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Fe/Ni bilayers with various Fe and Ni thicknesses and different deposition sequences have been prepared by
molecular beam epitaxy on CL00) substrates. Their magnetic properties have been investigated using the
magneto-optic Kerr effect. To study magnetic coupling phenomena in the bilayer, the temperature dependence
of the magnetic properties has been studied. It is found that the Ni thickness necessary for the bilayer to start
to show perpendicular magnetization is consistently larger than that for Ni films @t0@uMagnetic live
layers have been observed at room temperature at the Ni-Fe interface for bilayers that include a 9-monolayer
Fe film. In addition, such bilayers show peculiar temperature-dependent phenomena. Possible mechanisms
underlying the temperature dependence of the remanent magnetization and the coercivity are discussed.
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I. INTRODUCTION dicular magnetization. The transition to the stable bcc ground
state of iron is observét’ above 11 ML and is accompa-
In the last decade a number of new and exciting couplinquied by a switching of the magnetic anisotropy to in-plane
phenomena and related effects such as oscillatory couplingrientation.
giant magnetoresistan¢6MR) and tunneling magnetoresis-  Ultrathin Ni films grown on C(100) also show a peculiar
tance (TMR) have been discovered in ultrathin magneticbehavior regarding the magnetic anisotrdpy’ For a film
films.=3 This has led to very promising applications such asthickness between 7 ML and 9 ML, a sharp transition from
spin valve$ and sensitive read headl©n the other hand, in in-plane to out-of-plane spin reorientation is observed. At
the last two decades a large number of metastable structuresuch larger film thicknesses between 37 ML and 70 ML, the
with novel and unusual magnetic properties has been stabpreferential magnetization direction gradually rotates back to
lized by epitaxial growt?:” It is interesting to exploit such the film plane. Hence in the range from 9 ML to 37 ML, the
metastable structures to tailor the magnetic coupling betweefilms show a perpendicular easy axis. Using ferromagnetic
magnetic films. To determine the potential to tailor the magresonance, Schulz and Baberschke found that this unusual
netic coupling we have studied the magnetic properties obehavior results from the competition between the perpen-
Fe/Ni bilayers on C(L00. This system was chosen since dicular magnetoelastic volume anisotropy due to mismatch-
both Fe and Ni grow epitaxially on €100 and show inter- induced strain, and the sum of shape anisotropy plus surface
esting structural and magnetic properties as a function o&nd interface anisotrogy. The latter favors in-plane magne-
temperature and film thickness. tization. Therefore, when the thickness increases beyond the
Iron usually crystallizes in the bcc phase at room temperapseudomorphic regime, strain relief by dislocation formation
ture, while the fccy phase only exists in the temperature begins and the perpendicular anisotropy is gradually re-
range between 1184 K and 1665 K. However, microcrystalduced. At last, the easy axis returns back to in-plane
line particles ofy iron can precipitate from solid solution in orientation.
copper and retain their structure at room temperatdfdo- Hence both systems are characterized by a number of dif-
lecular beam epitaxyMBE) provides another approach to ferent magnetic states with comparable energy. In such a
stabilize fcc iron at room temperature. Ultrathin iron films situation the vicinity of a magnetic interface or simple tem-
grown on C100 exhibit a rich variety of structural and perature changes can already alter the magnetic ground state.
magnetic phases. For the room temperature grown ultrathihis is an ideal situation to tailor or modify magnetic cou-
films, two different fcc iron phases are stabilized onpling phenomena. Therefore it is appealing to prepare Fe/Ni
Cu(100.193112 The first one exists for iron layer thick- bilayers on C(100) to explore the interaction of the two
nesses up to 5 monolayeslL). This iron phase is charac- magnetic layers through interfacial coupling. Interestingly
terized by a ferromagnetic coupling and an enlarged atomienough, in a conclusive study by O'Brien and Tonner for Fe
volume of 12.1 &. For iron films on C({00) with thick-  films on 15 ML Ni on C{100), a magnetic behavior of the
nesses between 5 and 11 ML, only the first two layers coupl&e layer has been found that closely resembles the behavior
ferromagnetically and show an atomic volume of 12.8. A of Fe/CU100) in a number of aspects.Fe films grown on
The rest of the film has an atomic volume of 11.4 &xd  Ni on Cu100) show practically the same evolution of mag-
presumably shows antiferromagnetic coupling at lownetic phases with Fe film thickness that was previously ob-
temperaturé>*314All films below 11 ML show a perpen- served on C(100). Below 5 ML, the Fe film on Ni/C(L00)

0163-1829/2001/64.0)/10440812)/$20.00 64 104408-1 ©2001 The American Physical Society



