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FeMn/Co/CW00)) films were epitaxially grown and investigated using photoemission electron microscopy
and the surface magneto-optic Kerr effect. The FeMn antiferromagnetic order increases the Co film coercivity,
switches the Co magnetization easy axis from[th)] direction to the100] direction, and increases the Co
film critical thickness at which the ferromagnetic transition occurs. The Néel temperature of the FeMn film
increases with increasing FeMn film thickness. At room temperature, we constructed a magnetic phase diagram
in the FeMn—Co thickness plane to describe the FeMn and Co magnetic phases.
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The study of magnetic interactions at the interface of ferNéel temperature of the FeMn film increases with its thick-
romagnetic(F) and antiferromagneti¢AF) materials has at- ness. Finally, we construct a phase diagram to describe the
tracted much attention for several decades since the disco=eMn and Co magnetic transitions.
ery of the exchange bias effécRich phenomena have been A Cu(001) single-crystal substrate was chemically pol-
reported in F/AF systems such as coercivity enhancendentsished and cleaned in vacuum by cycles of Ar ion sputtering
defect-induced disordérpscillatory exchange bidsperpen- at ~2 keV and annealing at+600 °C. Co and FeMn films
dicular exchange bigsand step-induced spin frustratibn. were epitaxially grown on to the @@01) substrate at room
Different from the interfacial interactions between two ferro-temperature. The vacuum pressure remained beteSv
magnetic materials, the spin frustration at a F/AF interfacex 1071 Torr during the film growth. The FeMn alloy film
plays a key role in determining the overall magnetic properwas grown by coevaporating Fe and Mn with equal evapo-
ties of the system.Under certain conditions, the F/AF inter- ration rate to achieve a 50-50 composition. The evaporation
facial interaction is important even above the bulk Néel tem+ate was monitored prior to the growth by a quartz thickness
perature of the antiferromagnetic matefidlo obtain a better monitor which was calibrated by reflection high-energy elec-
understanding of the F/AF interfacial interaction, x-ray mag-tron diffraction intensity oscillations. The accuracy of the Fe
netic linear dichroism(XMLD ) has been applied to image and Mn composition ratio is controlled within 10%. The Co
AF domains and directly reveal the magnetic correlation aand FeMn films were grown into cross wedges by moving
F/AF interface$.Also, single-crystalline ultrathin films have the Cu substrate behind a knife-edge shutter along two or-
been synthesized to simplify the interfacial spin configurathogonal direction$Fig. 1(a)]. The wedge slopé~3 mono-
tions at F/AF interfaces. High-quality FeMn/Co/@00 layers(ML)/mm for Co and~7 ML/mm for FeMn is de-
thin films were recently synthesized and investigdfett.  termined by the moving speed of the Cu substrate and the
was shown that an FeMn single-crystal film can exhibitfilm growth rate. SMOKE measurements were perforrired
three-dimensional noncollinear antiferromagnetic ordesitu in both longitudinal and polar geometry. No polar signal
when sandwiched between two ferromagnetic fithand  was detected in the FeMn/Co/@®1) system, showing that
that the Co film magnetic domains could be significantlythe Co magnetization direction is in the plane of the film. For
affected at the FeMn antiferromagnetic transittériThese the PEEM experiment, a 15 ML Cu film was grown on the
advances make it possible to futher single out the effect ofop of the sample to protect it from contamination. The
F/AF interfacial interaction on the magnetic properties ofsample was then transferred into the PEEM chamber at
F/IAF systems. In this paper, we report the results of oubeamline 7.3.1.1 of the Advanced Light Source of the
study of the FeMn/Co/Q001) system using photoemission Lawrence Berkeley National Laboratory. The incident x-ray
electron microscopéPEEM) and the surface magneto-optic beam is circularly polarized and makes a 60° incident angle
Kerr effect (SMOKE). Using element-specific measure- relative to the surface normal direction. Magnetic domain
ments, we construct a phase diagram to summarize the effeichages were constructed by taking the ratiolgfand L,
of F/AF interfacial interaction on the magnetic transitions ofedges utilizing the effect of x-ray magnetic circular dichro-
the FeMn and Co films. First, we find that the Co film, frus-ism (XMCD).13
trated by the FeMn antiferromagnetic states, exhibits local Since XMLD has not been successfully applied to metal-
uniaxial anisotropy which switches the Co magnetizationlic antiferromagnetic materials, it is impossible to measure
easy axis from th¢110] to the[100] direction. Second, the directly the antiferromagnetic order of an FeMn fitfiHow-
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after applying a~1 kOe magnetic pulse along th200] direction,

