PHYSICAL REVIEW B VOLUME 53, NUMBER 21 1 JUNE 1996-I

Perpendicular giant magnetoresistance of Co/Cu multilayers on grooved substrates:
Systematic analysis of the temperature dependence of spin-dependent scattering
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The giant magnetoresistance of Co/Cu multilayers deposited at an angle onto grooved substrates is measured
with the current perpendicular to the layer plane. The spin-dependent scattering parameters due to magnetic
bulk and interface scattering are determined as a function of temperature, which is done by comparing our
experiments with the two-channel model. We find that the decrease of the magnetoresistance from 4.2 K to
room temperature is mainly due to an increase of the bulk resistivities of the Co and Cu layers, while the
temperature dependence of the interface resistance and the spin-asymmetry parameters for electron scattering
is small.[S0163-182606)03622-3

The discovery of the giant magnetoresistafidi) effect In this paper we report on temperature-dependent CPP
in magnetic multilayer$,has led to numerous experimental MR experiments on Co/Cu multilayers fabricated with the
studies on this effect by many groups. Different multilayeroblique evaporation technique. We have chosen for the
systems as well as different experimental geometries haveo/Cu multilayer system since this is by now a well-known
been investigated. Transport experiments in magnetic multisystem, making comparison with the literature possible. It is
layers can be divided in two type&) The current flows in €mphasized, however, that this technique can also be applied
the plane of the layer&CIP) and (i) the current is directed tO other system_s. We compare the experi_mental data with the
perpendicularly to the layer plan€PP. A description of ~Phenomenological two-channel model introduced by Lee
the giant magnetoresistance effect is theoretically more conft @ We systematically analyze the relevant spin-

plex in the CIP geometry than in the CPP geometry. How-dependent scattering parameters as a function of tempera-

ever, experimentally the CPP MR is much harder to accesd's: this has previously not been possible with the other
than the CIP MR due to the low perpendicular res’istancegechniques. We find that the Co/Cu interface resistance keeps

involved. Several methods have been developed to measu'llg strong spin dependence all temperatures The main

the maanetoresistance of a multilaver in the CPP geometr reason for the decrease of the MR with temperature is the
g Y 9 .¥hcreasing importance of bulk scattering with intrinsically

The first CPP_MR measurements have b_e.en done by usind \-h smaller spin dependence. We compare our low-
§uper—conduqt|ng contacts and ultrasensitive SUpercondu%mperature data with CPP MR experiments on Co/Cu done
ing-quantum-interference-devicdSQUID-) based voltage Michigan State Universit§and find that these are similar.
measuring techniques at low temperatd‘re&ubsequently The V-groove pattern in the semi-insulating InP sub-
also microfabricated, so-called “pillar,” structures have girates is fabricated using holographic laser interference li-
been employed This method allows one the investigation of thography and anisotropic etching techniques. Details of this
the temperature dependence of the CPP MR effect. Unfortugbrication process have been recently described elsewhere.
nately, this fabrication method is rather complicated and therhe grooves are formed bg111) planes which have an
contact resistance to the pillars is often a problem. A thirds4.7° angle to each other and have a period of typically
technique is the electrolytic growth of multilayers into nan- 200 nm. The multilayer stacks are grown in a multichamber
opores made into insulating membranes resulting in columneolecular beam epitaxyMBE) system (VG Semicon
with a large aspect ratio and resistances in a convenient80M). The deposition takes place at room temperature, at a
range* Recently, we introduced an alternative and simplepressure better than 18 mbar. By evaporating at an angle
technique for measuring CPP MR, based on the obliqu@erpendicular to one series ¢111) planes, we naturally
evaporation of multilayers on to grooved substrdtés.the  grow stacks of multilayers on one side of the grooves. When
same time also perpendicular growth of thick multilayers onthe individual stacks overlap, contact is made between the
grooved subtrates was investigafedfrom measurements top and the bottom of neighboring stacks, which leads to a
with currents at different angles to the grooytd® so-called series connection of the stacks. A sample consists of typi-
current at an angle to layer plat€AP) geometry,® it has  cally 5000 to 10 000 stacks in series. To optimize a perpen-
been possible to derive the CPP MR of the multilayer. dicular current distribution, we start and end the growth with
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- - T T We have tried to demagnetize the samples by spinning them

