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Transport properties of sharp antiferromagnetic boundaries in GdFe multilayers
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The transport properties of sharp antiferromagnetic boundaries between Gd and Fe have been studied. The
measurements were carried out with the current perpendicular to the plane at 20 K and up to 8 T in multilayer
Gd/Fe of different thicknesses. We have extended the Valet and Fert model for giant magnetoresistive multi-
layers to explain the results in terms of spin-dependent scattering at the interface that changes its magnitude
when the external field decreases the angle of the interface.
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Spin-polarized transport in ferromagnetic metals is thestate.”® The field necessary to achieve this twisted state de-
key to understanding most of the systems involving gianipends on the difference between the moments in Gd and in
magnetoresistanc€GMR). Although multilayers of ferro- Fe (and on the temperaturend it will decrease when the
magnetic(FM)/nonmagnetidNM) materials are quite well moments of both materials become similar. The behavior of a
characterized, multilayers of FM/FM are not so well under-multilayer is very similar to that of the bilayer, although not
stood. In particular, when the two ferromagnetic layersidentical, as will be explained in more detail later.
couple antiferromagnetically at the interface, the spin trans- The samples used in our study are sputtered multilayers
port can provide valuable information for understandingwith n bilayers of Gd/Fe plus one Fe layer on top, deposited
other MR systems. at room temperature on Si 100 with a Cu buffer layaso

Recently Eerensteiet al." reported on sharp antiferro- pottom contagtas described below. The samples have a 10
magnetic boundaries in ®,. This system presents disor- nm Ay capping layer to prevent oxidation during the process-
dered dislocations that constitute antiferromagnetic boundl—ng_ The thickness of each layer is varied from sample to

aries. The number and shape of the boundaries cannot l%%mple The base pressure was0~8 mbar and the deposi-
determined; therefore a quantitative analysis of spin transpo Fon ratés were 0.16 nm/s for Fe and 0.4 nm/s for Gd. X-ray
cannot be done. In the system described in this paper, wit . ' )

multilayers of Gd/Fe antiferromagnetically coupled, themeasurements show a polycrystalline sample with a grain

number of interfaces is exactly known. Also, in the current>'2€ _c_)f “;,6 nm as was expected from the deposition
perpendicular to planéCPP geometry? with all the bound- conditions. - .
aries perpendicular to the current, we avoid unwanted effects N order to maximize the measured signal, the sample was
such as anisotropic magnetoresista&®R) that could ob- patterned with a standard lift-off process mtp arrays of 476
scure the correct interpretation of the results. In this paper wg'esas (1gmx 10 um each connected in series by Cu wir-
show that the Valet and Fénnodel for GMR structures can iNg layers fpc,~3 n{) cm at room temperatureA SiO,
explain the behavior of sharp antiferromagnetic boundarietayer prevents the top Cu contacts shorting the sidewalls of
in an applied magnetic field and thus give us a good undetthe mesassee dimensions in Fig)1The Cu deposition was
standing of spin diffusion and scattering at these interfacescarried out after Ar ion milling to improve the contact resis-
Gadolinium couples antiferromagnetically with transition tance. Two of these arrays were connected in a Wheatstone
metals. Gd/FéRefs. 4, § is a system of particular interest in bridge configuration with a further two arrays of 476 connec-
this study because the interface is quite sharp and the layetions in series without the multilayer mesdsg. 1); the re-
do not interdiffus€, unlike in Gd/Co (Ref. 6 or Gd/Ni.’ sistance of these latter arrays is due only to the Cu contacts,
Almost all the work reported to date on the transport andhus the bridge geometry minimizes the contribution of the
magnetic properties of Gd/Fe multilayers is based on polyCu wiring to the final measurement of the resistance of the
crystalline samples. This type of sample shows a very sharpontacts. Despite all these precautions there is still some ad-
interface with ~2 nm of amorphous Féarising from the ditional resistance due to the Cu contact; this is discussed
large lattice mismatoh before this layer become later. It is clear from Fig. 1 that the current is flowing per-
polycrystalline® Gadolinium is a ferromagnet with a Curie pendiculafCPP to the layers and the interfaces. This geom-
temperature of 293 K and a high moment of 7ug5t 10 K. etry avoids any contribution from AMR because the current
At low temperatures, a multilayer of Gd/Fe is an antiferro-is always perpendicular to the magnetization.
magnetic structure where all the Gd layers point in one di- The samples studied were 4€.{G0o €0 nms:
rection and the Fe layers are rotated by 180°. When an ex¥e; ,,{ Gtg niF& nm s Feso il GO5 niF€30 i) 6+ and
ternal field is applied to a simple bilayer of Gd/Fe at low Fe&; ,(Gds nmF& nm) 20, Processed as described above. Figure
temperatures, the Gd aligns with the field because its highez shows the hysteresis loops of the films at 20 K measured in
moment and the Fe layers align antiparallel to the Gd and tha vibrating sample magnetomei&fSM). This graph shows
field. At higher fields(for example, over 0.4 kOe at 10)K  the samples Gg,.+ F&0 nmand Ga .+ F& nm, Where a large
the interface moments start to rotate away from the field tgart of the total magnetization is involved in the twisted
minimize Zeeman energy to form the so-called “twisted state. In the other two samples, most of the magnetization is
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FIG. 1. A Wheaststone bridge configuration has been used to FIG. 3. Low angle x-ray reflectivity for one of the samples
minimize the contribution to the resistance coming from the CuFe; (G0 ,m— Fe0 nm X 6. This technique was used to check the

