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Perpendicular coupling at Fe—FeF , interfaces
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We have studied the exchange anisotropy of ferromagnetic Fe films grown on antiferromagnetic
FeF, single crystals. The behavior of the hysteresis loops of the Fe above and belowdhe Ne
temperatureTy of FeF, indicates a 90° rotation of the ferromagnetic easy axis due to the
antiferromagnetic ordering. By examining the Fe hysteresis loops together with the FeF
susceptibility behavior we infer that beloW, the ferromagnetic and antiferromagnetic spins are
coupled perpendicular to each other. This behavior can be explained by recent micromagnetic
calculations on exchange bias systems, or by magnetoelastic effectl99®American Institute of
Physics[S0003-695098)02405-X]

Exchange bias refers to the shift of a ferromagnetic hystecular beam epitaxyMBE) system (2x 10 ° Torr base
teresis loop away frontl =0 due to the interaction between pressurg To improve surface quality, the crystals were an-
two magnetic materialsTypically this happens when a fer- nealed in vacuum at 400 °C for 30 min. 20 nm of Fe was
romagnet(FM) and a neighboring antiferromagn@FM)  deposited onto the FgRingle crystals al geposiio= 150 °C
are field cooled below the € temperature Ty) of the  ysing electron beam evaporation at a rate of 0.1 nm/s. To
AFM. In recent years there has been a renewed interest iﬁrotect the Fe |ayer, a 20 nm Capping |ayer of silver was
exchange bias especially in thin film fofmmotivated by deposited at a rate of 0.05 NM/S Beposiio= 150 °C using
possible applications in magnetoresistive deviceewever,  an effusion cell. During deposition the pressure was below

the microscopic mechanism responsible for this phenomenogx 10-° Torr. Deposition rates were controlled using elec-
remains unclear. To study the more fundamental aspects @fon impact emission spectroscopy.

exchange bias it is desirable to control the structure of the  The structure of the films was studiéu situ by reflec-

ferromagnet—antiferromagnet interface. For this reason somgyn high energy electron diffractioiRHEED) andex situby
exchange bias studies have been carried out using singeray diffraction. The polished FgRsurfaces showed bright
crystal antiferromagnefs.’ two-dimensional diffraction patterns that became sharper af-
In this study Fef was chosen for the antiferromagnet ter annealing, implying highly ordered atomic arrangements.
because it has a simple crystal structWbdy centered The Fe films deposited possessed a large fraction of the
tetragona),® simple spin structurgand very strong uniaxial Fg(110) planes parallel to the surface, and were preferen-
anisotropy for the AFM spin& Assuming that the bulk tially oriented in the plane of the film. This was deduced
magnetic structure is preserved, the surface magnetic strugom the observation of spotty RHEED patterns, as well as
ture can be changed by varying the crystalline orientationfrom x-ray diffraction results. X-ray diffraction measure-
For instance, the Fef10 surface has equal numbers of ments from a FE10/FeR(100 sample were taken with the
spins from the two antiparallel sublattices, and is thereforecattering vector at a 27° angle from the growth direction in
called compensated. The F£FO0 surface is uncompen- order to detect the K810 peaks and Fef510) peaks. By
sated since in that case a surface plane contains spins th&mparing the azimuthal variation in the intensity of these
point in a single direction. The Fgfl10) and Fef100  peaks, we determined that the[B@1] direction was prima-
surfaces are similar in that the F£B01] direction, which is  rjly parallel to the Fef{001] direction. The x-ray diffraction

the ordered spin direction, lies in the plane of both. When Feqcking curve widths for the F&10) planes parallel to the
thin films are deposited on Fefsubstrates with either of gyrface were typically 4°.