i i and (d) after demagnetizing the sample with a 60 Hz ac magnetic
FIG. 1. (a) Schematic drawing of the FeMn/Co double Wedgesﬁeld along the[100] direction.

grown on Ci001). (b) Room-temperature domain images of Co

film in FeMn/Cd4 ML)/Cu(001). Arrows inside the images show o ) )

the Co local magnetization directions. Arrows outside the images 1he Co [100] ~magnetization —easy axis in
indicate the direction of the incident x ray. Each PEEM image cov-FeMn/Co/Cii001) at the antiferromagnetic state of FeMn
ers a sample area of 40mx 60 um. The Co easy magnetization can be understood in terms of the FeMn spin structure. It is
axis switches fronf110] to [100] at ~9.0 ML of FeMn where the known that FeMn has a@like spin structur&1®so that the
FeMn film establishes its antiferromagnetic order atin-plane spin projection of FeM@01) sheets alternates from

room temperature. the 4110] to the 4110] direction between adjacent sheets.
) . Although each FeM(®01) plane is a spin-compensated
ever, I_(uchet al1% showed that the FeMn antlferromagngtlc plane, an atomic step parallel to tfE00] or [010] direction

order in the FeMn/Co/Q00D system can be revealed in- o, 4 Femii001) surface could result in an uncompensated

directly by domain images of the ferromagnetic Co film. magnetic moment in the[200] or +[010] direction, while a

Upon doing so, the Co magnetic domains break into smallgien harallel to th110] direction would not induce an un-

sized domains as the FeMn film establishes its antiferromag:-ompensated momefiig. 2(@)]. Then a direct coupling of
netic order. In addition, the Co magnetization easy axishe Co magnetic moment to the FeMn uncompensated mo-
switches from th¢110] direction in the paramagnetic state of ment at thg 100] steps explains the Od.00] magnetization

the FeMn film to thg 100] direction in the antiferromagnetic easy axis in the antiferromagnetic state of Fefd]. The

state of the FeMn film. Note that the local Co domain imen'above anisotropy mechanism should generate a uniaxial or

sity in the PEEM measurement is proportional to the projecynigirectional magnetic anisotropy whose local easy axis
tion of the Co magnetization on the incident x-ray beam

C A L varies randomly in space. This is very different from the
direction. Thus the local Co magnetization direction can b&,nyentional fourfold in-plane magnetocrystalline anisotropy

determined by comparing two PEEM images taken at tWqq, 5 (001) film which generates four energetically equivalent
different incident directions of the x-ray bedfhFigure Xb) magnetization easy axes. Since an as-growfO@d film

shows two Co domain images of FeMn/@dvIL)/Cu(00D) 4,4 develop magnetic domains with four possible magne-
taken with the in-plane projection of the incident x-ray beamjzation directions, the Co domains shown in Figo)lcannot
parallel to the[100] and[010] crystalline directions. Under be used to distinguish between the uniaxial/unidirectional an-
this measurement geometry, the PEEM image of the Co filnisotropy and the fourfold magnetocrystalline anisotropy. To
should consist of two different domain intensities for the explore the nature of the Jd.00] magnetization easy axis,
[110] magnetization easy axis and three different domain inwe applied an external magnetic field puisel kOe to the
tensities for th¢ 100] magnetization easy axis. Then the local Fgpy11 ML)/Co(3.5 ML)/Cu(001) along the[100] direc-
Co magnetization directiofindicated by arrows in Fig. (0] {jon and measured the Co magnetic domains with the in-
can be easily determined by comparing the two PEEM im- L . —

plane projection of the incident x-ray beam along [h60]

ages of Fig. (b). It is clearly seen that the Co magnetization ™ . e ) .
easy axis switches from thgL10] direction below 9 ML direction. The Co domain intensity under this measurement

