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Temperature dependence of the resonant exchange coupling between two ferromagnets
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By considering the quantum-size effect arising from ferromag(fe4) thickness and the interference of
tunneling electrons in an FM layer, we have investigated the bilinear couging(d the intrinsic biquadratic
coupling @,) between two FM'’s separated by a nonmetallic spacer. It is found that o#nd J, are
decreasing oscillatory functions of FM thickness with many sharp resonant peaks. Near these peaks, the
strengths ofl; andJ, have negative temperature coefficients. In striking contrast, in the region of nonresonant
coupling, the thermal excitations of conduction electrons tend to enhance the antiferromagnetic coupling, but
suppress the FM one, and makgoscillate in sign with the increasing temperature. In addition, we also find
that a nonmonotonous temperature coefficienptan be derived by lowering the barrier height to some
extent. The calculation about the density of std@®©9) indicates that these different thermal features are
related to the relative magnitudes of DOS above Fermi surface between the parallel and antiparallel alignments
of FM’s. Therefore the present paper provides a feasible explanation for the recent experimental observations.

I. INTRODUCTION pling was originally discovered by domain microscopy in
Fe/Cr/Fe trilayers, wherd, was ascribed to thickness fluc-
The discoveries of weak antiferromagneti) interlayer ~ tuation mechanism proposed by Slonczewski.
exchange coupling across amorphou§ $i in Fela-Si/Fe Several theoretical models have been proposed to account
sandwiches and strong AF coupling in Fe/Si multilayérs for the behavior of interlayer exchange coupling across the
have initiated considerable interest in magnetic multilayerlonmetallic spacer. The first is the spin-current model of
with nonmetallic spacers:??Especially, the recent attention Slonczewski at zero temperatufthe essence of which is to

is paid to the temperature dependence of exchange couplif@nstruct the stationary wave functions from the Sdhire

in Fe/S{FeSi,Ge heterostructures. It was observed that, in9e" €quation and the continuous boundary conditions of the
Fela-Si(Ge)/Fe trilayers prepared at low temperature, theVave functions. The coupling can b.e dgnved from the torque
strength of the weak AF coupling had a positive temperatur roduced by rotation of the magnetization of one FM relative

coefficient (heat-induced coupling®* In striking contrast 0 that of the other. The second is the guantum interferences
) . P 9 ' model of Bruno'® which ascribes the coupling to the inter-

in the multilayers of Fe/$Ge) prepared at room temperature '

RT). the AF i hibited tive 1 i ferences of electron waves in the barrier layer due to the
( )’. ) e26_1zcoup|ng exnibiied a negative tempera urespin—dependent reflections at the interfaces. The coupling can
coefficient™ Moreover, a nonmonotonous temperature

_ be expressed in terms of the spin asymmetry of the reflec-
dependence of); was recently found in Fe/-SeZn/Fe ion |t succeeds in obtaining the increasing AF coupling

sandwictT, where the ferromagnetitFM) coupling can re- it temperature. AT=0, it reduces to the Slonczewski's
versibly transform to AF upon heating. Walser andspin current model. In addition, there are the Kondo lattice
co-workeré=® argued that the positive temperature coeffi-model of Shi, Singh, and Kletl and the nonequilibrium
cient for the AF coupling is due to the thermal excitation of Keldysh formalisn?'??It is noted that the negative tempera-
localized defect states in the gap of the spacer. While theure coefficients for the strengths df and J, cannot be
negative one was attributed to the fact that spacers of Fe/Slerived from above mechanisms.

