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Layer-dependent magnetic-moment distribution in an epitaxial double spin valve structure:
Si(001)/Cu/FeNi/Cu/Co/Cu/FeNi/Cu
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Polarized neutron reflectivity was used to determine, layer selectively, the magnetic moments, spin orienta-
tions, and thicknesses of an epitaxial double spin valve structure of the fé@®LBCu/FeNi/Cu/Co/Cu/FeNi/
Cu. Absolute values of the average magnetic moment per atom were determined within an ertds%f At
saturation, the layer-averaged magnetic moment per Co atom was found to be0X0&lg, while the top
(bottom) FeNi layer moment was 1.@80.06ug (0.95+0.08ug). For an applied field strengti, smaller than
the Co layer coercive field o100 Oe, the Co and FeNi layer magnetization vectors are found to lie in plane
but canted with respect to each other in contrast to the fully antiparallel state predicted by simple energy
minimization. The observed canting is attributed to the presence of magnetic domains in the Co layer.
[S0163-18299)10233-9

Recently many efforts have been devoted to the investi- In this paper, we present the results of PNR measurements
gation of spin valve(SV) structures which exhibit a giant on a double spin valve system with a composite structure,
magnetoresistancé€GMR) effect, used in applications such Si(001)/Cu/FeNi/Cu/Co/Cu/FeNi/Cu, for the first time. In
as magnetic sensors and read head deviceShe GMR  such a structure the GMR is maximized when both the FeNi
effect in a SV structure is associated with a change in théayer magnetic moments are antiparallel to the Co magnetic
relative orientations of the magnetization of adjacent ferroomoment. Thus it is important to determine the conditions
magnetic layers when an external field is applied. In the spirunder which it is possible to control the relative alignment of
valve model the GMR effect is expressed BRgur(6) the FeNi and Co layers. For example, external fields of an
«cosf where 6 is the angle between the layer magneticappropriate strength can be used to rotate the @i
moments>® Thus it is important to know the layer-dependent layers while not altering the har(Co) layer. We chose to
spin configuration and magnetization in each layer, in ordestudy an epitaxial structure since a magnetocrystalline an-
to maximize the GMR effect. The most commonly investi- isotropy in the Co layer can be used to control the switching
gated structures are either single SV of the form ferromagfields andM-H characteristi¢. The absolute values of the
netic (FM)(1)/nonmagnetiqdNM)/ferromagnetic(FM)(2) or ~ magnetization and the spin orientations are determined inde-
a double SV of the form FNL)/NM/FM(2)/NM/FM(3). In pendently of each other with high accuracy. Each magnetic
the latter case it is important to control the orientations of thdayer is found to have a near bulk magnetic moment, but the
magnetization vector in all the ferromagnetic layers in ordemagnetic moment orientations in each layer depend on the
to maximize the GMR. Due to inequivalent interface proper-direction and strength of the applied magnetic field.
ties in each of the layers and domain formation for example, We have grown an epitaxial double spin valve structure,
complex spin structures can result. Thus it is important to bavith nominal composition: $001)/Cu(700 A)/FeNi(60 A)/
able to determine the magnetization vectors in each layer &8u(60 A)/Co(40 A)/Cu(60 A)/FeNi60 A)/Cu(50 A). The
a function of applied field. sample was grown on an HF-passivated)8i) surface at

Polarized neutron reflectivityPNR) provides a means of ambient temperature by molecular-beam epite©BE) un-
directly probing the layer dependent magnetization vectoder ultrahigh vacuum conditiof®HV) with a base pressure
profile in a multilayer system. It yields the absolute value ofof ~3X 10 °mbars. Prior to the deposition of the magnetic
the magnetic moment per atom and layer thickness in a magnaterials an epitaxial GQ01) layer was deposited on
netic thin film with high accuracy.® Our previous work  Si(001) as a seed layer by using a Knudsen cell with a typi-
successfully demonstrated that PNR can be used to detetal evaporation rate of5 A/min. Since the lattice mismatch
mine such parameters as the layer-dependent magnetifor the Cy100)/Si[110] is ~6% good epitaxy can be ob-
moment distribution, interface roughness amplitude as weltained onto the HF-etched (8D1) substraté. The 700-A Cu
as layer thicknesses, in single trilayer spin valve structuresthickness was chosen to be large enough to improve the ep-

