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Fig. 1. Charge reflectivity profile of the Fe/Cu multilayer measured at
X-ray energy of 8983.5¢V (circles) with the fitted curve (line).
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FIG. 2. (Color online) Asymmetry ratio curves as a function of
wave-vector transfer O at the Ni (a) and Co (b) edge. The blue
circles and red squares are the data, while the continuous lines are
the fitted curves. The inset in Fig. 2(a) shows the experimental
scattering geometry used for the measurements. The inset in Fig.
2(h) shows an element specific hysteresis loop at the Ni (@
=0.028 nm™") and Co (Q,=0.025 nm™') edge, respectively.
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Fe layer

GdFe
layer

Fe layer

H~0 H>Hs

(@) (b) (©

Fig. 2. Schematic magnetization process of a Fe/GdFe-alloy/ Fe three layer. Magnetization of GdFe alloy con-
sists of magnetic moments of Gd and Fe, which are antiferromagnetically coupled to each other. (a) the exter-
nal magnetic field is almost zero. Magnetization of Fe layer (M) and that of GdFe layer (Mggp.) are
arranged in antiparallel from the exchange interaction at the interface. (b) Mgy, begins to rotate to the
direction of H, when H exceeds a critical field H,;. (c) H is large enough to align both My, and Mg, to H
itself.
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Fig. 5. Model magnetic structure of an Fe/ GdFe-alloy/Fe three layer film for an energy calculation. Each mag-
netic layer are divided into atomic layers. Arrows represent a magnetization of Fe atomic layer my,, that of
GdFe atomic layer mgg, and an external magnetic field H. In both (a) and (b), H is as large as that in Fig. 2(b)
(H>Hy). (a) is a cross sectional view of the film. Atomic layers are numbered as above. (b) is a projected
view of (a) to the film plane. Angles between magnetizations of adjacent two atomic layers are denoted as ¢,
and w;.
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Fig. 3. M-H curve of an Fe(70 A)/GdFe(125 A)
/Fe(70 A) three layer film with external fields parallel
to the film plane. The experimental result is shown as
dots and the calculated result is shown as a solid line.
Calculated M is modified by —12% in order that the
plateaux of the two curves may agree with each other.
The scale of M is indicated by using experimental
values of Mg, and Mggg., Which represent saturation
magnetizations of Fe(70 A) and GdFe (125 A), respec-
tively.
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FIG. 1. Results of the model of Sec. IIT A deseribing the behav-
ior of a single magnetic layer with homogeneous magnetization in
an in-plane rotating field. The reduced field value used is H/H,
=0.6. (a—c) Variation of the normalized energy € [Eq. (2)] as a
function of the magnetization angle @, for different orientation of
the applied field: (a) ¥=280°, (b) 95°, and (c) 120°. (d) Possible
stable angular positions of the magnetization 7, (¢) the correspond-
ing normalized energy e=e(#). and (f) AMR R, [Eq. (4)] as a
function of the field angle ¢. Solid and dashed lines in (d)—(e)
correspond to the first and second anisotropy wells, AW1 and AW?2,
respectively (see text for details).
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FIG. 2. (Open circles) Normmalized AMR curves deduced from
measurements at 100 K with applied magnetic fields of 200, 500,
and 1000 Oe on a single 100-nm thick GdygFeg layer. Solid lines
are simulations of the experimental data, using the model of Sec.

OI A and assuming that the system always adopts its ground state
magnetic configuration.
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270°

FIG. 3. (Left) Schematic representation of the spin structure
forming in the TbFe/GdFe bilayer as the external field H is rotated