multilayer prepared at RT are not amorphous semiconduc- As far as above models themselves are concerned, they all
tors, but crystalline metallic Fe-Si compounds. So this  took the approximation of semi-infinite FM layer. In fact, the
kind of Fe/Si multilayers has the “full” metallic structure, FM samples used in the experiments are not thick enough,
and it is natural the AF coupling has the conventional negabut usually in nm order, which is less than the electrons
tive temperature coefficient. Furthermore, based on thenean free path. So the quantum-size effect must be remark-
analyses of hysteresis loops, Fullerton and Bader suggesteghle and dominant in the tunneling process. Furthermore,
that a strongly temperature-dependent biquadratic couplingpin-dependent reflection from the FM surfaces and inter-
(Jy) is responsible for the observed remanent magnetizatiofaces could give rise to quantum confinement in FM layers,
at low temperaturé”*3**However, it was refuted by Kohl- setting up spin-dependent quantum-well states. Thus the
hepp that the vertical and lateral variations in bilinear AFmodels with semi-infinite FM's have neglected the contribu-
and FM coupling can “mimic” a strong biquadratic tion of quantum-well states, and need to be improved.
coupling®®!® Therefore the nature of exchange couplidgs In present work, with emphasis on the quantum-size ef-
andJ, in Fe/S{Ge) multilayers is still unclear and is a matter fect arisen from FM thickness, we extend the guantum-well
of controversial discussion. In fact, such a biquadratic coumodef®~2° of metallic multilayer to the case of nonmetallic
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spacer. The interfaces of FMS) make up the double
guantum-well with two FM surfaces. Owing to the tunneling
effect and the reflections of electron waves from the surfaces
of FM, the conduction electrons would interference within
the FM wells and give rise to the resonant exchange coupling

at certain condition. On the whole, if the metallic layers are Uo Uo
nonmagnetic metals, we could not observe any net “cur-

rent” between two metallic layers in the case of equilibrium h *‘ T - " ------ * ' -f- *h
with zero bias. When the metallic layer is FM metals, in the .
right FM layer, the localized spins would interact with the -h .‘r 4 : -*-----h

i
: ) : X - . T T T
polarized conduction spin density arising from the localized
;pin on the left side;_whereas in.the left FM Igyer, t.he Ioca_l— I‘dFM’| dbl‘dFM’I I‘dFM’l db I‘ dJl
ized spin interacts with the polarized conduction spin density
arising from the localized spin on the right side. The total (a) (b)
exchange energy for spins on different sides of the barrier is
the sum of these two contributions. So there still exists a net FIG. 1. Schematic illustration of the double quantum-well
spin current>?®even in the zero bias case. It is just this spinmodel. The spin-dependent effective potentialanand (b) corre-
current that make the two FM’s couple each other. spond to the parallel and antiparallel configurations of two FM'’s.
Our numerical results indicate that: the interlayer ex-The solid and dotted lines correspond to majority spin electrons and
change couplingJ; andJ,) oscillate with the variation of ~minority spin ones, respectively.
FM thickness and molecular filed. During oscillation, bdth ) '
and J, have two kinds of amplitudes: one is resonant ex-Pe chosen as zero, corresponding to the complete localiza-
change coupling with some very sharp peaks; the other is th&on. o
nonresonant coupling with small magnitude but large width. When the ferromagnetism is very strong, we can neglect
Most important'y, the resonant Coup“ng Strength has a negéhe fluctuations of localized spin denSIty, and take the mean-
tive temperature coefficient. On the other hand, for the nonfield approximation to the-d exchange interaction, as long
resonant coupling, the thermal excitation of conduction elecas the FM layer is not too thin. But speaking strictly, the
trons tends to enhance the AF coupling, but suppress the efjuctuation of localized spin density is closely related with
one. Furthermore, a nonmonotonous temperature dependerié€ magnetic order of FM, so the mean-field approximation
of J; can be derived by lowering the barrier height. There-would lead to an “enhanced” magnetic order and an en-
fore all of the observed phenomena about the thermal depefi@nced spin polarization afelectrons. However, if we only
dences of exchange couplings can be explained qualitativelgonsider the thick FM layer with strong ferromagnetism,
within present work. such as Fe, Co, and Ni, the influence of spin fluctuation to
Similar to the treatments by Edware$ al?® and Bruno the s-d exchange may be not important. So the mean-field
and Chappert’ in calculating the temperature dependence of@Pproximation may be a effective method to describestdle
exchange Coup"ng’ we On|y consider the contribution fromeXChange interaction, if we do not involve the critical behav-
Fermi-Dirac distribution to the system total energy, neglectior nearby the Curie temperature of FM’s.

ing the influence of thermal variation of magnetization in For simplicity, we assume FMand FM, have the same
EM's. thicknessdgy, and the same magnitude of molecularean

