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Monte Carlo simulation of tunneling magnetoresistance in nanostructured materials
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A two-level model of tunneling magnetoresistan®$R) containing coplay of the relative orientation of
moments between clusters, the intrinsic characters of clusters, and the Coulomb blockade effect, is presented.
Based on the Monte Carlo simulation, spin configuratidi® and resistivity as function of temperature and
field were studied, respectively. Simulated results are found to be in good agreement with the recent experi-
mental data. The unusual enhancemenii® is attributed to the interaction between the clusters and the
intrinsic character of clusters. Although the Coulomb blockade effect plays little roMRyrit has an impor-
tant effect on the resistivity at low temperature.
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[. INTRODUCTION based on our recent experimental resuétad the standard
Monte Carlo simulation, a two-level tunnelingR model
Tunneling of spin-polarized electrons and magnetoresiseontaining coplay of the relative orientation of moments be-
tance in complex phase systems are of great current interedtgeen clusters, the intrinsic character of clusters, and the
for both the discovery of new phenomena and their potentiaCoulomb blockade effect, is presented. Effects of tempera-
applications in high-density memory devices. Tunnelingture and magnetic field on resistivity aiMR are studied
magnetoresistancé MR=(R(0)—R(H))/R(0)] was first systematically. It has been found that lafg® ratio at high
found by Jullieré in 1975. Recently, larg8/R ratios have temperature results mainly from the intrinsic properties of
been observed in tunneltype nanostructures, BIR ratio of  clusters.
46% in Co/ALOs/CoFe tunnel junction$, MR’ [MR’

=(R(0)—R(H))/R(H)] as large as 158% af=300 K in Il. MODEL
polycrystalline Zg.Fe s, with grains coated by
a-Fe,03,2 MR’ exceeding 500% in half-metallic §@, Julliere suggested a classical theory for tunneling based

nanocontacfsand highMR ratios in other materials:1°In  on conduction-electron spin-polarization valu@s @ndP,)
order to explain these largdlR ratios, especially their de- ©of the electrodes, and obtained the tunnelM® as MR
pendence upon temperature and field, a model involving the 2P1P,/(1+P;P,).* Inoue and Maekawa expressed the
interplay between spin-dependent tunneling and Coulomitunneling conductancé as®

blockade has been uséd -1 However, Holdenried

et al® pointed out that the above interplay mod#litani e ) 5

modef) is probably not the fundamental one, and introduced G= F|T| *(1+ P{cosg)e” %, )

a different simple model considering the misalignment of

magnetic moments at the surface of cluster. Meanwhile, froyhere |T|? is the transmission coefficien] is the angle
the measurements of Schedpal® it is impossible to con-  petween the moments of the two ferromagnPisis the spin
clude that the Coulomb blockade contributes to the temperayolarization, S, is the thickness of the barriery is
ture dependence &fiR. Therefore, although several authors | 2m* (U—E)/#2 with the Fermi energf., the effective
have suggested the theoretical m?ldel’!f with single domaipass of electronsi*, and the barrier height, as shown in
cluster or electrode for tunnelifg R, it is still an open-  Fig. 1(a). When the cluster is treated as a single domain, the
ing question for the origin of largeR ratio at high tempera-  thickness of the magnetic barri&;, at surface is taken as

ture! _ _ o zero. Equatior(1) can be approximately rewritten as the ex-
As we know, the properties of materials consisting of hression of resistivity,

magnetic clusters should be determined by both the intrinsic

properties of the clusters and the interactions between clus- 627%

ters. Obviously, it is an overS|mpI.|f|cat|on tha}t the cluste(s or p(H,T)ch g(6)d 6~ P2(p—(cosh))e? S

the electrodes are treated as a single domain system with the (1+ P?cos6)

same basic spin orientation. Recently, attention has been paid (2)

to the intrinsic properties of clustets;'’~°and, especially,

to the surface spin disorder and interface magnetic anisowith p=1/Pt2.

ropy. Also, Coeyet al® suggested that the change MR In nanostructured materials, the tunneling of an electron
under an applied field be possibly due to the reduction of thénto a small particle or cluster gives rise to an interesting
effective height or width of the tunnel barriers and the polar-effect, namely the Coulomb blockaf&!! This effect brings
ization of disordered spins in the interface. In this papera charging(Coulomb energy ofE.=e?/2C with C for the
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unit vector,&i and ,&j at sitei andj, respectivelyK is the
single-site uniaxial anisotropy energ@with assumption that

theK value at every site is sameﬁi is the unit vector of easy
axis at the sitd, H' is ugH./K with H, for the external
magnetic field along the axis andu, for the magnetic mo-
ment. 2 ;) is performed over the dipolar interactions be-
tween moments with a cutoff at a distance ¢, in units of
nearest-neighbor distancg. In our calculatiorc; is taken to
be 6.

