43

Relationship between the Interfacial Roughness and
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Abstract

The relationship between the interfacial roughness and the giant magne-
toresistance ( GMR ) in Co/Cu superlattices has been studied. The results
have been understood with sd scattering model on the assumption that
d states are bound in magnetic layers. The GMR in Co/Cu superlattices
mainly comes from the spin-dependstut scattering in the Co layers, and
the interfacial scattering is less spin-dependent than bulk scattering. This
is because of the attenuation of the wave functiahstétes at interfaces.
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In these theories, interfacial roughness is
required as the scattering center. The strong
A great number of attempts have been spin-dependent scattering also comes from
made to clarify the origin of the giant mag- the spin-split density-of-states ( SSDOS ) for

netoresistance ( GMR ) observed in various majority- and minority-spim bands in the
magnetic multilayers[1-3]. Most of them magnetic layers and occurs both in the bulk
have focused on the spin-dependent scatter-and at the interfaces[7,8].

ing of conduction electrons. Some theoreti-  On the other hand, many experimental

cal studies attribute the GMR to the studies deal with the correlation between the
spin-dependent potential at interfaces[4-6]. GMR and the interfacial roughness to under-

1. Introduction
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stand the role of interfaces[9-14]. For Fe/Cr t,,;, was estimated from the deposition rate,
superlattices[9,10], the enhancement of both and the chemical composition of Co and Cu
the magnitude and temperature dependence in the mixed region was to be about 40 and
of the GMR due to interfacial roughness has 60 at.%, respectively. The amount of Co
been reported, so that the origin of the GMR and Cu in each bilayer was kept constant at

in Fe/Cr is attributed to the interfacial scat-
tering[5]. However, for transition metal
(TM)/Cu superlattices, no one has reported
that the interfacial roughness enhances the
GMRJ[11-14]. Nevertheless, the importance

1.0 and 2.2 nm for pure Co and Cu. The
nominal structure of samples was as fol-
lows: substrate/ Fe(5.0)/ Cu(2.2,5/2)/
CoCutmiy)/ [Co(1.0 )/ CoCufrin)/
CU(22 _tmix)/ Cocu(mix)]ld CO(lO _tmix)/

of interfacial scattering has been pointed out Cu(2.2 —,,,/2), where the values in the

indirectly in studies on the layer thickness

dependence of the GMR[15,16]. The mech-

anism of the GMR imTM/Cu superlattices
still remains unclear.

This lack of understanding lies in the dif-
ficulty of quantitatively understanding the

parentheses are the thickness of layers in the
unit of nm. This structure corresponds to

the second peak of oscillatory properties of
GMR and the antiferromagnetic coupling
between adjacent Co layers.

relationship between the interfacial structure 2.2 Structural Analysis

and the transport properties since the interfa-

cial structure is difficult to control and ana-
lyze. In this paper, we report the structure
and the GMR of Co/Cu superlattices with
well controlled interfacial roughness. The
results suggest that the GMR in Co/Cu
superlattices mainly comes from the spin-
dependens-d scattering in the Co layers.

2. Experiment

2.1 Sample preparation

The Co/Cu superlattices were deposited
on surface oxidized Si substrates in a mag-
netron sputtering system with a base pres-
sure of 2 107 Torr. After deposition of an
Fe buffer layer with a thickness of 5.0 nm,
16 Co/Cu bilayers were grown at room tem-
perature in an Ar pressure of 30° Torr at

Using a conventional powder diffrac-
tometer, high and low angle XRD measure-
ments were performed in a symmetrical
reflection@— 26) geometry to characterize
the crystallographic structure and the period-
icity of superlattices. The divergence of the
incident CoKa radiation @ = 0.179nm) was
1° for high angle XRD and 1/6° for low
angle XRD. The scattered x-ray was detect-
ed with a proportional counter, after the Co
KB radiation was eliminated with a graphite
monochromator.

NMR experiments were carried out in
zero field at liquid helium temperature.