The rest of this paper is organized as follows. In Sec. 1 field h, but different magnetization directions, which makes
we introduce briefly the double quantum-well model and the* 6/2 with thez axis, respectivelythe film plane is parallel
main procedure to calculate the bilinear and biquadratic couto Y-z plane, and perpendicular to thexis). Within the spin
pling at nonzero temperature. The numerical results and digeolarized mean-field approximation $ed exchange interac-
cussion are displayed in Sec. lll, and a brief summary igion, the conduction electrons move freely in the film plane,
given in Sec. IV. but are subject to a rectangular barrigg and two infinitely

high barriers in thex direction. The spin-dependent effective
potential for conduction electrons is shown in Fig. 1, where
Il. DOUBLE QUANTUM-WELL MODEL the barrier makes up the double quantum well with the two

Consider a sandwiched structure ENM(S)/FM,, where ~FM's. The relevant eigenenergies can be determined from
1(S) denotes the barrier layer with thickneds. For the the Schrdinger equation with single-electron Hamiltonian
typical FM like Fe, Ni, and Co, due to the relative narrod 3
subbands, we assume the direct contribution fcbatectrons

to the tunneling across the barrier can be neglected. Alypere is Pauli spin operatot)(x) represents the potential
though this is a gross simplification, it agrees with the band'profile andh(x) the mean-field ofs-d exchange coupling
structure calculation of Tsymbal and Pettif§rSo the ex- (molecular field:

change coupling between two FM'’s originates from the in-

H=-V2+U(X)+h(x)- o, (1

teraction of conduction electrons with the system of uncom- h[cog 6/2)o,—sin(0/2) o], FM,
pensated magnetic moments @klectrons. This lead us to Y

the approximation that neglect the direct exchange interac- U(X)+h(x)-o=1 Uo, 1(S)
tion betweend electrons and only takes treed exchange h{cog 0/2)o,+sin(6/2)a,], FM,.

interaction into account. So the width ofl ubbands could (2
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By means of the rotation operatbr,

0 .0
P 0 COS{Z —|3|n(z) _
D=cos(z)—ie)(-osin<z) T 0 , §
-1 sm( Z) CO{ Z) g
() =

we can take the unitary transformation to the Hamiltonian in
FM layer with H'=D !HD, so the eigenfunctions can be
derived by =DW¥"'.

As the structure has the rotational symmetrymofangle
round thez axis, we can use the parity operaibs1o, to F
simplify the calculation. By means of the boundary condi- . . 3
tions of wave functions and their first derivatives, we can ; ]

derive strictly the eigenenergy spectriiy; from?® < . /\ \2
o 0 Foq o\./o . 04 %e ™0 .—.-O-OJ \.oo- A \ ./00-00/
AD+BC S LE 3
m: iCOi 0/2), (4) :;- \
where 6=0,77 and 7/2 correspond to the parallel, antiparal- °E L L L L L L L E
lel, and 90° configuration of two FM’st: the eigenvalues of 0 5 10 15 20 25 30 a5 40
the parity operatofl, and d.,, (monolayer)

_ ; ; FIG. 2. Dependence of bilinear couplidg on the continuous
A= in +r sin

p cod a)sinh(y) S_ I‘(a')C(-)Sf( ”), FM thickness(a) and on the discrete FM thickness in unit of 0.25
B=p cog a)coshy)+r sinh(a)sinh(y), nm (b), where the relative barrier height — E-=0.025 eV,

C=q cod B)sinhy)+r sin(8)cosh y), h=1.8 eV,Eg=2.6 eV,d,=1.0 nm, andT=0.

D=gqcogpB)cost y)+r sin(B)sinh(y), ©)

E(6,T)= —2 f f
with a=pdey, B=0qdry, y=rdy/2; p=(Ex—h)"% q 4?0
=(E,+h)¥2 r=(U,—E )2 by

