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Temperature-dependent magnetization in a ferromagnetic bilayer consisting of two materials
with different Curie temperatures
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A structure-dependent self-consistent mean-field model has been used to calculate the temperature-
dependent magnetization in ferromagnetic bilayers that consist of two materials with different Curie tempera-
tures. The magnetization versus temperature cUiS@3] are found to be structure sensitive among the bilayer
systems with simple cubic, face-centered-cubic, and body-centered-cubic structures. The Curie temperature
(To) enhancement of the systems due to the interface exchange coupling is discussed quantitatively as a
function of bilayer structure as well as the interface coupling strength. The interface effect on the layer-
dependent magnetization curvg$T) is discussed.
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The temperature dependence of the spontaneous magnetept in the vicinity of real Curie temperatutéCompared to
zation S(T) curve in a ferromagnetic material has long beenthe phenomenological approaches, the advantage of the mi-
an important problem in magnetism. It is usually regarded asroscopic approaches lies in the fact that they deal with the
an intrinsic property of a given material—e.g., Fe, Co, andunderlying microscopic structures in the films and the results
Ni have their ownS(T) curves with different Curie tempera- can be in principle verified by modern element-specific tech-
tures as well as different magnitudes of magnetization, reniques. For example, with the probe layer technique, Moss-
spectively. However, &T) curve can be modified signifi- bauer spectroscopy is able to study the element-specific and
cantly if the size of the given material is shrunk down or theposition-selective spin arrangemétt!®* Meanwhile, x-ray
dimensionality of the material is reduced. It is interesting tomagnetic circularly dichroisniXMCD) spectroscopy using
note that the modification and manipulation of t&€T)  synchrotron radiation has been proven to be an even more
curves by the use of ultrathin films, nanowires, and nanodotpowerful techniqué?
turns out to be one of the most challenging issues in current In spite of the many progresses listed above, there are still
magnetism research and engineering. some interesting issues that need to be addres$e@here

It has been found that tH&T) curve of a given ferromag- is still lacking a microscopic model with real lattice struc-
netic material can be manipulated not only by those mentures of a bilayer, which consists of two materials with dif-
tioned above but also by some extrinsic methods. Experiferent Curie temperatures. For example, what is the differ-
mentally, it was observed that the Curie temperature of Ggnce of aS(T) curve if the bilayer has a face-centered-cubic
layers on FEL00) was enhanced significantly from its intrin- or a body-centered-cubic structure? For this purpose, the in-
sic bulk value by the proximity effect of Fe to the Gd plane contribution must be included in the model Hamil-
layers?? Similar results were also obtained for Fe films ontonian; otherwise, only the body-centered-cubic structure
Pd100) (Refs. 3 and #and for Ni layers in the Co/Cu/Ni along the(100 directions can be treatéd2) Most of the
trilayer system with an adjustable interlayer coupfng.  previous works focused only on the enhancement of the ef-
clear physical mechanism is needed to explain all these exective T, of the ferromagnetic bilayers by the interface cou-
perimental observations. Theoretically, for a bilayer or a supling, yet little attention has been paid to the change, espe-
perlattice that consists of two materials with different Curiecially the quantitative change, of the reg}, although an
temperatures and a ferromagnetic interface coupling, phdncrease is predicted by a theorém(3) It is not clear how
nomenological approaches have been carried out by use &ir the influence of interface coupling can be extended to
Landau-Ginzburg theofy which predicted that the magnetic both sides in a ferromagnetic bilayer system, while the
susceptibility should have a single maximysingularity) if Mdssbauer or other experimental techniques like XMCD
the films are thin but have two maxim@ne maximum at might be able in principle to provide such information in
lower temperature, one singularity at higher temperatifre experiments.
the films are thick. Meanwhile, microscopic approaches have In this work, we develop a method that takes into account
also been developed. Camley and Li used the self-consistetite in-plane contribution, which can be applied to study any
local mean-field theofyto address the magnetic bilayers or real lattice structures of a ferromagnetic bilayer that consists
superlattices with an antiferromagnetic interface couplingof two materials with different Curie temperatures; we also
Jenseret al. used the Green’s function theory with a randomdescribe quantitatively the enhancement of the figaih a
phase approximatio(RPA) to explain quantitatively the ef- magnetic bilayer, as a function of the bilayer structure as
fective “Curie temperature” enhancement of Ni films in thewell as the interface coupling strength; we finally provide the
Co/Cu/Ni trilayer systen,a theory that picks up part of the layer-dependen§(T) curves for each atomic layer in a bi-
spin fluctuations but is still a kind of mean-field theory, layer system. All the results worked out here can be in prin-
which works quite well for the whole temperature range ex-ciple verified by future experiments.
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It should be pointed out that the magnetization versus 10 v
temperature curves are the main concern of the present worl ‘%ﬁ '\\q\
while many other interesting properties of magnetic bilayers 08 Y-g'g.‘ 04 ’Q}w\.\\w\\u\
or multilayers, such as the interface magn&hspin-wave ] Tt Wl
resonancé’ the finite-size scaling of the Curie 120 A R
temperaturé® and the spring magnet8,are not discussed 06- x oo, 01 018 080
here. TN

