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Spin reorientation transition of Fe films in magnetically coupled FéCu/Ni/Cu(0021)
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Spin reorientation transitiofSRT) of Fe film in the magnetically coupled Fe/Cu/Ni/©01) system was
investigated by surface magneto-optic Kerr effect and photoemission electron microscopy. We found that the
Fe in-plane magnetic remanence within the SRT region oscillates with the Cu layer thickness with a periodicity
exactly half of that of the magnetic interlayer coupling. Element specific domain imaging shows that the Fe
stripe domains within the SRT region are washed away by the magnetic interlayer coupling in such a way that
the majority domain size increases without changing the minority domain size. These results are discussed in
terms of the virtual magnetic field produced by the magnetic interlayer coupling.
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Theoretically, magnetic long-range order does not exist iffinite even within an external magnetic field Thus it is of
a two-dimensional2D) isotropic Heisenberg system at any importance to investigate experimentally the stripe domain
finite temperaturé but could be triggered by a uniaxial mag- phase within a magnetic field in order to understand its
netic anisotropy. Experimentally, this issue has been ad-physical naturé? Despite the great theoretical activities,
dressed by investigating the so-called spin reorientation trarthere has been little experimental progress in the last few
sition (SRT) in magnetic thin films whose in-plane magnetic years, mainly due to the difficulty of obtaining domain im-
shape anisotropy can be balanced out by its perpendiculages within a magnetic field. Stripe domains are usually im-
crystalline magnetic anisotropy. At the SRT point where theaged by electron microscop8EMPA or photoemission elec-
magnetization switches its direction from a perpendicular tdron microscopy (PEEM)] which can resolve a weak
an in-plane direction, the overall uniaxial magnetic anisot-magnetic signal with high spatial resolution. Unfortunately it
ropy (magnetocrystalline and the shape anisotropigs-  is difficult to operate an electron microscope within a mag-
proches zero so that an isotropic 2D Heisenberg system igetic field. Although much effort has been made in overcom-
expected. Thus an investigation of the magnetic remanendag this difficulty, there has been a lack of direct stripe do-
at the SRT point should elucidate the origin of 2D magneticmain imaging within a magnetic field. In this paper, we
long-range order. Pappast al® studied the SRT in Fe/ report on the SRT in a magnetically coupled Fe/Cu/Ni/
Cu(100) using spin polarized electron spectroscopy and obCu(100 system. We show that the Fe-Ni interlayer coupling
served that the magnetic remanence vanishes within bBehaves as rtual magnetic fieldso that information on the
pseudogap at the SRT point. Applying the more precise surstripe domains within a magnetic field can be obtained by
face magneto-optic Kerr effediSMOKE) technique, Qiu element specific domain imaging using PEEM in this mag-
et al? studied Fe/A¢L00) and found that the magnetization netically coupled system.
is not exactly zero but exhibits asymmetric behavior within A 10-mm-diameter C{©01) single-crystal substrate was
the pseudogap. Meanwhile Allenspach and Bistlmfesti- mechanically polished with 0.2am diamond past finish,
gated Fe/C(1.00) using scanning electron microscopy with and electropolished as previously reportédhe sample of
polarization analysi$SEMPA) and observed that the reduced Fe/Cu/Ni[30 monolayergML)] was epitaxially grown on
magnetization in the pseudogap is associated with the formdahe Cu001). To systematically vary the Fe and Cu thick-
tion of stripe domains. These experimental observations praiesses, the Fe and Cu were grown into wedges perpendicular
moted the examination of possible new magnetic phases ito each other so that their thicknesses can be controlled in-
the 2D Heisenberg system. Theoretically, Yafet and Gyorgyependently(Fig. 1). The Ni and Cu layers were grown at
noticed that the stripe domain phase is energetically favoretbom temperature, but the Fe film was grown-&t50 K to
over a single domain phase at zero temperature, and that tie@sure the existence of the SRThe sample for PEEM
domain size shrinks rapidly into the submicron range as theneasurement was magnetized in a 1-kOe magnetic field per-
uniaxial magnetic anisotropy approaches Zeréashuba pendicular to the film surface, prior to the Fe film growth, to
et al. extended the work to nonzero temperatures and founwipe out the Ni magnetic domains, ensuring a uniform ex-
that the stripe domain phase survives the thermathange coupling field of Ni on Fe. After the Fe film growth,
fluctuations’® Following these two studies, many other the- the sample was capped with a 30-ML Cu protective layer and
oretical effortS~** have been made to address the magnetitransferred into the PEEM chamber at beamline 7.3.1.1 of
phase in the SRT region. It has been speculated that tHte Advanced Light Sourd@\LS) at Lawrence Berkeley Na-
formation of the stripe domains is a result of the competitiontional Laboratory(LBNL). The magnetic domain images
between the short-range magnetic exchange interaction anere obtained by taking the ratio &f andL, edges$’ uti-
the long-range magnetic dipolar interaction. An importantlizing the effect of magnetic circular dichroistXMCD).
consequence of this speculation is that the stripe-domaiRor SMOKE measurement, two pairs of electromagnets were
width reflects an intrinsic length scale that should remairused to apply magnetic field either perpendicular or parallel
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FIG. 1. Schematic drawing of the double wedge sample that
allows the independent control of the Fe and Cu thicknesses.
to the film plane so that polar and longitudinal hysteresis
loops can be obtained without the need of moving the 0
sample.
SMOKE measurements on 30 ML of Ni/@01) show dg, (ML)