351 R (Hy) 1 in a magnetic fieldof approximately 0.3 T. This enhanced
1 the CPP MR value, but thR(H,) state could not be recov-
341 R (H,u) 1 ered completely. Th&(H,,,) value after magnetic field cy-

cling always turned to the same value, which shows that this
state is very well reproducible. The initial CPP MR of the
I sample shown in Fig. 1 is 12.2% at room temperature and
32 / \ 1 35.0% at 4.2 K. The initial CIP MR value at room tempera-
" R (H.y) T=295K ture is 4.3%.
31 i We compared our CPP MR data to the so-called “two-
2000 2000 700 . 7050 200 3000 chamjel”_ _model, first used by Leet al.” and microscopi-
H [Oe] cally justified by Camblongt all° and by Valet and Feft
In this model, the resistivity of the ferromagnetic layers in
FIG. 1. Room temperature CPP magnetoresistance of #he configuration where the electron spin and the local mag-
multilayer consisting of 3 nm Fe- 20 nm Cu 2J1.5 nm Co+ 10  netization are paralldlantiparalle] to each other is defined
nm Cu + 20 nm Cu. The initial resistance R(H,), after a mag- as p,l:ZpF/(l—i—B) [pg=2pe/(1—B)]. Here, pg is the
netic field cycle; the found maximum resistanceRéHn.) and  pulk resistivity of Co. Similarly, also for the ferromagnet/
shows a hysteretic behavior. normal metal interface, spin-dependent resistances can be de-
fined: RL,y=2Rgn/(1+7y) and REy=2Rgn/(1-7). B
a 20 nm thick Cu layer. This implies that between the con-and y are the important spin-asymmetry parameters of the
nections of the multilayer stacks the current will partly flow bulk and the interface, respectively. When identifying the
in the plane of the film. The total thickness of the multilayer resistance al, with a situation of antiparallel alignment of
always is around 260 nm. By measuring the MR in the di-magnetizations, one obtains for the total perpendicular resis-
rection parallel to the grooves, we are able to measure th&@&nce per unit surfacARy
CIP MR on the same sample. We have fabricated two differ-
ent sample series, one with constant Co thicknigss= ARr(Ho)=M[pntnt prte+ 2ARE ], (1)
1.5 nm and one with constant Cu thickneégs= 10 nm. In with p%=pe/(1— B2, REn=Rem/(1—7?), M the num-

order to have uncoupled samples, the minimum Cu thickne . N )
er of bilayers, and\ the perpendicular cross section of one

was chosen to be 6nm. Room temperature magnetizatio [tilayer stack. In our analysis we transform our measured
measurements clearly showed that all our samples are indegg;istaﬁce to a .resistance yer stack. Another useful relation
in the uncoupled regime. All samples were measured with P :

standard four-probe technique in a helium flow cryostate, i or comparison to the experiméris given by
magnetic fields up to 1 T. _ * "

