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magnetic 
properties 

The recent discovery  of  oscillations  in 
interlayer  exchange  coupling as a  function of 
nonmagnetic  spacer  layer  thickness  has led to 
a widespread interest in  oscillatory magnetic 
properties in  layered  structures  for both basic 
and  applied  reasons. In this  overview,  several 
oscillatory magnetic properties are discussed 
for  a particular model  system.  We  have  chosen 
epitaxial fcc Co films  grown  on  Cu(lO0) as a 
base structure  and  have selected additional 
epitaxial  overlayers  to  study  interlayer 
exchange  coupling,  induced magnetic 
moments, magneto-optical properties, and 
magnetic anisotropy. 

1.  Introduction 
The discovery that  the exchange  coupling between two 
ferromagnetic layers separated by a nonmagnetic  spacer 
material oscillates  with varying spacer  thickness [l-31 has 
prompted a wealth of investigations,  revealing that  other 
magnetic  properties  such as giant  magnetoresistance [3-51, 
magneto-optical  response [6-91, and  magnetic  anisotropy 
[lo, 111 also  exhibit  oscillatory behavior  as a function 
of film thickness. Apart  from  morphology-induced 
oscillations, the  occurrence of quantum size  effects in 
the  layered systems is believed to  be  the origin of the 
oscillations. The resulting quantum well (QW)  states  are 
electronic  states confined  within ultrathin films by the 
potential  barriers  at  the  surface or at  the  interface  to  the 
adjacent layers, giving rise to  sharp  structures in the 
electronic density of states.  Experimentally,  these  QW 
states have indeed  been  observed in various systems 
[12-151. 

In this paper  selected oscillatory magnetic  properties 
are discussed for a particular  model system, starting with 
Co films epitaxially  grown on Cu(100).  For  this system we 
have  investigated the  evolution of magnetic  anisotropy 
with increasing film thickness  and its relation  to film 
morphology. Growing a Cu overlayer allows us to  study 
the influence of a nonmagnetic film on the  anisotropy  and 
on the  magneto-optical  response.  The Cu/Co/Cu(lOO) 
structure  then  serves as the basic  building  block for a 
systematic  investigation of oscillatory  exchange  across  a 
Cu  spacer.  We have added  another  ferromagnetic 
transition  metal M and  compare  structures of the type 
M/Cu/Co/Cu(lOO) with M = Fe, Co, or Ni. Alternatively, 
a paramagnet with  a very large susceptibility has also been 
used  to  probe exchange  oscillations  directly  within the 
paramagnet. 

Section 2 discusses the  comparative investigation of the 
exchange  oscillations  across the Cu spacer in some  detail. 
The  observation of oscillations in  the  magnetic  anisotropy 
and  the magneto-optical  response are  reported in Section 3. 
Concluding remarks are presented in Section 4. 

2. Oscillatory  exchange  coupling 
Long-range  magnetic exchange  coupling between 
transition  metals was first discovered  in Fe/Cr/Fe(001) 
[16], which exhibited an  antiferromagnetic  coupling of the 
Fe films across  the  Cr  spacer layers. Subsequent  studies 
have revealed  the oscillatory behavior of the exchange 
coupling  in this system [3] and its general  occurrence in  a 
wide  variety of systems [17]. Various  models have been 
proposed  to  account  for  the  long  range of this  exchange 
coupling and  to explain the oscillatory behavior  that 
results in  a periodic  sequence of ferromagnetic (FM) and 
antiferromagnetic  (AF)  alignment of the  adjacent 
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magnetic layers. Theoretical  approaches  based on 
quantum  confinement [18, 191 and on the  Ruderman- 
Kittel-Kasuya-Yosida (RKKY)  interaction [20, 211 have 
been  able  to  describe  the origin of the coupling.  As 
predicted by the RKKY model,  experiments have  shown 
that  the  periods  depend  on  the  spacer  material  and its 
crystallographic  orientation [22]. Recently, it has  been 
found  that  the oscillations  also occur with the  magnetic 
layer  thickness [23] or even with the  thickness of a 
nonmagnetic overlayer [24]. These  results  can  be 
understood in terms of a QW  model.  Indeed, oscillations 
with varying magnetic film thickness have been  predicted 
to  be  caused by a confinement within the  ferromagnet 
[25]. Amplitudes  and  phases of the oscillations,  however, 
are  more  complicated  to  understand  because  they  are 
influenced by each layer in an  entire  multilayer  stack, as 
has recently been  predicted [26]. 

Coupling across Cu(1OO) 
One  particular  spacer  material  has  stimulated  considerable 
interest: Cu(100). Exchange  coupling across a noble  metal 
is relatively easy to  model using an  RKKY  perturbation 
theory.  Moreover, since the  Fermi  surface of the (100) 
surface  has two different  stationary  spanning vectors, the 
exchange coupling J is a superposition of two sine waves, 
varying with  increasing Cu thickness d as J ( d )  = 

lid@, sin ( 2 d / h ,  + 41) + A ,  sin (2rd/A2 + 4J]. Within 
the RKKY model, the  short  and long periods are predicted 
to  be A, = 2.56 monolayers  (ML, 1 ML = 0.18 nm)  and 
A, = 5.88 ML, with the  corresponding  ratio of amplitudes 
AIM,  = 3.7 [21]. Although  the  same  periods  are  found 
within the  QW  model,  the  amplitude  ratio  there is much 
larger, A,/A, = 9-320  [27-291, so there  should  be 
practically no contribution of the long period.  This 
difference exists because  the  RKKY model-in contrast  to 
the  QW model-does not  contain all of the  factors  that 
determine  the  amplitude  ratio.  The first factor, which is 
included in RKKY  theory, is the topology of the Cu Fermi 
surface. A second  factor is the  degree of confinement 
within the Cu spacer layer. It is determined by matching 
the  electronic  bands  at  the  interface,  and is not  included 
in RKKY theory. 

Therefore,  the  agreement of the  periods  and  the 
disagreement of the  amplitudes  are  related  to  the fact that 
the  calculation of the  periods is more  reliable  because 
periods  are  determined exclusively by the  spacer  material. 
The  amplitudes  and phases,  however, are also  influenced 
by the  band  matching  at  the  interface  and  hence by the 
FM  material. 

Cu(100) is also exceptional  from  an  experimental  point 
of view. Its crystal structure  and  lattice  constant  are such 
that  the  three  transition-metal  ferromagnets  Fe(100), 
Co(lOO), and Ni(100) grow epitaxially onto it. This  enables 

8 us to  compare oscillatory  exchange  coupling through 

Cu(100) using various  FM layers-in order  to  determine 
not only periods  but also amplitude  ratios  and  peak shifts, 
Le., phases. Shifts of the most prominent A F  peak have 
been investigated on  sputtered multilayers [30]. Recently, 
this work  was extended  to  epitaxial Co, Ni, and Ni alloys 
in symmetric structures of the type MlCulM(100) [31]. 

We have chosen a different  approach  to minimize the 
effects of roughness  and  interdiffusion  at  the  interface, 
which can  lead  to  systematic offsets  in the Cu thickness 
and  hence in the  phases. Asymmetric structures of the type 
MICulCo(100) are grown onto a Cu(100) single-crystal 
substrate,  where M = fcc Fe, fcc Co, or fcc Ni. This 
maintains  an identical interface  between  the Co base layer 
and  the  Cu  spacer  as well as identical growth of the Cu 
spacer.  The only difference  arises  from  the  second 
interface  and  the  top  FM film. 

We  observe  the oscillations in exchange coupling by 
spin-polarized scanning electron microscopy (spin-SEM) 
[32-341. The signal obtained is the spin polarization P of 
the  secondary  electrons  originating in approximately  the 
top five surface layers. The capability of this  technique  to 
detect  the exchange  oscillations has  been  established in 
experiments on Fe/Cr/Fe [33]. By recording P of the  top 
FM layer, spin-SEM  provides a direct  map of the sign of 
the exchange  coupling on  wedge-type samples. This allows 
very weak AF coupling to  be distinguished from  FM 
coupling,  which is not possible  with the  more commonly 
employed technique of recording  the switching field in 
magnetic hysteresis  loops. On the  other  hand, a direct 
determination of the exchange amplitude is not possible. 