only polar hysteresis loops with full remanence, confirming
that the 30-ML Ni layer has a perpendicular magnetization. :

To determine the Fe-Ni interlayer coupling, we performed”&4-7 ML/CU/Ni(30 ML)/Cu(001) sample. Arrows show the loca-
polar SMOKE measurements along the Cu wedge at 4.7 mitions of AFC, FC, and NC, respectively.

of Fe whose magnetization is perpendicular to the film planeteresis loop is proportional to the AFC strength. Figure 3
Typical hysteresis loops for antiferromagnetic couplingshows the saturation fieldH) as a function of the Cu thick-
(AFC) and ferromagnetic coupling=C) are shown in Fig. 2. npess (). The oscillations of thédg versusdc, represent
For the FC case, a square loop with full remanence is obme oscillatory interlayer coupling between the Fe and Ni
tained because the Ni and Fe magnetizations are coupled fins across the Cu spacer layer. Because of the dislocation-
the same direction. For the AFC case, the Ni and Fe magngnquced surface roughness in Nif001),° only long-period
tizations are antiparallel at low magnetic field so that the(5_8_|v||_) oscillations were observed, which is consistent
total magnetization is reducéthe nonzero remanence is due jth a previous resuft’
to the unbalanced SMOKE signals from the Ni and Fe films 14 study the SRT, SMOKE measurements were per-
At high magnetic field, the Zeeman energy overcomes the¢yrmed as a function of the Fe film thicknessQ at d,
AFC to align the Ni and Fe magnetizations to the same di—7 0 8.6 and 9.6 ML which correspond to the AFC, no-
rection. Therefore the saturation fieltl §) in the AFC hys- coupling (NC), and FC, respectively. As a reference,
SMOKE measurements were also taken at a very thick Cu
thickness (>30 ML) to generate the results of the Fe/
Cu(001) system. Because of the perpendicular magnetization
of the 30 ML of Ni, we can only single out the in-plane
component of the Fe magnetization by performing longitudi-
nal SMOKE measurements. The in-plane magnetic rema-
nence Mg ) of the Fe film develops from zero after a criti-
cal thickness and saturates quickly with increasing Fe
7 thickness(Fig. 4). This is the typical SRT behavior with the
developing region referred previously to the SRT pseudbgap
| ] within which the stripe domains were observeHirst, we
observed that the onset bfg |, occurs at the same Fe thick-
dou= 4.4 ML ness, indicating that. the Fe-Ni interlayer coupling has little
effect on the SRT thickness. Second, we found thatMhg
within the pseudogap depends sensitively on the interlayer
- . coupling—Mpg behaves exactly the same as in F&)
for the NC case and is reduced for both the AFC and FC
\ \ . | ‘ | cases. It should be pointed out that the SMOKE laser beam
2000 1000 0 1000 2000 covers~_0.2_5-|\/!L Fe thickness due to the wedge shape, thus
H(kOe) each point in Flg. 4 should represent an averaged result over
the ~0.25-ML thickness range. To ensure that the results of
FIG. 2. Typical AFC(top) and FC(bottom) hysteresis loops of Fig. 4 are associated with the SRT, we measWVig, as a
Fe4.7 ML)/Cu/Ni(30 ML)/Cu(001) sample. function of Cu thickness ad.=5.7 and 6.4 ML which are