contacts. Two of the resistors are 476 multilayer (Gd/{Fapsas
connected in series with Cu conta¢®80 nm thick. The other two

thickness of the layers and estimate the roughness of the interface.
The inset shows cross sections of an AFM image taken at the top of

resistors are 476 connections without the multilayer, only the resisthe multilayer showing the maximum roughness foyfd2 nm

tance of the Cu. There is an insulator gi@yer(350 nm thick that

protects the mesas from shorting together. The window of thg SiO

over every mesa is 3:63.5 um?. The bottom left inset shows the

peak to peakand the long-range nature of the roughness.

cross section of the inset of Fig).3t also shows long-range

magnetic configuration at the Gd-Fe interface for zero field. Theroughness(“orange peel” type of ~3 A and an average
bottom right inset shows the possible origin of the extra-resistanc%eriod of ~500 nm.

of the Cu contacts, where the Cu overlaps the,Siihdow (note
that in the arms without the multilayer this overlap is not present

aligned with the field in almost all the field range and there-

We can estimate the total resistance of each sample with
the values of resistivities of the films. These values were
obtained from measurements in equivalent films with the
current in plane at 20 K and ag;g=110xQ cm andpg,

fore the twisted state cannot be discerned in the hystereSQS“Q cm. These are standard values for thin films

loop.

much higher than the bulk values at the same temperature.

The quality of the interface was analyzed by low anglegjnmijar values were used in previous AMR transport studies

x-ray reflectivity (also used to confirm the thicknesses of the

layerg and AFM scans at different stages of the deposition
Figure 3 shows an example for the &g- Feyo nm Multilayer.

X-ray reflectivity gives a value of roughness at the interfacegy

always lower than 0.45 nm. The AFM scans give a meal
average roughness lower than 0.5 A over an area @m3
X 3 um (the maximum value found, 0.63 nm, is shown in the
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with the current-in-plane in Gd/Fe multilayeéf$The calcu-
lated resistances are 8.3, 7.8, 1.9, and(®.for the samples

with  Gdso nifF €30 nm: Gho nif & nm» GO €30 nm,  @nd
& e nm Multilayers, respectively. The experimental val-

Nies obtained are 20, 16, 7, and @2respectively. This extra

resistance of the experimental values has various sources as
we describe in the following pointiew quantitative values
will be given after the theoretical analykis

Resistance of the interfac®f all the samples deposited
for this work and others for similar studies, we always found
that the resistance was larger for a larger number of inter-
faces. It has been suggestethat the Gd close to the inter-
face might be highly spin polarized, as a different phase to
the bulk Gd. This contributes to a large spin scattering at the
interface and therefore to a higher interface resistdespe-
cially noticeable in the sample with 30 bilaygras shown in
the model below.

Imbalance of the bridge caused by nonuniformities in the
perpendicular current distributio* In the worst possible
scenario more than 90% of the current will flow perpendicu-
lar to the mesas, following the model of Ref. 11. This is not
the case for the arms without mesas where the value is
~20%. This clearly creates some imbalance of the bridge.

