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Electronic scattering from Co/Cu interfaces: In situ measurement and comparison with theory

William E. Bailey*
Department of Materials Science & Engineering, Stanford University, Stanford, California 94305-2205

Shan X. Wan
Department of Materials Science & Engineering, Stanford University, Stanford, California 94305-2205
and Department of Electrical Engineering, Stanford University, Stanford, California 94305-4035

Evgueni Yu. Tsymbal
Department of Materials, University of Oxford, Parks Road, Oxford OX1 3PH, United Kingdom
(Received 12 May 1999

The full thickness-dependent electrical conductivity of polycrystalline NiO/Co/Cu/Co spin-valve structures
was measuredh situ during ion-beam deposition and compared with calculations based on realistic band
structure. We have found striking features in the experimental conductivity which are unexpected from widely
used semiclassical free-electron models. Addition-df ML Co to a NiO/Co/Cu surface causes the net film
conductance to decrease; the reverse case of Cu on NiO/Co shows a strong positive curvature of the thickness-
dependent conductance, indicating a reduction of the conductivity in Cu near the interface with Co. Quantita-
tive agreement is found between the experimental thickness-dependent film conductance and multiband tight-
binding model calculations using a single constant parameter for on-site atomic disorder. The experimental
data are consistent with strong scattering of conduction electrons in Cu at the interfaces with Co. Comparison
with theory suggests that most of the observed interface scattering may be considered to be intrinsic, arising
from the placement of a high density of empty @states at the Cu boundaries.

I. INTRODUCTION been proposed recently as a process diagnostic for GMR
spin-valve depositioh® at present, however, little under-
Understanding of giant magnetoresistaf@#R) rests on  standing exists of how an ide&l(t) curve should appear for
an understanding of the size-dependent conductivity in thineven the simplest spin-valve structure, NiO/Co/Cu/Co. Com-
film multilayers. Most efforts to model the experimental con- parison of experimental and theoreti@(t) curves is thus
ductivity of GMR multilayers(Co/Cu, NiFe/Ag, Fe/Cr, etg. of interest for both empirical and theoretical approaches to
have assumed free-electron behavior within the constituertnderstanding GMR. _
layers? extending the Fuchs-Sondheimer approa@pin- . .We present dqta on the full th|.ckness-dependent conduc-
dependent scattering, introduced through the spin depefivity G(ty) of NiO/Co/Cu/Co spin-valve structures, mea-
dence of some scattering paramefetis considered in these suredin situ during ion-beam deposition. Good agreement is
models to be the source of GMR. The scattering at thdound with calculations based on realistic band structure us-
ferromagnet/noble-metal interfaces is not assumed to be id0g @ single parameter for spin-independent disorder in Co
trinsic, but may be introduced through separate parameterdnd Cu. Itis shown that unexpected features in the thickness-
Nevertheless, even if these parameters are included in senfleépendent conductance may be associated with scattering at
classical free-electron models, experimental conductivitie$he Co/Cu interfaces. Comparison with theory indicates that
tend to be underestimated for thick ferromagnetic layers anfnost of this interfacial scattering arises from band-structure

overestimated for thin ones’ differences between the ferromagnet and noble-metal layers.
Several models of GMR exist which treat the band struc-
; ; it i B=12
ture of the multilayers in a realistic fashin'?> some of Il EXPERIMENTAL METHOD

thes&1° indicate that the electronic structure provides a

source of GMR distinct from spin-dependent scattering. The The sample sheet conductances were measured continu-
conductivities calculated through realistic treatment of theously during deposition, using lock-in ac measurements in
multilayer band structure have not yet been compared ithe four-wire Van der Pauw geometr@(t) characteristics
much detail with experiment. Butlegt al. have compared for a series of samples may be measured without breaking
experimental and  theoretical  conductivities  for vacuum; formation of electrical contacts to the surface is
Co(t)/Cul/Cof) spin valves as a function of one constituentaccomplished through a special load-lock transfer mecha-