At second level, based on the fact that, as high-resolution
TEM image clearly indicated, the two-phase system has the
structure of the Zg,Fe, 540, grains coated by an-Fe,0;
grain boundary, the cluster can be divided into surface and
core with different interactions. Thus, a magnetic barrier ap-
pears at the surface. Now, we focus on the change of barrier
heightU and Fermi energ¥g with the spin configurations
of the clusters. The barrier is divided into two pattsand
U,. It is assumed that is independent on the magnetic
state. WhileU,,, which results from the surface of clusters
with disorder spins or antiferromagnetic coupling, is closely
related to the finite size of cluster, the spin configurations,
and the microstructure of both the core and surface. The
’ changes of magnetic barrier, including its height and tunnel-

ing changes under the external magnetic field have been sug-
gested in Lg;Ca gMnO;, EuS, and EuS#:20-22
According to the tunnel scattering quantum ther¥/,in
FIG. 1. (a) Schematic illustration of spin-tunneling effect in the ha spin-polarized free-electron approximation, the Hamil-

clusters containing complex spin configuratiofts) the sketch of  tonjan of electrons in the core and surface of cluster can be
the clusters located on a net. expressed by

®0
oo

e
e

0e
©e

capacitance of the cluster. Considering the Coulomb block-

ade effect, the resistivity can be expressed by [ 32
— 5= (dId§)*+U(§)
p(H ,T)Oc(p_ <COSG>)erSO+ EC/ZkBT. (3) 2m
for nomagnetic barrier

The tunneling of electron between the clusters containinq_| :< 52
complex spin configurations is depicted in Figal The ¢ — —(d/d&)>—hy(&)- S for core
ground state of the magnetic clusters is strongly influenced 2m
by finite size and microstructural details of both the core and %2 R R
surface. Two-level interaction model is established. At first - m(d/d§)2+ Us(§)—hy(§)- S for surface,
level, we model the system as a collection of three- \ (5)

dimensional nanosized spherical clustésingle domain

with each cluster located on a lattice site of a simple cubiavhere —#2/2m(d/d¢)? is kinetic energyU<(¢) and U (&)
multilayered net containing 2010X5 cells with the dis- are potential energies in the surface and in the nonmagnetic
tancer , between both nearest-neighbor clustéras seen in  parrier, respectivelyi,(£) andhy() are the sum of the mo-
Fig. 1(b). It is assumed that the direction of the uniaxial |ecular and the external magnetic fields in the core and the

anisqtrop_y axis is _ta_ken to be ra_ndom_ in space. Th_e SYSerace respectively. They can be expressecﬁ@= H
Hamiltonian containing the classical dipolar interaction, an- -~ - nn =17 _°
THex=Het 2,3/, S, " with Jj/j for the exchange inter-

isotropy, and Zeeman energies is given by . - }
action constant. Thus, the total magnetic energy in the cluster
can be described by

Ry 30 Uip) (g Uig) .
3 3 _2 (Iu’i'ui)2

EzKlDE

(i7)

E :_2 J'/'/S/'é_,,_H SZ/, (6)
_HrEi: /qu]y 4) M ann "] j " i

whereD is the reduced magnitude of the dipolar coupling,where =/, is performed for all the pairs at nearest-
u;; is the unit vector for the vector connecting two momentsneighbor sites’ and j’. In the calculation, it is assumed
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that: (1) J;,;» with both the sites’ andj’ or one of them magnitude of 1. This relation is also proved in our Monte
locating in the core is taken dsandJ is used as the unit of Carlo simulations. Therefore, we can gélr?n:\]b[]_—<§bi,
temperature and energ{g) J;.;» with the sitei’ andj’ all & s _ /& & ; 2 &
Ioca?ing in the surfaceg‘fs taken ad, representing Jthe re- Sojr)] and En=Jq1=(Ssir- S5j)] With (Syir- Spjr) and
duced exchange interaction at the surface. Thus, the reduc
field H in Eq. (6) can be expressed by=uH./J.