The system to be considered here is as following: a bi—‘,e, s *'*'fv:,uf
layer with film A on the top of filmB, stacked along the 044 o coupled boc Ty, *‘jx“v;,:
(00D direction. FilmA hask; and film B k, atomic layers, v coupledfcc gg”%
respectively. Define the top layer of fild as the first layer, 02 ; me:::sc x
then its bottom layer at the interface becomes tkgth “1 < uncoupledfee %
layer, meanwhile the first layer of filrB at the interface is = uncoupled bec 4
the (k;+21)th layer and the bottom layer of filB is the 00 . . . . . . . . .
(k1+ kz)th |ayer_ 0.0 0.2 04 06 038 10

Similar to that adopted by Camley andfland Jenseet t

al.? a three-dimensional Heisenberg Hamiltonian is used in
the following to describe the magnetic bilayer with a ferro-
magnetic interface coupling:

FIG. 1. NormalizedS(T) curves for bilayers with simple cubic,
body-centered-cubic, and face-centered-cubic structures, respec-
tively, when the interface coupling is turned on or off.

_ b - . . . .
letal = — 2 J‘Z;;Si : S‘E‘ E Jaﬁsz ) S% netic fieldH, can be solved self-consistently in the iterative
a,Bla#B) a,Bla#p) Way_
(S gvs. Without the loss of generality, we takg,=S=1. It is
N LA interface' further assumed that the exchange constants in the two free-

standing films(A) and (B) are J, and Jg, respectively, and
Here, the first and second terms represent the spin-spin intehe interface coupling constant betweg) and (B) is Jag,
actione in f!lmeA and.B, respectively, while the third gives \yhile their relative magnitudes are set toheJz=1:2, and
the spin-spin interaction between filmsandB. _ _Jag is adjustable betweed, andJg. It is clear that we are
l_Jnder the standard mean-field approximation, this Ham"'considering here two ferromagnetic films withy < Teg, re-
tonian can be decoupled to the product-ifandS,, where  gpectively. To illustrate most clearly the interface effect to
S=(1/N)Z; Sy takes thekth layer as a single atomic spin poth films, 5 monolayeréML) each for films(A) and(B) is
whose magnitude is averaged up among Mhepins and  f9und to be the best choice.
Hi=(1/N)2;;Hj is the averaged effective field felt by the  Figyre 1 shows a set of spontaneous magnetizations as a
kth layer. Hjj represents the corresponding field applied tofynction of temperature for the bilayers with sc, bee, and fec
the spin at(i, j,k). N is the total spin number in each atomic stryctures, respectively, when the interface coupling is turned
layer. Thus the thermal average of the layer-dependeniff and on. Herel,g is set to bel,g=Jg. The absolute nu-

atomic spin at any finite temperatufecan be written as merical values ofl; for the uncoupled and coupled sc, bcc,
— and fcc cases have been determined by normalizing the cor-
(S(T)) = SB(Y), @ respondingT.g to 1. To avoid confusion, we udeto repre-
where sent the temperature after the normalization process. It is
2941 2541 1 seen that there are tvyo independent phase transition; at
Bd(y) = coth y-— cothl, t=0.5 andt=1.0, respectively, for the uncoupled cases, while
2S 25 2s 28 there is only one real phase transition tat1.0 for the
coupled cases. In addition, for the uncoupled cases at any
_ S particular temperaturgsee the insgtt is found thatS(T) of
y= k_THk' sc is at the top and bcc is at the bottom, while fcc is sand-

wiched in between. However, this ordering is just upside

andSis the spin angular momentum to be considered. Corgown after the coupling is turned on, where bec sits the
respondingly the effective magnetic field is highest, sc the lowest, and fcc in between. It should be noted
- that the two sets of orderings do not correspond to the bulk