Based on the derived eigenenergies spectrum, and taking Exj(0)+kytk;

into account the variation of Fermi-Dirac distribution for exp{[EXj(Q)+k§+ k2—Er]/kgTH+1
conduction electrons, we can calculate the total energy of the
system at any temperature, which can be expanded in powers 9

of cosf) as It should be noted that, in some referente¥:1526the
“+"in Eg. (6) was replaced by “.” So the coupling
E(6,T)=Eq(T)+SJ(T)cog 6) +ShH(T)cos(6) + -, parameters‘!l andJ, have the opposne meanind; >0 cor-
respond to FM coupling),<0 favors the 90° alignment of
two adjacent FM’s.
where J; and J, are the bilinear and biquadratic coupling
const_antss denotes the f_ilm area. Fdr>0, the exchange Il CALCULATING RESULTS
coupling favors AF coupling; whereals>0 favors the 90°
alignment. Neglecting the higher-order coefficients in the ex- Based on the formulat)—(8), we can calculate the ex-
pansion, the coupling parameters can be determined from change coupling; andJ, at any temperature. Now we take
Fele-FeSi/Fe sandwich as a concrete example to investigate
1 the behavior of exchange couplings. The Fermi energy and
Jy(T)= 2—S[E(O,T)—E(W,T)] (7)  molecular field for Fe is derived from the bandwithtand
polarization measurement near Fermi surficeE
=2.6 eV, h=1.8 eV, the barrier height for the semicon-
and ductor spacere-FeSi (Ref. 6 is taken as: U—Eg
=0.025 eV.

dk,dk, .

1
Jo(T)= Z_S[E(O’T)+ E(m,T)—2E(7/2,T)] 8 A. FM thickness dependences of exchange coupliny and J,

First of all, let us investigate the dependencegd,cdindJ,
with on FM thickness aT =0, which are shown in Figs. 2 and 3,



PRB 62 TEMPERATURE DEPENDENCE OF THE RESONAN . . 6573

e
Q
=
Kol
_’N
15 ;— (b) 3
10F ° 3
E 3 3
3 * .
€ 05 E /\ 3 0.0 05 10 15 2.0
F [ 3 4
C 00fes see veeeeses 009000008 000y o’-%’ i i !
> EV s of (C) {s
8 osf E d.,,=70 (0.1 nm)
= E E
1.0 < 3F 13
F L E
15F 3
o} /\ e /\ 0
00 B [ [ [ [ [ [ [ E - N
0 5 10 15 20 25 30 35 40
d,,, (monolayer) 3 . . . 13
0.0 05 1.0 15 2.0
FIG. 3. Dependence of biquadratic couplilgon the continu- h (eV)

ous FM thicknesga) and on the discrete FM thickness in unit of

0.25 nm(b), whereU —Eg, h, Eg, dy, andT are the same asthose  F|G, 4. Dependences of exchange couplihgsolid) and J,
in Fig. 2. (dotted on molecular fieldh, wheredg,, is shown in(a), (b), and

) (¢), U-Eg, Eg, dy, andT are the same as those in Fig. 2.

respectively. It can be seen that, from the top panels of the

two figures, bothJ, andJ, are decreasing oscillatory func- o565 with a infinite barrier height, the tunneling electrons
tions of the continuous FM thicknesses. During oscillation,qiect the spin-dependent reflection from surfaces and inter-
they exhibit many sharp resonant peaks with the almost samg a5 g they could interference in the FM wells, setting up
oscillatory phase. Furthermore, the peak amplitudes arg,q spin-dependent quantum-well states. At certain condi-

much stronger than the nonresonant coupling. So the &fjon this kind of interference becomes maximum, so the
change coupling could be classified into two kinds: one is thgogonant exchange coupling takes place.