Each sample was divided into rectangular
pieces of 18 20 mnf. Ten of them were

stacked up and were fitted into an exciting
coil. Thus, the rf field was applied parallel

a deposition rate of 0.2 - 0.3 nm/s. Interfacesto the film plane. Using a variable frequen-
between Co and Cu layers were modified by cy spin-echo apparatus, the distribution of

codeposition, which was performed with a
computer controlled shutter system. The

the hyperfine field of°Co was measured in
a frequency range of 120 - 240 MHz. The

nominal thickness of the codeposited region pulse width and the separation of two rf
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pulses were kept at constant values ofils2 measured with samples at 300 K large
and 15us, respectively. In order to calibrate enough to obtain an accuracy of 3f@cm.
the frequency dependence of the measure-  The magnetization was also measured
ment system, we measured the reference sigwith a superconducting quantum interface
nal together with the spin echo signal. device ( SQUID ) magnetometer.
Moreover, we correct thef dependence of

the spin-echo signal to obtain the number of 3. Results

atoms which resonate at a particular fre- 3.1 Structure of Co/Cu Superlattices[18]

quency[17]. Fig. 1 shows a typical high angle XRD
pattern for the samples. Three peaks for fcc

2.3 Measurement of GMR Co/Cu are observed. Comparing with the

The in-plane magnetoresistance ( MR ) relative intensity of powder diffraction of
was measured with a standard dc four-termi- fcc crystals, our samples show a strong ten-
nal geometry as a function of the temperature dency to (110) textured structure. Contrary
in the range 2r<300 K. The dimension of to the most of sputtered Co/Cu superlattices
the samples for the measurement wad 2 reported by other workers[2,3], (110) pre-
mn¥, and the current used was 1 mA. This ferred orientation of our samples is charac-
confirms that the resolution of the measured teristic, and is likely to be closely related to
resistance is better than'1Q. In order to the structure of Fe buffer layer[19]. The dif-
minimize the error due to the thermoelectric fraction patters of samples with differept,
power in the measurement circuit, we aver- cannot be distinguished from each other.
aged two sequential measurements with dif- Thus, the crystallographic structures of pre-
ferent polarities of the current. This sent samples are independent,gf while
sequence was repeated more than 50 times those of the samples prepared on glass sub-
keeping the temperature constant for 10 strates depend dp;, as we reported previ-
min, and the collected data were averaged. ously[14].

The standard deviation for the data was Low angle XRD patterns are also inde-
smaller than the order of Q. The resis- pendent of,,;, as indicated ifrig. 2. For all
tance-to-resistivity conversion was per- the samples different it,, Bragg peaks
formed by scaling using the resistivity due to the artificial period and Kiessig

200 T T . T
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intensity (a. u.)
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»
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Fig. 1  High angle x-ray diffraction pattern for the sample, gf= 0
nm[18]. Samples df,, # 0 nm show almost the same
diffraction pattern
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fringes are clearly visible. Since the super- ligible. There exists a wide distribution of
lattice period is kept constant, these peaks the hyperfine field in the lower frequency
appear at almost the same position. Itis region of the main peak down to 120 MHz.
remarkable that no significant differences in The tail at the frequency lower than that of
the amplitude of peaks can be observed main peak is due to the Co atoms near inter-
between samples. Comparing these results faces. Please note that the intensity of tail
with the calculated diffraction patterns[18], increase with,,,. This indicates that the

the thickness fluctuation of each layer was

less than 0.1 nm for all samples indepen-

dently oft, .

