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Abstract 

Giant magnetoresistance is often discussed with the interfacial roughness in magnetization and/or the structural disorder. 
Polarized neutrons are particularly powerful for probing such a disordered state through the magnetic and lattice structure 
analysis. We renew in this paper our polarized-neutron experiments carried out on the TOP spectrometer installed at the pulsed 
neutron facility, KENS, investigating the magnetic structure relating to giant magnetoresistance. We confirmed that giant 
magnetoresistance occurs when the magnetic moment is aligned antiparallel, with every other layer separated by a nonmagnetic 
spacer layer. The diffusive off-specular reflection of magnetic origin suggested that the magnetic disorder near the interface 
might be related to the appearance of the magnetoresistance effect. 
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I .  Introduct ion  

On this occasion, we briefly describe the back- 
ground of the magnetic neutron-scattering studies on 
magnetic superlattices, and also explain how polarized 
neutrons contribute to the magnetic structure analysis 
of magnetic superlattices as well as how it is important 
for the best understanding of the giant magneto- 
resistance (GMR) effect, specifically in magnetic 
superlattices. The paper by Sato et al. [1] was the first 
neutron-scattering experiment aiming to detect the 
interfacial effect on ferromagnetism, using 
multilayered films of stacking bilayers of one fer- 
romagnetic film and another nonmagnetic film. The 
idea was that the local magnetic density distribution 
along the perpendicular direction can be derived by 
the intensity analysis of neutron-diffraction patterns 
from a multilayered film consisting of perfectly regular 
structure [2]. This is a direct method to investigate the 
effect of the interface or surface on the magnetic 
properties. 

The first experiment was done with unpolarized 
neutrons, and the magnetic scattering was extracted by 
quantitative comparison of a data set of one with the 
magnetic field applying perpendicular to the scattering 
vector ( H ± Q )  and the other with the magnetic field 
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parallel to the scattering vector (H//Q). Magnetic 
scattering can only be seen in the condition where the 
magnetic moment has a finite fraction in the plane 
perpendicular to the scattering vector Q ( M ± ) .  This 
method should work, if the magnetic moment satu- 
rates in the applied field H. 

IH±Q/IHIIQ = 1 + (p/b)  2 (1) 

where p and b are respectively the magnetic and 
nuclear scattering lengths. 

Polarized-neutron diffraction could determine the 
magnetic density distribution more accurately by tak- 
ing a flipping ratio, R = I+/1 , since polarized-neu- 
tron scattering gives polarization-dependent magnetic 
scattering, as shown in the next equation [2]. In other 
words, the linear term of p/b  is included in the 
polarized-neutron diffraction intensity, whereas this 
term is averaged out in unpolarized-neutron diffrac- 
tion: 

I + (1  + p / b ~  2 
R = I - =  1 - - p / b /  (2) 

By using pulsed polarized-neutron beams, we have 
systematically studied the surface or interface ferro- 
magnetism by using multilayered films on the TOP 



58 Y. Endoh et al. / Materials Science and Engineering B31 (1995) 57 63 

spectrometer  installed at KENS, the neutron scatter- 
ing facility at KEK,  Tsukuba [3]. The TOP spectrome- 
ter provides pulsed polarized beams, in which poly- 
chromatic polarized neutrons of more than 3 A can be 
used. Though the quality of the multilayered films in 
the microscopic structure was not as good as those 
currently used in neutron experiments,  mainly owing 
to the fact the the growing method was not sophisti- 
cated enough in the early 198Os, superlattice reflec- 
tions were observed up to third-order reflections in the 
small-angle polarized-neutron diffraction pattern. 
Thus the effect of the superlattice structure, or the 
effect on the interfacial magnetism, could be derived, 
if the intensities were strong enough [4,5]. 

A short time after the interface or surface magnet- 
ism was studied on the TOP spectrometer by using 
magnetic multilayers, a detailed magnetic structure 
analysis was made in Brookhaven National Laboratory 
by using rare-earth metallic superlattices grown by the 
method of molecular-beam epitaxy (MBE) [6]. Since 
the crystal quality is like a good single crystal of three 
dimensions, detailed structure analysis could be made 
for many satellite reflections around the fundamental 
reciprocal reflections. In contrast to our experiments 
measuring small-angle scattering, the conventional 
diffraction method can be studied for the lattice 
coherency as well [7]. For instance, ferromagnetic Gd 
moments  were found to be uniformly lined up in 
parallel way in a Gd layer in G d / Y  superlattices. 