XIANGDONG LIU AND MATTHIAS WUTTIG PHYSICAL REVIEW B 64 104408

is ferromagnetic. Between 5 and 11 ML, Fe films at roomto reduce the sputter damage. High-purity Ni (99.98%) and
temperature show a ferromagnetic live Fe layer at the Fe/NFe (99.99%) was evaporated from thin disks of 10 mm di-
interface. In contrast, magnetic live layers are only located aameter and 0.2 mm thickness, heated by the radiation of a
the surface in Fe/Qa00) films and have a Curie temperature tungsten filament. A deposition rate of about 0.3 ML/min
of about 273 K. Evidence for a magnetic live layer at the Fewas chosen for both Ni and Fe. During evaporation, the pres-
film surface for Fe/Ni/C(L00) comes from measurements at sure did not exceed 8108 Pa. The growth of the films
low temperaturé? The temperature dependence of the satuwas monitored by MEED, employing an electron energy of 3
ration magnetization for 5.3 ML Fe on 7 ML Ni indicates keV at an angle of incidence of 5° against the surface. All
that a live layer exists both at the surface as well as at théilms are deposited at room temperature. In order to avoid or
interface. Support for the surface live layer comes from theat least reduce interface mixing, the second film was grown
low-energy electron diffractiofLEED) observation of a (2 after the first film had been deposited without subsequent
X 1) surface reconstructidii,which is indicative for an en- annealing. LEED was used to determine the crystalline order
larged interlayer spacing and hence ferromagnetic couplingf the substrate and the film. The evaporation rate of both Fe
A similar behavior is also observed for Fe/Co bilayers whereand Ni was calibrated using MEED. For the growth of Ni on
the same sequence of crystallographic phases is observe&di(100), clear MEED intensity oscillations can be observed
with increasing film thicknes&:24 up to at least 15 ML, which enables a precise thickness de-
In most of the previous studies, the main focus was theermination to within 2%. The growth of Fe films on
evolution of structure and magnetic phases of the Fe film€u(100 has already been investigated in considerable
with increasing film thickness. Less attention was devoted taletail” Regular intensity oscillations are observed for
other aspects, such as the evolution of the magnetic anisofitm thicknesses between 5 and 11 ML. Again, these osci-
ropy of the bilayer upon changes of the thickness of both Fdlations can be exploited to determine the film thickness to
and Ni layers. Futhermore, many previous measurementgithin 4%.
were carried out at room temperature only. Considerable in- The situation is less favorable when a second film is de-
sight into the coupling phenomena of metastable structures jsosited, i.e., when Fe is deposited on a Ni film or vice versa.
expected from measurements of the temperature dependerithen, weaker and short-lived oscillations are observed only,
of the magnetic properties. For example, an interesting temwhich most likely have to be attributed to the rougher sur-
perature dependence of the magnetization was observed ffice formed after deposition of the first film. As a conse-
5.3-ML Fe/7-ML Ni/Cu100).?? These data imply that the quence, a larger error bar of roughly 10% exists in the film
surface Fe live layer and the interface Fe live layer couplehickness determination from the MEED data for the second
with each other and that the coupling strongly depends upofiim. Presumably, however, this error bar overestimates the
temperature. More interestingly, exchange biasing was fountfue error, since we have used parameters for the evaporation
at low temperature in the Fe/Ni/C1l00) system within the source identical to previous runs, where Fe and Ni had been
Fe thickness range, where theX(4) and (2<1) superstruc- deposited separately, and the deposition rate could be deter-
ture coexist® To obtain a deeper understanding of interfacemined with high precision.
coupling in Fe/Ni bilayers, we have investigated the mag- Magnetic properties of the films were characterized using
netic properties of a series of Fe/Ni bilayers with differentthe magneto-optic Kerr effedtMOKE). Hysteresis loops
thicknesses and different deposition sequence for the twaere always recorded in polar geometry, for which the mag-
elements. Our results show a surprising variety of couplinghetic field is applied perpendicular to the film plane and the
phenomena that can be attributed to a number of competingiagnetization is measured along the field direction. The light
contributions to the magnetic anisotropy. source was a He-Ne laser with a wavelength of 632.8 nm.
The remaining part of this paper is organized as follows:The Kerr effect was measured employing a null ellipsometer
In Sec. Il, the experimental approach is briefly describedwith polarizer-sample-compensator-analyzer arrangement.
The main experimental results are present in Sec. lll. Several
specific issues are discussed in Sec. IV, while a summary is IIl. RESULTS

given in Sec. V.
A. Ni/Fe bilayers on Cu100

Two typical Fe layer thicknesses were chosen for this
deposition sequence: 3 ML and 9 ML. The LEED pattern

Both, Ni and Fe films were prepared and analyzed in arshows a (5<1) superstructure at low temperature for 3 ML
ultrahigh vacuum chamber that has already been describdee on C100), while a (2< 1) reconstruction is observed for
elsewheré® The chamber has a base pressurexfl6 ®° Pa 9 ML Fe/Cu100). These LEED observations are consistent
and is equipped with a LEED and medium-energy electrorwith previous studie$®'° Many of the conclusions in this
diffraction (MEED) system, a cylindrical mirror analyzer section are based upon the temperature dependence of the
(CMA) for Auger analysis and a pair of Helmholtz coils to magnetic properties of Fe-Ni bilayers on(@Q0). To clearly
apply magnetic fields up to 1000 Oe. The substrate was distinguish the new features resulting from the coupling of
polished C@100 single crystal, approximately 7 mm in di- Fe and Ni layers, we first examine how the magnetic prop-
ameter and 2.5 mm thick. The sample was cleaned by Ar-ioerties of Fe films on G100 change with temperature. The
sputtering with an ion energy of 2 keV at room temperaturekey magnetic parameters such as remanent magnetization
Subsequently the Cu crystal was annealed at 900 K for 5 miiMg), saturation magnetizatiorMs), and coercivity H¢)

IIl. EXPERIMENT
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(@ 3MLFe/Cu(100) _.'_HC | sal is dominate_d by the formation of the nuclei. The process
600 —o—M, has been ascribed to the random appearance of nucleation
—o—M, | 120 centers in the sample and irregular domain growth of these
nuclei over short length scales. Such a mechanism gives rise
E 400 =| #7K lso o to a nonrectangular hysteresis because of the local variation
‘E' = § of the nucleation and propagation fields, which provides a
200 lon = distribution of coercive fields throughout the sample.
For both films, a considerable difference between rema-
ol {0 nent and saturation magnetization is observed when the tem-
100 150 200 250 300 350 400 perature approagheg the CL_Jrie temperature. Above a certain
Temperature (K) temperature, which is considerably smaller than the corre-
sponding Curie temperature, the hysteresis loop vanishes.
The same phenomenon has also been observed in
250-(6 S 400 Ni/_Céé}(lOO) films, which also _show a perpendicular easy
268K axis’ Three different explanations have been put forward to
200 / H 300 account for the disappearance of the hysteresis loop. In the
S 150, A first m_odel this was ex_plaine_d by a trqnsition from a single-
g —eH, 2004% dor_nam state to a multidomain state with perpendicular mag-
E 100 ——M, '§ netization component at a certain temperature belQu®>
% —o— Mg 10~ An alternative mechanism was proposed by Jensen and
1= Bennemanri® They took the entropy of magnetization into
01 - 1o account and deduced that above a temperature below the

Curie temperature, the magnetization in the presence of a
perpendicular anisotropy is aligned completely parallel to the
Temperature (K) surface plane. A third theoretical explanation for this reori-

FIG. 1. Saturated magnetizatioMg), remanent magnetization entation of the magnetization was given by Pescia and

A
(Mg), and coercivity H¢) of (a) 3-ML Fe film on CY100) and(b) Pokrovsky?