Different resistivity for different thicknesdt has been

FIG. 2. Approach to saturation of the hysteresis loops of theshown in the past'® that the structure of the Gd layers

four samples under study. The samples with a higher percentage gfepends on the thickness of the layer. This could change the
moment involved in the twisted spring show a larger continuousresistivity of the Gd slightly for different thicknesses. This
increase in magnetization with increasing field even at high fields.small effect is very difficult to estimate.
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0.02 isotropy constant of Fe. With the values given below, the
0.00 = W Zeeman energy is considerably larger than the anisotropy
0.02 ->dg7 energy for fields larger than the saturation field of Fe
004 { e (~0.2T), so the polycrystalline nature of the samples does
g -0.06 - z%ﬁm not influence the final conclusionggy and ¢ are the angle
Q -0.08 || “0-Gd3oFes of Gd and Fe atom moments at the interface with respect to
g -0.10 7 0.001 the external field, so the angle at the interface can be defined
0.12 4 aAS i = PGd— Pre-
0.14 - GdSFe30 The minimization of the energ§ gives the direction
0.16 4 0,001 of every magnetic moment with respect to the external field
018 — direction. The solution to this equation is analytical for
8 6 -4 2 0 2 4 6 8 one interface and infinite layet$, but requires numer-
Magnetic Field (T) ical modeling for finite multilayers. We have performed this

simulation using the following valuesAg.= 2.1 nerg/cm,
FIG. 4. Change in the resistance in CPP configuration for the g 9 Fe merg

four samples under study. As explained in the text, we do not pIofA‘Gd;,SOjS/Mn%rg/Cm’ Aint= __1 ,uerg/cm,/ e Kre= 4(217
MR to avoid the contribution of spurious resistance from the cu’< 10 €rg/cnt, Kgq~0, Mg(Fe)=1714 emu/cm, Mg(Gd)

contacts. The values of the total resistance are given in the text. Thg 1210 emu/cri Following other authors}' the value of
inset is the curve for Gg,— Fes nm Sample with vertical scale Ms(Gd) in Gd/Fe multilayers is 75% of the bulk value, how-
expanded. ever, the qualitative final result is insensitive to this value.
Figure 4 shows the result of the simulation for samples
The results of the transport measurements at 20 K and u@ds ,F&5 nm and Gdg F&30 nm- The behavior of both with
to 8 T are displayed in Fig. 4. We have plotted only thefield is clearly different. For high fields the core of every
change of resistance instead of MR in order to avoid anyayer in sample Gg ,F€0 nm, iS aligned with the field and
contribution from the spurious resistance of the Cu contactghe magnetization forms a sharp domain wall close to the
The choice of 20 K as measuring temperature is not particinterface. When the layers are thinner, a higher field is re-
larly critical; it is simply well below the compensation tem- gyired to create these domain wallsee the simulation for
perature of any of the samples. The behavior shown in Fig. 54, = Fe. - 3. This is because the Zeeman energy of a thin
is surprisingly different from sample to sample, and not 0n|ylayer is small in comparison with the exchange energy of a
in the value ofdR, but also in shape as shown in the inset foryery narrow domain wall. In this casghinner layer the
sample GgnF€30 nm- The model introduced by Eerenstein moments in a layer move towardsr against the field as a
etal® of conductivity proportional to cdsp in Fe;0s  plock rather than creating a domain wall. GeFeso um is
samples cannot explain the variety of results in these Gd/Fghe only sample that shows such sharp domain walls close to
multilayers wnh_dn‘ferent thicknesses. In order to _model thethe interface for high fields. The other three samples present
CPP transport in these sharp boundaries, we first have 9 mych sharper transition of the magnetization close to the
understand how the magnetization is behaving with applieghterface for high fields. Therefore, for the samples
field, especially close to the boundary. The endegyf eVery Gy 1nF& nms G niF €0 nme and Gd pFes o, We can as-
boundary, from the middle of the Gd layer to the middle of syme that the magnetization within each layer is uniform in
the Fe layer, neglecting magnetostatic tefmiih the field in  the whole range from 0 to 8 T. In these three cases, only the
the plane of the sample and the given dimensions of thgngle at the interface; changes with the field. With this
mesas, even fdi =1T, the Zeeman energy is already threesimylation we can extract the angle at the interface GafFe

prgers of magnitude larger than the magnetostatic efergyyhich are displayed in the inset of Fig. 6. Figure 5 does not

IS include the top and bottom layers of the multilayer for clar-
ity. Our simulations showed a slightly less sharp twisting of

E=Ecd ¢cd.H) + Erd @re,H) — Aint COL @~ ¢re), the magnetizations in these two layers and therefore they are