In order  to  compare  various  FM  top layers, we grow 
wedge structures of the type  shown in Figure 1 by 
molecular  beam epitaxy. To  eliminate  offsets  between  the 
various  top layers of the  same  structure,  the  lateral 
distance  between  Co  and  Fe  or Ni is kept below 100 Fm. 
The  onset of the wedge  is seen directly  in the  SEM  to 
within  0.1 ML  because  the yield of secondary  electrons 
differs for  different  materials [35]. The  absolute  thickness 
of the Cu spacer is correct  to within 5%, calibrated using 
scanning Auger microscopy and cross-checked with a 
stylus profilometer. 

The  thickness of the  bottom  Co layer is 10 to 15  ML; 
that of the  top  Co or Ni layer is between 8 and 15 ML. 
At  this  thickness  the  exchange oscillations  within the 
ferromagnet itself are  expected  to  be  suppressed [19, 231. 
The thickness of the  Fe  top layer is restricted to 2.7-3.9 ML, 
because fcc Fe is paramagnetic  outside  this thickness 
range  at our measuring  temperature of 300 K (see  the 
section  on  direct  probing of the oscillatory  exchange 
coupling  within  a paramagnet  and  Reference [36]). 

colculco(1Oo) 
Several experiments have established  the existence of two 
coupling periods, AI - 2.6 ML  and A, FJ 5.5-8.0 ML 

R. ALLENSPACH AND W. WEBER IBM J. RES. DEVELOP. VOL. 42 NO. 1 JANUARY 1998 



[22, 37, 381, and a ratio of amplitudes  ofA,/A, = 1.25 
[39]. Although  the  agreement with theory is satisfactory 
for  the  periods,  the  predicted  amplitude  ratio is off by at 
least  one  order of magnitude  compared  to  the most 
recent  calculations [19, 28,  291. We have found  that  this 
discrepancy originates in the specific sample investigated 
and is not of fundamental origin (see Figure 2). Long- 
period oscillations with only a few short-period oscillations 
are visible for  the  wedge  structure  (a),  whereas  the 
behavior  for  structure  (b) displays an  array of short-period 
oscillations. 

We  determine  periods  and  amplitude  ratios directly 
from a Fourier  transform,  and  subsequently  check  the 
results using the  methods  described in Reference [40]. 
Although this technique  measures  the sign of the coupling 
rather  than  the  strength,  the analysis  works very reliably 
because of the  large  number of sign reversals  up  to a 
high spacer thickness. This  holds  for  both  periods  and 
amplitude  ratios.  We  emphasize,  on  the  other  hand,  that 
no conclusions concerning  the  absolute  amplitudes can be 
drawn with this  approach.  Sample  (a) yields A, = 2.73 ML 
and A, = 6.00 ML. From  sample  (b) we obtain only the 
short  period A, = 2.58 ML. The  statistical  uncertainty of 
the  periods is 3%. The  periods  agree very well with 
calculations [19, 21, 281. 

The  amplitude  ratio varies  strongly  when  going from 
sample  (a)  to  (b): A, /A ,  = 0.6 2 0.3 for  (a)  and >7 for 
(b).  We  note  that  the  substrates used were two different 
Cu single  crystals. Scanning  tunneling microscopy (STM) 
on the  substrates  indicated  that  both  substrates exhibited 
a stepped  surface with  atomically  flat terraces having  a 
length exceeding 300 nm and  an  average width of 6.5 nm 
[sample  (a)]  and 3.5 nm  [sample (b)]. It is unclear how 
these  differences in the  substrate influence the growth 
mode of the  spacer.  On  the basis of previous  studies [33], 
we attribute  the  difference of the  amplitude  ratio in our 
samples  to  the  roughness of the films: The  short-period 
oscillations become  more  pronounced if the  roughness of 
the  spacer is reduced [33]. We  conclude  that  the much- 
debated discrepancy between  the  large  predicted 
amplitude  ratio [19,  28, 291 and  the much smaller 
experimental value [39] is absent in sample  (b),  where 
A ,  >> A, .  Moreover, our experiment clearly shows that a 
proper  description of the exchange coupling  has  to go 
beyond RKKY theory, which is unable  to explain  such  a 
large  amplitude  ratio. 

MICu/Co(lOO) (M = fee Fe, Ni) 
In  order  to  investigate  the influence of ferromagnetic 
material on exchange  coupling, we turn  to  asymmetric 
structures, M/Cu/Co(lOO), where M = Fe or Ni. On  the 
same Cu wedge, we grow next to  the Co layer either  an 
Fe  or a Ni layer. Line scans from  the  spin-SEM images 
obtained with increasing Cu thickness  are shown in 
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i exchange  coupling across Cu(100).  The layers shown were grown 1 by molecular beam epitaxy. 
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1 Spin polarization P (or sign of exchange coupling) vs. Cu spacer 
i thickness (in monolayers) for  two Co/Cu/Co(lOO) samples [(a) and 
1 (b)]. More gradual transitions between FM  and  AF  are observed 
f because the line scans average over a sample region of =50 pm. 
' The  peak near 0 ML in (a) is caused by an anisotropy-induced 

change of the  magnetization  direction (see the  subsection  on 
magnetic anisotropy). Data to the left of 0 ML correspond to the 
scan portion before the wedge starts. c 
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Figure 3. We  deduce  the following results: 1) The long 
oscillation period is independent of the choice of FM film, 
confirming that  the  period is determined exclusively by the 
spacer  material. 2) The  phase of the  long-period 
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Spin polarization P vs. Cu spacer thickness for  an MICuICo(100) 
j structure with Fe, Co, and Ni as the upper film M .  The positions of 
1 the first four  AF peaks derived from long-period oscillations are 
i indicated by dots.  Note  the  peak  shifts  of  the  short-period 

oscillations (arrows). From [50], reproduced with permission. 

I 

I 

-1.0 

-1.51 I I I I I 1 I 
0 5 10  15 20 25 30 35 

Cu thickness (ML) 

, " Q ~ ~ ~ ~ ~  

AF peak  positions vs.  Cu spacer  thickness  in MICulCo(100) 
structures relative to the position of the CoICuICo(100) reference 

"$4 " , . % ~ ~ ~ ~ ~  

[ structure, with M = Fe (open circles) and Ni (solid circles). 
I 

*# &$ 

oscillation is identical in all films. 3)  The  short-period  AF 
peaks in Ni and  Fe  are  shifted in comparison  to  Co,  and 
their  relative  positions also vary with increasing  Cu 
thickness. 

The primary and new result of Figure 3 is the  different 
behavior of long- and  short-period oscillations  in Ni 
compared  to  Co.  Whereas  the A F  peak  positions  for  the 
long-period oscillations coincide,  the  short-period  AF 
peaks  do  not.  From a Fourier  transform we deduce 

10 A,/A, = 1.3 -C 0.5 for Ni, compared toA,M, = 3.5 -C 1.0 

for  Co  on this particular wedge: The  amplitude  ratio is 
found  to  decrease  on going from Co to Ni. 

It is surprising  that only some of the  peaks shift. As 
A, = 2A,, short-period  derived  peaks  are  superimposed  on 
most of the  long-period A F  peaks. Thus,  the shift of the 
short-period  peaks  should  also  result in  a  shift of peaks 
such that  both  short-  and  long-period  peaks  are  present. 
That we do  not  observe  such shifts is a clear  indication 
that  the  coupling  strength of the  short-period oscillations 
is weakened in comparison  to  the  long-period oscillations 
at  thinner  Cu  spacer thickness.  As  a result only the  peaks 
of exclusively short-periodic origin (marked by arrows in 
Figure 3) shift,  whereas  those having contributions  from 
both  long-  and  short-period oscillations (marked by dots) 
do  not.  Thus,  the  amplitude  ratio given above has  to  be 
interpreted as an  average  over  the  entire  Cu  thickness 
range investigated. 

in fcc Fe/Cu/Co(100)  structures  because  Fe/Cu(100) is 
intrinsically perpendicularly  magnetized [34]. One of 
the few films that exhibit indications of short-period 
oscillations is shown  in Figure 3. Again, a  shift is observed 
for this peak,  -0.37h,,  but  not  for  the  long-period 
oscillations. This finding is at  variance with Reference 
[19], which calculates a  shift for  both long- and  short- 
period oscillations. 