counterclockwise an angle ¥ away from the easy axis direction Ox.
(Right) Polar plot of the corresponding depth dependence of the
magnetization angle 8(z).
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FIG. 6. Calculated phase diagram showing the domain of exis-
tence of regimes 4. B, . and D as a function of the input param-
eters 1/h and H/H ;. The stars indicate the simulations of Fig. 5.
The crosses correspond to the experimental data of Fig. 8. and the
open circles correspond to those experimental data of Fig. 8 that are
compared with the model calculations in Fig. 9.
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FIG. 5. Results of the model of Sec. IV A, describing the be-
A8 havior of a spring-magnet structure with /A =6 in an in-plane ro-
B0l (© h=04___.c, (d) k=02 tating field. Four values of the reduced f%eld are;consmlered_ w]:zmh
& i comrespond to the four groups of graphs: (a) H/H,=1. (b) H/H,
- =06, (c) H/H,=04, and (d) H/H,=0.2. Represented in each
D —— group, as a function of the applied field angle i, are the angle (1)
_m made by the last spin of the soft layer (top). the normalized energy
5 / N ¢ (middle), and the normalized AMR R (bottom) of the stable mag-
;E : o y netic profile(s). Different line styles are used. which cormrespond to
. o different local minima of the total energy e [Eq. (6)] (see text for
( e —— -
| g details).
| g 03 g ¥
"";“T
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FIG. 9. ic, £ 1) Companson between R{y) curves deduced from the experiments per-formed at 50 K om a ThbssFey; (50 nm)/
GdsgFeg; (100 nm) spring-magnet structure (open circles) and the results from the model of Sec. IV A (lines), assuming /% =4.5 and H,
=240 Oe, for three different field values: (c) H=100 Oe. (f) H=150 Oe, and (i) H=300 Oe, comesponding to regimes C, B, and A,
respectively. Also represented are the correspending theoretical angular variations of the angle #(f) (2, d. g) and of the energy £ (b, e, h)
associated with the stable magnetic profile(s) of the soft layer. As m Fig. 1, different lime styles are used, which comespond to different local
mimma of the energy € [Eq. (6)].
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FIG. 2. (a) XMCD signals (solid lines) at the Fe L3, Gd M
and Tb M, ; edges obtained at 100 K for both circular polarizations
o+ and o~ and integrated XMCD signal (dashed line) needed for
the sum rules application (Ref 32). (b) Absorption intensities I*
(circle) and I~ (cross) at the Fe L,,, Gd M, and Tb M, , and
corresponding integrated (I +J7)/2 intensity needed for the sum
rules application (Ref 32).
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FIG. 3. Magmetic measurements performed at 100 K on
Glass GdsgFegy( 100 nmm)/ ThysFeqs( 3 nm)/ AN 3 nm) after saturating
the sample at 300 K under 1 kOe applied along the GdFe easy axis
and then cooling the sample under H =1 kOe along the same di-
rection. (a) Nommahzed SQUID magnetization (M/Mg) hysteresis
loop. Solid square (): major loop performed by sweeping the field
from 1 kOe to —1 kOe and back to 1 kOe; Open square (C1): minor
loop obtammed by sweeping the field from 1 kOe to —75 Oe to 1
kQe. (b) Normalized XMCD signals (XMCD) at the Fe L, ; edges
{open circle) and the Gd, (solid square) and Tb (open tmangle) M, 5
edges collected as a finction of the applied field. The applied field
was swept from 1 kQe to —300 Oe back to 1 kQOe. In inset, minor
loop for a field swept from 1 kOe to —75 Oe back to 1 kOe.

GdFe/TbFe O 0 O 0O O all SQUID O O O

0 4-12.
00 [4-7]

FIG. 7. Schematic magnetic configpurations at the GdFe/TbFe
mterface. The position of the mterface domam wall 1s colored m
gray: (a) H=> — Hpg, : The sample is saturated along the cocling field
direction (positive field direchon). (k) H= —Hp, : a DW 15 present
in the GdFe layer and is stopped at the GdFe/TbFe interface (all
domaims are in the DW state). (c) H<-—Hpg;: The DW 15 com-
pressed and penetrates in the TbFe layer. (d) One domain switches
from a compressed DW state to a safurated state (Sat™ state). (e) A
few domains are in saturated state and the other are in a compressed
DW state. (f) GdFe magnetization reversal switches all domains in
(e) from one state to the other. (g) The sample is saturated in the
negative field direction.
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U 4-1. Fe/FeGd/FeU D UODODODODODODOODOODOOOODODO

atoms t (A) Grms (A) po (x10%*/cm?)
Fe 150.02 9.0 8.49
FeGd 305.74 9.0 6.30
Fe 120.22 9.0 8.49
Si - 2.0 4.99

U 4-2. Fe/FeGd/FeOUUUODODDODDOOOOODODDODOOOOODOODOOO

atoms t (A) Orms (A) po (x10%*/cm?)
Fe,0; 33.12 9.6 9.88

Fe 117.60 8.5 8.49
FeGd 303.24 8.5 6.30

Fe 119.84 8.5 8.49

Si - 2.0 4.99
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o s-1. doobobboooobobooo
E 20 q. Step Measurement time Mo thickness count rate
(eV) ) (A *) (sec/point) (nm) (x10° cps)
Co-K:7720 1.2~2 0.082~0.137 0.02 20 15 1.2
Fe-K:7112 1.3~2.16 0.082~0.136 0.02 20 15 0.5
Gd-L3:7243 1.26~2.14 0.081~0.137 0.02 20 15 0.6

U s-2. boobOoOboooooboobogad

E 26 4. (P*=P7) /2
(eV) (D) (AH (x107%)
Co-K:7720 1.4 0.096 0.89
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O 7-1. CoFe/MnIr O OGO OOGOOGOOOGOAnO

atoms t (A) Orms (A) po (x10%*/cm?)
Ta 0.958 1.1024 5.55

Ru 0.958 1.1024 7.42
CoFe 223.26 1.1024 8.99
Mn;Ir 49.891 1.1024 7.47

Ru 54.73 1.1024 7.42

Ta 54.732 1.1024 5.55

Si - 1.1024 4.99
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