layer thickness, fit with three empirical parametérs. nism. A detailed description of this technique is provided
A very complete characterization of the multilayer con- elsewheré® some aspects are summarized here.
ductance is provided byn situ conductance monitoring, The electrical contacts to the sample surface are formed

which allows us to determine the full thickness-dependenthrough four Au pads 1 mx1 mm wide and 3000 A thick,
film conductanceG(t) and infer the incremental conduc- located at the corners of the 15 b5 mm substrate. The
tance contributed by each atomic layer. This technique hagads are formed in a separate deposition run by evaporation
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of Cr(100 A)/Au(3000 A) through a shadow mask; substrates sox10?
for the pad deposition are 4-in. thermally oxidized Si wafers
coated with 400 A NiO. The Si wafer is cleaved into cou-

pons after pad deposition to avoid sputtering onto and con- 40+
duction through the sample sides. Typical point-to-point re-
sistances of the bare Si/SINiIO(/Au-contac} substrate,
measuredn situ immediately prior to spin-valve deposition, ~ 307 (Co \ v

o [@) o
o o
s s |2

were 1 M), with 0.5 M(Q) measured in the four-wire geom- &

=

20--|Co (a

Ry

Ao

etry. Measurement and deposition take place at ambient tem G
perature (300 K). A thermocouple located beneath the %
sample during similar depositions has shown very little tem- -
perature rise due to sputtering, with an increase<éf°C 10 \
recorded over 30 min continuous sputtering. /V

For this study, a series of NiO/C20)/Cu(t)/Co(50A)
spin-valve structures in Cu thickness; 7.8, 11.0, 15.5, 23.3 0-
A, was deposited and conductances measimaitu. To de- 0 20 40 | 60 80
termine the periodicity of features observed, a tor (A)
NiO/Co(ZQ)/[Cu(ZO)/Co(lO A)ly multilayer was measured FIG. 1. Experimental film conductan€&(t,,) measuredn situ
in comparison. All layers were formed by ion-beam Sputter-y,,ing geposition of NiO/C@0)/Cuite,/Co(40A) trilayers. The
ing in UHV with a base pressure.of>210 torr, primary position of the interfaceséstarting points for deposition of Cu and
beam energy of 300 V, working Xe pressure of 4 cq) is marked for sampleA\-D. te,=7.8A (A), 11.0A (B),
X 10 “torr, and beam current of 50.1mA. The NiO 1554 (C), 23.3A (D). Note the strong deviations from linearity in
substrate was ion cleanel =300V, P, =4Xx10 *torr, the vicinity of the interfaces.
45-s duration in vacuum immediately prior to deposition.
Thicknesses were controlled by deposition time, calibrateqgyatively little to the film conductance for low coverage,
by x-ray reflectivity measurements of layer thickness. Ayith progressively greater incremental contributions at
quartz microbalance has been used in some cases as secogflsater thickness. We point out that the curvature in this plot
ary confirmation of deposition rate. No magnetic field hasis eyerywhere positive, with no kinks in the thickness-
been applied and no exchange anisotropy introduced duringependent conductance present. The incremental contribu-
deposition. , _ , o tions to conductance are plotted in more detail in Fig. 2;

We have found in previous TEM investigation of "bot- these are plotted in their inverse unitssistivity) for easier
tom” NiO-biased spin valves that the deposited layers do comparison with tabulated values. We define the incremental
not display any net preferred crystal orientation. The preyegistivity as
dominant growth mode of NiFe/Co/Cu/Co/NiFe on NiO in

our system is such that there is local cube-on-cube epitaxy 96 (1) 1
between randomly oriented fcc NiO grains and columnar p(t)=(—) .
grains formed by the NiFe/Co/Cu/Co/NiFe layers. We as- ot

sume here that the bottom NiFe layer does not affect the o . N )

epitaxy strongly, and that NiO/Co/Cu/Co exhibits similar The incremental resistivity may be identified with the bulk
crystalline ordering; this has been found to be the case in EesSistivity for the added layer only in the case where other
HR-XTEM investigation of dc-magnetron sputtered NiO/Co/