CoiCuiCo(100) system for  both Ni and  Fe  are  compiled in 
Figure 4. For  the first short-period  peak,  fair  agreement 
with other  experiments [31] is found.  In  particular,  the 
signs of the shifts agree.  The  peak  shift is positive for Ni 
and negative for  Fe.  This  behavior  can  be  understood in 
terms of an  extension of the Friedel-Anderson-Caroli 
model [41], which relates  peak shifts basically to  band 
filling. As  the Co band is less (more) filled than  the Ni 
(Fe)  band, a  positive (negative)  peak shift is predicted  for 
Ni (Fe)  compared  to Co. However,  no  difference  between 
long- and  short-period oscillations is 'expected  in this 
simple model,  contrary  to our observation.  We ascribe this 
discrepancy  to  the  different  confinement of the  electronic 
states  being  responsible  for long- and  short-period 
oscillations. It  has  been shown that  the  states  leading  to 
the  long-period oscillations are only weakly confined, 
whereas  the  ones  leading  to  the  short-period oscillations 
are  almost  completely confined [28]. Reflection  at  the 
potential well should  thus  lead  to a strong  phase shift for 
the  short-period oscillations and a much  smaller  one  for 
the  long-period oscillations. 

However, the  agreement of the  phases of long-period 
oscillations for all three  ferromagnetic fcc metals is still 
surprising, because  interdiffusion is likely to  occur  and 
may be  different  for  the  three metals. In  the  case of fcc 
Fe  on Cu(lOO), for  instance, significant interdiffusion  has 
been  observed [42]. A coincidental  cancellation of 

It is more difficult to  observe  short-period oscillations 

The  short-period  peak  shifts  compared  to  the 
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interdiffusion-induced  and  intrinsic  phase shift is very 
unlikely to  occur.  Thus,  the  agreement of the  phases 
suggests that  an  amount of interdiffusion similar to  that in 
the  Fe/Cu system should also be  found  for  Co/Cu  and 
Ni/Cu. In fact,  interdiffusion  comparable  to  that  reported 
for  Fe/Cu(100)  has recently been  observed  for Co/Cu(lOO) 
[431. 

With increasing Cu thickness, the  peak shifts of the 
short-period oscillations in Figure 4 decrease  and 
eventually  vanish. We  note  that  the  data of Figure 4 do 
not  depend  on  assumptions  or fitting procedures: They are 
given directly by the  peak  position  differences of the spin- 
SEM  line scans. Thus, we cannot  deduce a  well-defined 
phase shift from  the  peak shifts observed,  because a phase 
shift is by definition  a constant  quantity  for all spacer 
thicknesses. An  immediate conclusion from this result is 
that it is very risky to  deduce  phase shifts from only the 
first or  second  AF maximum, as  has  been  done in the  past 
[31]. There is still no  explanation  for this peculiar 
behavior of the  peak shifts. We  presume  that  the  pre- 
asymptotic  RKKY regime  might extend  to much larger 
thicknesses than previously anticipated. 

Direct probing of the oscillatory  exchange coupling within 
a paramagnet 
In the  preceding  section we have seen  that  the exchange 
coupling across  a spacer layer manifests itself as a periodic 
sequence of FM  and  AF  alignment of the  FM layers. 
These oscillations are explained by the  RKKY  model [20, 
211, which assumes  an oscillation of the spin  density  within 
the  spacer  material.  In  principle, only one  interface  to a 
ferromagnet  should  be sufficient to  provoke such  a  spin 
polarization in the  spacer,  at  least  to  some  extent.  Thus, 
we expect  to  see  also  an oscillatory magnetic  moment 
within the  spacer layer by probing  the  electrons  emerging 
from  the  spacer  material.  However,  standard  spacer 
materials, such as  the  noble  metals  Au or Cu, have low 
magnetic susceptibilities; hence,  the  induced  magnetic 
moments  should  be extremely  small. In  fact,  recent 
experiments have  shown that even the  induced  magnetic 
moment right at  the  interface,  where  the  strongest effects 
due  to hybridization are  expected, is as  small  as 0.05 F~ 
in noble  metals [44]. 

In  order  to  probe  the exchange  oscillations  directly 
in the  spacer  material,  the  magnetic signal  arising from 
the  nonmagnetic  spacer must be  increased. A 
straightforward  idea would be  to  use a spacer  material 
having a high susceptibility,  such  as  a ferromagnet above 
the  Curie  temperature T,, because in ultrathin films the 
susceptibility  above T ,  is strongly enhanced [45]. We  note 
that this high susceptibility is caused by d electrons  rather 
than s, p electrons, which have an  induced  magnetic 
moment  that is too small to  be  detected.  Very recently, 
this  approach  has  been  carried  out with paramagnetic fcc 
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Fe  on  Co(100) [46]. However, an oscillatory magnetic 
moment within the  paramagnetic  Fe  has  not  been 
observed.  We have chosen a slightly different  approach. 
Instead of having the fcc Fe in direct  contact with the  Co 
underlayer, we separated  them with  a standard  spacer. 
The  greater  magnetic  contrast  in  the high-susceptibility 
paramagnet  then directly  reflects the oscillations of the 
exchange coupling field at  the  surface of the low- 
susceptibility spacer  material.  Moreover,  upon increasing 
the  thickness of the  paramagnetic overlayer,  oscillatory 
behavior of the  induced  magnetization in the  paramagnet 
is observed. 

We have realized such  a structure by growing  a 7-ML 
Co film onto a Cu(100)  substrate  as  the  FM layer. After 
adding a Cu  spacer layer, we deposit fcc Fe  at  room 
temperature.  Except  for a  small  thickness interval, 
2.7 < dFe < 3.9 ML, the Curie temperature T, of fcc Fe on 
Cu(100) is below room  temperature [36]. It is therefore  an 
ideal system to  investigate  the influence of the exchange 
coupling field in a paramagnet with large susceptibility. 

Magnetic  data  are  obtained with three  complementary 
experimental  techniques  performed in two different 
ultrahigh-vacuum  chambers.  For a  spatially  resolved 
characterization on double-wedge  samples, we have used 
spin-SEM. Two additional  techniques  complement  spin- 
SEM with respect  to  the  probing  depth:  Spin-polarized 
low-energy electron  diffraction  (SPLEED) [47] has a very 
high surface sensitivity (-2 ML)  and  the  magneto-optical 
Kerr effect probes -50 ML [48]. As no  lateral  resolution 
is available  in our  setup  for  these  additional  techniques, 
no wedge samples have been investigated. Instead,  the 
thickness  dependence of magnetization in  fcc Fe  at fixed 
Cu  thickness is measured by recording  the  SPLEED 
exchange  asymmetry A,,, and  the  Kerr signal Z(H = 0) 
during  deposition.  Both  quantities  probe  the  strength of 
the  remanent  magnetization  along  the  chosen  in-plane 
direction.  In  this way a broad  range of probing  depths  can 
be  covered. 

Paramagnetic fcc Fe as spacer 
We first discuss the  double-wedge  structures grown for  the 
spin-SEM  experiments, consisting of a 7-ML Co/Cu(lOO) 
base  structure, a Cu wedge, and  an  Fe wedge rotated by 
90" with respect  to  the  Cu wedge. From  these  experiments 
we can  establish  that  the  paramagnetic fcc Fe  probes  the 
sign of the exchange  oscillations at  the  Cu wedge surface 
and  that it acts  as  an  additional  spacer  material. Figure 5 
shows line  scans  along  the  Cu wedge without  Fe coverage 
(a)  and  for  Fe overlayer  thicknesses of (b) 1.6 ML  and  (c) 
5.7 ML. Without  Fe coverage,  a pure  exponential decay of 
the spin polarization P of Co with  increasing Cu thickness 
is found. In particular, no oscillatory behavior is observed, 
in contrast  to  the  Au/Fe(llO) system [49]. The  line scan 
for dFe = 1.6 ML,  on  the  other  hand, clearly  shows 
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Line  scans  across  double-wedge  structures  of  fcc 
Fe/Cu/Co/Cu(lOO) obtained using spin-SEM. Spin polarization P 
vs. Cu spacer  thickness is shown  for  three Fe overlayer 
thicknesses: (a) d, = 0 ML, (b) d, = 1.6 ML, and (c) d, = 5.7 
ML. The first AF peaks in (b) and (c) are marked by lines for 
comparison.  The  inset  in  (b)  shows  oscillatory  behavior  after 
subtraction of an  exponential background and the theoretical fit 
curve described in the text. The  different starting values of spin 
polarization at vanishing Cu thickness are caused by the different 
Fe coverages on top of the Co(100). From [36], reproduced with 
permission. 

oscillations. After  subtracting  an  exponential  background, 
we compare  the  remaining oscillations  with the oscillatory 
exchange field originating  from  the Co layer: Hex l / d 2  

12 sin (2.xdiA + +), where d is the  spacer thickness, A the 

oscillation period,  and $J the  phase.  The  best  agreement is 
reached  for A = 5.6 ML,  which is close to  the long period 
of the exchange coupling  across Cu(1OO) [22, SO]. The fit 
confirms the l / d z  dependence, a behavior  that is expected 
of a paramagnet  under  the influence of an oscillatory 
exchange coupling field. 