these orientations, we find a 90° rotation of the Fe easy axis  The magnetic characterization was carried out using a

below Ty, which is driven by a perpendicular coupling be- semiconducting quantum interference dew®UID) mag-
tween the FM and AFM layers. netometer. The samples were cooled from 300 to 10 K in a
The Fek single crystal was grown using the magnetic field of 2000 Oe applied parallel to the plane of the
Bridgeman—Stockbarger method, aligned using a Laue x-raj{jm_ Afterward hysteresis loops were measured for several
camera, and cut with a diamond wire into wafers with tWOtemperatures as the sample was warmed back to 300 K.
different orientations—-4100) and (110. The crystals were Varying the cooling field up to 70 000 Oe had no effect on
polished and then loaded into a Riber ultrahigh vacuum mogny of the results. The hysteresis loops had a large linear
background due to the susceptibility of the Feaffystals.
Ipresent address: IBNE44/015, 5600 Cottle Rd., San Jose, CA 95193. This linear signal was subtracted from the data in order to
Electronic mail: tmoran@us.ibm.com observe clearly the Fe behavior. A temperature dependent

Y0n leave from the Grup d’Electromagnetisme, Universitat Aotoa de vertical offset in the magnetization, which disappeared above
Barcelona, Spain. ’

9Present address: Physics Dept., West Virginia University, Morgantown80 K, was also Qbserve@bom_ 0-_002 emu per gram of
WV 26506-6315. FeF,). Because this behavior coincided with thg of FeF,
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FIG. 1. Normalized susceptibility vs temperature for a J&EO) crystal, =
when field is applied in two perpendicular directions: parallel to the -0.5
FeR[001] direction (filled circles and applied to the FeFl,—1,0] direc- -300 0 300
tion (open circles The inset shows the surface spin structure for the Field (Oe)
FeFR(110) surfaces, assuming that the bulk structure is maintained. Ref. 13
contains a more complete diagram of the fFeffucture. FIG. 2. Magnetization loops taken &) 300 K and(b) 10 K for a

Ag(20 nm/Fe20 nm)/FeF,(110) sample. Data were taken with the field ap-
plied in the plane parallel to the FgPBO01] direction (filled circles and

this offset was attributed to piezomagnetism in theszIFd FeF[1,—1,0] direction(open circles In (b), the exchange bias for the filled

| btracted bef Vzi the hvst is 16 circles is “positive” exchange bias, since the sample was cooled in a posi-
was ?lSO supbtracte erore ana} yz_lng € nysteresis oops. tive field of 2000 Oe.
Figure 1 shows the susceptibility of a Besingle crystal
when the applied field is either parallel or perpendicular to )
the AFM spin axis. The low temperature values approacl$Pins have a low energy state when they are perpendicular to

zero for the parallel case and level off for the perpendiculathe ordered Fefspins. A similar rotation of the FM easy

case, as expected for single crystal antiferromagiets. axis has also been observed in Fe films coupled to(#6f)
The exchange bias of Fe films grown on F@R0) crys-  thin films=> . _ .
tals and FeR110 is almost zero when the cooling field is To investigate the origin of this rotation of the Fe easy

applied in the plane and perpendicular to the AFM spin axiXiS We have measured hysteresis loops at increasing tem-
(HIFeR[010] and HIIFeR{1,—1,0], respectively. In other ~Peratures between 10 K and room temperature. Figure 3
words, field cooling is ineffective when there is a large crys-ShOWs the coercivity and the squareness, which is defined as
tal anisotropy in the antiferromagnet which tends to align thé"€ rémanent magnetization divided by the saturation mag-

spins perpendicular to the cooling field. The two interface??]t'zatc'jon' The exc?}ange bias shift was taken mtclx account
behave differently when the cooling field is applied in the When determining the remanent magnetization values. One

plane and parallel to the AFM spin axis: REEOO) interfaces sees that the transition begins near the ordering temperature

exhibit practically zero exchange bias while FER0) inter- of the Feh (78.4 K). The same behavior is observed in
faces exhibit a “positive” exchange bias of about 80 Oe.Fe/FeE(lOO) _samples. o .
Here positive exchange bias means that the hysteresis loop is The _rotatlon of t_he Fe easy axis |nd|cat95 that there is a
shifted in the positive direction for positive cooling fields, pe_rpend|c_ular_ coupling betvx_/een_ the Fe spins and the? FeF
which is opposite the direction observed in most exchang pIns, Wh'Ch is almost certalnly influenced by the de_ta||s of
bias systems. Both positive and negative exchange bias co 1e atomic structure near the interface. These atomic struc-
ditions have been observed in Fe films coupled to,Rbh
films 1314