Cu/Co spin valves by Chopret al® 50 *
& [cu]
lll. EXPERIMENTAL RESULTS 40 \% !
The full thickness-dependent conductivity data for _ .
NiO/Co(20)/Cu(t)/Co(50 A) trilayers, t=7.8, 11.0, 15.5, 5 30 [Col
23.3A is presented in Fig. 1. Total film conductance mea—% t \
suredin situ is plotted vs total layer thickness; the interface £ 20 k ‘ —
positions(Co on Cu, Cu on Cpare indicated by arrows. For X l N “*s0es
Co on NiO, the onset of normal metallic film conductance is =
found at~6 A, approximately 3—4 ML coverage. The slope 10 ."g\
of the thickness-dependent conductanG£t) increases -..&
gradually and approaches a more linear behavior up to 20 A
This behavior is consistent with the formation of a high den- 0
sity of defects in the first several monolayers, causing a 0 20 tfo(i’\) 60 80
higher bulk layer resistivity, after which the layer quality is .
improved and lower layer resistivities are attained. FIG. 2. Experimental incremental resistivipgt) for sampleD.

More striking features in conductance are observed at thRote that the rapid decrease in effective resistivity with increasing
interfaces. For Cu on NiO/GR0 A), a strong positive cur- Cu layer thickness is featureless. Saturation resistivitiesgR&m
vature is present it(tcy): additional Cu layers contribute for Cu and 16pQ cm for Co are estimated.
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FIG. 3. Experimental film conductan¢&(t,,) measuredn situ

FIG. 4. Experimental conductance drd| N) produced in
for a NiO/C20/[Cu(20)//Co(10 A)], multilayer. P Barod N) P

deposition of Co on Cu vs bilayer numbirfor the multilayer. An

) increasing trend il G, N) with N is present.
defects(the bottom surface and interfagese several mean-