9-ML Fe/Cu(100) as a function of temperature. The insets show the V& now want to discuss the magnetic properties of the
hysteresis loops at the denoted temperature. Ni/Fe/Cu(100) bilayers. The first case we present consists of

Ni films with different thickness on 3-ML Fe on C100). A

are plotted in Fig. 1. The 3-ML-thick Fe film shows consid- compilation of hysteresis loops at various temperatures can
erableM g even at 370 K. This is in agreement with a previ- be found in Fig. 2. The 14-ML Ni/3-ML Fe/Q@00 sample
ous report that a 3-ML Fe film has a Curie temperature ofs characterized by well-defined rectangular hysteresis loops
390+30 K" A rapid decrease iMg is observed around in the whole measured temperature range. This result reveals
270 K for the 9.2-ML Fe/C(1L00). Here a smaller overall that this film possesses a perpendicular easy axis and a stable
magnetization as compared with the 3-ML film is observedsingle domain state in the whole temperature range
A vast number of studies confirms that for Fe films with ameasured.
thickness between 6 and 11 ML, the film surface exhibits The temperature dependence of the magnetization of the
ferromagnetic orderingmagnetic live layer below around four films, which was measured in a field of 380 Oe perpen-
250-270 K/?%29The remaining inner part is believed to be dicular to the film plane, is displayed in Fig. 3. We denote
paramagnetic at room temperature and antiferromagnetic #tis magnetization value as “measured magnetization.” For a
low temperaturé:*>*1 The existence of a surface magnetic perfect square-shaped hysteresis loop the measured magneti-
live layer explains both the smaller magnetization and loweization is identical to both the saturation and remanent mag-
Curie temperature of the 9 ML Fe film compared with the 3netization. For other hysteresis loops, like the ones charac-
ML Fe film. teristic for 4.7, 8, and 11 ML on 3-ML Fe on €100, the

Both 3- and 9-ML films show a perpendicular magnetic magnetization measured at 380 Oe is much larger than the
anisotropy, but a close look at the hysteresis reveals subti®manent magnetization, showing that the magnetization is
differencegsee the insets in Fig)1For the 3 ML thick film, only saturated at very high fields for these samples. The
an ideal rectangular hysteresis loop is observed. The exachange of the magnetization with temperature measured at a
coincidence of remanent and saturation magnetization is irfield of 380 Oe for the 14-ML Ni/3-ML Fe bilayer on
dicative of a stable single-domain state. The magnetizatio€u(100 behaves as expectgéFig. 3. The magnetization
reversal process is dominated either by a coherent rotation @ficreases with decreasing temperature.
all spins or by rapid motion of domain walls over long dis- The situation is more complex for the 11-ML Ni/3-ML
tances once a few areas with reversed magnetization have/Cy100 sample. An interesting evolution of the hyster-
been nucleatet? The hysteresis loop of a 9-ML-thick Fe esis loop can be found with decreasing temperatEig. 2).
film, in contrast, is characterized by an inclined slope insteadBelow the Curie temperature of 390 K for 3-ML Fe films on
of a vertical slope. Similar loops have been observed fofCu(100 but above 300 K, no coercive behavior is observed.
Au/Co/Au sandwiches. For this system it was found usingln this temperature range, the magnetization measured at 380
Faraday-rotation microscoff/that the magnetization rever- Oe increases dramatically with decreasing temperature. Dis-

180 200 220 240 260 280 300 320
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12K 142K 228K FIG. 3. Temperature dependence of the measured magnetization
at 380 Oe of a series of samples with different Ni film thickness on
3-ML Fe on Cu100. The inset shows how the coercive field
11 ML Ni/ 3 ML Fe/Cu(100) changes for the samples with 11- and 14-ML Ni on 3-ML Fe/
Cu(100.

'§4|ﬂ)e

§ magnetization at high temperature for 11-ML Ni/3-ML Fe/
Cu(100 can be explained using the similarity with the high-
temperature behavior of 3-ML and 9-ML Fe on (@00).3>34

The observation can be attributed to the transition of the easy

M(urad)
8
H,(Oe)

Polar Kerr Intensity

19K 148K 234K 310K axis from a nearly perpendicular direction to the in-plane
direction, because a film with an in-plane magnetization has

14 ML Ni/ 3 ML Fe/ Cu(100): a larger entropy of magnetization. At high temperature the
— contribution of the entropy to the Gibbs enthalpy becomes

-§|/ more important and leads to a rotation of the magnetic an-
isotropy. Similar observations have been reported for several

other thin film systemd®3’ The rotation of magnetization
direction from the film normal at low temperature can be
attributed to the competition between several contributions to
the anisotropy that have different temperature dependences.
In the Ni/CU100) system, the same mechanism leads to a
. . gradual rotation of the perperdicular direction below a criti-
Applied Field cal temperature for film thicknesses around 7 f£° The
FIG. 2. A compilation of hysteresis looplor a series of rich varia_tion in preferential magnetization_sh(_)ws that the
samples with different Ni film thickness on 3-ML Fe/c00). For anisotropies favoring perpendicular magnetization and those

4.7-ML Ni/3-ML Fe/Cu100 and 8-ML Ni3-ML Fe/Cu100 in-  [@voring in-plane magnetization are very similar in magni-

verted hysteresis loops are observed. The arrows indicate the fleFéiIde Hence the anlsgtropy fr']é?dfls alrrrosth zero. This is
sweeping direction. quite surprising, considering the fact that the spin reorienta-

t|on transition thickness to perpendicular is 7—9 ML for the
cernible hysteresis loops begin to appear at 298 K. In thifNi/Cu(100 system and that a 3-ML Fe film on Ck00
temperature regime, the difference between the remaneshows a perpendicular easy axis as well. It indicates that the
magnetization and the measured value at 380 Oe field iEe/Ni interface has a considerable influence on the magnetic
rather small. The magnetization shows a temperature depeanisotropy and favors an in-plane alignment. We will discuss
dence similar to the 14-ML Ni/3-ML Fe/QGu00 sample. this issue again in Sec. IV.
However, if the temperature is reduced below 170 K, the Another conclusion can be derived from the size of the
hysteresis loops become more and more canted. Hence, theagnetization for 14-ML Ni/3-ML Fe and 11-ML Ni/3-ML
ratio of the remanent to the measured magnetization gefse bilayers. The magnetization values are higher than for the
smaller with decreasing temperature. In addition, the meadncovered 3-ML Fe film on Qd00), but the difference can
sured magnetization also drops with decreasing temperaturke attributed to the contribution of the Ni film to the overall
The drastic increase of the field necessary to reach saturationagnetization. The observed magnetization can be described
implies that the easy axis gradually deviates from the perperas the sum of the contribution from the Ni fittand the
dicular direction with decreasing temperature. The disappeasontribution from the 3-ML Fe film, which is of the order of
ance of the hysteresis loop and the reduction of measureaB0 wurad. This implies also that the magnetic moment of