In contrast to the XRD, the NMR is sensi- ]
tive to the atomic short-range order ( ASRO ). Of
Fig. 3 shows the frequency spectra of spin- 0.8
echo intensity of°Co in the sample of vari- 0.6
oust,;,. The main peak observed around 0.4
210 MHz is attributed to the signal from the 0.2
fcc Co atoms with 12 nearest neighbor Co 0.0 o
atoms, while the resonance frequency is =107 fie = 010 nm 1
slightly lower than that for bulk Co of 217 < 08
MHz. Since no significant signal was = 06}
observed on the higher frequency side of the *é 0.4
main peak, the amount of the hcp Co is neg- 8 ool
C
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Fig. 2 Measured low angle x-ray diffraction 120 142,91&06:123 (?\2322)20 240
patterns[18]. The large peaks &=23.1° and
6.2° correspond to the Bragg diffraction for the
superlattice period. For the better Fig. 3  Frequency spectra of spin-echo intensity of
understanding, the data for the sample,pf= %Co[18]. Measured data | are fitted with 5
0.15, 0.10, 0.05, and 0 nm are multiplied by Gaussians ( dashed lines ). Solid lines indicate
10"° 10, 10*°and 16, respectively. the summation of 5 Gaussians.
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amount of the mixing of Co and Cu atoms  sistent with each other. Since the Co and Cu
increases with,;,. are randomly mixing at interfaces, the opti-

The chemical composition profile (CCP ) cal constants for x-ray will change from Co
and the ASRO parameters have been evalu-to Cu layer over a finite distance. On the
ated from the frequency spectrum. The cal- other hand, the thickness of the mixing

culation procedure is detailed in Ref. [18],
and we report here only the result.
Resulting CCP’s shown iRig. 4 well repro-
duce the frequency spectra as indicated by

region is uniform in the sample as expected

solid lines in Fig. 3. The shape of the spec- 1.0} Foic =0 i T E @ |
trum depends drastically upon CCP ( para- 08t +T L

metersx; ). For example, there are 06}

significant change in the shape of the spectr: 0.4

for the samples df,, = 0, 0.10, and 0.15 o2l

nm ( Fig. 3(a), (b) and (c) ), while the differ- 0.0 Ak

ences in CCP’s for these samples are not so 1ol 1, =0.10] | (b) ]
large ( Fig. 4(a), (b) and (c) ). This indicates ' - T

that the NMR has the power to detect the 0.8y (# th

small differences in the CCP. Because of c 0.6}

this high sensitivity of NMR to local com- 2 04y

position, CCP’s were determined within the § 0.2¢

errors indicated by bars in Fig. 4. For the ¢ 00 - ~6l‘1l‘5*1 ; =
sample ot = 0 nm, the intermixing S 1op ™ T | ]
extends over 2 atomic layers near interface. S o8} | l

The concentrations of Co in the first and 06} 1
second atomic layers from the interface are 0.4} 1
84 and 97 %, respectively. With increasing 02t 1
tnix the amount of the intermixing increases. 0.0 , ,

On the other hand, the ASRO parameters ar. 10l fmu=0-25i i i (d) |
almost zero in all atomic layers for all sam- 08l ! ! ]
ples. Inthe case af = 0, Co and Cu atoms 06l |
distribute randomly, whiler, < O (a; > 0) 04l ]
corresponds to the ordering ( segregation ) ’

of the Co and Cu atoms. Although, the 0.2} . ]
shape of the spectrum is not so sensitive to 0.0 5 10 15 20

the ASRO parametersx() in the present layers

case, their values of almost zero are enough

Fig. 4  Estimated chemical composition profile in one
superlattice period[18]. Histogram shows the
estimated Co concentratianin theith atomic
layer. Dashed lines indicate the boundaries of
Co layer of 8 ML with ideal structure. Bars

indicate the statistical error

reliable to preclude the strong ordering or
segregation of the Co and Cu atoms.
Therefore, atoms of Co and Cu are distrib-
uted randomly in the mixed regions.

The results for XRD and NMR are con-
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from XRD measurements. Therefore, no
significant change in XRD pattern for the
samples of differertt,;, is observed. These
facts confirm that our samples with different
tmix are only different in the distribution of

Co atoms near interfaces, while the superlat-

tice period, the thickness fluctuation and
crystallinity remain unchanged.
Consequently, we can control the atomic
roughness of the interfaces in the Co/Cu
superlattices by codeposition.