FeMn to the[100] direction above 9 ML FeMn. In addition, geometry should be white, dark, and gray for magnetization

the Co domain size experiences a sudden change at 9 Malong the[100], [100], and #010] directions, respectively.
FeMn. Therefore, the result of Fig(d) confirms the conclu- If the Co [100] magnetization direction in the
sion of Ref. 10 that the FeMn film establishes its antiferro-FeMn/Co/C001) system were determined by a fourfold
magnetic order at-9 ML and that the FeMn antiferromag- magnetic anisotropy, the application of the magnetic pulse
netic state switches the Co magnetization easy axis to theould switch all magnetic domains into the magnetic field
[100Q] direction. direction, leading to a single-domain PEEM image. By com-
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FIG. 3. Coercivity and remanence of

FeMn/Cd6.5 ML)/Cu(001) from SMOKE measurements with the ~ FIG. 4. FeMn Néel temperature of FeMn/@oML) films
magnetic field applied along tHd10] axis. The insets ofa), (b), ~ grown on C002). The first two data setsquares and circlggre
and(c) show the hysteresis loops at the indicated FeMn thicknesse&iom PEEM measurements. The last data @gangles is from
The FeMn film establishes its antiferromagnetic order&tML. SMOKE measurements. Solid line depicts the fitting result using

Eq. (2).
paring the Co domain intensities befdifeg. 2(b)] and after
[Fig. 2(c)] the magnetic pulse, it is clear that only the Co from ~20 Oe below 8 ML FeMn to~400 Oe above 14 ML
FeMn, and meanwhile the magnetic remanence decreases

domains with[100] magnetization switch to thigl00] direc- due to the switching of the easy magnetic axis from|te]

tion aftgr the magnetllc pulse, and the d_omalns W'Eﬁ]ﬂ] to [100] directions. Unfortunately we could not rotate the
magnetlzatlons. remain in the @10 d|r-ect|ons. Noting that _sample by 45° in our UHV system so that we did not obtain
+[010] magnetizations are perpendicular to the magnetiqysteresis loops of the Co film for magnetic field applied
pulse direction, the results of Fig( and Zc) show that it  3long the[100] direction. Such measurement could add valu-
is energetically unstable to rotate the magnetization to thgple data to the analysis. Because our SMOKE magnetic can
perpendicular direction of the local easy axis. This resulipnly reach~1-1.5 kOe magnetic field, we also could not
indicates that the local C[il00] easy magnetization axis in obtain the saturation field of the hysteresis loops at thicker
the FeMn/Co/C(001) is not from a conventional fourfold Femn. The saturation field may provide indirect information
magnetic anisotropy, but from a local uniaxial or unidirec-on the FeMn-induced magnetic anisotropy. Obviously, more
tional magnetic anisotropy whose easy axis alternates rantetailed measurements are needed in the future. It should be
domly in space between th¢ 0] and $010] directions. To  mentioned that a coercivity enhancement also exists in the
further confirm the uniaxial or unidirectional nature of the MnF,/Fe system below the MPNéel temperature, and this
[100] easy magnetization axis, we demagnetized the sampleffect was attributed to the magnetic interfacial frustrafion.
by gradually reducing the amplitude of a 60 Hz ac magnetiGSince the local uniaxial or unidirectional magnetic aniso-
field in the[100] direction. The Co domains after the demag-tropy comes from the FeMn atomic steps along [th@0] or
netization[Fig. 2(d)] show again that those domains with [010] directions, a complete understanding of the local mag-
their magnetizations perpendicular to the demagnetizationetic anisotropy requires detailed information on the local
field remain unchanged, supporting the uniaxial or unidirecfeMn/Co interfacial morphology. This could be a future
tional nature of the magnetic anisotropy. In addition, weproject for a scanning tunneling microscopy experiment.
found that Co domains witfil00] or [100] magnetization We now turn our attention to the FeMn paramagnetic-to-
could flip their magnetic directions after demagnetization,antiferromagnetic transition. Since the FeMn antiferromag-
showing that the local magnetic anisotropy is dominated byretic transition in FeMn/Co/GQ001) system can be deter-
uniaxial anisotropy rather than by unidirectional anisotropy,mined by both PEEM and SMOKE measurements on the Co
that is, the local coercivity should be greater than the locafilm, we studied the thickness dependence of the FeMn Neéel
exchange bias. temperature in FeMn/Qd ML)/Cu(001) and