waaanall

107K 148K 227K 305K
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the underlying Fe film cannot be dramatically altered by the

presence of the Ni capping layers. Hence, we can conclude 8 ML Ni/9 ML Fe/Cu(100)
that the high-spin state of fcc iron is stable upon overcoating
by Ni.
For the cases in which the Ni film thickness is 4.7 and 8 ] e e S
ML, respectively, the measured magnetization is much g ‘
smaller. The reduction of total magnetic moment due to thin- 00
ner Ni layers cannot produce such a dramatic decrease in the 101K 153K 216K 291K

measured magnetization, because Ni has both a much
smaller magnetic moment and a rather weak magneto-optic
interaction compared to Fe. The small measured magnetiza-
tion in these two samples unambiguously indicates that the
easy axis is not aligned in the perpendicular direction. These g

10.4 ML N9 ML Fe/Cu(100)

S S S

two samples also show puzzling magnetization curves. Most L=

of the M-T curves are characterized by an inclined line su- 400Ge

perimposed on an inverted hysteresis Id@jg. 2). An in- 9K 18K 257K 32K
verted loop means that the coercivity and remanent magne- 11.8 ML Ni/9 ML Fe/Cu(100)

tization are negativgsee the loop of 4.7-ML Ni/3-ML Fe/
Cu(100) in Fig. 2; the arrows denote the sweeping direction
of the applied field Identical loops have been measured in
Cu/Co and Cu/Ni superlatticéé Negative remanent magne-
tization and coercivity have also been observed in Fe thin

films*344 and exchange-coupled systefd? To our knowl-

B
100 Oe
e

e
edge, negative remanence and coercivity only appear when
the hysteresis loops are recorded in a direction almost per- 103K 146K 220K 305K
pendicular to the magnetic easy axis. A recent sttidg-
vealed that in a system with several competing anisotropies,
negative remanence and coercivity can be observed if the

magnetic field is not applied exactly perpendicular to the
easy axis but rotated away from this direction by a small 3
amount of less than 5°. g

We can hence conclude for the Ni/Fe bilayer with a 3-ML 10000
Fe underlayer that the Fe/Ni interface favors an in-plane

alignment, which leads to a higher Ni film thickness for the

Polar Kerr Intensity

16 ML Ni9 ML Fe/Cu(100)

spin reorientation. The overlayer of Ni, however, does not 96K 176K 248K 311K
destroy the ferromagnetic high spin state of the Fe under-
layer.

We now turn our attention to the Fe thickness regime Applied Field

where a ferromagnetic live layer exists on(C00). We now

want to see how this film is influenced by a Ni overlayer. In FIG. 4. A collection of hysteresis loops for a series of samples
the following we fix the Fe underlayer thickness at 9 ML but With different Ni film thicknesses on 9-ML Fe/CL00. The arrows
vary the thickness of the Ni top layer. Seven samples hav&dicate the starting points for the first loop.

been studied with Ni film thicknesses of 17.5, 16, 14, 12.5,

11.8, 10.4, and 8 ML, respectively. A collection of typical with thick Ni overlayers(14, 16, and 17.5 M}, rectangular-
hysteresis loops is presented in Fig. 4. Data on the magnetiike hysteresis loops are recorded, indicating a negative an-
zation of these samples are plotted in Fig. 5 as a function afotropy field. The temperature dependence of the measured
temperature. The coercive field of several samples is showmagnetization can be described by a linear increase with de-
in Fig. 6. Depending on the thickness of the Ni layers, threecreasing temperature. Only in a limited temperature regime
different types of behavior are observed. For small Ni thick-is a deviation from this linear behavior observed. The devia-
nesses, a positive anisotropy figil,, is observed® This  tion is reduced with increasing Ni thickness. The linear tem-
holds for 8-ML Ni/9-ML Fe/C{100) and 10.4-ML Ni/9-ML  perature dependence is usually a distinctive phenomenon of
Fe/CU100). No hysteresis effect was measured and the medwo-dimensional systenf§-*8A theoretical stud§’ has pre-
sured magnetization is rather small. Therefore both sampledicted a linear temperature dependence of the magnetic mo-
are characterized by an in-plane anisotropy. However, thisnent of the interface Fe layer in the 11-ML Fe(C00) sys-
in-plane anisotropy decreases with increasing film thicknesgsem. We suggest that it is the Fe/Ni or Fe/Cu interface layer
Hence for the 10.4-ML Ni film there is already evidence for that contributes in our case to the linear temperature depen-
a rotation of the anisotropy. At 97 K, a very small but dis- dence. The Ni film could not cause this effect since the di-
cernible hysteresis loop is detected, which implies that thenensionality crossover from three-dimensio(g&D) Heisen-
easy axis has rotated out of the film plane. For the samplelserg to 2DXY behavior occurs at 7 ML for Ni film&2 which
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X ML Ni/9 ML Fe/Cu(100)

A close inspection of the evolution of the hysteresis loops
with temperature for the 11.8-ML Ni/9-ML Fe bilayer is
helpful for understanding this phenomenon. At room tem-
perature, a narrow and corner-rounded hysteresis loop is
measured. The sample shows almost 100% remanent mag-
netization, but the starting magnetization value, which was
measured at the beginning when the applied field was swept
from 0, is much lower thaiM g (see arrow in Fig. # These
results suggest that the sample shows a small anisotropy field
in the direction of the applied field, i.e., perpendicular to the
film plane, but the single domain state is not the stable state,
so the single domain in the field relaxes into multidomains
104 ML when the field is removed. This relaxation is much slower
than the duration of one sweep of the applied field. This kind

8§ML of relaxation procedure is easy to observe in magnetic films
TTOOOmoT 000000 with a small anisotropy fiel8® With decreasing temperature,
0 100 150 200 250 300 350 the remanent magnetization als_o decreases gradually and dis-
appears at 220 K. Correspondingly, the loops become more
Temperature(K) and more inclined and gradually evolve into a sheared