The most fascinating nature of the long-range mag- 
netic order  is the existence of antiferromagnetic struc- 
ture in which the aligned Gd moments are in alternat- 
ing directions with every other layer separated by a Y 
layer. The antiferromagnetic long-range order de- 
pends on the thickness of the intervening Y layer, 
which was interpreted by the long-range RKKY inter- 
action through the conduction electrons in the Y layer. 
In this case, the detailed magnetic structure could be 
well determined by adopting the polarization analysis 
of the scattered neutrons for emitting polarized neu- 
trons, with spin either up (+)  or down ( - )  with 
respect to the scattering plane: the spin flip scattering 
cross-section I + or 1 + contains a component  per- 
pendicular to the applied magnetic field, at the same 
time along neutron polarization, in the plane perpen- 
dicular to the scattering vector Q. On the other hand, 
the non-spin flip cross-section I ++ or 1 only detects 
a component  parallel to the neutron spin polarization. 
Therefore  the combined data of both I+-  (I +) or 1 ÷ * 
(I ) yield an accurate spin structure model, or the 
magnetic moment  direction. 

i +-- ( _ . )  A l ~ p j ( q x j  + iq~,i)ei°rJl2 (3a) 

I ++ ( ) Al~(bj- , iOr/12 + Piq~j )  e I (3b) 

where rj is the position vector of the j th atom in the 
unit cell, q /=  Q j ( Q / M j ) -  Mj and suffixes x, y and z 
represent the Cartesian coordinates, taking z] lP.  

It was also found from the polarization analysis that 
the phase slip occurs at the interface boundary in 
H o / Y  superlattices [8]. Nevertheless, such an interest- 
ing modulation in the long-range magnetic ordered 
state and in the local phase or amplitude of the 
magnetic moment  is accompanied by strain in rare- 
earth superlattices. This experimental  fact shed light 
on the important role of magneto-elastic coupling in 
magnetic superlattices induced by the superlattice 
structure of the coherent  multilayer stacking. 

It must be emphasised that these interesting phe- 
nomena can be observed not only from the high 
quality of the superlattices grown by mainly MBE 
techniques but by the modern technique of polarised 
neutron diffraction with polarization analysis. The 
existence of magnetic coupling through thick nonmag- 
netic metallic layers as well as the interface effect on 
the magnetism attracted very much as a modern 
subject in the field of magnetism by the indispensable 
contribution of such detailed neutron-scattering ex- 
periments. It is also believed that this evidence 
became a trigger to the discovery of the G MR  effect 
of the multilayers [9]. 

The recent development of the neutron reflection 
method also contributes to the experimental  study on 
the effect of the interface or surface on ferromag- 
netism [10]. We believe that there will appear in the 
near future many important neutron reflection results 
investigating the interface roughness, in particular of 
magnetic density fluctuations at the interface by using 
polarized neutrons. In this text, we only show our 
experimental studies on the subject related to the 
GMR effect [11], since the principles of the polarized- 
neutron reflection method have already been discussed 
extensively [10,12]. 

2. Small-angle polarized-neutron diffraction from 
GMR superlattices 

When we started small-angle neutron-diffraction 
experiments on Fe /Cr  superlattice film which showed 
the G MR effect, we focused on excellent experimental  
results showing the external magnetic field depen- 
dence of both the electrical resistivity and magneti- 
sation [13]. The experimental results indicate that the 
magnetoresistance effect ( - A p )  is approximately pro- 
portional to the magnetisation squared (M2). Al- 
though this experimental fact seems to be universal, at 
least in any Fe /Cr  superlattice samples, there was no 
theoretical interpretation at the initial stage of our 
studies. We therefore tried to understand the physical 
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origin of this specific relation in terms of the magnetic 
structure. 

Polarized-neutron diffraction in GMR films of Fe/  
Cr superlattice presented distinct magnetic diffraction 
peaks of up to third-order superlattice reflections, 
corresponding to a long-range antiferromagnetic align- 
ment of the Fe bulk moment  in the small-angle 
scattering. The structure analysis was made for the 
first two intense superlattice reflections [14] in the 
superlattice film of [Fe(2.7 nm)/Cr(1.2 nm)]30, which 
was grown on a float-glass substrate by slow deposition 
under  ultra-high vacuum (10 -9 Torr) at elevated 
tempera ture  of about 300 . . . . .  C. The neutron-scatter- 
ing cross-section contains the neutron polarization 
dependence,  and therefore the magnetic structure 
could readily be determined for the present case of 
antiferromagnetic long-range order. 

dcr(Q)/dl~ = B(Q) e + p(Q)2 

+ P[B(Q)P*(Q) + B*(Q)P(Q)] (4) 

where B(Q) and P(Q) are respectively nuclear and 
magnetic structure factors, P is the polarization vector 
of neutrons and Q is the scattering vector. Note that 
the dynamic scattering formula is more accurate for 
small-angle scattering, but the kinematic diffraction 
theorem was applied for the intensity analysis. We 
think the formula presented in Eq. (4) is applicable for 
our purpose. 