Now we will discuss the uniaxial anisotropy behavior,
rather than the unidirectional anisotropy behay@xchange
biag. Figure Za) shows that the hysteresis loops taken at
room temperature for a Fe/FEE10Q sample are different
depending on the direction of the applied field. The curve
taken parallel to the Fgf001] direction has large remanent
magnetization and large coercivity compared to the curve
taken with the field parallel to the FgB,—1,0] direction.
We therefore conclude that the Fe has a uniaxial anisotropy
with the easy axis parallel to the FE¢601] direction at 300
K. Based on x-ray diffraction and RHEED information, we
attribute this easy axis to magnetocrystalline anisotropy, 00 50 100 150 200 250 300 350
since the Fe crystallites have a preferred orientation in the Temperature (K)
plane of the film. Magnetoelastic anisotropy may also be
present. Figure ®) shows the same curves taken at 10 K,FIG. 3. Squareness(@ and coercivity (b) for an Ag20 nm/
Fe(20 nm/FeF,(110) sample. Data taken with the field applied in the plane

where the situation has reversed. The large remanent magnec’. .o 'y Feg001) direction (iiled circles and Feb[ 1~ 1,0] direc-

tization and coercivity for the perpend'CU|ar case Ir]d'ca-tQion (open circles. Here squarenessemanent magnetization/saturation

that the Fe easy axis has rotated 90°. In other words, the Feagnetization.
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ture details are difficult to obtain, although the temperaturediscussed here, similar effects have been reported at

dependent behavior gives some information. A strong clugermalloy/CoO interface, permalloy/FeMn interface¥,

that the bulk atomic structure is maintained near the interfacand FgO,/CoO interface$? In fact, for the permalloy/CoO

is the location of the transition points of the exchange biasnterfaces with CoO single crystals, perpendicular coupling

and perpendicular coupling. Since both transitions occur neaiue to antiferromagnetism was apparently the main coerciv-

the bulk transition temperature of FgFRt is likely that the ity mechanism. Therefore, controlling the perpendicular cou-

bulk atomic structure persists, even very close to the interpling could be useful in controlling the coercivity of ex-

face. Even if bulk atomic structure persists close to the inchange bias systems in general. This is true regardless of

terface, it is likely that the interface is not atomically flat, and whether the mechanism is driven by exchange coupling or

that both Fek sublattices will contain spins which are magnetoelastic effects.

coupled to the Fe spins. In conclusion, we have studied the magnetization rota-
This coupling of both sublattices can lead to frustrationtion behavior of Fe thin films coupled to Fe§ingle crystals.

and uniaxial anisotropy in the following manner. Because theye found that the Fe easy axis changes its direction as the

ordered Fef spins are along the Fgfe axis, interatomic  FeF, goes through its antiferromagnetic ordering tempera-

exchange coupling would then cause half the surface to havgre. The results fof110) and(100) surfaces clearly indicate

Fe spins which tend to point parallel to the HIo1] direc-  that there is a perpendicular coupling between the Fe spins

tion, while in the other half the Fe spins would tend to pointand the ordered FeBpins. This behavior is consistent with

in the opposite direction. In this model no uniaxial anisot-recent micromagnetic calculations on FM—AFM interfaces

ropy would exist. Now suppose that the AFM spins near thesng with a magnetoelastic coupling mechanism.
interface are allowed to cant slightly in response to the inter-

atomic exchange coupling. In the Fig. (110 inset, if a The authors thank V. Speriosu for motivating our initial
ferromagnet were pointing to the right, this would mean thatnterest in exchange anisotropy and N. Koon for useful dis-
the two sublattices would rotate slightly to the right side ofcussions. This work was supported by the U. S. Department
the page. Then each sublattice would have reduced frustr@f Energy. J.N. thanks the NATO Scientific Committee and
tion energy compared to the uncanted state. This process wifie Spanish Ministerio de Educaniy Ciencia for their fi-
be more effective at lowering the energy state of the systemancial support.
when Fe and FeFspin directions are perpendicular rather
than parallel, therefore making the perpendicular arrange-
ment a lower energy state.
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