More insight can  be  gained  from  the  line  scan  at 
dFe = 5.7 ML [see Figure 4(c)]. Again  the first A F  peak is 
visible, albeit with  a peak shift of about 3 ML  compared 
to  the  corresponding  extremum  for dFe = 1.6 ML,  whereas 
the  second AF  peak  cannot  be identified. The  peak shift 
between  the  different  Fe thicknesses indicates  that  parts 
of the  paramagnetic  Fe film behave like an  additional 
spacer.  This finding is corroborated by a recent 
experiment involving Co/fcc Fe/Co(OOl) [46], where  AF 
coupling across  the  paramagnetic  Fe  spacer layer with a 
period of 6 ML  has  been  observed. 

Induced  magnetization oscillations within  paramagnetic 
fcc Fe 
The  above  results show that our approach is valid: If a 
paramagnet  has a very large susceptibility, the exchange 
oscillations can  be  probed directly  within the  paramagnet. 
In  this  section we show that  the  amplitude of these 
oscillations is large  enough  that even  a  sign change of the 
oscillations  within the  paramagnet is observable.  We  reach 
this conclusion by comparing  spin-SEM,  SPLEED,  and 
magneto-optical  Kerr  data  to  monitor a magnetic  depth 
profile  within the  paramagnetic fcc Fe. Figure 6 shows  a 
spin-SEM  line scan at d," = 3 ML,  as well as SPLEED 
and  Kerr  data  for  the  same Cu thickness. The  immediate 
increase of Aex in Figure  6(a)  to sizable  values upon Fe 
deposition confirms that  submonolayer  Fe films are 
polarized  in-plane by the exchange field arising from  the 
underlying Co layer. The  value of Aex increases with Fe 
coverage of up  to 2.7 ML,  where T,  is still below room 
temperature.  Upon  further  Fe  deposition, T,  increases 
above room  temperature.  For  Fe  thicknesses above 
3.9 ML, where T,  is again  below room temperature, 
a drop  to negative values is observed,  indicating  that  the 
magnetization within the  top  Fe layers has  changed sign. 
Upon  further  deposition, Aex changes sign  again before it 
ultimately  vanishes. The oscillation period within the  Fe 
overlayer extracted  from  the first AF  and  the  second  FM 
peak is =6 ML. The  agreement with the long  oscillation 
period  observed  for Cu(1OO) spacers [22, SO] may be 
coincidental in view of the  different  Fermi  surfaces of the 
two materials. 

The spin polarization P in the  spin-SEM  experiment in 
Figure  6(b) follows the  same oscillatory behavior, with the 
exceptions  that  the negative peak is not  as  pronounced 
and  that  no  further sign change is detected  at  higher 
Fe coverages. This is in accordance with the  fact  that 
SPLEED is more surface-sensitive and  thus is able  to  sort 
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out  the differently magnetized  top  magnetic layers more 
effectively. The  model of induced  magnetization 
oscillations  within the  paramagnet is supported by 
detecting  the  overall  magnetic signal of the  structure by 
the  Kerr effect  [see Figure 6(c)]. The  starting  point is the 
Kerr intensity  arising from  the underlying Co film. With 
increasing Fe film thickness,  a linear  increase of the 
remanent signal I ( H  = 0) whose maximum is at 3.9 ML 
is detected  again.  Interestingly, no change of slope is 
observed as the  thickness  enters  the FM region  (see  the 
shaded region in Figure 6). This shows that  the exchange 
coupling field for dCu = 3 ML, which corresponds  to  the 
first ferromagnetic maximum,  is strong  enough  to fully 
saturate  the  paramagnetic  Fe films for thicknesses up to 
2.7 ML. An estimate based on the  surface  anisotropy in 
FeiCu(100)  and  the  magnetization  reorientation yields a 
field value of the  order of -2 T 1361. The  remanence 
decreases  thereafter  and  reaches a  minimum at a thickness 
of Fe for which Aex and P are negative. The  magnetization 
value of the  minimum is 10% less than  at dFe = 0. Taking 
into  account  the  large  probing  depth of the  Kerr effect of 
-50 ML,  the  pure  Co signal at dFC = 5.7 ML is expected 
to  be  reduced by 10%. Thus,  the  net  magnetization 
probed  at dFC = 5.7 ML  corresponds  to  that of Co only. 
This  means  that  the  total Fe magnetization, which consists 
of a  negative value  from  the  surface layers and  the value 
of the underlying  layers,  vanishes. We conclude  that  the 
film underneath  the  surface must be  polarized with  a 
positive magnetization by the exchange  field  in order  to 
cancel  the negative surface  contribution. Finally, further 
deposition of Fe causes a  slight increase of the  Kerr 
intensity, which can be ascribed to  the  change of the 
surface  magnetization back to positive  values. 

directly  the oscillations of the  spin density  existing  in  a 
paramagnetic  spacer  material.  Our  approach  has  been 
successful because we selected a spacer with an extremely 
high susceptibility, thus  increasing  the  polarization of the 
d electrons  to a detectable level. 

3. Oscillatory magnetic anisotropy  and 
magneto-optical response 

These  experiments prove that it is possible to  observe 

Determining  magnetic anisotropies from hysteresis loops 
There exist various well-established methods  to  determine 
magnetic  anisotropies,  such as torque  experiments [51] 
and  ferromagnetic  resonance  or Brillouin light-scattering 
techniques [52].  All of these  techniques  determine 
anisotropies accurately and reliably in a straightforward 
manner  applicable  to  almost any thin-film  system. 
For  our purpose-to determine  changes in the  magnetic 
anisotropies  during film growth-these techniques  are 
not well suited because they  are  too slow. Therefore we 
analyze the  magnetic hysteresis loops  determined  from  the 

. . . . .  . . . . .  
. .  . . . . .  . . . .  . . . . .  . . . .  
. . . .  
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Fe thickness (ML) 

(a)  Exchange asymmetry A,,, (b) spin polarization P ,  and (c) 
remanent Ken intensity I (H  = 0) as a function of Fe overlayer 
thickness dFe at a fixed Cu spacer thickness of 3 ML. The I (H = 0) 
value of the dashed line in (c) corresponds to the starting value of the 
Ken intensity at dFe = 0. The shaded part marks the thickness 
interval in which Tc of the Fe film is above room temperature, 2.7 
ML < d, < 3.9 ML, as determined from the perpendicular 
magnetization component of spin-SEM images. Adapted from [36] 
with permission. 

magneto-optical  Kerr effect. This  approach is fast  and 
requires  modest  experimental  efforts.  Determining 
anisotropies  from hysteresis  loops,  however, is usually very 
inaccurate  or is based on assumptions  concerning  the 13 
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Magnetic field 

1 Hysteresis  loops I ( H )  obtained using the magneto-optical Kerr 
i effect  on  a 2.5-ML Co film, grown on  a stepped Cu substrate 

miscut by 0. lo  with respect to the (100) orientation: (a) H along the 
[ 1 io] direction, (b) H along  the [ 1101 direction, (c)  same  as (b) but 
having a bias field of HblaS = 5 kA/m along the [I101 direction. 

i The definition of the shift field H, and of the linear initial slope s, 
I with s = tan a, is indicated in  (b) and (c). 

magnetization-reversal mechanism. We show  in the 
following that  these  limitations  do  not exist in  a system 
with a superposition of twofold and  fourfold  anisotropies. 
Co films grown on a Cu(100) substrate with a  well-defined 
preferential  step  arrangement exactly represent  this class 
of systems. 

