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Magnetic structure at copper—permalloy interfaces
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First principles local spin density calculations of the magnetic structure of interdiffused Cu/Py
multilayers were performed. It was possible to solve the Kohn—Skimys. Rev.140, A1133

(1965] equations for both canted and collinear magnetic arrangements to a high level of
convergence. We found multiple, metastable, noncollinear magnetic structures that showed a
reduced contribution to the saturation magnetization consistent with roughly one “magnetic dead”
layer per interface. These canted interface layers were stable with respect to collinear interfaces by
about 2 mRy per atom at the interface. The calculated noncollinear total spin magnetic moments as
a function of the number of Py layers were in good agreement with the experiment99@
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I. BACKGROUND here. The underlying concentration profiles are evolved from

A giant magneto resistan¢&MR) spin valve consists of N perfect[111] atomic planes of Ni embedded in Cu. Al-
two ferromagnetic layers separated by a thin layer of nonthough the process of atomic interchange during deposition
magnetic metal. These three layers are mounted on an antflvolves several interchange mechanisms we make the sim-
ferromagnetic substrate that pins the moment direction in thelifying assumption that Ni and Cu site occupations evolve
adjacent ferromagnetic layer. There can be a large change @fcording to the diffusion equation. The instantaneous con-
the electrical resistivity when an external magnetic field flipsfiguration is a function of only the product of the time and
the orientation of the magnetization of the free layer. the hopping frequencytwy. The saturation magnetization

Spin valves have possible application in magnetic readssociated with a configuration can be calculated within the
heads, magnetic sensors, and nonvolatile magnetic memonr@cal spin density approximation at zero temperature or ac-
The magnetically soft NigFe, , solid solution known as per- cording to a simple model in which the moment on a Ni
malloy, Py, is a leading candidate for the ferromagnetic maatom depends on its local concentration in the same way that
terial. Cu or Cu alloys are common choices for the nonmagthe average Ni moment varies with concentration in the solid
netic layer. The GMR ratio depends not only on the choicesolution at the temperature of interest. Armed with the mo-
of materials but also on their thickness and on the details oment as a function ofwyq we can fix the value ofwy by
the interfaces. For example it has been observed that th€quiring that the number of magnetically dead layers agrees
placement of less than a monolayer of Co at thewith the experiment.
ferromagnet—metal interface significantly improves the  Gurneyet al? found that at room temperature Cu/Ni/Cu
GMR ratio in Py/Cu/Py spin valves. has five magnetically dead layers; this fixed the only param-

The importance of the interface is also evident in theeter in the simple diffusion model which then becomes ap-
reduction of GMR ratios caused by anneal?nijhis reduc- plicable for any number of Ni atomic layers. We assumed
tion is usually ascribed to anneal induced interdiffusion athat Cu, Ni, and Fe have similar diffusion constants, there-
the interfaces. Also associated with interdiffusion are sofore, we simply replaced Ni by Fe at random in the Cu/Ni/Cu
called magnetically dead layers. It is observed that there is enodel to arrive at a model for Cu/Py/Cu. To recap, we
minimum number of atomic planes of magnetic material be-started with five perfect Ni layers in Cu and let the Cu and Ni
low which the magnetic planes have no magnetization.diffuse until the calculated moment went to zero. This speci-
Above this minimum number of atomic planes the momentfied how long to let model configurations diffuse for an ar-
increases linearly with the number of planes and the increadsgitrary number of Ni layers. Following the assumption that
per plane is equal to the magnetization associated with &e diffuses at the same rate as Ni we also constructed con-
plane in the bulk magnetic material. It is known that mag-figurations corresponding to the deposition of arbitrary
netically dead layers are very detrimental to GMR. It isamounts of Py. This model can only be valid if Py and Ni

therefore important to understand this phenomenon. samples were sputtered under the same conditions of ion
energy, substrate temperature, etc.
Il. MODEL CONSTRUCTION Zhou and WadleYhave also obtained atomic structures,