Nevertheless an important  point in our studies is 
that the cross-term of B(Q)P(Q) gives the fact that 
the magnetization in Fe layers rotates in the plane 
towards the magnetic field direction from the an- 
tiparallel alignment perpendicular to the external 
magnetic field (Fig. 1). This fact was also confirmed by 
the polarization analysis of scattered neutrons that the 
first-order reflection corresponding to the antiparallel 
long-range order  of the alternating Fe layers is domi- 
nated by spin flip scattering. Then we determined the 
angle of the bulk Fe moment  from the applied field in 
the film plane as a function of H [14]. 

This result immediately suggests an important con- 
jecture of the proportionali ty between GMR and the 
antiferromagnetic component  of the Fe magnetic 
moment ,  M//. In other words, the resistivity change 
Ap = p ( H ) -  p ( H s . t )  is approximately proportional to 
sin20, as shown in Fig. 1. M//= M sin 0. The term of 
s in® corresponds to the staggered magnetisation. 
Except  in fine detail, the proportionality seems to hold 
in all samples grown on different substrates, This point 
is very important.  

We have extended the polarized-neutron diffraction 
studies to the so-called noncoupled GMR multilayered 
films of [Co /Cu/NiFe /Cu]  structure [15]. This film 
shows a more pronounced GMR effect in lower 
magnetic field, which is expected to be applied to 
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Fig. 1. (a) Peak intensities of the antiferromagnetic Bragg reflec. 
tion corresponding to antiferromagnetic alignment of Fe bul} 
moment  vs. the magnetic field; (b) Ap vs. calculated angle 0 of bull 
Fe moment .  0 is defined between H and M. (After  Hosoito et al 
I14].) 

electronic devices such as a switch or a sensor detect 
ing a very small magnetic field [16]. The bulk measure 
ments are consistent with an expectation that th, 
G M R  effect may occur when the average Co and NiF, 
magnetic moments seem to align antiparallel. Thi 
scenario may occur owing to the fact that the C, 
magnetic moment  on the Cu substrate shows a rel~ 
tively large exchange anisotropy and, on the othe 
hand, Permalloy or NiFe is well known as a so: 
ferromagnet with very small magnetic coercive forc~ 
Then an antiparallel configuration of adjacent Co an 
NiFe moments occurs in a certain thickness of th 
intervening Cu layer. 

Polarized-neutron diffraction studies were pe 
formed by using [Co(1 nm)/Cu(3.6  nm)/NiFe(1 nm 
Cu(3.6 nm)]20 grown on a buffer layer of Cr on a gla 
substrate. A well-defined G M R  effect occurs wheJ 
the resistance maximum coincides with the abru  
jump in the magnetisation process [17]. Then tl 
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reverse of only the NiFe moment ,  leaving the Co 
moment  unchanged, is expected with the two-step- 
wise process of magnetization. However,  this intrigu- 
ing scenario must be experimentally confirmed, and it 
may be seen that the GMR holds a relation similar to 
what was found in the Fe /Cr  cases. Another  interest- 
ing feature in the present case of noncoupled G MR 
films is the large temperature  dependence of the G MR 
effect: the G M R  effect is over 40% at 77K, instead of 
about 10% at room temperature.  Note that the 
magnetisation value only increases by as much as 12% 
when temperature  is reduced below room tempera- 
ture. We also intended to clarify this point in the 
neutron studies. 

The magnetic field was first applied along the 
downward direction vertically such that the magneti- 
sation saturated along the field direction prior to the 
experiment.  Then polarized-neutron diffraction mea- 
surements were started from zero external field along 
the hysteresis loop. The experiments were done by 
counting I + and I separately. The magnetic field 
dependence was measured and then the results were 
analyzed by adopting a simple principle that the 
polarizat ion-dependent scattering cross-section can be 
seen at the first-order superlattice reflection. The 
magnetization along the field direction contributes to 
the first-order superlattice reflection intensity, and 
therefore  the average or coherent magnetic moment  

value in each Co, NiFe layer is extracted without any 
ambiguity. 