(1) less influential for the transport measurements, although they

where are key for the magnetization process of the multilayers as it

was recently shown by Hasket all®

o(x=0) The simulation has periodic boundaries and therefore

Ex(ex,H)= [K sir? 2¢+HMgcose does not take into account any magnetostatic effect at the
o(x=ti2) edges of the mesas. This is a good approximation despite the
+A(de/dx)?]de (2) size of the mesas. The reason lies in the fact that in the

experimental setup the windows of the $i@round the me-
is the energy from the middle of the layX¥rto the interface. sas is much smaller than the me$a% um versus 10 um
A is the exchange energlls is the saturation magnetiza- therefore the edges do not influence the magnetization in the
tion, H is the external field{ is the thickness of the layey  center. It is also important to realize that the layers have a
is the angle of every magnetic moment with the externalyuite differentMg, which implies that the magnetization
field, Ay is the interface exchange coupling divided by thecannot have any component perpendicular to plane because
interatomic distance at the interface, adds the cubic an- of the high magnetostatic energy that this would create.
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Once we have characterized the behavior of the magnettilayers could be described with a diffusion equation. They
zation with the external magnetic field and in particular thesolved the equation in a general case of a multilayer
angle at the interface, we need a quantitative model to pr§&-FM/NM],, with the assumption of spin-dependent scattering
dict the CPP transport through the interface for differentat the interface and found an expressidfgs. (41) and
fields. It is clear that a Gd/Fe multilayer is similar to a (42) in Ref. 3] to describe the contribution of the interface
GMR multilayer but with the NM layer substituted by a FM to the total resistance. Following the same terminology and
layer. The spin transport in GMR multilayers is described byanalysis of Valet and Fert we can obtain a generalized ex-
the Valet and Fert modélThey demonstrated that in the pression of the interface resistaneg, for multilayers
normal situation of a spin-diffusion length much larger than[ Gd/F¢],, with thicknesstgy andtg., coupled antiferromag-
the mean free path of the electron, the spin transport in mulretically:

. :P’édngP;egFe(:BGd"' Brd*+ 15 peal od Baat ¥)? COt ted2€ el + 1 pEel rd Bre— ) cOtH tod2€ odl
! Iy COtH trd/2€ el COt toy/2€ gl + pGof 6o COtH trd2€ rel + pref Fe COtH tod/2€ ool '

3

All the parameters in Eq3) are defined as in Ref. Bis  netization of all the atoms in each layer have roughly the
a spin asymmetry coefficient for the spin conduction, definedame angle with the external field, so they all move together
as p!N=2p*[1—(+)B], so the total resistivity ip=(1  and no domain wall is formed close to the interface.
—B?)p*. The spin-diffusion length is represented by The dependence of on ¢; affects the last two terms of
= (D rsp) Y2 where 7 is the spin-flip time and the diffu-  Eg. (5). We can now use the angles at the interface for the
sion constanD =vg\ with v the Fermi velocity and\ the  different samples calculated previously and calculate the
mean free path of the electrons. The parametgrand y
determine the spin-dependent scattering at the interface and 150

they are defined as -
100 { N
Fy=2rp[1=(+)7l. 4 5 -

For the very high field limit, when all the layers are per- 0 -
fectly aligned(and ¢;=0), expression(3) is only modified ]
by making the following replacements;8&q+ Brd? by = -50
(B2~ BZy) and (Baq+ ¥)? by (Bsg— 7)2. When one of the 8 -100-
layers becomes nonferromagnetic, e.g., wikfp=0, ex- §’
pression(3) becomes Eq41l) in Ref. 3. 5

In the case we are studying from 0 to 8 T, the total resis- g, 100 -
tance of each bilayer of the heterostructingth two inter- g 50
faces per bilayeris given by IR

0 <43

R=(1-B3dpeat (1-BRpfet 2(1—y)rf +2rs). “

©) 7
. . . , -100 -

These expressions describe the bghawor of a_multllayer ) Fe30nm(Gd30mmF €30nm)6
when the layers are coupled antiferromagnetically ( 150 Y ¥ —--—L
=180° at the interfageor when they are parallelkf=0°). 35 55 75 95 115
We assume the spin-dependent scattering at the interface is a Distance (nm)

maximum in the antiferromagnetic state= 180° and it will L o

be reduced as the external field is increased and therefore the F'G- 5- Variation of the anglep of the magnetization in
angle at the interface; is reduced. Therefore we can assume’ %G i~ F& nndao and Fo nn( Glao nm~ Fes0 s Samples
that the asymmetry parameterof Eq. (4) depends on the yersus fleld.. The solid arrows by the curves indicate the direction of
angle of the interface ag= y, o ¢ If the layers are ro- increasing field, from 0 to 1 T every 0.1 T and 1.5, 2.0, and 3.0 T.