The Cu(100) single-crystal substrate  used in this study 
had a preferential  step  edge  direction  along [lie], with an 
average  step width of 100 nm.  This  leads  to a  slight  miscut 
of 0.1" from  the (100) orientation.  Magnetic hysteresis 
loops  were  recorded in situ during  the  growth of the films 
using the  magneto-optical Kerr effect, with the  sample 
kept  at a temperature of -320 K. Figure 7 shows the 
hysteresis loops  obtained  from a Co film having  a 
thickness of 2.5 ML, the  magnetic field being  applied 
either  parallel  (along [lie]) or perpendicular  (along 
[llo]) to  the  step  edges of the Cu substrate.  The easy 
magnetization axis runs  parallel  to  the  step  edges, as 
shown by the  rectangular hysteresis loop  shape. 
The  loop  taken  perpendicular  to  the  step  edges is more 
complicated.  It  comprises two single loops  shifted  against 
each  other.  This  difference of the  magnetic  response in 
the  [liO]  and  the [110] directions, which are magnetically 
equivalent on a perfect  fourfold Co(100) film, is attributed 
to  the  steps  and phenomenologically described by a 

14 uniaxial anisotropy  energy [53-551. Whereas  the [ l i O ]  

direction is the easy magnetization axis, the [110] direction 
is the  intermediate axis because it combines  the easy 
character of the  fourfold cubic anisotropy with the  hard 
character of the uniaxial anisotropy. For composite 
hysteresis loops  along  the  intermediate axis, we define  a 
shift field H s  as the field difference  between  zero field and 
the  center of one of the  shifted  loops.  The value of H ,  
can  be  determined with high  accuracy and is  directly 
proportional  to  the uniaxial magnetic  anisotropy, as  shown 
in the following. 

The  in-plane  free  energy of a Co film on a stepped 
Cu(100) surface having the  external  magnetic field H 
applied  along  the [110] direction is described by 
KU sin' (4) + K,/4 sin' (24) - p,,HMs sin ($), where 
Ku and K,  are  the uniaxial and  the cubic anisotropy 
constants, MT the  saturation magnetization, and $ the angle 
between  the  magnetization  and  the [liO] direction [56]. 
Both K, and K,  are positive for the easy axis along [lie]. 
From  an  energy minimization with respect  to 4 and  the 
approximation K, Q K , ,  one finds that  the uniaxial and  the 
cubic anisotropies  are given directly by the shift  field H s  
and  the  linear  initial  slope s of the  loop, respectively: 
K u  = p,HsMF and K ,  = pL,Ms2/2s. The  assumption  that Ku 
is small compared  to K ,  is justified because  the miscut of 
the Cu crystal-which induces  the uniaxial anisotropy- 
is extremely small.  Moreover,  the hysteresis loops confirm 
the validity of the  approximation  because H s  = 1 kA/m  is 
much  smaller  than Ms/2s 50 kA/m for all  thicknesses 
d > 2 ML. Note  that we obtain no absolute  values  for 
M ,  with the  Kerr  effect,  because  the  magneto-optical 
constants  are unknown. In order to determine  magnetic 
anisotropies  we  must  therefore rely on known M s  values. 
In  the  case of Co  on Cu(100), M s  = 1424 kA/m regardless 
of thickness [57]. 

The initial slope s is experimentally  more difficult to 
determine.  For hysteresis loops such  as the  one  presented 
in Figure 7(b), no linear  region  between  the  shifted  loops 
can  be identified because  the width of the  loops is 
comparable  to H,. We  can  realize  magnetization curves 
with an  extended  linear  slope  between  the shifted loops by 
applying  a constant bias field Hbias along  the easy axis 
while  sweeping the  loop  along  the  intermediate axis. 
The bias field introduces  an  additional  unidirectional 
anisotropy, which results in a  shift field of the two loops 
increased by Hblas. From  the wide  hysteresis-free field 
region  between  the  loops we can now determine  the  initial 
slope s [see Figure 7(c)]. Note  that  the  application of a 
bias field has a profound physical  justification. The bias 
field forces  the  magnetization  into  the easy direction  as 
soon  as  the sweeping field along  the  intermediate axis is 
reduced  to  zero, whereby  a single-domain configuration is 
maintained.  The increasing field along  the  intermediate 
axis then  starts  to tilt the  magnetization reversibly away 
from  the easy axis. This tilt angle is measured directly by 
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determining  the  magnetization  component  along  the 
intermediate axis or, in other  words, by determining  the 
initial  slope of the hysteresis  loops. It signifies the 
anisotropy  barrier against which the  magnetization  has  to 
be  rotated. 

Morphology-induced anisotropy oscillations in Co/Cu(lOO) 
Magnetic  anisotropies of ultrathin films are  inherently 
connected  to  the  structure  and morphology of the films. 
This  has  been shown, for  example,  for NiiCu(100) [58] and 
Co/Cu(llO) [59]. In  these systems strong  relaxations of the 
lattice  constants  upon growth are  found, giving rise to 
altered  magnetic  anisotropies. In principle  the  change of 
morphology associated with the  change  from a filled to an 
incompletely filled layer  could  also cause  the  magnetic 
anisotropy  to  change.  Thus,  provided  the film grows layer 
by layer, one  can envisage that  the  variations of the film 
roughness  could  lead  to oscillations of the  magnetic 
anisotropy with  a period of 1 ML-analogous to  the 
intensity variations in  a  reflection  high-energy electron 
diffraction (RHEED) experiment. 

Figure 8 presents  the analysis in terms of anisotropy 
fields of transverse  Kerr hysteresis loops  taken  during film 
growth.  A bias field of 5 kA/m has  been  applied  to 
determine  both uniaxial and cubic anisotropy  from  the 
loop  series  as  described in the  preceding  section.  With 
increasing Co  thickness d,  the shift field H s ( d )  oscillates 
with a period of 1 ML, with minima  at  each  completed 
layer, up  to d = 15 ML  [see  Figure  8(a)].  The oscillation 
amplitude is damped with increasing d,  which hints  at a 
surface origin of the oscillations. On  the  other  hand, no 
oscillations of the cubic anisotropy  are  observed within the 
somewhat  larger  uncertainty of fitting the initial slope of 
the  loops  [see  Figure 8(b)]. We  can exclude  oscillations 
having an  amplitude  larger  than 5% of the signal for 
d > 5 ML. Thus, oscillations  having  a relative  amplitude 
comparable  to  the H s  oscillations are  not  present in Ms/s 
nor,  hence, in K,.  From  additional  experiments  to 
determine K,  more precisely, we can set  an  upper limit for 
the oscillation amplitude over the  entire thickness range 
investigated, AK, < 1 X l o3  J/m3. 

Oscillations with a period of 1 ML have  also been 
observed in Fe/Pd(100)  superlattices with varying Pd 
thickness [60] in the coercive field Hc and have been 
attributed  to a  possible roughness  modulation  during  the 
growth of successive Pd layers. The  relation of coercive 
field to  anisotropy is not  straightforward, however, 
because Hc is determined by several physical mechanisms 
such  as domain wall nucleation  and pinning. Now, with 
the evidence of anisotropy oscillations, we can directly 
relate  the two observations by also  determining H c  from 
our loop series. 

Figure  8(c) displays the half width of one of the  shifted 
loops. As it corresponds  to  the coercive field of the easy- 
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Analysis of transverse Kerr hysteresis loops taken during growth of 
h a Co film on the stepped Cu(100) substrate as a function of Co 
I thickness: (a) Shift field H, , (b) inverse linear initial slope M,/s ,  and 
f (c) half width of one of the shifted loops H,. A bias field of Hbias = 
i S kA/m  has  been  applied  along  the  easy  direction.  The  onset 

of ferromagnetism occurs at d = 1 .S ML at the measuring tempera- 
! ture  of 320 K. The  changes  around 16 ML are  accompanied  by 
j a  structural  relaxation of the Co film. 

axis loop, we denote it  as Hc. Like  the shift  field, Hc(d)  
also  reveals  oscillations [lo].  Their  amplitudes  are much 
smaller  than  for Hs and  are clearly visible only after 
subtraction of a monotonously increasing smooth 
background  curve.  We  conclude  that  the tiny oscillations 
in Hc are a consequence of the  anisotropy  changes. 
Obviously the  latter  are very weakly reflected in H,. 

What is the origin of the oscillations observed in the 
uniaxial anisotropy?  The  observation of a 1-ML  period 
indicates a structural origin of the oscillations. In 
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principle,  quantum size  effects could  also  be  responsible 
for  anisotropy oscillations (see  the  subsection  on  magnetic 
anisotropy)  because they  periodically change  the  electronic 
band  structure of the Co layer [13]. However,  a period 
induced by quantum size effects is very unlikely to 
coincide  accidentally  with the  lattice  constant.  Moreover, 
in the  case of a period slightly different  from 1 ML,  one 
would  expect to  observe a phase slip at  some Co thickness 
to  accommodate  the  discreteness of the  lattice, which is 
not  observed in our  experiment  up  to 15 ML. 

grows layer by layer  above the first two monolayers [61]. 
As soon as  a  layer is completed,  islands  form in the next 
layer until  they coalesce to a complete layer  again. This 
means  that  the film morphology periodically changes  from 
“flat”  to  “rough,”  corresponding  to a complete  and  an 
incomplete  top layer,  respectively. The film roughness 
therefore oscillates with a period of 1 ML, as  observed 
both by RHEED [62] and  STM. 