The existence of the local uniaxial or unidirectional mag-Co(4 ML)/FeMn/Cy001). The sample temperature was in-
netic anisotropies should have a significant effect oncreased gradually, and at each temperature the FeMn phase
the Co magnetization switching. This was indeed con4ransition critical thickness was determined experimentally
firmed by in situ SMOKE measurements on (Fig. 4). We found that the FeMn Néel temperature increases
FeMn/Cd6.5 ML)/Cu(00]). Figure 3 shows the coercivity with film thickness and is almost identical for
and remanence of the 6.6 ML Co film from longitudinal FeMn/Co/C@001) and Co/FeMn/C(001). We also found
SMOKE measurement with the magnetic field applied alonghat the FeMn Néel temperature depends very little on Co
the [110] direction. Representative hysteresis loops at thredilm thickness once the Co film is in the ferromagnetic state.
different FeMn film thicknesses are show in the inset of Fig.Lowered Néel temperature in an antiferromagnetic thin film
3. We found that the Co coercivity exhibits a drastic increaséas been reported in the literatdfe and was attributed to a
as the FeMn thickness increases to establish antiferromadinite-size effect. Previous studies were usually limited to a
netic order at~9 ML FeMn: the Co coercivity increases few thicknesses of the antiferromagnetic film. The applica-

024406-3



C. WON et al. PHYSICAL REVIEW B 71, 024406(2005

= 4 — . —
[ 3
E :
8 J 3t s ]
é \‘;” i 0000
© (72}
£ o 27
3 | S
o S
w € 1!
é H H FSMH=14ML7 ';
w 0 . . L .
01234586 7 4 6 8 10 12 14
Co Thickness (ML) FeMn Thickness (ML)
FIG. 5. Magnetic remanence of FeMn/Co/001) determined FIG. 6. Phase diagram of FeMn/Co/(001) at room tempera-

define the FeMn critical thickness. Note that the FeMn critical

. . thickness cannot be determined in our experiment below the Co
tion of a wedged sample in the present work enables a d Sitical thickness

tailed study of the thickness dependence of the Néel tem-
perature. The finite-size effect in magnetic phase transitiont approach a saturation value, showing a magnetic transition

is usually described by a scaling law of at the critical thickness. However, the Co critical thickness of
FeMn(14 ML)/Co/Cu00)) is greater than the Co critical
T(oe) = T(n) _ (@)A (1) thickness of FeM(® ML)/Co/Cu001). Recall that theTc
T(o) n/' of a magnetic film increases with film thickness and that the

) . ) o FeMn film establishes its antiferromagnetic order above
whereT(e) is the critical temperature in the bulk limit,is g wL thickness; thus the thicker Co critical thickness of
the film thickness, and is a critical exponent whose value Fenmn(14 ML)/Co/Cuy001) indicates that the FeMn antifer-
reflects the universality class of the phase transitfddsing  omagnetic order reduces tfig of the Co film. We also took
the bulk value(500 K) of the FeMn Néel temperatuféwe  co pEEM images at room temperature along the Co wedge
fitted the experimental dataolid line in Fig. 4 and obtained iy FeMn/Co/Ci(001) and determined the Co critical thick-
A=1.38+0.04 and,=4.8+0.1. Although the fitting agrees npess where the magnetic domain contrast disappears. To en-
reasonable well with the experimental data, the justificationyre that the Co film below the critical thickness is not in a
of using Eq.(1) is a topic of discussion. First, it is question- gjngle-domain ferromagnetic state, we took x-ray absorption
able if Eq.(1) can be applied directly to an antiferromagnetic gnecira of the Co film below the critical thickness using left-
film in a coupled systerte.g., FeMn/Co bilayejsSecond, it 4ng right-circularly-polarized incident x rays and found no
was shown recently that E¢1) needs to be modified in the xycp signal, so the Co film below the critical thickness is
uItratryOn film regime, which could significantly change the i the ferromagnetic state. Figure 6 shows the Co critical
value._ The_ above concerns make us conservative in atthickness(open dots determined at different FeMn thick-
tempting to interpret tha value. Nevertheless, we here pro- nesses. Below 8 ML FeMn, the Co critical thickness remains
vide the fitting result, aiming to stimulate theoretical interesty; 5 constant value of1.5 ML, which is similar to the criti-
to this topic. _ . cal thickness of a Co film on @001). Since FeMn is in the