0163-1829/99/6(10)/73045)/$15.00 PRB 60 7304 ©1999 The American Physical Society



PRB 60 LAYER-DEPENDENT MAGNETIC-MOMENT . . . 7305

itaxy, and to give oscillations in the reflectivity curves in the
low wave-vector rangé0.015—0.045 AY).” FeNi and Co (a)
layers were deposited on to the ©Q1) surface using
electron-beam evaporation and the typical evaporation rate
was ~1 A/min. The pressure increased to~6
% 10 °mbars while FeNi and Co were being deposited and
to ~3x10 ®mbars during Cu deposition. The deposition
rates were calibrated using a quartz microbalance, which has
an accuracy of~+10%. Epitaxial growth was confirmed
using in situ reflection high-energy electron diffraction 300 200 100 0 700 200 300
(RHEED). The images obtained showed that the FeNi, Cu, Field [Oe]
and Co layers grew epitaxially in th€l00) orientation,
where the fcc CfL10} corresponds to the &i00 direction’
The PNR measurements were made at the CRISP time-of- 10°]
flight reflectometer at the Rutherford Appleton Laboratory.
Prior to the PNR measurements the magnetization loops.
were measured usingx situ magneto-optic Kerr effect
(MOKE). From the angle dependent MOKE measurements
the Co easy axes are found to be aligned parallel t§1h6
crystalline directions indicating the presence of an in-plane
fourfold anisotropy, as reported previousi§A typical M-H 104 (b)
loop for the applied field along the fcc Cid.0] direction is
shown in Fig. 1a). The loop shows that the FeNi layers
reverse abruptly at low fields:10 Oe whereas the Co layer ..?
is saturated at the field 6£100 Oe. The plateau in the loop g
corresponds to a near antiferromagndé#d) alignment of =
@
©
=
o
»
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the FeNi and Co moments.

Two distinct sets of PNR measurements were made, in
which the magnetization directions of the three magnetic lay- .
ers can be varied controllably via applied field. In the first set
both the applied field strength and direction are varied as 10l (€) &
follows: .

(1.2) The sample was first saturated by applying a “posi- 0.02 29 [A'1] 01
tive” field of +6 kOe along the fcc d 10] easy axis. This
field strength is strong enough to saturate all magnetic layers, g, 1. (a) Hysteresis loop measured by MOKE with the applied
and therefore, all magnetic moments are fixed in one direcfield along the Co easy magnetic axi10] direction. The arrows
tion denoted the FM state. represent the magnetization vectors in each magnetic layers in dif-

(1.2 A “negative” field of —6 kOe was first applied ferent PNR measurement configurations. The dotsetid) arrows
along the fcc Cq —1-10] direction and then reversed to the are for Co(FeNi). (b) Spin dependent reflectivit§R) determined as
“positive” direction up to +50 Oe. For a field strength of 50 a function of perpendicular wave vectgrboth for spin-up and
Oe, which is less than the Co switching field but greater tharspin-down neutrongc) Spin asymmetry curve, which is defined by
the FeNi coercivity, the Co vector is expected to be pinned ifS=R"—R")/(R"+R"), whereR" (R") is the reflectivity of the
the “negative” direction due to the Co magnetic anisotropy spin-up (spin-down neutrons. For the PNR measurement the
(2K,/M>200 Oe), whereas the FeNi magnetic vectors fol-Sample was saturated by applying a field of 6 kOe along the fcc Co
low the field and rotate by 180° to the “positive” direction. [110] easy axis.