In Fig. 1 we show the CPP MR at room temperature for a AVRr(Ho)[Rr(Ho) ~ Rr(Hsa) 1= MI BpE te + 2yARE ).
multilayered[3 nm Fe+ 20 nm Cu+ 23(1.5 nm Co+ 10 ()
nm Cu + 20 nm Cd sample, with the field applied in the It has been showrthat the unknown scattering parameters of
substrate plane in a direction parallel to the grooves and witthe model can be obtained from resistance measurements on
the current perpendicular to the direction of the grooves. Tha series of samples with constant total thicknessd with a
thin Fe layer is grown for adhesion purposes. Due to the factarying thicknesgg or ty. By plotting the two data series
that the magnetic layers are uncoupled, a randomly orientedccording to Eqs(1) and(2), we obtained for both equations
magnetization pattern is obtained around the resistance max linear dependence oél. The values of the slopes and
mum and a hysteretic MR behavior is observed. The resisintercepts of the ordinate axes of these plots were then used
tance of the as-prepared sample before exposure to a magg-determine the relevant parameters of the model. The errors
netic field cycle is defined aR(Hg). When a field has been of these parameters are derived from the errors in the deter-
applied, the resistance saturates at a fi€lg, which for the  mination of the slopes and intercepts in the plots. This is
present sample is at about 1000 Oe. When cycling the magione for several temperatures between 4.2 K and room tem-
netic field, a maximum resistance is foundfal .., Which  perature. This simple two-channel model has been used for
is appreciably smaller than the first resistance maximum a&nalyzing our experimental data at all temperatures. In a
Ho. The magnetoresistance ratio MR{,,)/MR(Hy) varies  more complex temperature-dependent model, the most im-
from sample to sample. Our CPP samples show values gfortant addition is a spin-mixing contribution reducing the
this ratio of 0.5 up to 0.8. The origin of this difference is not CPP  MR? This spin-mixing term is determined by
yet fully understood. It was argu®that the resistance value temperature-dependent coherent spin-flip scattering. From
measured aH, corresponds to a situation of maximum an- earlier CPP measurements on Co/Cu pillar structures this
tiparallel alignment of the magnetizations in the multilayerspin-flip scattering was found to be rather small up to room
and therefore seems to be the most reasonable choice feamperaturé? Therefore, in a first-order approximation, we
defining the MR to be compared to theoretical models. In theneglect the influence of the spin-mixing term, and apply Egs.
present paper we have considered the MR on the basis ¢t) and(2) up to room temperature.
both R(Hy) and R(H 5. First all R(Hy) data points are Results of our systematic analysis are plotted in Figs. 2
determined as a function of temperature. Then the completand 3. In Fig. 2 the interface scattering parameters are plot-
magnetoresistance curve is measured at 4.2 K followed bted. The spin-asymmetry parameteiis first plotted as de-
the R(Ha) mMagnetoresistance curves at all temperaturegived from both theR(Hy) and R(H,,,) data. A weak de-
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FIG. 2. The temperature ge[?]en_denc;e of thg Co/Cuf interfa;ce FIG. 3. Temperature dependence of the spin-asymmetry param-
sp!n-asymmetry parameter an . the inter ace resistance for eac eterB and the resistivities of the bulk Co and Cu layers. The dashed
spin as determined by comparing the experimental data of two se-

Sines serve as a guide to the eye.
ries of samples with the two-channel model. The error bars of the g y