It was suggested that the magnetic energy is proportional
to the spin correlation of two spirtd, or, Enc[1—(S;/ p(H,T)o(p—(cose))e*mme? o™ Ec/xeT (7)

Sj,)/Sz]. Here it is assumed that every spin has the same&here

éési,-ésj,> representing the spin correlations in the core and
surface, respectively. From Eq8) and(5), we can derive

2= N2M* [Ug— B+ Jo(1—(Seir- S5 )) — (1 —(Soir - o)) 1142,

2=\ 2m* [U —Eg— Jp(1—(Soir - Soy)) /42,

Er is the chemical potentials,, and S, are the widths of  disordered {=0.5) MR equals to 0, while the magnitude of
barriers in magnetic surface and nonmagnetic region, respef/r increases with the increase of the order degree of the
tively, as shown in Fig. (B). For the ferromagnetic and fer- spins at the surface.
rite clusters containing several hundreds to thousands of at- Now, let us simulate the spifor moment configurations
oms, the contribution of the spin energy and spin correlatiorpf three-dimensional net consisting of 400X 5 cells and
in the core to the barrier heights is less important. The domifcc magnetic clusters using the standard Monte Carlo—
nant effect results from the change of the spin energy andetropolis (MC).2*?* The first 10000 MC steps per spin
spin correlation in the surface with complex spin structurewere discarded for equilibrium and thermal averages were
To simplify the discussion, we le§,=0, J,=J,=J,, U; taken with next 10000 MC steps. In the thermal average
=(Us—Eg)/J,, and xozzsm,/gm*‘]olﬁ? Finally, the re- process, we started to store the simulated parameter values
sistivity can be expressed by separated by every 20 MC steps to break correlation
between successive configurations. At first, we consider 10
X 10X 5 three-dimensional multilayered net. The single do-
p(H,T)%pe prm Pe (rjnqin clusters are pla_lced in the f:ells_. Periodic boundary con-
itions are applied irx and y directions. Open boundary
:(p_<Cosg>)ex0\/Ur<Ssv-Ssjf>+<sbi/-Sb,-/>eEC/2kBT' conditions are applied ia direction. Second, we consider a
fcc structure cluster containing 2123 magnetic atoms with
€S) 1505 core ones and 618 surface o@®ms in the coated
. . . . layen, and 48 shells consisting of 39 core shells and 9 sur-
where the first ternpg results from the relative orientation face shells. Open boundary conditions are applied in all di-

betwe_en mome”ts Of mggr)etlc clusters, the seconggrie . rections. In the simulation, the coefficients in Egb.and(6)
associated with the intrinsic characters of clusters, the third .. 111 en ag=8 286(meV) andK =0.1]

onep. is due to the Coulomb blockade effect. In E8), pg
is a spin-dependent term due to the relative orientation be-

50 o

tween moments of the clusters. While the magnetic barrier \ /
height in p,,, term is the difference of electronic magnetic '\ /'
energies at the magnetic surface and in the core. It depends 4a - " —=— MR(0)=0.5 .
not on the spin directionsup or down. The similar spin- & % —e— MR(0)=0.1 /
independent tunnel magnetic barrier has been suggested in E 30 \ /

the other work[10,20—22. As a special case of E(d8),
based on a Ising-like model with surface spins parallel and 20+ . v
antiparallel to the spins of the cluster core, we can derive the \ /
temperature dependence ®fIR as, MR(T)=[1-4f(1 10k \ / a
—f)JMR(0)/(1—4f(1—f)MR(0)) , heref means the ratio T \ Va e
of the number of misaligned spins to that of the total ones at ' e /_/',,,.J':

the cluster surface. This is the same as Bj.in Ref. 9 0.0 0.2 0.4 0.6 0.8 1.0
derived with different way. Figure 2 shows tMR as a func- f

tion of f with MR(0)=0.1 and 0.5, respectively. From Fig.

2, it is found that, as the array of the spins at the surface is FIG. 2. TheMR(f) as a function of.
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FIG. 3. The magnetic hysteresis loops of zero-field cooled and P P P
field-cooled polycrystalline ZyyFe s, with «-Fe,O; grain ST
boundaries at room temperature. A A A

Ill. RESULT AND DISCUSSION A

Based on our experimental resuls, a polycrystalline (b)
grain is considered as a fcc structure cluster. Figure 3 shows

- 4 - .