FIG. 5. Temperature dependence of the remanent magnetizatiowourglassn shape. How_ever, the_: high T'eld m_agnetlzmg
for a series of samples with different Ni film thickness on 9-ML Fe curve after r_eversal remains a horizontal I|n_e _untll 220K are
on CY(100). reached. This shape evolution bears surprising resemblance

to that reported in Ref. 49 but there the direction of change is
reversed with respect to temperature. This implies that it is
is much lower than the thickness of our samples. For the tw@\ot the temperature itself but rather the different temperature
samples with a thickness of 11.8 and 12.5 ML, the magnetigependence of the competing anisotropies that dominates the
zation curves present a deep dip around 17& 1. 5. With  eyolution. The shape change of the hysteresis loop mainly
temperature decreasing from room temperature, the magngesults from two factors: the anisotropy field and the nucle-
tization at first increases S|0W|y, but then starts to fall dra'ation field of the reversal domain. When the temperature is
matically around 210 K. Between 160 and 170 K, a deepreduced below 220 K, the shape of hysteresis evolves differ-
minimum appears until the magnetization starts to increasgntly. The area of the hysteresis loop shrinks rapidly and
again with decreasing temperature. Traces of these dips aggenerates into two almost overlapping inclined lines; the
also visible for bilayers with Iarger Ni film thickness. This high-field part of the magnetizing curve now also becomes
implies that the mechanism responsible for the decrease @ficlined. Hence the measured magnetization is no longer
magnetization is also present in the thicker Ni films but isigentical to the saturation magnetization. Reflected in the
compensated more efficiently by competing contributions tthysteresis loops is the steep drop in magnetization around
the total energy. 200 K. When the measured magnetization has reached the
minimum value, the hysteresis effect is very small but still
120 et discernible. Therefore the magnetizing curve has the form of
XML N/ ML Fe/Qu(100) a straight line with two different slopes: a large slope for the
100, 8.20 %%%% EEST‘;N% center(low-field) segment and a small one for the high-field
175MLE g %ﬂ"%;;x% part. This magnetizing curve can be understood if the main
. :f’01 w%m%‘;;% mechanism involved in the magnetization reversal process is

Fempasare 10 the reversible motion of the domain wall in low fields and
— the reversible rotation of magnetic moments in high field.
& oo \ x0.5 The conclusion is that upon cooling below 210 K, the easy
g loML axis of magnetization rotates away from the perpendicular

3

direction continuously. The angle with which the easy axis

901 \ 1 ) ; : .
\.M deviates from the film normal increases continuously when
201 the temperature is reduced from 210 K to 160 K. With fur-
j  12sML, ther reduction of temperature, the easy axis returns towards
a2 the normal direction, as is reflected in the increase of the
050 100 150 200 250 300 350 400 measured magnetization and the hysteresis loop as well as
Temperature(K) the reduction in the slope of the high-field magnetizing

curve.

FIG. 6. Temperature dependence of the coercive field for a se- The coercive field seems more subject to the interface

ries of samples with different Ni film thickness on 9-ML Fe on coupling(Fig. 6). Even though both single Ni/G100) films
Cu(100). For a comparison, the coercive behavior of Ni films on (see the inset in Fig.)6and 9-ML Fe/C¢100) (see Fig. 1

Cu(100 with different thickness is shown in the inset.

show a monotonically temperature-dependent coercivity, the
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coercive field of all the Ni/Fe bilayers, if they show measur- 400 400
able coercivity, presents a more complicated behavior. With 200 IEI 200
decreasing temperature, for the samples with a thick Ni top 0 0 f
layer(17.5, 16, and 14 M), the coercive field first increases,
. 200 -200
then gradually starts to decrease and at last rises sharply :
low temperatures. Hence a minimum and a maximum are 40390 0 6% 400-40390 00 B0 a0
observed in the “wave-shaped.-T curves. The undula- 400 400
tion amplitude becomes smaller when the Ni layer thickness 200 0 m
increases. Even more complex is the behavior of bilayers
with 11.2- and 12.5-ML Ni. Here a much wider dip is ob- 0 0
served, with possibly two minima. Yet again, at low tempera- =200 -200
tures a rapid increase in coercivity is observed. T w0 400
In contrast to the Ni/3-ML Fe/Qa00) films, two new S 400 2200 0 200 400 400 200 0 A0 4o
features have been observed in Ni/9-ML Fe(T0 bilay- 400 400
ers. A magnetization drop was observed to start around 21( 20
K for the samples that show a small perpendicular anisotropy 0 0
field at room temperature. In addition the coercivity demon- 200 200
strates a nonmonotonic temperature dependence. We will re 49 400
turn to these observations in Sec. IV. 400 200 0 20 400 450 200 0 20 &0
400 400
0 0] [ 4%
B. Fe/Ni bilayers on Cu(100) 0 o
The deposition sequence of the bilayer could have a pro- 200
nounced impact on the magnetic phases and anisotropies i o, 40
the bilayers. Therefore we have also investigated the mag 400 -200 0 20 400 400 200 0 200 400

netic behavior of Fe/Ni bilayers. The slight difference in lat- Applied fi

tice constants of Cu (3.62 A), Ni (3.52 A), ang-Fe ied field (Oe)

(3.59 Ay’ will introduce strain into the epitaxially grown FIG. 7. Magnetization curves at different temperatures for 9-ML
bilayers. The strain will relax if the film thickness is beyond Fe/10-ML Ni/Cu(100).

the pseudomorphic growth regich.The magnetic anisot-

ropy is closely related to the film strain. In addition, the range implies again that the deposition of Fe on Ni enhances
magnetic properties of the fcc Fe layer are very sensitive {¢ne in-plane anisotropy. The strong decrease of the magneti-
the lattice spacing™ > Theoretical calculations show that ation measured at 380 Oe could be due to a ferromagnetic-
the nonmagnetic and antiferromagnetic solutions are amoﬂaramagnetic phase transition around 250 K in parts of the
degenerate for lattice constants around 3.5 A. Hence thgim |ndeed, the Curie temperature for the surface live layer

change of the deposition sequence could profoundly modifyyf 9-ML Fe on C100) is about 270 K. Hence we suggest
the magnetic properties of the bilayers. To comfirm this, we

have investigated two typical samples: 9-ML Fe/10-ML Ni/
Cu(100 and 9-ML Fe/15-ML Ni/Cy100).