d 90° th . d . This figure plots the direction of the moment within one bilayer of
tated 90° the spin asymmetry goes to zero and [@yis the multilayer versus field. The ling=0° represents the direction

requced tcrm)_=2r;§ , Whlch_ corresponds to the situation in ¢ the applied field. Note that sample &G nmi— Feso ns
which both spin up and spin down have to adapt the samgolds domain walls by the interface while in samples with thinner
angle (90°) to go through the interface to the next layer. Waayers, every layer moves homogenously with respect to each other.
should emphasize here that this dependence on the angleTge initial direction of the layeréat H=0T) is determined by the
only valid when the interface angle is changing but the maganisotropy axis of Fe induced during the deposition.
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change iR when the external field is increased. The follow- 0.05
ing values accurately predict the experimental resuylts;
:110,LLQ cm, PFeZSMQ cm, BGd:O'4' BFe:0'45! €Gd
=100nm, {g=60nm, y,=0.2, and r}=5.8 -0.05 7

X107 1° Q/m?. All the values are very similar to those used g 011

in previous work® butr} which is one order of magnitude 5

higher than the standard value used for GMR multilayers. § 0157

This gives us the following total resistances for the multilay- 021

ers: 12.5, 11.8, 5, and 22 for the samples Gd ,,.F&0 nm» |

GdSO nrrFeS nm: Gds aneso nms and G@ anes nm: Fespec- 025

tively, which are of the same order of magnitude as the ex- 0.3 T v v T y v T
perimental values. The large valuergf can be argued to be 4 6 4 2 0 2 4 6 3

due to the fact that in Gd/Fe layers the spin of the electrons Magnetic Field (T)

has to flip from one layer to the other, while in GMR multi- £ 6. calculated change in the resistance with field following
layers the spin diffuses from the FM layer to the NM layer. It gq. (5), for the four samples under study. The curves are labeled
can also be due to the fact the spin polarization of the Gayvith the same symbols as in Fig. 4. The inset shows the calculated
close to the interface could be quite hifhiThere is still a  angle of the interface; for each sample versus field. This angle is
small mismatch in the calculated values of the resistancethe input to the generalized formul8) from Valet and Fert model.
with the measured values that is attributed to small differ-The dashed line in sample G~ Fes nm indicates the region
ences in the multistep lithographic process or to Smaw_vhere the mpdel might not _be valid anymore because of the forma-
changes in the resistivites of the layers for differenttion of domain walls at the interface.
thicknesse$>4

The change oR from Eq. (5) with field is displayed in long-range “orange peel” roughness at the interfatesat
Fig. 6 for the different samples. As expected, the curve forfacilitates the magnetization process.
sample Ggy nnfFe30 nm fits with the experimental result only In conclusion, we have characterized spin transport
for small fields. For larger fields, domain walls are generatedhrough a sharp antiferromagnetic interface by extending the
close to the interfacésee Fig. and the spin transport in the Valet and Fert model for GMR multilayers with spin asym-
heterostructure is different: most of the multilayer is alignedmetric scattering at the interface dependent on the angle at
with the field and there are domain walls at every interfacethe interface. Eerensteit al! assumed a model of conduc-
that create a positive resistane® This effect has been pre- tivity proportional to co¢ with no spin-dependent scatter-
dicted recently theoretically by Inouetal®® In fact a ing at the interface in antiferromagnetic boundaries of
multilayer such as Gg ,nF€;0 nm: With domain walls of a Fe0,. We found that this model could not explain our re-
controllable size, could be an ideal system to understand thgults in Gd/Fe, where just a change in the relative thickness
controversial subject of the magnetoresistance of domaiff the layers dramatically affects the magnetoresistance. We
walls. The flat region around zero field in §d,Fe,mand have assumed that the spin-diffusion length does not depend
G yiF &0 nm SAMples is not present in the experimental re-ON the_ang_le of the interface. We f0L_md this was a good
sults. This flat region is a consequence of the fact that fofPProximation up to 8 T of external field. These kinds of
small fields, the thicker layathe one with larger volume of Neterostructures may also be a good system to understand
magnetic momentaligns with the field and the thin layer What the spin is doing close to the interface when the angle
aligns antiparallel to it. This situation is stable until the Zee-A the mterfa_lcezp_i is smaller than 180°: spin flip or preces-
man energy of the antiparallel layer is too large and the>'ON plus spin flip.
whole heterostructure starts to twist. The absence of the flat We acknowledge the generous suggestions from Dr. A.
region in the experimental curves is probably due to smalFert and EPSRC for financial support.
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