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Use of magnetocrystalline anisotropy in spin-dependent tunneling
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Epitaxial growth techniques are used to impose in-plane magnetocrystalline anisotropy on a
spin-polarized tunneling configuration. A (W0 buffer layer grown on a $100 substrate
stabilizes epitaxial face-centered-cubic cobalt as one of the ferromagnetic electrodes. The negative
magnetocrystalline constant of this metastable phase favors easy axes aldig)@md, due to the

single crystal nature of this layer, the coercivity is more than an order of magnitude larger than in
the polycrystalline layers which form the second electrode. Our approach provides a way to access
the high degree of spin polarization characteristic of thetrdnsition metals. ©1999 American
Institute of Physics.S0003-695(99)00139-4

It has been known for some time that magnetic thin filmsCo(100) films exhibit a strong negative fourfold in-plane an-
can exhibit abrupt switching in their magnetization state as asotropy that favorg110) as the easy axis of magnetization.
function of magnetic field.This behavior is accompanied by Reflection high-energy electron diffracticRHEED) os-
the existence of symmetry-related preferred directitmrs cillations were used to monitor the layer-by-layer growth of
“easy” axes for the magnetization vector determined by thethe fcc Co electrode to a thickness of approximately 60 A.
magnetic anisotropy. There are important consequences fdihe insulating barrier layer consisted of highly oriented
recently developed magnetic nanostructures whose relevahexagonal-close-packeticp) boron nitride(BN) grown on
properties are controlled entirely by their magnetizationfcc Co to an average thickness of 20-30 A. BN is a rela-
state. tively new material for this application. It has a wide band

An interesting example is the magnetic tunnel junctiongap (~5 eV) comparable to that of aluminum oxid@ eV),
(MTJ) consisting of a pair of weakly coupled ferromagnetic which is the insulating material used in most magnetic tun-
(FM) electrodes separated by a thin insulating bafiéin  neling junctions~’ BN has an important advantage over
this case, an asymmetry in the density of states of the majoial ,0;, namely that the possibility of partially oxidizing the
ity and minority bands in the FM electrodes leads to a spinmagnetic layers during the fabrication process is greatly re-
dependent tunneling probability such that paraiéitiparal-  duced. A second magnetic layer60 A of Co or Nj was
lel) magnetization configurations of the two electrodes leadshen deposited in the same manner as the first layer, but in
to high (low) conduction through the barriéf! Because of the absence of a single crystal Cu template this layer grew
the collective nature of this magnetoresistance effect, there isolycrystalline. The samples were capped with 50 A of cop-
reason to believe that magnetocrystalline anisotropy woulgher to protect them from atmospheric degradation.
be an important parameter in the behavior of spin-dependent  |n addition toin situ RHEED, the structure of the sample
tunneling systems. To date, this aspect of MTJ structures hagas characterized viex situ cross-sectional transmission
largely been ignored as most of the work has been carriedlectron microscopyTEM). Figure 1 shows a TEM image
out on polycrystalline samples. illustrating that the insulating layer is continuous and rela-

In this work we report the use of epitaxial growth tech- tively flat, with no observable pinholes. The inset in Fig. 1
niques to impose a magnetocrystalline anisotropy on a spirshows a high resolution TEMHRTEM) image of a test
polarized tunneling device. Our approach establishes a welkagmple with this kind of structure confirming the crystallo-
defined crystal structure for the MTJ, providing a convenieniyraphic structure of the various layers as previously deter-
way to access the high degree of spin-polarization charactefjned by RHEED. Fourier transform analysis of the
istic of 3d transition metals. HRTEM images indicated fcc structure for the initial Cu and

The samples were prepared by a combination ofco jayers, textured growttwith the basal planes normal to
molecular-beam epitaxfMBE) (metallic ferromagnetic lay- the substratefor the BN layer, and polycrystalline structure
ers and electron cyclotron resonan@CR)-assisted plasma  for the second layefwith hcp structure in the case of Co,
deposition(insulating layers A Cu (3000 A) single crystal- and fcc structure for Ni
line seed layer was first grown on a &01) substrate at a The process of magnetization reversal was studied using
rate of ~0.3 A/s in several stages with intermediate mild the magneto-optic Kerr effedMOKE) with the magnetic
annealings to achieve a smooth surfé_d’@is Cusingle crys-  fie|d B, applied along the eagit 10 in-plane axis of the fcc
tal film grew epitaxially in the(100) orientation with an in- layer. Figure 2a) displays a typical magnetic hysteresis loop
plane rotation angle of 45° with respect to the Si lattice, (4 ) measured at room temperature. The magnetization
serving as a template to stabilize the subsequent growth @frye exhibits two intermediate plateaux corresponding to
single crystal, face-centered-cubfifcc) Co. Single crystal  gh5roximately zero net magnetization where the magnetiza-
tion vectors of the two electrodes are in the antiparallel con-
3Electronic mail: lukaszew@umich.edu figuration. The weak coupling between the magnetic layers
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FIG. 1. TEM micrograph showing cross-sectional view of the multilayered
structure. Note that the insulating layer is smooth and pin-hole free, with
~50% thickness variation. Inset: HRTEM showing the crystallographic
structure of a test sample. ( C)
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permits the identification of the contributions to the MHL o5l
from each individual layer. Thus, we observe a sharp flip of y
the magnetization at higher fie{d50 Og, with square edges
in the hysteresis loop, and a more gradual transition at a
lower field (~10 Os8, with rounded edges. The sharp transi-
tion corresponds to the typical switching along the easy axi§!G. 2. MOKE magnetic hysteresis loops at room temperaterefor a
for a single crystal, in this case fcc Co, and the smooth magZP-tunneling junction witf.,, applied along the easii.10) in-plane axis

. . of the single crystal fcc layerp) contribution from the fcc Co layer, with
netization reversal corresponds to the polycrystalline layep_, along(110; (c) from the polycrystaliine Co layer.
(hcp Co or fcc Ni.