Evaporation in normal  incidence  onto a  perfectly 
oriented Cu(100) surface yields on  average Co patches 
with fourfold symmetry and  step  edges  running  along [110] 
and [liO] directions.  The  presence of steps in the Cu 
substrate, however, locally breaks  the symmetry. This  can 
result in rectangular  rather  than  square Co islands owing 
to  an  anisotropic  step-edge diffusion of the Co atoms 
[63]. Symmetry breaking  can  also directly  influence the 
magnetic  anisotropy  at  the  step  edges, which determines 
the  observed macroscopic  uniaxial anisotropy [ S I .  The 
excess length of one  step  direction  compared  to  the 
orthogonal  direction  determines  the  anisotropy in the first 
case, the  difference of local step  anisotropies in the  latter. 
To  account  for  our  observations,  at  least  one of these 
quantities must be nonvanishing on  our slightly miscut 
substrate,  and  thus varies during growth of the film. As 
soon as the layer is completed, it is minimized, resulting in 
an oscillatory variation of the uniaxial anisotropy. 

Recent  experiments  obtained  on Co/Cu(lOO) films by 
means of RHEED [62] might afford microscopic  insight 
into  the origin of magnetic  step  anisotropy.  These 
experiments have  shown that  at  the island edges of the 
incompletely filled top layer, the  in-plane  atomic spacing is 
different  from  that  of  completed layers. This  results in an 
oscillatory variation of the  average  surface  in-plane  lattice 
spacing with film thickness. One  can expect this  change 
in atomic spacing at  the island edges  to  produce 
magnetoelastic  anisotropy. 

Let us take a look  at  the  fourfold  anisotropy 
contribution.  For symmetry reasons,  contributions  to  the 
cubic in-plane  anisotropy  can only be  expected  to  be of 
higher  order  because  the uniaxial anisotropies of two edge 
atoms,  located  at  orthogonal  steps,  compensate  each 
other, yielding an  isotropic  instead of a fourfold symmetric 
situation.  Taking  this  into  account, a rough  estimate of the 

From  STM  experiments it is known that Co on Cu(100) 

expected  change of the  fourfold  anisotropy reveals that 
it is too small to  be  sensed in our  experiment.  With 
analogous  reasoning,  on  the  other  hand, we can expect 
that  the  perpendicular  surface  anisotropy  should also vary 
in an oscillatory fashion.  Experimentally this  might be 
more difficult to  prove,  because  this would rely on  the 
inherently  inaccurate  determination of an  initial  slope in 
the  same way as for  the cubic in-plane  anisotropy. 

In  Figure 8 we see  that  both H s  and Hc exhibit  a 
pronounced  change in their overall course above -16 ML. 
In  particular, H, drops below HbiaS = 5 W m ,  i.e., K, 
changes sign. The easy magnetization axis flips from  the 
[1?0] to  the [110] direction  at a  critical  thickness of dc = 

16 ML. A comparison with RHEED  experiments  provides 
strong evidence that  these  anisotropy  changes  are 
correlated with the  onset of relaxation of the misfit- 
induced  strain in the Co lattice  upon growth [64]. 

the  plane might open  the possibility of fabricating 
magnetoresistive  read  heads  without  the  need  for  an 
additional biasing scheme.  We discuss this  topic briefly in 
the following paragraphs. 

A useful sensor  based  on  the  giant  magnetoresistance 
effect requires two magnetic layers  in  a  single domain 
state  separated by a nonmagnetic  spacer  material.  The 
magnetization in the  “pinned” layer  must be fixed along a 
certain  direction,  whereas  the  magnetization of the  “free” 
layer  follows the  magnetic field to  be  sensed,  thus 
changing  from  more  parallel  to  more  antiparallel 
alignment with respect  to  the  pinned layer  when  sensing 
two oppositely  oriented bits. For  linear  operation of the 
device  in an  applied field, the  magnetization of the two 
layers must  be  at  an  angle of 90” as long as no  magnetic 
field is present.  In  the devices currently  used, this 
“biasing” is achieved by fixing the  magnetization of the 
pinned layer along  its  hard  magnetization  direction  either 
by permanent  magnets  or by exchange coupling  to  an AF 
layer  such  as FeMn. 

On  the basis of Figure 8, an  alternative way to  achieve 
the  required 90” orientation might become possible 
without  the  need  for  external biasing,  exploiting the  fact 
that  the  intrinsic easy magnetization  direction as well as 
the coercive field depends strongly on film thickness 
[65]. As the coercive field increases strongly above dc 
(it reaches values  above 6 kA/m for  the  largest thicknesses 
investigated [64]), a  thick Co layer keeps  its  magnetization 
aligned perpendicular  to  the  step  direction even  in the 
external fields to  be  sensed  and  hence  remains  pinned. 
The small  coercive field of a thin Co layer  with d < dc 
should  make such  a film suitable as the  free field-sensing 
layer. The  magnetization  directions of these films are 
orthogonal  to  each  other  without extrinsic  biasing. The 
magnetic  properties of the single films are  also  preserved 
in  a test  structure consisting of the two films separated by 

This  change of the easy magnetization axis by 90” within 
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\ Magnetization image of a Co/Cu/Co/Cu(100) layered test structure that illustrates the principle of an unbiased magnetoresistive sensor 
acquired by spin-SEM. The stepped Cu(100) substrate is miscut by  1.6". Thicknesses of the Co layers are 5 and  30  ML; thickness of the  Cu [ layer is 100  ML.  The upper right part of the square  exposes the lower pinned Co layer, the lower  left part the completed structure with  the  free 
overlying Co layer. Magnetization direction is indicated by arrows. Single  domain remanent state (a) before and (b) after application of an I external field pulse of 3 kA/m to invert the free layer. 

a nonmagnetic  spacer  material, which decouples  the 
films. 

Figure 9 shows the  magnetization  image of a 
Co/Cu/Co/Cu(100)-layered structure, with d = 5 ML for 
the  free  Co layer, d = 30  ML  for  the  pinned  Co layer, 
and a Cu  spacer thickness of 100 ML. The  magnetization 
directions  correspond  to  the easy axes of the single films 
and  subtend  an  angle of 90". An  external  magnetic field 
larger  than  the coercive field of the  free layer  switches the 
free layer but  has  no influence on  the  pinned layer  [see 
Figure 9(b)]. We  stress  that  both layers remain in a  single 
domain  state. 

To obtain a  working magnetoresistive device, the 
metallic Cu(100) substrate  must  be  replaced by an 
insulating or semiconducting  material.  For  instance, 
Si(100)  could serve  as a substrate  for epitaxially  grown or 
sputtered films of Co/Cu [66, 671, or MgO(100) [68]. 

Oscillations in CulCo/Cu(lOO) induced by quantum size 
effects 

Magneto-optical response 
Oscillations of the  magneto-optical  response as  a function 
of film thickness are  currently  attracting  much  interest 
[6-91. Analogous  to exchange-coupling  oscillations, the 

non-monotonous  behavior of the  magneto-optical  response 
is also  believed to  be  caused by a quantum size effect, 
which changes  the  electronic  band  structure periodically 
upon film growth.  In  particular,  the  occurrence of QW 
states is most likely responsible  for  the oscillatory 
behavior of the  magneto-optical  response [69]. As  the 
overlayer thickness  changes,  the  energetic  positions of the 
QW  states vary. If the  corresponding bulk band crosses 
the  Fermi level, QW  states  disperse  through  the  Fermi 
level as a function of overlayer thickness. This  results in  a 
periodically changing  occupied  electronic  band  structure, 
which will be reflected in the  magneto-optical  response. 
Although  both exchange and  Kerr intensity  oscillations 
can  be  interpreted  as a quantum size effect, they generally 
exhibit different  periodicities. To determine  the exchange- 
coupling oscillations, the  stationary  spanning  vectors of 
the  Fermi  surface have to  be  considered. To determine 
the  period of the  magneto-optical oscillations, on  the 
other  hand,  consideration must be given to  those  occupied 
and empty states  around  the Fermi level that  are  separated 
by the  photon energy and  share  the  same wave vector. 