At room temperature, the 9-ML Fe/10-ML Ni/CL00 400
sample shows no hysteresis loops but considerable measured
magnetization(Fig. 7). This behavior indicates that the
sample has a small positive anisotropy field. The magnetiza-
tion prefers to lie in the film plane but is prone to follow the S
perpendicular applied field. No hysteresis effect is detected g

=

down to 222 K. At 204 K, however, a hysteresis loop ap-
pears. With decreasing temperature, the width of the hyster-
esis loop, i.e., the coercive field, increases rapidly. Figure 8
shows how the measured magnetization and the remanent
magnetization change with temperature. The temperature de-
pendence of: is plotted in the inset of this figure.

Below 210 K, the difference between the magnetization 01
measured at 380 Oe and the remanent magnetization is re- 100 150 200 250 300 350
duced rapidly. With a further decrease of temperatMrg Temperature (K)

decreases again, presumably since now the in-plane anisot-

ropy starts to prevail. It should be noted that both 10-ML Ni  F|G. 8. MagnetizatioM y;zas measured at 380 Qepen circle

on CY100 and 9-ML Fe on C(L00 show a perpendicular and remanent magnetizatidfi; (open squanefor 9-ML Fe/10-ML
anisotropy. The fact that 9-ML Fe on 10-ML Ni on Q00)  Ni/Cu(100). The sample is not yet saturated at 380 Oe. The coer-
only show this anisotropy over a very limited temperaturecivity is plotted in the inset.
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FIG. 10. MagnetizatiorM ygas measured at maximum field in
Fig. 9 (O) and remanent magnetiztiofopen squanefor 9-ML
Fe/15-ML Ni/Cu100). In inset(a), the difference betweell \zas
and Mg (V) as well as betweeM gas and Mgragr (A) is dis-
played. Insetb) shows the temperature dependence of the coerciv-

ity.
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6 40 20 0 20 0 0PG5 305 H w2 deviation of the starting magnetizatiogpagr from Mg is
Appli first discernible at 207 K and increases with decreasing tem-
led Field (Ce) perature. To understand this phenomenon it is necessary to
FIG. 9. Hysteresis loops for the first two sweeps at differentdescribe the measuring procedure in more detail. The mea-
temperatures for 9-ML Fe/15-ML Ni/Gu00). The arrows indicate surement was carried out with increasing temperature. Data
the starting points for the first loop. were recorded for two sweeping cycles. The sweeping rate of
the applied field is 0.015 s/Oe. The time interval between
that the transition in the measured magnetization around 258vo subsequent measurements is about 5 min.
K could be related to the Curie temperature of the surface As is obvious from Fig. 9, the starting magnetization is
live layer of Fe on Ni/C(UL00. The situation is nevertheless smaller than the magnetization in the second loop once the
not that clear cut since we cannot derive much further inforsample temperature is less than 214 K. Figure 10 shows in
mation from the magnitude of the measured magnetizatiorthe top inset the differences betwebhygas and Mz and
10-ML Ni on Cu100 has a Kerr signal at remanence of betweenM grarr and Myeas @s a function of temperature.
approximately 170urad at 250 K. 9-ML Fe on QW00  These plots strongly suggest that the magnetic anisotropy
could add a Kerr signal of 22%rad at 200 K(Fig. 1).  changes around 200 K. A nonmonotonic temperature depen-
However we also expect a contribution of similar size fromdence has been observed for the coercive field, similar to
the Fe/Ni interface, which should lead to a ferromagnetiovhat we see in Fig. 5. In Fig. 10 the remanent magnetization
live layer at the Fe/Ni interface. Then the measured magneand the magnetization measured at 380 Oe are displayed as
tization above 250 K would be attributed to the Ni film and well. Within the whole temperature range studied no magne-
the magnetic live Fe layer at the Fe/Ni interface. tization jump is observed. This implies that the Fe layer of
A different behavior is found for the 9-ML Fe/15-ML Ni/ this sample shows no magnetic live layer or it has a live
Cu(100 sample. The hysteresis loops of two sweepinglayer but with a Curie temperature considerably above room
cycles at various temperature can be found in Fig. 9. At roontemperature. A simple analysis can exclude the latter as-
temperature, a rectangularlike loop is observed. The remaumption. For 9-ML Fe/10-ML Ni/C(100) a measured mag-
nent magnetization is identical with the magnetization meanetization of 290 urad at 310 K is observed. For 9-ML Fe/
sured at 380 Oe, which should correspond to the saturatiob5-ML Ni/Cu(100 a value of 380urad is found. The
magnetizationM 5. Hence the sample possesses a perperdifference is attributed to the additional 5 ML of &i>*
dicular anisotropy field and a stable single-domain state. BePresumably the 9-ML Fe film on 10-ML Ni/QL00) has a
low 220 K two changes are detected. The hysteresis loopéve layer, but with an ordering temperature considerably be-
become increasingly round. This leads to a reduction in remlow room temperature. Therefore it does not contribute to the
anent magnetization with decreasing temperatsee Fig. magnetization. On the other hand, a magnetization of about
10). In addition, the starting points of the hysteresis loops200 urad was measured for 9-ML Fe on @00 below 270
(denoted by arrows in Fig.)@re no longer located on thé- K, which is attributed exclusively to the magnetic live layer.
H curves recorded during the second sweeping cycle. Th&herefore if 9-ML Fe/15-ML Ni/C@100 had a live layer
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with a Curie temperature above room temperature, it shouldreases with increasing thickness, leads to a contribution of
show a much higher magnetization at room temperature. approximately 225urad from the Fe film. This is consider-
ably lower than the magnetization of a homogeneously mag-

IV. DISCUSSIONS qetized Fe'film. Elease n.ote that the homogeneously magne-
_ _ _ N tized Fe film with a thickness of 3 ML already has a
A. Spin reorientation transition magnetization of more than 60@rad. On the other hand,

