-effe€MOKE) measure- ¢ g R0002)/Co28 In contrast to thissimultaneouslyan-
ments, polarized neutron reflectometyNR), and SQUID  jshing or at least strongly reduced out-of-plaare in-plane

magnetometry as complementary methods. _ magnetization components were observed in the region of
The thickness-driven SRWas studied a =300K prior  {ransition for the systems Ag00)/Fe (Refs. 14 and 16and

and af’_ter coverage with W and Au overlayers..Both _overlaytu(loo)“:e (Refs. 14 and 16 While it was first speculated

ers shift the SRT to larger values of the Co film thickness hat an intermediate paramagnetic state exists, it seems more
yvh|ch is, forw, 1.7 A smaller than in the case of Au. Study- probable that this phenomenology is due to pronounced
ing the temperature-driven SRTof Au(111)/Co/W and  gomain formations? Therefore, both systems might be in-
Au(111)/Co/Au samples, we observed a strong dependencgyresting for a study of the specular and off-specular neutron
of the magnetization on the magnetic history at low temperareflectivity. Without overlayers these experiments require

tures, which is attributed to a different degree of domainypy conditions, but as shown recenffjin situ PNR mea-
splitting of the perpendicular magnetization component. Theyrements can be performed.

magnetic phase diagramsf both systems showed that the
reorientation thickness of the Co layer in @a1)/Co/Au is

less tha 2 A larger than in A(111)/Co/W atT=300K, but

the difference increases with decreasing temperature and
amounts to about 10 A a=10K. Striking features were We would like to thank the Institute Laue Langevin for its
found for both systems in the curves of perpendicular coerhospitality. Helpful discussions with P. J. Jensen are ac-
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