Hmax data have been omitted for clarity; they are of the same ordefvhich seems to justify the use of the two-channel model. In
as shown for thed, data. The dashed lines serve as a guide to thergple | we give our spin-dependent parameters at 4.2 K and
eye, to show the weak decrease of the spin-asymmetry parameteggsmpare them to the Co/Cu results of the superconducting
contact experiments done at the Michigan State
pendence of temperature is shown. The Co/Cu interfaceniversity®* and the electrolytically grown wires by Piraux
resistance is plotted for both spin channels in the bottom pagt a11> The value we find for the interface resistance
of Fig. 2. The interface resistance is within the accuracy ofAR.,., is quite similar to the value found with the super-
our data, independent of temperature, and also the asymmegonducting contact technique. The valuesBoénd y in our
try betweenARL,c, and AR, ¢, has a negligible tempera- work are lower than the values found in the other experi-
ture dependence. In Fig. 3 we plot the model fitting paramments. Besides the fact that our multilayers have been MBE
eters for the bulk resistivites. The spin-asymmetrygrown, which might introduce a difference, this is due to the
parameterg is found to be lower than the spin-asymmetry fact that our measuring configuration is not purely CPP at the
parametery and is temperature independent. The resistiviegxtreme ends of the multilayer stack. An uncertainty in our
for both spin channels in the Co layers and the resistivity ofnalysis is the exact length of the part in the grown
the Cu layer are given in the bottom part of Fig. 3. Bothmultilayer where the current is really flowing perpendicular
resistivities increase linearly with temperature. The resistivio the layer planes. When we assume a shorter length, and an
ity of the Cu layer is very low; it is obvious that the contri- extra contact resistance between the stacks, we find higher
bution of the Cu layer in the total resistance is very weakvalues for8 and the resistivities. We have estimated, using
The room temperature resistivity of the Cu layer is 1.56finite element calculations, that the resistance contribution of
©€ cm, which is similar to the bulk resistivity of MBE- the current flowing perpendicular to the layers is more than
grown Cu films. The room temperature resistivity of the Co75% of the total resistance. Compared with the MR values
layer is 11.5uQ) cm. The difference in the up- and down- with the superconducting contact technique we find that our
spin channel resistivities of Co is increasing weakly as avMR values of comparable multilayers are approximately
function of temperature. Our analysis demonstrates that th20% lower, which is in agreement with our calculations. Al-
main reason for the decrease of the MR value at higher tenmthough we find a somewhat reduced MR, we want to stress
peratures is the increase of the bulk resistivities, which havéhat choosing for this technique pays off well: We capro-
a smaller(Co) and zera(Cu) spin asymmetry with respect to ducibly fabricate samples with many thousands of “pillars”
the interface. The weak temperature dependence of the spiim series, enabling aystematicstudy of all spin-dependent
asymmetry parametey® and y suggests that our assumption scattering parameters of the multilayes a function of tem-
of a low spin mixing at higher temperatures indeed is correctperature
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TABLE I. Overview of the spin-dependent scattering parameters at low temperatures as derived from our measurements, compared with
the superconducting contact technigiefs. 8,14, and with the electrodeposition techniq(Ref. 15. The parameters are defined and
discussed in the text.

Method ARy [fQ M) B Y pco [nQ cm] pculpQ cm]
Grooved substrated, data 4.2 K 0.26:0.04 0.270.05 0.52£0.10 5.3:0.6 0.36+0.06
Grooved substrateld ., data 4.2 K 0.26:0.04 0.170.03 0.45£0.09 4.2+0.7 0.39+0.07
Superconducting contacks, data 4.2 K 0.21+0.01 0.5G:0.10 0.76-0.05 6.45-0.34 0.67-0.20
Superconducting contacks,,, data 4.2 ® 0.19+0.02 0.38:0.06 0.710.05 5.66-0.12 1.2:0.31
Electrodeposited nanowirés,,,, data 77 K 0.08+0.05 0.36:0.04 0.85-0.1 20+2 3.1

®Reference 8.
bReference 14.
‘Reference 15.

In summary, we have discussed an analysis of the perpemt all temperatures. The main reason for the decrease of the
dicular CPP magnetoresistance in magnetic multilayersMR with temperature is the increasing importance of bulk
Co/Cu multilayers are evaporated at an angle onto groovegcattering with an intrinsically much smaller spin depen-
substrates fabricated by holographic laser interference lithogience. We have compared our low-temperature data with
raphy and anisotropic etching, naturally giving rise to a CPPYalues found in multilayers grown by other techniques, and
like measuring geometry. Using this method we have deterave found that our spin-asymmetry parameters are in the
mined systematically as a function of temperature all thdine of values found by other authors.
important scattering parameters, by comparing our experi- The authors would like to thank R. P. Tijburg, P. E. Huis-
mental data with a theoretical model. We have found that thenan, and J. G. H. Stienen for the fabrication of the grooved
spin-dependent scattering parameters vary weakly with temsubstrates and S. K. J. Lenczowski, R. J. M. van de Veer-
perature. An important result of our analysis is that thedonk, K. M. Schep, and H. van Houten for useful discus-
Co/Cu interface resistance keeps its strong spin dependens®ns.
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