The present work shows unequivocally that in Fe/Ni bi-the 9-ML Fe film on C@100 without a Ni overcoat has a
layers the spin reorientation transition shifts to larger Ni filmremanent magnetization of approximately 2%ad, in
thicknesses compared with Ni/Qi®0). This conclusion is close agreement with the value attributed to the iron film in
supported by the data presented in Figs. 4, 7, and 9. Whilthe Ni/Fe bilayer on C(100). Hence only a small fraction of
8-ML Ni on Cu(100) shows a rectangular hysteresis loop atthe Fe film can be ferromagnetic. Since the film still shows a
room temperature neither 8-ML Ni/3-ML Fe/Ci00) (Fig. high magnetization above 320 K, i.e., much above the Curie
3) nor 8-ML Ni/9-ML Fe/Cu100) (Fig. 5 shows a perpen- temperature of 270 K for an 9-ML Fe film without Ni over-
dicular anisotropy field. 9-ML Fe/10-ML Ni/Qa00) also layer, this implies that the ferromagnetic fraction of the Fe
possesses a weak in-plane anisotropy field at room temperfilm is located at the Fe/Ni interface. The bilayer hence
ture. This demonstrates that the spin reorientation transitioBhows a magnetic live Fe layer at the Fe/Ni interface. The
is shifted to larger Ni film thicknesses. Two effects caused bynost complex behavior is expected and observed for Fe/Ni
the Fe/Ni bilayer could explain the shift. bilayers on C(100), where the iron film grows on Ni. This

The demagnetization field of the bilayer is not the simpledeposition sequence should lead to a ferromagnetic live Fe
sum of the individual contribution of Ni and Fe films with layer at the Fe/Ni interface and possibly also a ferromagnetic
the same thickness on CI00). The demagnetization field of surface layer of the iron film. Indeed, evidence for two fer-
the bilayer is usually larger than the sum of the individualromagnetic live Fe layers with complex coupling phenomena
contributions, since the magnetic moments of the(R@ has been observed in a recent study where the films were
layer also contribute to the local dipolar field exerted on thegrown on a thinner Ni underlayer and hence showed an in-
Ni (Fe) layer. Considering that Fe has a much larger magplane anisotrop§? Again, the observed magnetizatigfigs.
netic moment (2.2g) than Ni (0.62g) implies a consider- 8 and 10 shows that only a fraction of the Fe film is ferro-
able gain in shape anisotropy due to the bilayer. In additionmagnetic. However, the situation is more complex than that
when Ni(Fe) is deposited on a Fii)/Cu(100) film, a Fe/Ni  for the Ni/Fe bilayer on C(00), since we expect now a
interface replaces a Fe/vacuum surface and a Ni/Cu inteferromagnetic contribution from both the Fe/Ni interface and
face. To our knowedge, no quantitative data on the Fe/Nihe Fe film surface. The temperature dependence of the mea-
interface anisotropy are available. The interface anisotropgpured magnetization for 9-ML Fe/10-ML Ni/CLO0 shown
possibly contributes to the in-plane anisotrdp¥his should  In Fig. 8 gives evidence that a fraction of the Fe film be-
lead to a thicker Ni layer necessary to achieve the spin recomes paramagnetic above 250 K. This temperature is much
orientation transition in bilayers. below the Curie temperature of the Ni film and hence also
presumably below the Curie temperature of the Fe magnetic
layer at the Fe/Ni interface. Fe films on @00 in this
thickness range, however, have a Curie temperature of 270

It is well established that a magnetic live surface is lo-K. Therefore we attribute the rapid reduction in magnetiza-
cated at the film surface in 5-11-ML-thick Fe/Q00) tion observed for the 9-ML Fe/10-ML Ni/Gu00) sample to
films.”?8 The magnetic live layer shows a Curie temperaturethe loss of ferromagnetic order of the film surface. No such
around 270 K. The remaining fraction of the film couplestemperature dependence is observed for the 9-ML Fe/15-ML
antiferromagnetically at low temperature. The surface magNi/Cu(100 sample. This would imply that in this case the Fe
netism is related to the enlarged atomic volume, which fafilm surface has no magnetic live layer. Without further ex-
vors a ferromagnetic ground state. The question ariseperimental data to support or contradict this assumption we
whether the magnetic live layer only exists in the FeAD0) can only speculate about the underlying cause of such a phe-
system or if it can also be stabilized in other systems. Meanomenon.
surements at room temperature did not find any evidence for A possible explanation is that the thickness of the under-
a surface live layer in Fe/Co/CL00 and Fe/Ni/C@100 lying Ni layer has an influence on the lattice parameters of
systemg11%?4|nstead in both cases magnetic Fe live layersthe top Fe layer. Ni can be grown on @00 pseudomor-
at the interface were observed. For the different Fe/Ni bilayphically up to a critical thickness. Beyond this thickness,
ers studied here there is also ample evidence of magnetic Fslocations form and the lattice constant starts to relax back
layers. This is mainly supported by the size of the Kerr ro-to the bulk value. O’Brieret al. estimated the critical thick-
tation measured and the temperature dependence of the mawess to 13 ML*° Because bulk Ni has a smaller lattice con-
netization signal. Consider for example the 9-ML Fe over-stant (3.52 A) than Cu (3.62 A), a smaller atom spacing is
coated by various Ni films. The resulting magnetizatibiy.  expected at the surface of 15-ML Ni/Qu00 compared with
5) cannot be explained by the Ni film only. This becomesa 10-ML Ni film on CU100. Based on the close correlation
evident if films with different Ni thickness are compared. between structure and magnetism found in the FE/QD
Subtracting the Ni magnetization, which we have determinedystem where a ferromagnetic fcc Fe film is always associ-
in a previous study to 18—24rad per Ni ML, which in-  ated with an enlarged atomic volume, we speculate now that

B. Magnetic live layers
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the strain relaxation in the Ni layer reduces the atomic vol- Then one can wonder if interdiffusion at the Fe/Ni or
ume of the Fe surface layer, resulting in the loss of surfacé&e/Cu interface could substantially alter the magnetic cou-
ferromagnetism. However, to confirm this assumption, fur-pling. Interdiffusion is a likely candidate for modified mag-
ther quantitative measurements such as a full dynamicaletic properties as can be inferred from data for various

LEED analysis would be necessary. Fe-Ni bulk alloys, which show pronounced changes of mag-
netic coupling with composition. Even for Fe on @00
C. Anomalous temperature dependence of magnetization interdiffusion has been reported at temperature as low as 300
and coercive field K.%® However, in this study it was found that interdiffusion is