free paths away. Otherwisg(t) should exceed the bulk re- IV. COMPARISON WITH THEORY
sistivity for low-deposited thicknesses and gradually con- .
verge to the bulk value. From Fig. 2, we can see that the The electronic structure of perfectly layered00-
behavior ofG(tc,) converges towards linearity at20 A orller_1ted C9/Cu/Cq tnlayers has been calculat_ed using a re-
Cu. If one is inclined to search for an enhancement in surfacalistic multiband tight-binding model accounting fer p,
specularity, this could only be located in a rate of increaséndd orbitals with their full hybridization and spin polariza-
for G(tc,), which is faster at low coverages than it is at hightion. An advantage of the model is that the high levels of
coverages. Some local minimum ji{t) would need to be defects_, principally grain boundques, present in typical sput-
present, but it has not been obser¢élve may identify the tered films may be treated using a physical parameter
saturation rate of increase with an upper limit on the bulkwhere ¥* within a layer corresponds to the mean-square
resistivity of Cu, estimated at about/@)cm in this thick- variation in the onsite energy for an orbital. The parameter
ness range. characterizes, in this case, the amount of bulk disorder within
Deposition of submonolayer Co on NiO/@® A)/Cu f[he multilayer. A detailed treatment of the model is provided
produces, in all four cases, a drop in the total film conducn Ref. 12. The presence of mcrleased interface disorder can
tance. This is surprising behavior given that a parallel conP€ described by introducing a higher local value for the pa-
ductor is being added. A strong Cu size dependence of th@metery for the respective interfacial layers in accordance
conductance drop magnitude is immediately apparent, withith Ref. 13. _ o
thicker Cu layers producing larger drops in conductance. The To fit the experimental resistivities, we have set
minimum conductance is reached at a coverage-df2 A ~ =0.62eV for Cu and Co layers alike. Bulk resistivities are
Co. Some additional structure is visible a8 A coverage. found of 5.9 cm for Cu and 14.8.0 cm and Co, in good
Roughly linear behavior is recovered thereafter; an initially
higher slope may be attributed to scattering by disorder atthe 8
interface. An upper limit of 16.Q) cm is estimated here for
the bulk resistivity of Co. 5
To determine the repeatability of the thickness-dependent 4
conductance features, we have also examined & 4 %
NiO/Co(20)/[Cu(20)/Co(10A)]s multilayer. G(t) data for 7
the multilayer is presented in Fig. 3. The observed behavior
for trilayers is indeed quite repetitive: always positive curva-
ture inG(t) for Cu(20 A) on Co, always a conductance drop
followed by a linear increase for Ct0 A) on Cu. The fea-
tures observed in Fig. 3 are quite similar to those observed ir
[NiFe(23)/Cu(20A)]g by Urbaniak, Lucinski, and
Stobiecki?? but the interpretation of the data is quite differ-
ent here(next sectioh 0
The conductance dropSG . (N) are plotted as a func- 0 5 0. @) 15 20 25
tion of bilayer numbeN in Fig. 4; in Fig. 5,AGgoN) is o
plotted as a function of the Cu interlayer conductance FiG. 5. ExperimentalA G, plotted against the Cu interlayer
G(tcy). No decreasing trend is visible iIAGgoN); in-  conductances(tc,) for the multilayer. Normalized to the Cu inter-
stead, theA Gy, depends primarily on the conductance of layer conductanceGc,, the conductance drops are constant to
the Cu interlayer. These features will be discussed in Sec. Mwvithin 0.15 m)~* or +4%.
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FIG. 6. Calculated G(t,y,) data for Cd4 ML)/Cu(tcy)/
Co(8 ML). The position of the interfaces is marked for calculations  FIG. 7. Comparison of experimental and theoretiélc,). The
A-E. tc,=6 ML (A), 10 ML (B), 14 ML (C), 18 ML (D). 1 ML experimental curve has been offsetGnby +2.3 m) 2.
Cu (100)=1.80A. O, calculations for Cé4 ML)/Cu(tc,) bilayers.
@, W, calculations for C ML)/Cu(tc)/Col(tcy) trilayers. Circles  theoretical points, the drop is measured betw@aralculated
represent calculations with constant disorder parametérough-  for Co(4 ML)/Cu(tc,) and a linear extrapolation o for
out the stack; squares represent calculations assuming increasedCo(4 ML)/Cu(tc,)/G(tco) curve back to zeroc,. The mea-
at the top two Cu/Co interface layers. Note the strong deviationg;rement OﬂGdrop is indicated in Fig. 6 for the sample with
from linearity in the vicinity of the interfaces. Linear fits to the the thickest Cu layer. Here we find that the experimental
second Co layer data are indicated, used to deterdBgop. The 4y ctance drops exceed the calculated ones by a roughly
measurement A G, for calculationD with constant disorder is constant value of 1.7 @t
indicated. The experimental and theoretical conductance drop values
: . . may be brought into agreement by introducing disorder at the
agreement with both experimentally observed values at hlgch;pyCu/Co ingtlerface. I?] a secondyset of calcglations the ad-

layer thickness(6 u{)cm for Cu and 16u{cm for Co. o i
Numerous high-resolution cross-sectional transmission eleéj—Itlon of Ca(1 ML) to Co/Cuf) was assumed to create dis-

tron microscopy investigations of spin-valve microstructure order in both layers forming the interface; we have modeled

: . 'this interfacial disorder by setting=0.80 eV for the top two
on samples deposited on our equipméhtand elsewheré’ °
have shown little variation in grain size and crystalIographicmonoIayers C(L ML)/Co(1 ML) andy=0.62 eV for the un-

disorder across Cu and Co layers in GMR spin valves anierlayers tcglt\l\l/\I/L)/Cu(t-l ML) ?nd dth[(ha Co t())verlayers. it
multilayers. The fact that one empirically introduced level of greement between experiment an eory becomes quite

X ; ; . ... .. close for this case.
disorder yields agreement with two experimental resistivities e .
y g b The contributions of the various layers to total conduc-

provides some confidence in the model calculation. . ) .
The qualitative features of the experiment are reproduce&anceGn were calculated using the method described in Ref.