3.2 GMR[20]

Fig. 5 shows the MR curves measured at
5 K for the samples with differety;,. The
MR ratio is defined aso(— pr)/ o=, Wherep
is the resistivity in an arbitrary field apgd
is the saturation resistivity. In general, the
resistivity of our samples decreases from the

80 T :
60 _tmix=0 nm (a) ]
40 t
20}
60 -tmix=0'10 nm (b) |
g 0 t =015 (c)
o 60 L imix=0- 10 MM 4
= 40} ]
20} ]
0 ' ! :
=02 d
60 -tmlx 5 nm ( ) T
40 :
20} .
O It A I
-10 -5 0 5 10
H (kOe)

Fig. 5 The magnetoresistance curves measured at 5
K for samples with different interfacial

roughness[20].
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initial value with increasing magnetic field

H and saturates at the valuegafin a field
larger than the saturation fiettl. After sat-
uration, the resistivity has a peak near the
coercive field. Since the value of the initial
resistivity is larger than that of the peak one,
the antiferromagnetic ( AF ) alignment of

the magnetization of the Co layers is more
perfect at the initial state than that in the
field where the resistivity has the peak. The
magnetization of all samples is zero at initial
state, and the relationship between the resis-
tivity and the square of the magnetization is
linear at low temperatures. From the discus-
sion in Ref. [20], this indicates that magnet-
ic configuration of our samples is very close
to the perfect AF alignment at the initial

2 1 1 L L 1
0 50 100 150 200 250 300
temperature (K)

Temperature dependence of &y, (b) pe, and

(c) Ap for the samples df,x =0 (# ), 0.10 ¢ ),
0.15 @), and 0.25¢() nm[20]. Note that the
vertical scale for (c) is different from the
others. The lines indicate a guide for the eyes.



state. Then we denote the resistivity at the
initial states ap,e here. Furthermore, lin-
ear dependence of the resistivity on the
square of the magnetization preclude the
strong spin dependence in the scattering
potential for both bulk and interfacial scat-
tering.

We examined the effect of the interfacial

49

temperature coefficient is small. Since the
temperature coefficient g is larger than
that of pag, Ap decreases with increasing
temperature.

Fig. 7 and8 show double logarithmic
plots of p=(T) — p=(2 K) andA4p(2 K) —
Ap(T). Attemperatures lower than 100 K,
pr closely approximates & power law.

roughness on the temperature dependence cThe temperature dependenceopthanges

the GMR with our attention on the initial
resistivity p,e and the saturation resistivity
Pe. During the measurements of tempera-
ture dependence ghr andpg, we can keep
the magnetic configuration constarig. 6
shows the temperature dependencg,ef
andpg together with that of\p = par — o

for the samples of variodg;,. With
increasing temperature, bgth- andpe
increase due to electron-phonon, electron-

to T"(n=1 - 1.5) over 100 K. On the other
hand,Ap changes linearly witf®? over the
whole measurement temperature range.
Saitoet al[21] indicated that\p and the
spontaneous magnetization showed a similar
temperature dependence. In fact, the spon-
taneous magnetization of our samples also
shows ther® dependence. However, the
relationship between them is more compli-
cated than a simple linear relation. The

magnon, or other scattering processes. The power laws fordp andp: are independent

residual resistivity opg increases with
increasing,,, due to the increase in interfa-
cial scattering, though the difference in the

1X104 — —rrrrro—

Eaxi03t 1o =l
T ..’

% 1x10° | . O&ﬂ@,-
2 1xt0' [, o -
X oL o/
Q 1x10 * 7
I “ If /
< 1x10 1
X > s>
1x10° ;’ 1

1x10-3 il s aaasal Al

4 10 100 400
temperature (K)
Fig. 7 Double logarithmic plot ope(T)—pe(2 K)

versus temperature for the sampleg,gf= 0
(¢),0.106),0.15 @), and 0.25cf ) nm[20].
For the better understanding, the data for the
sample ot = 0.10, 0.15, and 0.25 nm are
multiplied by 10, 18 and 16, respectively.