For homogeneous bulk ferromagnetic systems, both mag/€7y Pronounced for ultrathin Fe film@ ML), while 6 ML
netization and coercivity decrease with increasing tempera2’ F& could be heated to 420 K without Cu diffusion to the

ture. For the bilayers studied here, we find several casedm surface. Since we do not anneal our samples above 300
where deviations from this are observed, e.g., dips ar& and find pecularities in the temperature dependence al-
present in theM-T curves for 11-13-ML Ni/9-ML Fe/ Ways around 200 K irrespective of the thickness of the Fe

Cu(100 films. Traces of such dips can also be distinguishediiM (3 or 9 ML) and for different Ni film thicknesses, we
for similar bilayers with larger Ni thicknes&ig. 5). All of elieve that interdiffusion is not very I|kely_ to explam the
these films show an S-shaped temperature dependence of @2seérved phenomena at least for the thicker films, even
ercive field (Fig. 6). In addition, for 9-ML Fe/10-ML Ni/ though we c.ar.mot completely exc!ude It . .
Cu(100 and 9-ML Fe/15-ML Ni/C(100), the magnetization In our opinion the most attractive explanation combines
was found to decrease at low temperat(Fég. 8 and Fig. the ferromagnetic order at both the Fe interface and the Fe
10). In all the cases the deviation are observed to start upofim Surface with a temperature dependent oscillatory cou-
cooling below 200 K. Since it is impossible for material to PG within the Fe film. In this scenario we would, for ex-
lose its magnetic order with decreasing temperature, one c4HP!e, in the case of 11-13-ML Ni/9-ML Fe/Q00), pro-
speculate whether these anomalous phenomena are related’f&>¢ that th? Fe/Ni _mtelrface couples ferromagnetically, but a
the reorientation of the film magnetization, which resultsferromagnetic contr|but|o_n at temperatures below 200 K alsp
from the different temperature dependence of competitin%om,es from the Fe/Cu interface. These two ferromagnetic
anisotropies. This mechanism leads to the magnetization flijgortions of the film are coupled. Since the coupling will os-

from the perpendicular to in-plane orientation upon decreascilate with the thickness of the film between the two ferro-

ing temperature for the Ni/GLOO) films.83° However the magnetic(FM) films, we expect an oscillatory behavior of

flip can only be observed within a very narrow Ni thicknessMmagnetization. This.would nicely explair_l_the_ data of Li. for
interval around 7.4 0.3 ML. This implies that the in-plane Fe on C100), but with a somewhat modified interpretation:

; ; ; P 1,200 K would now be the Curie temperature of the Fe/
and perpendicular anisotropies are very sensitive to thicks _ ! : . .
perp P y Cu(100 interface. This FM portion couples via an oscilla-

ness. They are of comparable magnitude only within this . . . .
narrow thickness range. Since we observe the anomalo ary exchapge coupling .W'th the fe”om.agf?et'c Ee film sur-
ce, leading to an oscillatory magnetization with Fe film

temperature dependence in a number of films whose Ni layef". . .

thickness differs considerably, the same mechanism in the Ntickness. Such an interpretation would resolve the present
layer of the bilayers as in the Ni/CLO0) system cannot be controvers;r/]' between' M?bguer. dat? ﬁn(fj.l MOrI]< E|e>;]per|—
used to explain the observed anomalous behaviors measurBiENts: I this scenario the interior of the film should have a
here. In addition, neither 3-ML nor 9-ML Fe films on el temperature around 70 K, as determined bysbbmuer

Cu(100) shows such anomalous behavifig. 1). Therefore _spectroscopy, a Cur.ie temperature of 200 K for the Fe/Cu
it can be inferred that the anomalous phenomena arise frofjt€’face, and a Curie temperature around 270 K for the Fe

the coupling of the Ni and Fe films. There are several mecha-i m surface, both in line with the MOKE data. This sequence
nisms which could account for the observed temperature d

é)_f transition temperature is very plausible and supported by
pendence.

theoretical calculations for Fe/C100),>” which show that
First of all, Li et al. have deduced a Téétemperature of the magnetic coupling of the Fe atoms is strongest at the film

200 K from MOKE data for Fe film with a thickness of surface and weakest in the film interior. Even though this
5-11-ML Fe on C(200.%" In this study they observed a explanation can hence resolve the above-mentioned contro-
' nversy, further experimental work is necessary to confirm this

temperature-dependent oscillation of magnetization wit . o
b P g scenario for both Fe/Qu00) and Fe/Ni bilayers on G@00).

thickness, which was explained by an antiferromagnetic cou
pling in the interior of the Fe film below 200 K. Such an
onset of antiferromagnetic coupling in the interior of the Fe
film could also explain why we observe anomalies in the
temperature dependence of the magnetization for the Fe/Ni The magnetic properties of Fe/Ni bilayers on (020
bilayer around 200 K. Unfortunately, up to now, no direct have been studied using MOKE. The Fe/Ni interface has a
experimental evidence for a Betemperature of 200 K for pronounced influence on the spin reorientation transition.
Fe film has been found. On the contrary, all experiments td’he Ni thickness necessary for the perpendicular spin orien-
measure the transition temperature of fcc Fe determine tation is consistently increased for all bilayer systems studied
Néel temperature around 70 ¥:1*°®*Hence, we have to ex- here, compared with the Ni/CLO0) system. This is indica-
clude this explanation based upon the experimental dattive of an in-plane anisotropy of the Fe-Ni interface. Mag-
available. netic live Fe layers are observed at the Fe-Ni interface for

V. SUMMARY
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9-ML Fe films, even though the inner part of the Fe film is exchange coupling with the other FM portion, i.e., the sur-
paramagnetic. Peculiar phenomena are observed in the Hace live layer.
layer concerning the temperature dependence of magnetiza-

tion and coercivity. The possible mechanism for these
temperature-dependent anomalies has been discussed. A new

scenario has been proposed to explain the observed anoma-Financial support from the Deutsche Forschungsgemein-
lies. In this scenario the atoms at the Fe/Cu interface are alsschaft(Wu 243/2 and the Ministerium fu Schule, Weiter-
ferromagnetically ordered but with a lower Curie tempera-bildung, Wissenschaft und Forschung des Landes Nordrhein-
ture of about 200 K, and this part of film couples via anWestfalen is gratefully acknowledged.
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