_ Because a compensated antiferromagnetic surface Cofaramagnetic state below 9 ML, the constant Co critical
sists of spins that alternate their directions over an atomi¢yickness below 8 ML FeMn shows that the paramagnetic
scale, a ferromagnetic thin film coupled to a compensatefyase of FeMn has little effect on the Co ferromagnetic or-
antiferromagnetic surface should exhibit a different magnetigjer As the FeMn thickness increases from 8 ML, the Co
phase transition from that of a single ferromagnetic film. Weitical thickness increases gradually to 2.5 ML and remains
now discuss the effect of the antiferromagnetic FeMn on the, constant value of 2.5 ML for FeMn films thicker than 12
Co ferromagnetic transition in FeMn/Co/@@1). The Cu- L. |t should be mentioned that the absence of the Co
rie temperatur¢Tc) of a magnetic film is usually determined xMcD signal below the Co critical thickness only proves
from the temperature dependence of the magnetizationhat Co is not in the ferromagnetic state, but we cannot rule
Since theT¢ of a magnetic film increases with film thickness, out the possibility of the existence of another magnetic state
a thickness-dependent magnetic measurement at a fixed tefian the paramagnetic statich as a spin-glass statéo a
perature could determine a critical thickness whadgeis  certain extent, the magnetic coupling at an F/AF interface
equal to the measurement temperatdréxperimentally, &  can be viewed as applying a random magnetic field to the
thickness-dependent measurement is easier to perform tharfgromagnetic film. The effect of a random magnetic field on
temperature-dependent measurement for a wedged sampl@sterromagnetic system has been investigated extensively in
We performed SMOKE measurements at room temperaturgheory?::22 Some simple models, such as the random field
on an FeMn/Ctwedgg/Cu(001) sample to obtain the |sing model, were also developed to address the phase tran-
thickness-dependent magnetic remanence of the Co filnition issue’>-2° The results shown in Fig. 6 are related to
Figure 5 shows the results from FeMnML)/Co/CU00D)  this subject. In Fig. 6, from PEEM images, we plotted the
and FeMit14 ML)/Co/Cu001). For each sample, the mag- FeMn transition boundargsolid circle where domain frus-
netic remanence develops rapidly above a critical thicknesgation starts as shown in Fig. 1. We found that the FeMn
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critical thickness depends very little on the Co thicknessswitches the Co magnetization easy axis to[th@0] direc-

above the Co critical thicknegshere Co is in the ferromag- tion and increases the Co coercivity. These results are attrib-
netic stat¢ Below the Co critical thickness, we could not uted to step-induced local uniaxial or unidirectional magnetic
determine the FeMn critical thickness due to the absence @inisotropy whose direction varies randomly in space. FeMn
the Co magnetic domains. Obviously, there should exist @nd Co magnetic transitions were also explored by construct-

FeMn boundary that defines the FeMn antiferromagnetidnd & magnetic phase diagram in the FeMiCo thickness
transition. It would be very interesting to find out in the plane. We find that the FeMn antiferromagnetic order has the

future whether or not the FeMn critical thickness would be€ffect of increasing the Co transition critical thickness.

increased or decreased by the ferromagnetic state of the Co This work was supported by National Science Foundation
film. Grant No. DMR-0405259, U.S. Department of Energy Grant

In summary, we investigated the effect of F/AF interac-No. DE-AC03-76SF00098, the Chinese National Science
tions on the magnetic properties of FeMn/Co/(QQd) using  Foundation, the Chinese Science and Technology Ministry
PEEM and SMOKE. The FeMn antiferromagnetic orderfor 973 Project, and ICQS of CAS.
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