Hence an antiparallel orientation of the Co and FeNi layer
magnetic moments is expected denoted the AF state. thermore, in the fitting procedure the bulk scattering lengths

First we fit the PNR data for the s€t.1) in which the and densities are assumed, whereas all the layer thicknesses,
magnitudes and orientations of the magnetic moments anmagnetic moments, and vertical interface roughnesses were
well defined due to the saturation of the magnetizations irfreely varied. The fitting of the FM data reveal that all of the
each layer. Figur€lb) shows spin dependent reflectivitiR) layers are aligned parallel within an error efl°, as ex-
spectra, wherdk was determined as a function of perpen- pected in the case of the saturated ferromagnetic alignment.
dicular wave vector both for spin-up and spin-down neu- The absolute value of the magnetization vector of the Co
trons. One can see several well-pronounced reflectivity oscillayer was obtained to be 1.210.08ug (1.70ug for bulk fcc
lations as a function of wave vector. It is more instructive toCo). The top FeNi layer moment was 1868.06ug (0.96ug
look at spin asymmetry curves as opposed to the reflectivityor bulk FeNj) whereas the bottom FeNi layer moment was
curves, which look very similar. Figure(d shows the cor- 0.95+0.08ug (Table ).
responding spin asymmetry curve, which is defined Sy Figure 2 shows both the reflectivity and spin asymmetry
=(R"—R7)/(R"+R7). In fitting the data the nominal curves for the corresponding AF data, i.e., the(4e?). The
sample composition was assumed, in which a Gaussian iltnoments obtained for this data set agree well with that in the
terface roughness of variable amplitude is introduc€dr-  FM state within error. However, the layer-averaged Co mag-
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TABLE I. Summary of results fitted by PNR measurements. The date are obtained from ttieJF&hd
AF (1.2) states. Moments are given in Bohr magnetopg)( while the values in the parentheses are the
corresponding bulk values at room temperature.

Nominal Moment Moment Angle Thickness
composition (bulk) [ug], FM (bulk) [ug], AF AF [A]

Cu (50 A) 48.6+2.5
FeNr (60 A) 1.08+0.06 (0.96) 1.180.08 (0.96) 0° 48.£3.0
Cu (60 A) 62.2+2.0
Co (40 A 1.71+0.08 (1.70) 1.66:0.09 (1.70) 35%2.7° 33.7:25
Cu (60 A) 48.7+2.5
FeNi (60 A) 0.95+0.08 (0.96) 0.89:0.09 (0.96) 0° 56.23.0
Cu (700 A 599.7+10

netic moment (1.6:0.3ug) is found not to remain in the is calculated from the best-fit Co magnetic moment of.k.6
negativeg — 1-10] direction, but is rotated by 35°2.7° with  projected onto th¢ —1-10] direction using a canting angle
respect to thg —1-10] direction. Thus we obtain a spin of 35°. This net moment is larger than the relative moment
configuration where the FeNi layers have changed the mad—~40% of Mg) obtained by Kerr effect at the same field
netization direction to become parallel to the applied field,shown in Fig. 1a). However the PNR net moment is larger
whereas the Co magnetization is rotated from the fully antithan the corresponding net Kerr signal shown in Fi) 1
parallel direction and makes an angle-e145° with respect since the magneto-optical constant of Co is significantly
to the FeNi magnetizatiofiig. 2). We estimate a relative Co larger than that of FeNi.

magnetization of 80% corresponding to the spin configura- To verify the observed canted spin configuration, we have
tion of Fig. 2, where a “net” Co magnetic moment of L3  simulated the spin dependent reflectivity assuming that the
Co and FeNi moments are aligned fully antiparallblat is,

not cantedl using the net Co magnetic moment of g3
calculated from the best-fit Co magnetic moment ofuk6
projected by 35° to thg-1-10] direction(Fig. 3). The result
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FIG. 2. (a) Spin dependent reflectivityR) and (b) spin asym-
metry as a function of perpendicular wave veajdyoth for spin-up FIG. 3. Simulated spin dependent reflectiiB) and spin asym-

and spin-down neutrons. A field of 6 kOe was first applied alongmetry curve as a function of perpendicular wave vectdaoth for