FIG. 3. Saturation fieldHg) versus Cu thicknessdg,) from

Kerr Intensity (arb. units)
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FIG. 4. In-plane magnetic remanendd £ ) obtained from lon-

gitudinal SMOKE measurements versus Fe film thickneks) (in
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FIG. 6. PEEM images of Fe film magnetic domains with Fe film
thickness atlc,=10.7, 12.5, and 14.5 ML which correspond to NC,
AFC, and NC, respectively. Stripe domains are presentdiqr
=5.4 ML at NC positions.

15 pm

the spin reorientation transition region. The solid lines are guides to

the eye.

inside and outside of the SRT pseudogap, respectiiraty.

5). For dge=>5.7 ML Mg, clearly oscillates with Cu thick-

=J<I\7|Ni>. This formula suggests that the magnetic behavior
of the Fe film in a coupled system represents the behavior of

a single Fe film within a virtual magnetic field=J(M ;).

ness. Moreover, the oscillation periodicity equals half of that/nder this equivalence, Fig. 3 reveals the in-plane magneti-
in the magnetic interlayer coupling with the maxima andZzation of a single Fe film within a perpendicular magnetic

minima occurring at NC and AFC/FC, respectively. Flpg
=6.2 ML the oscillations oMy disappeafFig. 5b)], sup-
porting our assertion that the oscillations of the; , are
associated with the SRT.

field H=J(My;). Within the SRT pseudogap, a perpendicu-
lar magnetic field tends to wipe out the stripe domains to
saturate the magnetization in the perpendicular direcfion,
hence reducing the in-plane magnetization. That is why the

To understand the above results, recall that the magnetiminima of My in Fig. 5@ occur exactly at the peaks of
interlayer coupling can be expressed with the Ni and FEAFC and FC where the virtual perpendicular magnetic field

magnetization vectoréM; and Mg as E=—JMge My,

whereJ oscillates withd¢,. If the Ni layer forms magnetic
single domain, i.e.M; varies very little in space, the cou-

pling can be approximated byE=—MgH with H
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FIG. 5. In-plane magnetic remanendd ¢ ) of Fe film versus
Cu thickness for@ dg=5.7 ML and (b) dg.=6.4 ML which are
within and outside the SRT pseudogap, respectively.

reaches its maximum. This also explains why the oscillation
periodicity in Fig. %a) is half of that in the magnetic inter-
layer coupling because the response of the in-plane magne-
tization is independent to the direction of a perpendicular
magnetic field. Moreover, it also becomes clear why the
Mg, in Fig. 4 for NC (noncoupling behaves in the same
way as in Fe/C(001) because NC gives a zero virtual mag-
netic field.