in the calculated conductances for (@&L)/Cu(t)/
Co(8 ML) trilayers,t=6, 10, 14, and 18 ML, shown in Fig. 3 O experiment
6. There is a roughly linear increase in conductance for the ® theory (bulk disorder)
initial Co layer (not shown. No attempt has been made to - ® theory (bulk and interface disorder)
reproduce the gradual increase in conductance observed in
the experiment up unti~15 A Co; this behavior may be .
attributed straightforwardly to a high level of defects present -~ 'y
in the first several monolayers of Co on NiO. Cu on Co %} o
produces a slow increase @(t), characterized by a strong ~
positive curvature. Co on Cu produces an initial drop in con- (21 - .
ductance, followed by a roughly linear increase. The conduc-
tance drop seen for deposition of Co on Cu is size dependent L] °
in Cu thickness: larger drops in conductance are observed for ! ©
thicker Cu layers. °

A quantitative comparison of theory and experiment is 0 10 20 30 40 50
presented in Figs. 7 and 8. In Fig. 7, we compare the experi- t A
mental and calculate@(t) for Co/Cuf). Experimental and Co

theoretical points are in close agreement. In Fig. 8, we com- F|G, 8. Comparison of experimental and calculate yop-
pare the experimental and calculated conductance drop fathe agreement is improved where additional disorder is introduced
the addition of Co to Co/CuJ. For the experimental points, to the top Cu/Co interface in the calculation; this may be attributed
the drop is measured by taking the difference between the segregation of low surface energy Cu through Co in the experi-
initial and minimum conductanceat ~1.2 A Co; for the  ment.

35x10°

G (@Y
G ™"
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—0— Co,Cu, - bulk disorder layers, without assuming variations in the .quality of the lay-
[[| —®—Co,Cu,Co, - bulk disorder ers. Unexpected features {@(t) for the trilayer are well
—=®—Co,Cu, Co, - bulk and interface disorder | ! described and may be rationalized simply through the differ-
3+ g : ence in unoccupied states for Cu and Co. The drop in
Co | Cu Co conductance may be associated with the placement of a high

density of unoccupied Cd states at the interface with Cu:
the gradual increase in Cu conductivity may be attributed to
the reduced influence of the same interfacial states as they
. move beyond the electronic mean-free path in Cu.

The conductance drop observed during deposition of Co
on Cu has been attributed previously to a simple change in
surface scattering charactéfspecularity”)?® presumed to
arise from an increase in the atomic-scale roughness of the

- O—~0O—
0,0—0—0 O,
A o

o
[P —0—@. Q
—0-9—-0 ~,

o m—H-g_g—0-—0_ 00
o/ojn/' - B\

/

. surface.In situ resistance observation of conductance drops
P P RS for Ni on Cu (Ref. 24 and NggFe,, on Cu (Ref. 22 have
10 15 20 been interpreted similarly. From the multilayer data, we may
Layer number exclude surface-scattering variations as the principal source

of the conductance drop. If the drops in conductance are
interpreted through a simple application of the Fuchs-
Sondheimer model as a reduction in the top surface specu-
larity parameterp,,,, this corresponds taAp,,~—0.3.

FIG. 9. lllustration of layer contributions to total conductance
andAGy,. Calculated pointsy=0.62 eV:(a) Co/Cu bilayer(O),
(b) Co/Cu bilayer with one monolayer Co at the surf4d@, (c)

same with disorder of the top two layef8 and 19 increased to

v=0.80eV, reflecting surface segregation of Cu through Co. Note'smcf3 the curvature iG(tc,) 's,‘ e_V?ryWhere positive, con-
that where the bulk scattering is unchanged, Aly,opis produced verging to a value of bulk resistivity close to that observed

almost entirely within the Cu layer. The positions of the Co/Cu anduP 10 ~150 A thickness, we may not locate any complemen-

Cu/Co interfaces are marked with dashed lines. tary increase in specularity for Cu on Co. As only a net
decrease in specularity may be inferred from Co/Cu bilayer