We have investigated  the  magneto-optical  response in 
Co/Cu(lOO) films during  the growth of a Cu overlayer. 
A series of hysteresis loops was taken by the  transverse 
Kerr  effect,  measured  at a  light  wavelength of 633 nm 17 
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f Saturation Kerr intensity I ,  of a 5-ML-thick Co film on a 0.1" off- 
4 oriented Cu(100) crystal as a function of Cu coverage. The inset 1 shows I ,  after subtraction of a fitted  exponential background. 

responsible  for  the periodicity observed.  Therefore, we 
look  for possible magneto-optical  transitions  at  and  near 
the r and X points. 

LE = 1.96 eV  are possible. The QW-state  picture  developed 
in Reference [13] relates  the  perpendicular wave vector 
components of the Brillouin zone  boundary kZ, and of the 
magneto-optical  transition k ,  to  the  expected  period, 
k ,  = (1 - l/h)k,. The  period A is given in ML  and is 
2-3 ML  for  the X point  and 6-9 ML  for  the r point. 
Calculations have  shown that  Cu-s, p minority-spin states 
at  the X point  are much more strongly  confined than  at 
the r point  and  hence  should  more effectively contribute 
to  the oscillations [19]. From  the  discrepancy  between  the 
observed peak  differences  and  the  estimated  periods, 
however, we conclude  that  magneto-optical  transitions 
near  the r point  are  most likely responsible  for  the 
observed I ,  oscillations. 

At  both  points,  magneto-optical  transitions with 

(corresponding  to a photon  energy of 1.96 eV).  From 
these  loops,  the  saturation  Kerr intensity Is was 
determined as  a function of the  Cu overlayer  thickness dcu 
[see Figure lo]. 

Up  to dcu = 0.5 ML, I s  exhibits  a  slight increase,  then 
drops sharply, and finally decreases slowly for dcu > 1.2 ML. 
Similar behavior  has  been  observed  before [70]. The 
overall  decrease of the I ,  curve above 1.2 ML is reconciled 
by the finite probing  depth of the  Kerr  experiment.  The 
sharp  drop below dcu = 1.2 ML, on the  other  hand, must 
be of magneto-optical  origin.  The possibility of a drastic 
loss of the Co magnetic  moment  at  the Co/Cu interface is 
ruled  out as the  cause  for  this  observation on the basis of 
a determination of the spin polarization of the  secondary 
electrons. A purely  exponential decay of spin  polarization 
is observed  upon Cu coverage,  indicating  that  the  Co 
spin  moment is not  affected by the  Cu  coverage  [see 
Figure 5(a)]. 

For dcu > 1.2 ML, we observe oscillations  in 1, 
superimposed on the  exponential  background, with peaks 
located  near 2.5, 4, 10, and 18 ML. Interestingly, a recent 
study of Cu/Co(lOO) did  not  detect oscillations  in the 
magneto-optical  response  but  found  peaks in the  second- 
harmonics signal [9]. Additional  Kerr  experiments  up  to 
dCu = 50 ML reveal the existence of further  broad I s  
structures  at dCu = 30 and = 40 ML. A unique  period of 
the oscillations is difficult to  determine.  It is likely that a 
superposition of different  periods exists, originating  from 
different  parts of the Brillouin zone.  We  attempt  to 
identify  these regions. The analogy between  the exchange- 
coupling oscillations and  the  magneto-optical  response 
suggests that  spanning  vectors  at  or  near high-symmetry 

18 points of the Brillouin zone  are  stationary  and  hence 

Magnetic anisotropy 
As the  magnetic  anisotropy is caused by the  spin-orbit 
coupling of the  electrons,  it is closely connected  to  the 
relativistic electronic  band  structure.  Thus, shifts  in the 
energy and  changes in the occupancy of electronic  states 
can in principle affect the  magnetic  anisotropy.  An 
attractive way to  alter  electronic  states is to confine them 
to a  small region,  thereby  quantizing  their energy and 
wave vector. We have  investigated the possibility that 
quantum  confinement  leads  to  periodic  changes in the 
magnetic  anisotropy of a ferromagnetic film with 
increasing  layer  thickness. Theoretically a periodic 
variation of the uniaxial magnetic  anisotropy  has  been 
predicted [71], indicating  that  the  surface  anisotropy is not 
of purely  local  origin  in the  top  atomic layer, but is also 
influenced, via quantum  confinement, by atomic layers 
farther away from  the  surface. 

For a precise  determination of variations in the 
magnetic  anisotropy, we again deposited  Co films on the 
0.1" off-oriented Cu(100) substrate  to  determine  the 
anisotropy fields directly from  the  intermediate-axis 
hysteresis loops,  as  described  earlier in Section 2. For 
these  experiments a Co film of fixed thickness was 
deposited, followed by a Cu overlayer.  Hysteresis loops 
were  measured  during  the growth of the  Cu film. The 
anisotropy fields deduced  from  each of these  loops  are 
given in Figure 11 as  a function of Cu  thickness dcu. 
Remarkably,  both  the uniaxial and  the cubic anisotropy of 
the  Co film displayed  a pronounced oscillatory variation 
with d,". 

At  submonolayer coverages of Cu, a drastic  decrease 
of H ,  was found  (see  inset in Figure 11). It  has  been 
suggested elsewhere [55] that  this first drop is caused by a 
decoration of the  Co  step  atoms by the Cu adsorbate, 
which changes  the  electronic  band  structure  at  the  step 
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atoms.  In  fact, chemically  sensitive STM  experiments 
prove  that  submonolayer  coverages of Cu  attach  to  Co 
step  sites [72]. This  anisotropy  change  appears  for 
different  adsorbates such  as Cu, Ag, and 0 [73] and  can 
even  be  strong  enough  to  change  the easy magnetization 
axis by 90" within the  plane.  For all adsorbates except Cu, 
H s  varies  monotonously  for  coverages  up  to 3 ML. 

A  similar anomalous  behavior of the  magnetic 
anisotropy  has also been  observed in perpendicularly 
magnetized systems, e.g. in Co(ll1) films covered by Au, 
Cu, or Ag  [74, 751. It  has  been  interpreted  to  arise  from 
hybridization between  Co  and  the overlayer electronic 
states.  The maximum change of anisotropy, which is 
reached  for  adsorbate coverages of about 1 ML, seems  to 
be  related  to  the existence of interface  states [76]. In our 
case of a stepped  Co  surface, hybridization at  the  step 
atom positions could  be  the  mechanism  responsible  for 
the switching of the easy magnetization  direction in the 
submonolayer coverage range.  For  the  nonmetallic 0 
coverage, however,  hybridization cannot explain the 
observed effect because  the  required  band  overlap 
between  Co  and 0 is small. 

For Cu overlayers, additional  non-monotonous  changes 
occur  at  larger thicknesses above 1 ML. An  increase of H,  
occurs,  resulting in a  maximum at dCu = 1.2 ML. Further 
maxima of H5 can  be identified at dCu = 4.1, = 7.7, 0 12, 
and - 16 ML. An approximate  period of 3-4 ML can be 
deduced.  Thus,  structural  changes as the origin  of the 
oscillations can  be  ruled  out  immediately. In fact, we do 
not expect  a morphology-induced 1-ML oscillation period 
for  increasing dcu, as observed as a function of the  Co 
film thickness  [see  the section on  morphology-induced 
anisotropy oscillations in Co/Cu(lOO)], because  the growth 
of the  Cu layer does  not affect the  CuiCo  interface as 
soon as  a few monolayers  are  completed.  Thus,  the 
magnetic  surface  anisotropy of the  Co film  is not  affected. 
However, we cannot  rule  out  that  the  observed  anisotropy 
peaks  are  the  result of a superposition of more  than  one 
period  because  the  peak  positions  are  not  equidistant. 
Indeed, very recent  measurements  on  CulCoiCu(100) 
films, where  the Cu overlayer was grown at low 
temperatures, give evidence that two periods exist [77]. 
The  different growth of Cu on  Co  at low temperatures in 
comparison  to room temperature is most likely the  cause 
for  the  different oscillatory behavior.  Interestingly,  the 
periods  are in good  agreement with those  found in 
exchange-coupling experiments [22, 501. 