)’\”‘I’I’;’;‘_
the magnetic hysteresis loops of zero-field cooled and field- :,:,:,:_:,;‘:\:‘:
cooled polycrystalline ZgyFe s, with a-Fe,05; grain T LT TN T
boundaries at room temperature. Prior to the hysteresis loop PNl
measurements, the sample were cooled from the Neel tem- TV T T
perature ofe-Fe,05 to room temperature. The displacement TS LT

-— - 4 *

- o % /. -

between them strongly proves the existence of antiferromag-
netic coupling in grain boundaries. Therefore, the exchange
interaction in the surface of clusters is in the form of an
antiferromagnetic coupling. In addition, in order to fit our  FIG. 4. The spin configuration of cluster wittN= —0.05, (a)
experimental data satisfactorily, different magnitudedfis T=0.01, (b) T=0.31, and(c) T=4.21.

tried. Finally, it is found that the optimal value faiN is

—-0.0s. . trinsic character of clusters, as a function of temperature for
~ Comparing the Curie temperatur =1388 K and ,=0.1 andP,=0.71 is presented in Fig. 6. Here, the value
interaction of Co(Ref. 26 with ones of our sample, we of p, is taken from the experimental faThe temperature
set Jo=9.52 meV, Sy=7.0 (nm). Then we can get dependence d¥IR from cell in Fig. 6 is similar to the simu-
xo=7.0. Additionally, U; is set for six different values |ated result obtained by Xat al*® in the three-dimensional
or U; (i=0,1,2,3,4,550.0,0.1,0.5,1.0,5.0,10.0. The multilayer lattice of dipolar interacting fine anisotropy mag-
spin configurations of the cluster af=0.01,0.31,4.21 netic particles embedded in a nonmagnetic metallic matrix.
are simulated and shown in Figs(a# 4(b), 4(c), respec- |n addition to the simulated results with Monte Carlo, de-
tively. It is found that below Curie temperature the spins

in the core retain basically ferromagnetic array, while 100

T T T T T 1y T T | ) 1.0
the spins in the surface are in disorder. The simulated a0 |- Nessi los
temperature dependences ™R and magnetizationM o, \'\o\,\. _0'8
for U;(=0,1,2,3,4,5=0.0,0.1,0.5,1.0,5.0,10.0 andN= \ i '

70 f4 N\at-a H0.7

—0.05,H=3.0 are presented in Fig. 5, respectively. Under -
external field, the disordered spins in the surface are forced 60 \o . ‘i —Us 106

to align along the direction of the field, while parallel spins & 50 AN ' 195 =
in the core only have little change. With increasing tempera- % 40 e 5N J0.4
ture, the thermal energy causes the spins in the clusters to 30 f\\ . \ H10.3
change their states. However, the extents of the change of the LN e = e N Joo
spins in the core and surface are different. The sensitivity 10l = loa
difference of the spin array to field and temperature gives

. , i . ; ol 0.0
rise to the different changes of spin correlation &fid with 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
temperature and field. T

According to Eq.(8), the MR and resistivity resulting
from coplay of the relative orientation of moments between FIG. 5. MR and M as a function of temperature with
clusters, and the intrinsic character of clusters can be obJ; (i=0,1,2,3,4,550.0,0.1,0.5,1.0,5.0,10.0 andJN=-0.05,
tained. The totaMR, including those from the cell and in- H=3.0.
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FIG. 6. The temperature dependenceMR from cell and in-
trinsic character of clusters fay,=0.1, P;=0.71.

picted in Fig. 7 are the temperature dependendd Bf from

the experiments and fitting with relatioMR'=A+B/T.
Here, we set 3.3I=kgT.=kgx318 (T.=318 K).2 By
comparing the curves, we can find tl{aj from the simula-
tion, MR'=1280% atT=4.2 K, and 165% afl =300 K.
While the experimental magnitudes bR’ are 1280% at
4.2 K and 158% at 300 K, respectively. Therefore, the accor-
dance among the simulatédR’ by Monte Carlo, the ex-
perimentalMR’, and the fittedMR’ with 1/T relation is
excellent, which explains experimental fact weéR) the un-
usual enhancement of the tunnelifR’ is associated with
the interaction between the clusters and the intrinsic charac-
ter of the clusters, and it may not be attributed to the Cou-
lomb blockade effect at low temperatu(8) largeMR’ ratio

at high temperature results mainly from the intrinsic proper-
ties of clusters. The various simulated temperature depeq
dence ofMR has been obtained by choosing different simu-
lation parameter, which is consistent with the recent

20

180- —i— Monte Carlo
— 160 —— Exp. in [3,31]
£
o 140
G 120 /AR
4
- 100
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FIG. 8. (a) Simulated and experimental resistivity as a function
of field, (b) experimental and simulated resistivity as a function of
emperature, withJ,=0.1, P,=

0.71,IJN=—-0.05,E.=0.75.

experiment resul3®? In addition, we have applied this
model [Eq. (8)] to the case in polycrystalline manganites
The simulated magnetoresistance
explained the experimental tunneliMR at low temperature

Lay5(Ca,Sr,Ba);sMnOs.

well 28
1600 v T T T T T T T 1600
L ]
1400 41400
1200 41200
- —=— Monte Carlo
1000 N 41000
— I —— Fitting curve
& 800 —e— Experiment 800
g 600 1 600
400 4400
200 ey o o o ., 1200
ol . e %
0 50 100 150 200 250 300 350 400

FIG. 7. Simulated and experimental MRs a function of tem-

perature withP,=

T(K)

0.71,JN=-0.05,U,=0.1.