Fig. 8

of t,ix, although the residudlp and p-
change significantly due to the increase in
interfacial roughness (see Fig. 6). This sug-

1X104 T S
E 1x103
i 1x102

& 1
g 1x10
T 1x10°
& -1
~ 1x10

§1x10'2

1x10°3

temperature (K)

Double logarithmic plot ofAp(2 K) —Ap(T)
versus temperature for the sampleg,gf= 0
(¢),0.106 ), 0.15 @), and 0.25cf ) nm[20].
For the better understanding, the data for the
sample ot = 0.10, 0.15, and 0.25 nm are
multiplied by 10, 18 and 16, respectively.
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gests that the interfacial scattering mainly
contributes to the residual resistivity, while
the temperature dependence mainly comes
from the bulk scattering.

4. Discussion

In this section, we propose the simple
model based on above experimental results
to explain the,,, dependence of the GMR
at low temperature.

For the GMR in Co/Cu superlattices, scat-
tering ofs electrons to unfilledl bands is
important. At the Fermi level, the majority
spin band of Co and the conduction band of
Cu have nal-like character, while the
minority spind band in Co has large density
of states ( DOS ). Thus, the minority sgin
states will be bound to the Co layers. On
the other hands electrons near the Fermi
level do not experience a large potential dif-
ference at any of the interfaces, sinceshe
bands for Co and Cu are well aligned. Since
the bulk and interfacial scattering can be
attributed to the impurity scattering at low
temperature as we mentioned above, we
assume that the bulk and interfacial scatter-
ing potentials have the form of the Dirac
delta function. Here, we do not assume any
spin-dependence in the scattering potentials,
since the resistivity depends linearly on the
square of the magnetization. We have
extended the resistor network theory[22] to
take account of the boumbstates using
guantum Boltzmann equation. The details
will be reserved for a separate publica-
tion[23], and we report here only the final
result,

Upe = 1pf + 1o} noooooooo(l)
F _ 2TIMg 20 2 AEN2
p; _WSEZ[QS(EF)(VB f]s+7)V| I’)l} 0(2)
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. effective mass of electrons,
. density ofs electrons,
: DOS ofs states at the Fermi
energy ofEg,
: DOS ofd states at the Fermi
energy,
. height of the scattering poten-
tial in the bulk,
. height of the scattering poten-
tial at interfaces,
volume density of the bulk scat-
terers,
volume density of the interfa-
cial scatterers,
£ = A
ty : thickness of magnetic layer,
A superlattice period,
@ : square of the amplitude df
wave at interfaces.
In these equations, the terms with prefac-
tor g(Er) andgy(Er) come from thes-sand
s-d scattering, respectively. The influence
of the interfacial states are included explicit-
ly by usinge (interfacial roughness ) argg
(interfacial electronic states ). In our
model, the spin-dependent DOSdoStates
play an important role to arise the GMR.
Fig. 9 shows the,,, dependence of the
GMR measured at 5 K. Boph- andp-
increase with increasirtg;,, while the MR
ratio decreases. It is clear that the interfacial

Ne -
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scattering is crucial but less spin-dependent. /2, /v,?n, = 5.0+1.0. It is reasonable that

We can estimate the value®fEg)/g(Er) at
about 12 from the measured MR ratio of the
sample ot = 0 nm, if we neglect the
interfacial scattering [assumirgg= O nm in
equations (1)-(4). This value of
04(Er)/94(Eg) is close to the ratio of the cal-
culated DOS akr in the majority and
minority spin bands in bulk Co[24, 25]. The
calculated resistivities and the MR ratio for
the parameters @f = 1 nm,A = 3.2 nm,
9u(Er)/ay(Er) = 12 andV,’n, /Vgng = 5 are
also indicated by lines in Fig. 9. The calcu-
lated results are normalizedtgt = 0 as the
calculatedo: to be equal to the measured
one. ltis clear that the behavior@fis
insensitive tag:. The agreement between
measured and calculatedis well when

0.2

0 0.1
t mix (NM)

0.3

Fig. 9 Measured ( symbols ) and calculated ( lines )
resistivities &) and the MR ratiok)[23].
Measurement was performed at 5K. &) the
measuregb,e (o ) andpg (m ) correspond to the
resistivities for antiferro- and ferromagnetic
configurations, respectively. Parameters used
in calculation aréy, = 1 nm,A = 3.2 nm,
94(Er)/g{Er) = 12 andV’n/Ve'ng = 5. Lines
indicate the results fag- = 0 ( dashed lines ),
@ = 0.5 ( solid lines )@ = 1.0 ( dashed-and-
dotted lines ) angyr =1.5 ( dotted lines ).

the density of the scattering centers is larger,
or the scattering potential is stronger at
interfaces than in bulky( > ng orV, > V).