We have proposed a simple model to predict the coer- ] )
civity (H,) along the easy axis for an fcc film. In this model tUm interference devicgSQUID) magnetometel® These
the magnetization is allowed to jump between available eneasurements confirmed the MOKE data at room tempera-
ergy minima in the energy landscape fd=H_ when the ture.
gain in energy is greater than the energy necessary for The samples were patterned lithographically to obtain
domain-wall nucleation. Thus, our predictet} is 150 Oe junctions of square shape with side lengths ranging from 20
for the fcc Co electroddassuming cross-tie domain wall t0 200 um to minimize the contributions to the resistance
nucleation, X,/Mg from Naik et all° and bulk value for that are not magnetic field dependent. Transport properties
the saturation magnetizatipim agreement with the observed were measured applying a dc voltage at room temperature,
value. The details of this model can be found elsewhtre. Using a two-probe technique. The parabolic behavior of the
For polycrystalline materials the magnetization curve is theconductance v¥ curve obtained was considered a signature
result of an average over different oriented crystallites. Iof tunneling. From a fit of the Simmons motfeto the
addition, the crystallite boundaries act as obstacles to domagtrrent—voltage I(~V) curve near zero, we found that the
motion, or for domain rotation, and the hysteresis loopeffective thickness and height of the BN barrier were 1.4 nm
should have a rounded appearance. The coercive field of ttand 1.25 eV respectively.
polycrystalline layer should be similar to that for bulk mate- ~ The barrier height value for BN appears to be somewhat
rials (~2 Oe for Ni,~9 Oe for Co, at ambient temperatlfie  lower than that reported for aluminum oxide junctithisn-
and that is indeed what we observe. The hysteresis loops f@lying that the absolute resistance values of our MTJs should
the individual layers were also measurgéigs. 4b) and  also be lower than those previously reported fosGyljunc-
2(c)] and further confirmed our identification of the compo- tions. Our measurements support this. Figure 3 shows the
nents in the composite loop. magnetoresistance of one of these samps fcc bottom

An added advantage of this type of sample is the preselectrode, Ni polycrystal top electrode, junction size:
ence of well defined easy and hard axes arising from th&0umx50um). A sharp 25% change in the magnetoresis-
crystallographic symmetry given by the in-plane fourfold tance was observed at room temperature, at the same fields
symmetry of the single crystal fcc layer. Further magneticwhere the switching of the magnetization was observed in
characterization at temperatures ranging from 5 to 350 K wathe hysteresis loop. The magnetotunneling effect thought to
performed using a Quantum Design superconducting quarbe operative can be explained using a model proposed by
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9 . - - . - of 27%, in better agreement with our experimental value.
184 ] Thus our results seem to indicate that the spin-polarized tun-
1 neling in our samples is also determined by a high degree of
i i polarization in the ferromagnetic layers. The absence of oxi-
‘g 161 i . dation processes that may also oxidize the ferromagnetic sur-
§ sl ! ] face in contact with the insulating layer thus preserves the
@ J 3 magnetic character of the interface.
] 0<3::‘ e owo—s ] In summary, we have used epitaxial growth techniques
13- e &—o—owo—0 | to impose in-plane magnetocrystalline anisotropy on struc-

tures intended for spin-tunneling applications. The samples
consisted of two MBE-deposited magnetic layers with differ-
ent magnetic properties due to their different crystallographic
structure, providing well-defined and separated values of
H.. One layer was grown as single crystalline fcc Co while
FIIG- 3. ROOTtthemferat_urel MR Wtiﬂ?elxt agglied ?Iong the t?ta%llg) ir}- / the other magnetic layer was polycrystallitfteep Co or fcc
plane axis ot e icc single crystal layaisample composition: ©0 1CCl Njj) This approach has the added advantage of the presence
BN/NI polycrystal. Junction size: 3m> 50 m). AR/R=25%. of easy angphard axes arising from the in-pglane fourfF())Id an-
isotropy of the single crystal fcc Co layer. The use of BN as
Tedrow and MeserveyThis model considers the asymmetry 5 barrier layer avoids potential oxidation problems at the
in the density of states of the majority and minority energypm—| interface, implying spin-polarization values that agree
bands in a ferromagnet and assumes that the spin is cojith those measured recently by Andreev reflection tech-
served during the tunneling process. The magnetoresistanggyues. Moreover the apparently smaller barrier height of the
ratio is given by BN insulating layer is favorable for lowering the absolute

AR/R,=Ryp/R,—1=2P;P,/(1—P;P,), (1)  resistance of magnetic tunnel junctions.
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