resonant coupling with a large magnitude but a narrow
width; the other is the nonresonant coupling with a large
width but a very small magnitude. In the experimental ob- B. Molecular-field dependences of exchange couplind,
servation, it is more easily to measure the weak nonresonant and J,
coupling for its large width. As can be imagined, the interference of tunneling elec-
In order to compare our results with experiments morerons should also be mediated by the relative depth between
realistically, in the bottom panels of Figs. 1 and 2, we havewo quantum wells, represented by the molecular frel§o
plotted dependences df andJ, on the discrete FM thick- e plot the dependences of exchange couplings on molecular
ness in unit of 0.25 nnfthickness of an atomic monolayer field h at zero temperature in Fig. 4. It is observed that both
Compared to results in the top panels, one finds that thg, andJ, oscillates with the increasing molecular field. Dur-
oscillation gets “aliased” and the coupling strengths de-ing oscillation, the region of AF coupling is much smaller
crease greatly, due to the sharpness of resonant peaks for #yn that of FM one. In other words, most valueshdavor
continuous FM thickness. Moreover, it is also found thatthe FM Coup"ng_ Therefore we can conclude that it is not
from Fig. 3,J; is almost zero except a few resonant peaksalways that the largen is, the stronger exchange coupling
This is the reason Why the Iarge biquadratic Coupling is Se|becomes_ Moreover, Comparing F|g$a)4.(c)' one can also
dom observed in experimental measurements in Fe/Si sy$ind the oscillation amplitude decreases, but the frequency
tem. increases with the increasing FM thickness, this is in agree-
As for the mechanism of the resonant exchange couplingnent with the conclusion in Figs. 2 and 3.
it can be attributed to the quantum-size effect and the inter-
ference of tunneling electronic in the FM well. In general,
the film thickness is in order of nm, which is less than the
electrons mean free path. The quantum-size effect must be In this subsection, we study the temperature dependences
remarkable. Furthermore, due to the confinement of the FNof bilinear couplingd; and biquadratic coupling,. In the

C. Temperature dependences of exchange coupling
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FIG. 6. Nonresonant exchange couplings(a) and 2J, (b) vs
temperature for a variety of FM thicknesses. The solid, dashed,
dotted, dash-dotted, and dash-dot-dotted curves correspond to FM
thickness 2.6, 0.9, 1.5, 2.65, and 2.85 nm, respectiuéhy.Eg,

Er, h, andd, are the same as those in Fig. 2.
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FIG. 5. Resonant exchange couplings (@) and 2, (b) vs
temperature for a variety of FM thicknesses. Cureed, c, d,
e, f, g, andh correspond to the resonant peaks represented by theeing comparable withl,, decrease more rapidly thah
same letters in Figs. 2 and 3~ E, Eg, h, andd, are the same as does. This result is in agreement with the phenomena ob-
those in Fig. 2. served in Fe/Si multilayer¥;'? where the biquadratic cou-

pling was found to be more temperature dependent than bi-
experimental observation performed by Fullerton andlinear coupling is. Thus we can make an inference that the
Bader® and by Kohlhepret al,'® the saturation fieltHs was  experimental observed negative temperature coefficient for
used to fit the hysteresis loops with the relatidg=4(J;  AF coupling and the strong biquadratic coupling term is pos-
+2J,)/Mgtee, WhereMg is the magnetization anigl, is the ~ sibly due to the resonant exchange interaction.
FM thickness. Thus they useld(T) and 2J,(T) to charac- In order to explore the microscopic origin of above phe-
terize the thermal behaviors of exchange couplings. Morenomenon, we have calculated the densities of stddé3S)
over, as pointed out by Erickson, Hathaway, and Culfen, for the parallel and antiparallel configurations of FM’s, rep-
whenJ,<0 and 2,< —|J,|, the exchange coupling is non- resented by DO®) and DOS(r), respectively. When the
colinear, and the canting angle is determined by #cos coupling is AF,E(0,T)—E(#,T) is positive, we find that
=J,/123,|. Particularly, whenJ;—0, 90° coupling takes DOS(0) is smaller than DOSft) above the Fermi surface, so
place. Therefore frond, and 2J,, we can obtain the infor- E(O,T)—E(w,T) decreases with increasing temperature, and
mation of magnetic configuration for the adjacent FM layersthe strength ofl; decreases correspondingly. When the cou-
Hereafter, we also useJ2 to characterize the thermal behav- pling is FM, E(0,T)—E(#,T) is negative, we find that

ior of bigquadratic coupling. DOS0) is larger than DOS£) above the Fermi surface, so
|E(0,T)—E(m,T)| decreases with increasing temperature,
1. Resonant exchange coupling and the strength aJ, decreases correspondingly.