On the other hangh,e is sensitive tag.
Comparing the measured and the calculated
results,@g = 0.5 is suitable for explaining the
behavior ofp,r and the MR ratio for the
samples of,,;, < 0.15 nm. The approxima-
tion we made in Egs. (1)-(4) will no longer
hold, whert,,, becomes comparable with

the period of the wave function dfstates

( see Ref. [23] ). This affegh, much more
than it doegpg, and may cause the deviation
between the measured and calculgigaat

tnix = 0.25 nm. The detailed numerical cal-
culation will be necessary to discuss the
GMR for the samples with such large rough-
ness. The value @f- < 1 indicates that
amplitude of thel states is attenuated at
interfaces, since the average value of square
of the amplitude ofl wave is aboud/ty, (>

1) in the magnetic layers. Thukstates are
strongly bound in magnetic layers.

Our model agrees well with the experi-
mental results. However, the contribution of
the interfacial scattering to the resistivity of
the sample of,,, = 0 nm remains unclear,
although we neglect it in the above discus-
sion. In fact, we have confirmed the exis-
tence of a small amount of interfacial
mixing for the sample df,, = 0 nm as we
mentioned in Se@.1. The influence of the
interfacial mixing can be also discussed by
the layer thickness dependence of the resis-
tivities. Thus, we focus our attention on the
dependence ¢, which is not influenced
by the interlayer coupling between adjacent
Co layers, on the thickness of the Co and Cu
layers for the samples without intentionally
mixed interfaces. As a resylf; increases
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with increasing the Co layer thickness,
while it decreases with increasing the Cu
layer thickness. This indicates clearly that
the resistivity of Co layers is larger than that
of not only Cu layers but also the interfaces.
This layer thickness dependence is repro-
duced only whem is very small in Egs. (1)-
(4). Therefore, our assumption&f 0 for

the sample of.,, = 0 nm is appropriate.

If superlattices have slightly rougher
interfaces than that of our sampleg@f=0
nm, the interfacial scattering will influence
the GMR significantly depending on the
interfacial electronic state. The interfacial
electronic state should be sensitive to the
combination of metals. Parkin[15] has
reported that the MR ratio is enhanced by
inserting very thin Co layers at the inter-

faces between Cu and NiFe layers. This can
be interpreted in our model as the change in

@ depending on materials. The virtual
bound state indicated by Inoue and

preparing Co/Cu superlattices with well-
controlled interfacial roughness. In these
samples, only the atomic interfacial rough-
ness has been modified, while the morphol-
ogy and the crystallinity remain unchanged.
The residual resistivity increases with
increasing,i,, while the temperature depen-
dence of the GMR is independenttgf.

The residual MR ratio decreases with
increasing,,,. Thet, dependence of the
residual GMR is well understood with the
simples-d scattering model. The GMR in
Co/Cu superlattices mainly comes from the
spin-dependerg-d scattering in the Co lay-
ers, and the interfacial scattering is less spin-
dependent than bulk scattering. This is
because of the attenuation of the wave func-
tion of d states at interfaces.
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of the GMR. However, the bulikd scatter-
ing will be the most important process to
arise the GMR imM/Cu superlattices, since

a very large MR ratio is observed at least for

our sample whose interfacial scattering is
very small.

Consequently, the GMR in Co/Cu super-
lattices mainly comes from the spin-depen-
dent bulk scattering due to spin-dependent
DOS in the Co layers. The interfacial scat-
tering due to interfacial roughness is less
spin-dependent than the bulk scattering.
This is understood in terms of testates
bound in the Co layers.

5. Conclusion

We have investigated the structure and therz

GMR of Co/Cu superlattices with artificially
modified interfaces. We succeeded in
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