the fcc Co[-1-10] direction and then reversed to thElQ] direc- spin-up and spin-down neutrons. In the simulation the Co and FeNi
tion up to 50 Oe. In the inset db) we show a schematic of the moments are assumed to be aligned antiparallel with the net Co
magnetization vectors in the antiferromagnetic state as described magnetic moment of 1,85 . The data and field preparation condi-
the text. tion are the same as that of Fig. 2.
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ers as shown in the case of the FM state. The measurement
set(2.2) [Fig. (4b)] reveals that the layer-averaged Co mag-
netic moment makes an angle 6f18.7°+3.4° with re-
spect to the original110] direction, whereas the FeNi vec-
tors follow the external field direction. Finally the
measurement sé€2.3) [Fig. (4c)] shows that the Co moment
makes an angle of=54°+3° to the[110Q] direction, i.e.,
the FeNi and Co moments make an angle~df26° instead
of an antiparallel alignment. From this result it is concluded
that the FeNi layers have followed the applied field~e50
Oe to become aligned parallel to the field, whereas the mag-
netic anisotropy of the Co layer is again not strong enough to
constrain the Co magnetization against this field strength.
Therefore the Co layer becomes canted with respect to the
applied field direction upon rotating the sample.

The canting of the Co magnetization with respect to the
applied field direction described above is compared with the
results of a local minimization of the anisotropy energy. Un-

FIG. 4. Spin asymmetry curves for the second set of the PNgjrer the assumption of a single domain and fourfold symme-

measurements. First the sample was magnetized by a field of 6 k o for the fcc C00Y) layer, the anisotropy energy of the Co

along the[110] direction and then reduced to 50 Oe which is Strongmagnetlzatlon can be expressed as:
enough to switch the FeNi layer but not Co. The sample was then _ ;
physi%ally rotated in the appli);d field by90° (b) and~1%0° (o). E= 1/4Klsm2 2¢—MH cog = a), D
In the right-hand side of the spin asymmetry curves, the schematioshereK, describes the cubic anisotropy constant in the Co
of the measurement geometry are shown. layer which is magnetocrystalline in origin. The valuekof
is assumed to be 2.0x 10~ erg/cn?.1° The second term is
the Zeeman term due to the applied magnetic field, respec-
configuration, and we rule out the antiparallel alignment oftively. ¢ is the angle between the magnetization and the
the Co magnetization with respect to the FeNi. [100] direction, « is the angle of the applied field direction
The observed in-plane canting state can be interpreted agith respect to th¢100] direction. Using the above equation,
follows: the magnetic anisotropy of the Co layer is not strongthe energyE(¢) at the applied field strength of 50 Oe is
enough to constrain the Co moments opposite to the fielthinimized to determine the Co magnetization orientations.
direction. However the field strength éf50 Oe is also not This rough analytical method reveals a local minimunEof
high enough to overcome the energy barrier due to the fourat ~6° with respect to th¢110] direction in the(2.2) con-
fold symmetry of the fcc Co layer for Co magnetization re-figuration, whereas the canting angle determined by PNR
versal. Therefore it cants towards the field direction, but arwas~19°. With the field along th¢-1-10] direction favor-
exact antiferromagnetiAF) alignment of the FeNi and Co ing the “180°” state in the(2.3) configuration, energy
moments can not be realized at this field. The observed cantinima at 94° and 181° were calculated, whereas the Co
ing angle is compared with an analysis of the local minimummagnetization orientation is experimentally determined to be
of the anisotropy energi(6), as will be discussed later.  54° at an applied field of 50 Oe. From this discrepancy we
In the second set of PNR measurements we probe theonclude that the magnetization vector cannot be predicted
vector orientation of the magnetic moments. The magnetizafrom simple energy minimization suggesting that the ener-
tion directions in each magnetic layer are varied by rotatinggetics of magnetic domains need to be considered.
the sample physically whereas the applied field direction is Evidence for domain formation is given by the results of
fixed. The soft FeNi layers undergo coherent spin rotatiorangle dependent magnetoresistan®$R) measurements,
following the external field direction. The measurement sewhere the sample resistance has been measured as a function
guence is as follows: of the angled between the initially magnetized sample direc-
(2.1) The sample was first saturated by applying a field oftion and the applied magnetic fiel@Fig. 5). In these mea-
+6 kOe along th¢110] direction then reduced t&50 Oe. It  surements the sample is first saturated by applying a magnet
is denoted as the “0°” state. field of 6 kOe along the fcc CHL10] direction and then the
(2.2 The sample is then physically rotated 5¥90°. The  magnet field strength is reduced to 50 Oe, as in the PNR
FeNi layer magnetization is, as a consequence, rotated wittmeasurement s€2.1). By rotating the sample at this reduced
respect to the Co magnetization. This is denoted as théeld strength, the FeNi layer magnetization should follow

spin asymmetry

29[A7]