To obtain the microscopic behavior of the Fe stripe do-
mains within a perpendicular magnetic field, we did element-
specific domain imaging in the magnetically coupled Fe/Cu/
Ni(30-ML)/Cu(100 system. Ni PEEM images confirm that
the Ni layer has a single domain structure, thus we only
show the Fe domain images in this paper. We first studied Fe
magnetic domains as a function of the Fe film thickness with
different Fe-Ni interlayer coupling. Figure 6 shows three rep-
resentative series of Fe domain imagesig{=10.7, 12.5,
and 14.5 ML, which correspond to NC, AFC, and NC, re-
spectively. Away from the SRT region, we observed only the
single magnetic domain of the Fe film. Near the SRT, how-
ever, the Fe film exhibits characteristic domain evolution. At
the NC Cu thickness, the Fe film first breaks into big sized
magnetic domains and then evolves into stripe domains at
the SRT point. The stripe domains are submicron sized and
have a preferred direction, in agreement with previous obser-
vations on the Fe/Q001) systent. At the AFC peak posi-
tion, there exists only single domain throughout the Fe thick-
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FIG. 7. PEEM images of Fe film magnetic domains fiy, 005 1

=4.7 and 5.4 ML as a function of Cu thickness around the NC 0
boundary ofdc,=10.7 ML.
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ness range. This is also true at other AFC and FC peak FIG. 8. Histogram of the minority stripe domain width. The
positions. The absence of the magnetic domains at the AF&verage width remains unchanged despite the dramatic change of
and FC peak positions shows that the virtual magnetic fieldhe perpendicular magnetizatioM( ).

at these positions is strong enough to wipe out the Fe do-

mains. _ . , _ the difference of the white and dark areas of the PEEM im-
~ We then investigated the Fe magnetic domains as a fungges(Fig. 9). The results clearly show that the average mi-
tion of the Cu thickness at the SRT poimdg="5.4 ML).  nority domain size remains unchanged within the statistical
This study provides information of the stripe domains W'th'”range despite the significant change of the perpendicular
a perpendicular magnetic field. For comparison, we also toohwagnetizatior(Mi changes from+0.75 to—0.73. The size
d_oma|_n images at a_lower Fe thlckn_ess d»;e& 475ML) 0 (jstribution of the minority domain width was fit with Pois-
visualize the Ni-Fe interlayer coupling. Figure 7 shows rep-ggp, distribution(solid dots in Fig. 8 which yields an aver-
resentative Fe domain images in the evolution from FC 1%ged domain width of 0.4@m. The finite width of the dis-
AFC (10<d¢ <12 ML). Fordg.=4.7 ML, a single domain  tihytion may reflect the inherent spatial fluctuations of the
state is observed except at the NC position where a Sha@tripe domainé.

boundary divides ugwhite) and down(darkl magnetization Figure 9 also gives information on the saturation magnetic
areas corresponding to the FC and AFC regions. &@r  fie|d at which the stripe domains are swept out. FQg
=5.4 ML, stripe domains with equal areas of up and down_4 7 ML, the remanence changes betweehand+1 due
regions are present at the NC point. Moving away from theg the oscillatory interlayer coupling, and the boundary be-
NC point, towards either the FC or AFC region, the stripeyyeen AFC and FC is virtually zero. Faf,=5.4 ML, the
domains are gradually swept away by the virtual magnetiGomation of stripe domains obviously broadens the bound-
field. It is important to note that the stripe domains evolve iNgry between the AFC and FC. From the broadened range and
such a way that the average size of the majority domaingig 3, we can obtain the field needed to sweep out the stripe
grows while that of the minority domains remains un- yomains. The oscillatory coupling varies as

changed, i.e., the magnetization increases by reducing thg(Jo/dzu)sin(erdCu/A—@) with A =5.8 ML being the os-

minority domain density but not its width. This property dis- ciIIationCperiodicity andb being a phase factdf.For a given
tinguishes the stripe domains from ordinary magnetic do