The temperature dependences of resodarand 2], are
shown in Fig. 5, where the curves b, c, d, e, f, g, andh
correspond to the resonant peaks in Figs. 2 and 3. It is found As for the nonresonant coupling, it can be seen from Fig.
that both the strengths df and 2J,, except the curve H,” 6 that, with the increasing temperature, the positiyein-
decrease exponentially with the increasing temperaturgreases, but the negative also increases until zero. At cer-
whether they are positive or negative. The amplitudedf,2 tain condition,J; could change from positive value to nega-

2. Nonresonant exchange coupling
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T 7 " T " T " =0.2eV,; J,; varies nonmonotonously from increasing to de-
creasing for the low barrier, such as the solid, dashed, and
dotted lines. Meanwhile, B varies with the temperature
more rapidly thanl, does. Between 0 to 500 K, the biqua-
dratic coupling could oscillate in sign under any barrier
height. Therefore the barrier height could also mediate the
monotonousness of the temperature dependence of bilinear
couplingJ;.

Calculation about the DOS indicates that: for the AF cou-
pling with a nonmonotonou§ dependence, we find that
DOS(0)-DOS(w) changes from positive to negative value,
with the energy increasing from Fermi surface. Hence, with
the increasing temperaturg(0,T) —E(7,T) has a transition
point, before whichl; has a positive temperature coefficient,
and after which it has a negative one. Therefore we can make
an inference that, at the transition temperature, there exists a
equilibrium between two factors: one is the contribution
from the electrons below the barrier, which favors the posi-
tive temperature coefficient for the strengthlef the other is
that from the electrons above the barrier height, which favor
the negative one, just like the conduction electrons in the
metallic multilayers.
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IV. SUMMARY

-0.002 In this paper, based on the double quantum-well model,

- we have studied the temperature dependences of the inter-
0004 J layer exchange coupling between two FM’s separated by a
. , , , nonmetallic spacer. It is found thdi and intrinsicJ, oscil-
0 100 200 800 400 500 late with the variation of FM thickness and molecular field.
T(K) During oscillation, both the couplings exhibit some sharp
_ _ resonant peaks. Near the resonant peaks, for thé VP
FIG. 7. Influence of barrier h(_elght on the temperature depen'coupling, due to the fact that DQ® is smaller(larged than
dences of the nonresonant couplidg(a) and 2, (b), where the - pqgy ahave Fermi surface, the strengthlafhas a nega-
solid, dashed, dotted, dash-dotted, and dash-dot-dotted curves Qe temperature coefficient, wether the coupling is AF or
respond to the potential height— E-=0.025, 0.06, 0.1, 0.15, and EM. For the nonresonant cc;upling as the DO3Is always
0.2 eV, respectivelydr,=3.0 nm,Eg, h, andd,, are the same as ) ! .
those in Fig. 2. larger than DOSY), SO AF couplmg. increases, and the
strength of FM coupling decreases with the increasing tem-
tive one. In other words, in the case of nonresonance, thperature. Moreover, a nonmonotonous temperature coeffi-
strength of AF coupling has a positive temperature coefficient of J; can be derived by lowering the barrier height to
cient, but the strength of FM coupling has a negative onesome extent. Therefore the above findings provide a qualita-
This means that the thermal excitation of conduction elective explanation for the recent experimental observations.
trons tends to enhance the AF coupling, but suppress the FM However, the present model, being total-energy calcula-
one. This result corresponds to the phenomena observed iion like, does not involve the accurate description of tem-
Fela-SeZn/Fe sandwichésyhere the FM coupling could be perature dependence of the magnetization in FM’s. Further-
converted to AF coupling upon heating. Furthermore, onenore, it does not take into account the thickness fluctuations,
can find that the magnitude ofJ2, compared withl;, is so  which will become significant when the films get very thin. It
small such that it could be neglected. Therefore, when thés therefore not possible to make a detailed comparison be-
exchange coupling is not resonad, is very difficult to be  tween the experimental observation and our calculating re-
observed for its weakness. sults. However, the present work does provide a initial quali-
In the same principle, these temperature-dependent fedative appraisal for the temperature dependences of the
tures can be also traced to the behaviors of DOS above Ferrfigsonant and nonresonant exchange couplings in the Fe/FeSi
surface. It is calculated that, whethy is positive or nega- system, particularly, for the interference of tunneling elec-
tive, DOS0) is always larger than DOS(). So the positive trons in the double quantum-well.
J, increases, and the strength of negatiyedecreases with
increasing.temperature. _ _ . ACKNOWLEDGMENTS
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