Figure 8(a) shows the field dependence of resistivity for

both simulation withP,=0.71, JN=—-0.05,U,;=0.1, and

experiment. The accordance between them is obviously dem-
onstrated. However, in simulation, it is found that the experi-
mental result for the temperature dependence of resistivity
cannot be explained if only the interaction between the clus-
ters and the intrinsic character of clusters are considered.
Therefore, attention should be paid to the Coulomb blockade
effect as found in Eq(8). Figure &b) shows the temperature
dependence of the logarithm of resistivity from simulation
with P,=0.71,IJN=-0.05,U,;=0.1,E.=0.75, and experi-
ment, respectively. By comparing simulated results with ex-
perimental ones as shown in Figs. 7 and 8, it is demonstrated
that the Coulomb blockade effect does play little role on
MR, but has an important effect on the resistivity at
low temperature, which is consistent with the experimental
result of Co/AbO3/Co tunnel junctions in which the AD;
layer contains a unique layer of small and disconnected
cobalt cluster§. The results indicate that the resistance is
considerably enhanced by the Coulomb blockade effect at
low temperatures whereas the relatiR ratio changes
moderately, which does not support the view point that
by changing the energy range of the tunneling the Coulomb
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Ui 7[0
B FIG. 9'_ MR, as a function of U; with =7, S(0) FIG. 10. MR/, as a function ofx, with U;=0.1 and 2.0,
=1,5(H)=0.1,0.3,05. S,(0)=1, S,(H)=0.1,0.3,0.5.

blockade can result in some enhancement of MB  Fermi energyEr in the core, second, there &, of large
ratio. Therefore, it |s_thought to be impossible that the COU'enough, thirdS.(H) should be sensitive to the external mag-
lomb blockade contributes to the temperature dependence @ktic field. Therefore, there does not always exist

the MR, large MR in the complex phase systems containing the

Now, we evaluate Eq8) and discuss the availability of ferromagnetic or ferrite grain with the antiferromagnetic
the model. The first term of E(8) is associated with the poundaries.

relative orientation between moments of magnetic clusters

and spin polarization, which has been discussed

previously'>°The third one is due to the Coulomb blockade V. CONCLUSION

effect, being not related to the magnetic field. Thus, we focus In conclusion, we have introduced a two-level model of

on the second one resulting from the intrinsic characters oMR containing coplay of the relative orientation of moments

clusters. From Eq(8), we obtain between clusters, the intrinsic character of clusters, and the

Coulomb blockade effect. The magnetic cluster is divided

into the core and surface consisting of complex spin configu-
=0V Ui = (S (H)- S (H)) +(Spir(H) Sy (H)), (9)  rations, which gives rise to the formation of a magnetic bar-

rier. Based on the standard Monte Carlo method, the depen-

. . . . dence of MR and resistivity on temperature and field is

where(S,; (H) - Spjr(H)) and(Syi (H) - Ssjr(H)) are corre-  studied, respectively. It is found that the unusual enhance-

lated with the magnetic field. LetSy(H)=(S,i/(H) ment of MR is attributed to the interaction between the clus-

'ébj’(H»_(ési’(H) ) §Sj,(H)>, MR, =[pm(0)—pm(H)]/ €S and the intrinsic characters of clusters. Laviieratio at

pm(H). Figure 9 shows théVR’. as function ofU; with high temperature results mainly from the intrinsic properties
%2:7 andS,(0)=1, S.(H)=0 1m0 305 respectivlely Fig- of clusters. The Coulomb blockade effect does play little role
1 C ’ C rby VD Ve, .

on MR, but having an important effect on the resistivity at
low temperature.

ure 10 shows theMR/ as function of »y with U;=0.1
and 2.0,S,(0)=1, S;(H)=0.1,0.3,0.5, respectively. It is
found that MR/, increases dramatically with decreasing
U; and S;(H), and increasing¢,. From Figs. 9 and 10, it
can be seen that small magnitudeslqf, S;(H), and large This work was supported by Grant No. G1999064508
%o are the required conditions to enhance the magnetoresisor National Key Project for Basic Research of China, and
tanceMR/,, which means that, first, the potential energiesFoundation for University Key Teacher by the Ministry of
U in the magnetic surface barrier should be near theEducation, and NSF of Fujian Province.
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