We  note  that  the  amplitudes  at  large  Cu coverages are 
extremely  small, being of the  order of 1 A h .  The  fourfold 
cubic anisotropy also shows oscillations  with dCu [see 
Figure ll(b)]. The  peaks of M,/s  are  found  at  the  same 
positions  as  observed  for  the uniaxial magnetic  anisotropy, 
even though  the overall  curve is different.  These 
observations show that  the  addition of Cu, Le., the 

IBM J. RES. DEVELOP. VOL. 42 NO. 1 JANUARY 1998 

r T 

9 0 1 .  I 
I " "  I I ' ' I ' I  

0 2 4 6 X 10 12 14 16 18 
Cu thickness (ML) 

,j (a) Shift field H y  and (b) Ms/s of a 5-MLthick Co film on a 0.1" 
; off-oriented Cu(100) crystal  as a function of the thickness of an 

overlying Cu film. A bias field of 5.3 kA/m has been applied. The 
; inset in (a) shows the low-coverage region with a line through the 
1 data points to guide the eye. Adapted from [l  11 with permission. 

~~~~~~~~~~~~~~~ 

."_ .&!>2?&#d..a.4 ,,m ,&A* 

displacement of the vacuumiCu interface  from  the  Co 
film, influences the  magnetic  anisotropy of the  deeper- 
lying Co film in  an  oscillatory fashion, even if the  Co film 
is separated by as much as 16 ML from  the  CuiCo 
interface. 

The  good  agreement  between  the  periods of magnetic 
anisotropy  and exchange coupling  found by Wiirsch et al. 
[77] suggests that  the  behavior of the  conduction  electrons 
at  the  Fermi level is also most likely responsible  for  the 
magnetic  anisotropy oscillations,  as is the  case  for  the 
exchange-coupling  oscillations. The  experimental 
observation  that  the uniaxial and  the cubic anisotropies 
exhibit the  same  peak  positions  further  indicates  that only 
a very limited  set of spin-orbit split electronic  states is 
responsible  for  the main contribution  to  the oscillatory 
part of magnetic  anisotropy. 

If the  observed  anisotropy oscillations are  induced 
by a quantum size  effect in Cu,  one expects them  to  be 
unaffected by Co thickness. We  therefore  repeated  the 
experiment  for  different  Co film thicknesses, Le., for 
different initial  shift  fields and  hence  different  strengths of 
the uniaxial anisotropy.  We  found  that  the  positions of the 
anisotropy  extrema  are  independent of the  Co thickness 
[ll].  Thus,  the influence of the  Cu overlayer on  the 
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magnetic film is confined to  the Co/Cu interface, as 
expected  for a quantum size  effect. 

The ability to  tailor  the  magnitude of the uniaxial 
anisotropy by choosing  the  appropriate Co film thickness 
offers  fascinating  prospects.  For  example, it allows us to 
fabricate a magnetic thin-film  system  in which the 
magnetization  direction switches repeatedly  between two 
well-defined states:  from  being  parallel  to  the  preferential 
step  direction  to  being  perpendicular  to it. Figure 12 
shows as  an  example a 10.8-ML Co film grown on a 
Cu(100) single  crystal  miscut by 3.4". The initial  shift field 
present  before  the Cu overlayer  is  grown is small enough 
to  be  balanced by the  adsorption of the first 0.05 ML of 
Cu. Further Cu coverage allows the easy magnetization 
direction  to  oscillate  repeatedly  between  the [liO] and  the 
[110] directions. 

We  note  that  the  concept of quantum  confinement  loses 
its strict  meaning  for very thin layers, for which the  notion 
of interface  states is more  appropriate.  In  this  context,  the 
observation of the  anisotropy  change or even  the switching 
of the easy axis just  above 0.3 ML Cu coverage  can  be 
taken  as  the  evolution of an  interface  state or, in other 
words,  as a precursor of quantum  confinement  at very 
small Cu coverage. 

4. Concluding remarks 
The discovery of oscillatory  exchange coupling between 
two ferromagnets  separated by a nonmagnetic  metallic 
spacer  has  opened a broad field of research.  Our 
understanding of the physical mechanisms underlying 

20 these oscillations has  progressed,  and  the seemingly 
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different  approaches of an  RKKY  model  and a QW  model 
have partly  converged in the most recent  theoretical 
approaches.  The  QW  model  features  the intuitive 
interpretation of an  electron wave confined in a  small one- 
dimensional box, and  this  simple  approach  has  led  to 
experimental  and  theoretical investigations of possible 
oscillatory behavior of various  other physical quantities 
apart  from exchange  coupling. 

The  intention of this overview has  been  to discuss 
several  oscillatory magnetic  properties  for a particular 
model system. We have chosen epitaxial fcc Co films 
grown on Cu(100) as the basis for our experimental 
investigations and have selected  additional epitaxial 
overlayers to study interlayer exchange  coupling, induced 
magnetic  moments,  magneto-optical  properties,  and 
magnetic  anisotropy. 

In Section 2 we described a comparative study of the 
exchange oscillations  across a Cu spacer,  and we have 
determined  periods,  amplitude  ratios,  and  peak shifts of 
exchange-coupled films from  spin-SEM images. The 
oscillation periods  found  for  the  model system 
Co/Cu/Co(lOO) agree very well with predictions of RKKY 
theory,  and  hence fully support  the  explanation of 
exchange  coupling based  on  Fermi  surface  properties.  The 
observed  large  amplitude  ratio, however, cannot  be 
explained within the  RKKY  model.  Instead  one  must  take 
into  account  the  degree of band  matching  at  the 
interfaces, a parameter  contained in the most recent  QW 
models. The  most  remarkable  result of the exchange- 
coupling  experiments is the  peculiar  behavior of the A F  
peak  positions when one  ferromagnet is substituted  for 
another.  Long-  and  short-period oscillations behave 
differently: Long-period oscillations are  unaffected by a 
change in the  ferromagnetic  material,  whereas  short- 
period oscillations are  influenced by it.  This  behavior can 
be  understood  as a consequence of the  rather  different 
degrees of confinement  to which the  electrons  are 
subjected.  The sign of the  short-period  peak shifts is in 
accordance with a  simple theory, which takes  band filling 
into  account.  The  general  trend of a disappearance of the 
peak shift for  large Cu spacer thicknesses,  however, 
cannot  be  understood in terms of existing theories. 

Furthermore, in Section 2 we described a method  to 
determine  the oscillatory spin density, which mediates  the 
coupling  between  the  ferromagnetic layers. For  that 
purpose, we replaced  the  top  ferromagnetic layer  with  a 
paramagnetic layer  having  a very high susceptibility, 
namely fcc Fe  above  its  magnetic  ordering  temperature. 

In  Section 3 we covered  oscillations of the  magneto- 
optical  response  and of the  magnetic  anisotropy, as 
measured by a careful analysis of Kerr hysteresis  loops. 
For  the  stepped Co/Cu(lOO) system,  oscillations of the 
uniaxial magnetic  anisotropy with  a periodicity  of 1 ML 

We have found oscillations  in  all of these  quantities. 
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are  found. By comparison  with  results of structural 
investigations,  these  oscillations  can  be  ascribed  to  the 
periodic  change of the film morphology  from  “rough”  to 
“flat” upon growth  when  the  atomic layers become  filled. 
The Cu/Co/Cu  system, on the  other  hand,  exhibits 
oscillations of a different  origin.  Both  the  uniaxial  and  the 
cubic  magnetic  anisotropy  show a period  that  is  larger 
than  but  not a multiple of 1 ML. This  excludes 
morphological  changes  upon  Cu  growth  as  the  origin of 
the  oscillations.  Instead,  quantum  confinement is the  most 
likely  explanation  for  the  oscillatory  behavior  of  the 
anisotropy.  Interestingly,  oscillations of the  magneto- 
optical  response are also  observed  in  this  system,  but  their 
period  is  different  from  that of both  the  anisotropy 
oscillations  and  the  exchange  oscillations  across Cu(lOO), 
as  discussed  in  Section 2. Thus, for the  particular  model 
system of a Cu(100)  spacer  layer,  four  different  magnetic 
quantities  have  been  found  to  oscillate-exchange 
coupling,  induced  magnetic  moment,  magnetic  anisotropy, 
and  the  magneto-optical  response. All of  these  types of 
oscillations  can  be  explained  in  terms of quantum 
confinement  within  the  Cu  layer. 

It is intriguing  to  speculate  that  other  magnetic 
properties  might  also  show  oscillations  not  yet  identified 
in these  high-quality  epitaxial  structures. 
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