S . o . ‘AFC peak, the saturation fields in Fig. 3 satisfies
mains in which a magnetic field not only increases the ma-

jority domain size but also reduces the minority domain size.
The characteristic property of the stripe domains that the
minority domain width remains finite within a perpendicular
magnetic field was predicted by theory a while dg&hen
considering stripe domains of widthwithin a perpendicular
magnetic fieldH, Kashuba and Pokrovsky found that the
magnetic field breaks the up-down symmetry to change the
majority and minority domain widths intb + 6 andL — 6,
respectively. Due to the dipolar interaction, however, the
andéd diverge in a similar manner af~ 1/\1— (H/Hg)? and
5~2 sin {H/Hg/mJ1— (H/Hg)?, whereHs is the satura-
tion field. This property leaves the minority domain width
L— 4 finite as the magnetic field wipes out the stripe : ‘ : ! ' ' : * :

domains’ To have a quantitative understanding, we con- 7 8 9 10 1 12
structed histogram of the minority domain width at five dif- d_ (ML)

ferent Cu thicknesses. Each histogram consists-&000 o

measurements from the PEEM ima(fég. 8). The perpen- FIG. 9. Perpendicular magnetic remanenbg § obtained from

dicular magnetization Nl ) was also calculated by taking PEEM images versus Cu thicknessdat=4.7 and 5.4 ML.
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M rreH 5= JoM M e/ A, (1) T
Near the zero coupling point adjacent to that AFC peak, 1 S s
the coupling strength is]m(\]oldéu)~(2w5dCu/A) where e o0
8dc, is the difference of the Cu thickness from the zero 93 [ .« ° i
coupling position. Thus the virtual magnetic field satisfies E—: o .OOOOO
L o i
O
M rereHy=IMpiM e~ (JoM M g/ G ) 277 8d /A fooOO
) 05 S .
O
Equation’s(1) and (2) give the virtual magnetic field of 4 #080®080® .
Hy~2mHg6dc,/A. By taking the values ofl s==400 Oe for
the second AFC peaks atl{,=12.5 ML) and the magnetic —
remanence in Fig. 9, we constructed Mevs Hy, curve near 600 -400  -200 y 00 200 400 600
the two zero coupling points(dc,=8.4ML and dg, \ (0¢)

=10.7 ML). Thﬁ resu'lt(Flg. 10 .Sho.WS that the ;;'.eld nleed'ed FIG. 10. Perpendicular magnetizatioM () versus the virtual
to sweep out the St_”pe do_mams 15300 Oe. T 'S_ value Is magnetic field H,) around the two zero coupling regions d,
two orders of magnitude higher than the theoretical value ot g 4 (filled circle andde,=10.7 ML (open circles

~0.3 Oe, which is derived from the energy difference be- !

tween single domain and stripe domain phases. The appareg fijim within the SRT pseudogap oscillates with the Fe-Ni
discrepancy may come from two sources. First, interfacia|nteriayer coupling in the Fe/Cu/Ni/@@01) system. This re-
roughness and defects tend to pin domain walls and increasg,ir demonstrates the equivalence of the interlayer coupling

the saturation magnetic fieH: Berger and Hopster found anq g virtual magnetic field. By investigating the properties
that the activation energy varies from sample to sample, ingf the stripe domains within the virtual magnetic field using
dicating the importance of defectsAllenspach and Bischof PEEM, we showed that a perpendicular magnetic field in-

also noticed that the stripe domains seem to always nucleagegses the average size of the majority domains but leaves
from defects. Second, higher-order magnetic anisotropyine average minority domain size unchanged.
should play a role in the SRT, where the effective uniaxial
anisotropy approaches zero. The effect of quadratic anisot- We are pleased to acknowledge N. V. Smith for his en-
ropy has been studied for the SRT in a single domaircouragement in the pursuit of this work at the Advanced
picture®Z° but not for the stripe domain phase. The aboveLight Source. This work was supported in part by the DOE
two effects should be considered in future theoretical studieBES-MS under Contract No. DE-AC03-76SF00098t

In summary, we showed that magnetic remanence of abhBNL) and NSF DMR-0110034.
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