13. They are shown in Fig. 9, reflecting the contributions ofcbi_?positionﬁ, thaG_d(f)OP(V'\\/I) ihoul? be g)irr:a:"f;ed dafter severatl
various layers taA Gy, Three calculations for the Co/Cu iayers Wherpyg,=1. Yve have .oun. at the drops are no
R iat all exhausted over nine iterations: only an increasing trend

bilayer are presented. The first is a calculation for the bilaye . X
alone and the second is for the bilayer covered by a monon &Y be inferred i\ Ggroi{ N). AGgrofN) becomes greater

layer of Co. In the first and second calculations the paramet ! glgeaet(rar ﬂgl(frne.ﬁfseﬁiga#frﬁ thgtrﬁgtﬁ]a.ll ;]n;:o::c:)\ll%mggﬁég g]]e
v was the same for all the layers, thereby representing bul u Cy . (t]'ul A The C ugd ¢ '9 thus b u
disorder. The third calculation is for the second structure ¢ Y INt€riayers. the Lu conductance thus becomes more

with increased disorder at the top interface. A possiblesens't've to scattering at the boundaries by Co. We have

source for this disorder is surface-segregation of Cu throu Hwode_le_d this effect in trilayers by increasigguithin CL.J and
the Co, as will be discussed in Sec. g\]/ g gexamlnmg the dependence &6, N) on G(tc,); a linear

Several features are significant in Fig. 9. First, thé ML de;'):endence of similar tslcsze hgst_been ;Ol:rr:d' . tal
of Cu near the bottom Co interface show significantly re- or a more exact description o € experimenta

duced conductance compared with layers in the bulk of théhickness-dependent conductance_z_ drops,_ we have found it
gcessary to assume some additional disorder for the top

Cu. Second, when Co is added to the surface in the absen ICo interf ¢ *for the bott ColCu interf
of increased disorder, the conductance is reduced exclusive w0 Interface not present for the bottom Lo/Lu interface
r the rest of the stack. Segregation of low surface-energy Cu

within the Cu layers. These features point out the origin od . by C ide the driving f f
the AGyop and itst, dependence: as the first several layers uring coverage by L0 may provide the driving force for

of Cu are already strongly reduced in conductance bydthe such asymmetric interface intermixing: for segregation of Co
states at the bottom interface with Co, layers further removeHﬂmngh Cu, no ;urface fr_ee-_energy reduction ‘.NOUld be
(at greatettc,) experience most of the effect from the added preser_lt. Segre_gauon behaviar IS well documented in surface-
d states in the top layer. When additional disorder is intro-aﬂzlgltfgl srtiucri:;es{ioilz(ggeon Cu single crystal(200), (110,
duced at the Cu/Co interface, on the other hand, the add? orientation.
tional scattering contributions tAAGy,, are balanced

throughout the film stack. Finally, it is apparent that the cal-

culation predicts slightly reduced conduction in the surface

layers; this arises not from scattering, but instead from the \ye have interpreted the thickness-dependent conductance
change in band dispersion at the sites with reduced coordjs Nio/Co/Cu/Co trilayer structures, measuiedsitu during
nation number. deposition, in terms of intrinsic interface scattering. Both the
strong positive curvature observed f8ftc,) on Co and the
conductance drop observed fG(t;,) on Cu may be attrib-
uted to scattering by the higher density of empty Cstates

We have shown good agreement between the experimeplaced at the interface with Cu. No variations in extrinsic
tal and calculated film conductances in a model which conscattering need be introduced for a qualitative fit to the
siders only the differences in electronic structure between ththickness-dependent conductance in the vicinity of the inter-

VI. CONCLUSION

V. DISCUSSION
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faces; a previous interpretation of the conductance drop ithe top interface must be introduced for a quantitative fit,
terms of surface-morphological scattering has been ruled owttributed to segregation of low surface energy Cu through
from [Co/Culs multilayer data. Quantitative agreement be- Co.

tween a one-parameter theory, based on realistic band struc-

ture and incorporating the physical levels of disorder ob- ACKNOWLEDGMENT
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