The procedure used to construct configurations has bedwut by atomic simulation of vapor deposition of Ni layers in
described previousfyand will therefore only be reviewed Cu. Their simulated concentration profile closely resembles
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that from the simple diffusion model. Magnetic moments for(LSMS), (local interaction zone of 57 atomsas a function

the simulated model calculated with the locally self-of Py thickness and compared to experiment. Obviously, the
consistent multiple scattering, LSMSnethod and values magnetization at zero Py thickness is zero and at infinite
calculated with the layer Korringa—Kohn—RostoKEKR)®  thickness the derivative of the moment with Py thickness is
for the diffusion model agree with each other and withjyst the magnetization of a layer of bulk Py. In addition to
experiment. The consistency of these results convinced Ughese two trivial data points we constructed two samples, one
that the diffusion model gave a reasonable model for Ni—Cuyith nominally two layers and one with nominally four lay-

interfaces. ers of Py. The first sample consisted of eift 1] hcp layers
each with 25 atoms; the second sample had[fei] hcp
layers each with 25 atoms. Periodic boundary conditions
We extrapolated from Cu/Ni/Cu structures to Cu/Py/Cuwere used.

structures by randomly replacing 20% of the Ni atoms by Fe  In the course of trying alternative methods for iteratively
atoms. If this is a valid procedure the calculated magnetizasolving the Kohn—Sham equations for the four Py layer case
tion should agree with measured values. The saturation magve obtained four different metastable magnetic structures for
netization of Cu/Py/Cu spin valves was calculated with thethe same atomic configuration. In Fig. 1 the energies of these

Ill. RESULTS
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we cannot do a full search for all metastable magnetic con-
figurations. We infer from these calculations that other
atomic configurations and other metastable magnetic struc-
tures would fall roughly in the range of those that we have
Fe X1 thus far calculated. The magnetic structure corresponding to

% é; the lowest degree of collinearity for the four Py layer case is

shown in Fig. 3. There appear to be pairs of moments that
are ferromagnetically aligned while others have a canted re-
lationship. These correlations are preserved from one meta-
stable state to another.

Ni X10

Cu X100

FIG. 3. Atomic positions and site magnetic moments for one magnetic

configuration of four atomic planes of Py interdiffused into Cu. The dis-

tances are in angstroms and the moments are in Bohr magnetons. The smb¥i- CONCLUSIONS

filled circles represent Ni, the small open circles represent Cu, and the large

open circles represent Fe. All Fe moments, as well as. Ni moments greater We have demonstrated that diffusion at the interface be-

than 0.1%5 and Cu moments larger than 0.Qibare depicted to the right-  tween Py and Cu results in noncollinear moments. We found
hand side with the indicated multiplying factors. multiple metastable magnetic configurations. The agreement
between measured and calculated magnetization for the lim-
ited set of solutions obtained leads us to conclude that the
metastable magnetic structures are plotted versus the cdatanting of the Fe moments and a reduction of the magnitude
linearity. Energy is measured relative to the energy of theof the Ni moments at the interface is responsible for the

collinear case. We define the collinearity: measured “magnetically dead” layers.
As discussed by Butleet al® the effect of placing a

X— Xrandom small amount of Co at the interface can dramatically increase

c= 1 Xrandom @D the collinearity. This Co induced increase in collinearity is
consistent with improved GMR ratios and greater resistance

where to the detrimental effect on GMR ratios of annealing. Calcu-

SN o lations of this typg appear to provide a very promising tool

X:‘ ;\I—l "’ ) f_or_the design of interfaces. The benef_lt may, however, be
iz limited because of the presence of multiple metastable mag-

netic structures. Furthermore, the computing resourses re-
quired to perform calculations of this type on the large num-
ber of atoms needed to model interfaces will restrict the
Humber of configurations that can be studied.

m; is the vector magnetic moment on siteand N is the
number of atoms in the unit cell. The value ®fnqom IS
found by averaging over many sets of moment directions
chosen randomly but with the moment magntudes kept fixe
at the values appropriate for the magnetic configuration un-

der investigation. As the number of atoms in the unit cell

increases, the value of4nqom goes to zero. This definition

adjusts for the fact that a small number of moments ranACKNOWLEDGMENTS
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