“90°” state. the applied field, whereas the Co magnetization is naively
(2.3) Subsequently, the sample is again physically rotate@xpected to be held in tHa10] direction due to the magne-
by a further 90°. This is denoted as the “180°” state. tocrystalline anisotropy. Hence an antiparallel orientation of

The spin asymmetry data in Fig. 4 shows dramatic variathe Co and FeNi layer magnetic moments is expected from
tions according to the rotation of the sample with respect t@nergy minimizatiofEq. (1)] to occur at~180° giving rise
the applied field. Fitting the magnetic moments and spin orito a single maximum in the resistance as denoted by the
entations both of the Co and NiFe layers, the measurememlotted curve in Fig. 5. The dotted curve corresponds to the
(2.1) [Fig. (4a)] reveals perfect parallel alignment of the lay- function sirf (6/2) for illustration only. Detailed fitting of
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' ' : ' ' ' behavior is not predicted by the energy minimization calcu-
lation, domain formation in the Co layers may be important.
2.145 RERR . While it is well known that domain formation sensitively
! influences the magnetoresistance, only a small fraction of the

Co layer is in a multidomain state as confirmed by the fact
. that the layer-averaged Co magnetic moment in the AF state
; (1.6up) is only slightly lower than that of FM state (Iug)
2.140 4 7 and that the resistance value measured at 360° is slightly

] (~0.4% larger than that at 0°. At 360° the averaged Co and
FeNi layer magnetic moments do not align parallel due to the
domains present in the Co layer, and the Co magnetization is
therefore canted with respect to the initial field direction, as
confirmed by the PNR data.

In conclusion, layer selective vector magnetometry using
PNR has been successfully used to determine the magnetic
moments and spin orientations for each of the ultrathin FeNi
a and Co layers in an epitaxial ®01)/Cu/FeNi/Cu/Co/Cu/
FeNi/Cu double spin valve structure. The absolute values of
. : : . the magnetic moments in each layer were obtained within an

0 100 200 300 error of ~=5%, where both of the FeNi layers and Co layer
Angle [degree] agree well with the bulk moments. The spin orientations of
the ferromagnetic layers were also determined with layer

FIG. 5. Angular dependence of the magnetoresistance measureggecific selectivity. The spin orientation of the Co layer is
in the spin valve structure. The resistance has been measured asund to be in plane canted with respect to the FeNi layers
function of the angled between the initially magnetized fcc Co after reversing or rotating the external field with a moderate
[110] and the applied magnetic field direction. The dotted curvegig|d strength of 50 Oe. Hence an exact antiferromagnetic
corresponds to the function i@/ 2) for illustration only. (AF) alignment of the FeNi and Co moments predicted by
simple energy minimization could not be realized. The ob-

the MR curve requires that both the anisotropic magnetoreseryed cantingnon-AF) alignment of adjacent magnetic lay-
sistancelAMR) and GMR contributions are included and is g is not ideal, since for a spin valve structure a well-defined

beyond the scope of this paper. The MR data shows that thgr configuration which maximizes the GMR is desirable for
resistance increases when the magnetization of the FeNjeyice applications. These results emphasize the possible
films rotate from the parallel alignment with the Co film, but ,51a of domain formation in controlling the low-field mag-

the resistance strongly depends on the angle between theic configuration of spin valve structures.
applied field and th¢110] direction. Most importantly the

maximum resistance is found at 270°, indicating that the Co We are grateful to the EPSRC and to MR Sensors,
magnetic moment is held at some angle with respect to th€ardiff, UK for their financial assistance and also the Ruth-
applied field. Furthermore, it reveals that there is a periodierford Appleton Laboratory for use of their facility. The as-

cally varying contribution to the resistance which resultssistance of Dr. H. T. Leung and C. A. F. Vaz is also ac-
from the cubic anisotropy in the fcc @02 layer. Since this  knowledged.
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