The result is shown in Fig. 2, in which the bulk 
moment  in each NiFe layer is shown to complete a 
flop process in a rather low field range up to 200 Oe,  
and, on the other hand, that more than about 1000 Oe 
is required to direct all the Co moment  to the external 
field direction at 77 K. Since the coercive force to flip 
the bulk moment  in the Co layer is distinctly higher at 
lower temperature,  the reason why the G M R  effect is 
larger at 77 K than at room temperature  can be 
clarified for the first time by this experiment.  This 
point is quantitatively seen in the intriguing plot in 
Fig. 3, where the values of AI are defined as the 
squared total moment  of the antiparallel-aligned com- 
ponent;  [Mc,,-MNiFe] 2 is plotted as the function de- 
fined as the difference between the measured field 
resistance and the saturated value; p(H m,T)- 
(Hs~,t,T). The saturation field was postulated to be 0.1 
T. 

The data points are appreciably classified into two 
groups: one group is on the straight line of the linear 
relationship (closed symbols) and the other is a group 
deviating below the straight line (open symbols). The 
former group includes only the data in the field range 
where only the bulk moment  in the NiFe layer flip, 
and the bulk Co moment  is still in the antiparallel 
direction to the external field. Since the NiFe is 
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Fig. 2. (a) Magnetization curves of noncoupled [Co/Cu/NiFe/Cu] GMR film; (b) magnetic field dependence of each Co and NiFe moment 
derived from polarized small-angle neutron-diffraction measurement. (After Hosoito et al. [17].) 
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magnetically soft, a uniform spin flip motion is ex- 
pected in NiFe layer. On the other hand, each Co 
moment  in the Co layer may not be uniformly lined up 
along the field direction until the external field reaches 
a saturated value, owing to the large exchange anlsot- 
ropy. Therefore the plot of the squared average total 
moment  of the antiparallel-aligned component might 
only be meaningful in the lower field region, where 
the antiparallel alignment of the bulk Co and NiFe 
moments can be guaranteed. On the other hand, in 
the process of the rotation of bulk Co moments, the 
order parameter of (Mco-MNiFe) might be hard to 
define. 

Nevertheless, examples presented here show im- 
portant evidence that the GMR effect is closely 
related to the atomic moment distribution where the 
average moment is parallel in the ferromagnetic layer 
and, at the same time, the long-range ordered state 
exists antiparallel with each adjacent magnetic layer. 
Then the result suggests that the specific relationship 
of Ap ~ M 2 should hold even in the noncoupled GMR 
film of [Co/Cu/FeNi/Cu] .  

3. Polarized-neutron reflection and the GMR effect 

Though polarized-neutron reflection is a simple 
experimental method, it provides rich information, in 
particular for the magnetic density profile perpen- 
dicular to the film plane of the multilayers [18]. The 
neutron refractive index n +~ ), being the neutron- 

polarization dependence due to the nuclear and mag- 
netic scattering being of almost same magnitude, gives 
a good sensitivity in the reflection profile. The refrac- 
tive index is determined by the scattering potential, 
and therefore the interface and/or  surface effect on 
the magnetic properties is readily detected. In the 
simplest case of a magnetic thin film deposited on a 
nonmagnetic substrate, neutron reflection R +(-) can 
be calculated in terms of each reflectivity coefficient at 
each interface, r01 or r~2. Suffixes 0, 1 and 2, represent 
respectively the air, magnetic film and nonmagnetic 
substrate, k ; ( - ) = k o [ n ~ ( - ) - c o s Z O j ]  '/2. 0j is the re- 
flecting angle. 

%i <-) + r;2 ( - )  e2i~ -(-)t, 
= 12 

R+~-) [1 + r & ( - ) r ~  ) e 2ik~{ )tl (5) 

The reflection from a multilayered film is extended 
similarly by means of retardation. We first demon- 
strated how the magnetic density profile was obtained 
by polarized-neutron reflection experiments by fitting 
the specular reflection data to the calculation of the 
reflectivity mentioned just above. In this analysis of 
the reflection data from a Ni/Ti multilayer specimen, 
taken on the TOP spectrometer, a simple square-well 
scattering potential was adopted in order to avoid any 
complexity. The multilayered film was grown by the 
magnetron sputtering method at PSI (18]. The ob- 
served wavelength dependence of the polarized-neu- 
tron reflection data as well as the flipping ratio are 
shown in Fig. 4, in which the Ni magnetic moment 
value and the magnetic-layer thickness were fitted to 
the experimental data. As shown in the figure, the 
observed data could be well fitted to the simple model 
calculation. The existence of the magnetic dead layer 
might be attributed to the interdiffusion of Ti and Ni 
near the interface layer. 

Nevertheless this experiment demonstrated that the 
polarized-neutron reflection method is shown to be a 
promising tool, in particular for measuring the effect 
of the superlattice structure on ferromagnetism, i.e. 
the interfacial magnetic effect. In this way, further 
experiments have proceeded to the present subject on 
the specific relation of the GMR effect and superlat- 
tice structure by using Fe /Cr  superlattices. 

The specular reflection from the MBE-grown Fe /Cr  
revealed that the bulk Fe magnetic moment has the 
long-range-ordered structure of antiparallel alignment 
as expected. The samples were grown at the NEC 
laboratory by using a Cr(100) substrate, which was 
grown on an epitaxially grown Nb(100) buffer layer on 
either MgO(l l0)  or A1203(1102 ) single-crystal sub- 
strate [19]. The lattice structure is represented as 
[Fe(100)(3 nm)/Cr(100)(1 nm)]80. 

Besides specular reflection, intense off-specular 
reflection was observed. This fact was somewhat 
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Fig. 4. (a) Polarized-neutron reflection data of Ni/Ti multilayered 
film, which is used for the neutron polarizer (applied field, 1).5 T); 
(b) flipping ratio of polarized-neutron reflection (the line was 
calculated as described in the text). (After Endoh [18].) 

surprising, because the lattice structure of the MBE- 
grown samples is highly coherent  in structure, which 
was detected by the reflection high-energy electron 
diffraction patterns. Since the off-specular reflection is 
intense at around the wave vector corresponding to 
double the bilayer structure - -  in other words, the 
period of the antiferromagnetic long-range order of 
the Fe bulk momen t  - -  it might be magnetic in origin. 
In order  to study this point more  thoroughly, a specific 
scan to search the magnetic disorder in the plane was 
made on the T O P A N  spectrometer  installed at 
J R R 3 M  of Tokai  establishment of JAEPI .  The scan 
was made along both the specular reflection (QII) and 
the perpendicular  direction ( Q ± ) ,  crossing at the 
ant i ferromagnet ic  and bilayer reflection point in Q]], 
in order  to measure the off-specular line shape as 
shown in Fig. 5 [11]. 

The  characteristic feature is, as seen in the figure, 
that  the intense diffusive off-specular reflection is 
dependent  on the external field, which coordinates 
with the intensities of the sharp peak of the anti- 
fer romagnet ic  Bragg reflection. The off-specular re- 
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Fig. 5. Neutron diffuse scattering (a) across the antiferromagnetic 
superlattice point and (b) across the bilayer superlattice point. The 
various lines shown in the figures are data for different applied fields 
in the plane. (After Takeda et al. [19].) 

flection at Q corresponding to the superlattice struc- 
ture is less intense, and the intensities increase with 
the field strength. The result immediately indicates 
that the off-specular reflection is magnetic.  

Except for a quantitative argument  described in the 
previous literature [11], it is reasonably explained that 
the off-specular reflection component  should be corre- 
lated with the G M R  effect. Integrated intensities of 
the off-specular diffuse scattering are approximately  
M 2 of the staggered moment ,  which also is immedi-  
ately correlated to the proport ionali ty of Ap ~ M 2. It 
must be emphasized that the line shape of the diffuse 
scattering of the off-specular reflection does not show 
a significant change in the field, but only the scattering 
intensity is field-dependent.  If the line shape is ap- 
proximated by the lorentzian, the line width gives 
about 100 lattices of the correlation length, which is 
far smaller than the length scale of the rocking curve 
of the Bragg peak (20" of arc). Therefore  we specu- 
lated that the off-specular diffuse scattering is domi- 
nated by the disordered Fe spins at each interface, 
which must be responsible for the G M R  effect in the 
exchange-coupled Fe /Cr  film. 
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Finally it should be emphasized here that the 
present neutron-reflection measurements contain the 
first experimental evidence showing the strong correla- 
tion of GMR and the magnetic interface roughness. 
Furthermore we argue that the interfacial magnetic 
roughness observed is not extended more than about 
100 lattices in a linear dimension in the plane, which is 
far smaller than the scale of the ferromagnetic domain 
size often discussed in this subject. Therefore future 
studies must clarify this point. 
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