=2, (GealSen + JenlSen) + 23S0, @ coordination number&,,,) of the three lattices—i.e., 12 for

wherez andz, are the in-plane and out-of-plane nearest-fcc, 8 for bce, and 6 for sc structures—as one might naively
neighbor coordination numbers for any specific latticesthink. To understand the physics behind this, one needs to go
respectively. For the three specific lattices to be treated im little deeper into this problem. For the uncoupled cases, the
this work, z=4 z, =1 for simple cubiasc), =02z, =4 for  influences by the coordination numbers for different struc-
bce, andz =4 z, =4 for fcc structures, respectively. tures have already been automatically taken into account in
It is clear that we have now(R; +k;) equations from the  the T, normalization process. After that, the curve shapes of
foregoing equationgl) and (2). These 2k;+k;) equations the three different bilayer systems reflect directly the compe-
with (ks +ky) unknown spingS,) and(k; +k,) unknown mag- tition between the contributions from the in-plane and the
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FIG. 3. Layer-dependent magnetization for a coupled bilayer
FIG. 2. T, enhancements for bilayers with simple cubic, body with simple cubic structure. For any fixed temperatures, the layer-
centered cubic, and face centered cubic structures respectivelyependent curves of fillA are ordered from the bottom as layers 1,
a=(Tc,~Tc)/Te, whereTc; is Tc of uncoupled bilayer an@ic, is 2, 3, 4, 5, respectively, while the curves of filBhare ordered as
Tc of the coupled bilayer. layers 10, 6, 9, 7, 8, respectively. The solid line is $€) curve of

. ] o . layer 1 in the uncoupled case.
interlayer couplings. For thg100) thin films with the
nearest-neighbor exchange interaction, bce has zero m—planc%n be interpreted as following: on the one hand, for the sc

coordmates, but has eight or four mterlaye_r coordinates Ole(':ase the coordination number contributed to the enhance-
pending on whether or not this layer sits in bulk or at the

surface. Similarly, fcc has four in-plane coordinates but eighgent of the Curie temperature increases only one per inter-

or four interlayer coordinates accordingly, and sc has fourooc atom compared to the uncoupled case, while for the fcc
) y INgly, ; and bcc cases the numbers are four per atom; on the other
in-plane coordinates but two or one interlayer coordinates.

With these numbers in mind, it is not difficult to judge hand, these increases of coordination numbers relative to

now that for a free-standing film with only 5 ML thick—i.e., their uncoupled caset for sc, 8 for fcc, and 4 for bee

only three layers in bulk but two layers at surfaces—the IC)er_structureys are quite different. It is these two factors that lead

turbation by the surfaces for the spontaneous magnetizat to the difference of the Curie temperature enhancement. In-

is obviously most severe for the bcc case, but less for the fgg':%restlngly, if only two layers are concernéd =k;=1), an

case and the least for the sc case. On the other hand, for tﬁgalyt_lcal formula of the critical temperatu_r e can be qb_tamed
eg<pI|C|tIy from Egs. (1) and (2) by replacing the Brillion

coupled cases, since the interface coupling is chosen to : . . . : o
the same as that in th®) film (higherT, materia), it is then t*unctlon with the leading term of its Taylor series expansion:

a strong perturbation for théA) film (lower T, materia). S(S+1) | 5 5
Therefore it is expected that the curve ordering will be re-  KTc= T{ZH(JA"'JB) +VZ/(In = Jp)* + 47 35g)-
versed because the perturbation is the strongest for the bcc,
less stronger for the fcc, and the weakest for the sc cases. Ittis seen that any nonzerdyg results in an enhance@,,
is thus concluded that it is the competition between the surwhile the degree of enhancement does depend on the struc-
face and interface effects that determines the detailed shapere as well as the interface coupling.
of a normalizedS(T) curve for any particular bilayer sys- Finally we try to study how the interface coupling affects
tems. It should be mentioned that the overall features disthe magnetization away from the interface. We take the bi-
cussed above are not changed when the interface coupligyer with a simple cubic structure as an example in the
strength is shifted to that of th@) film (lower T, materia).  following but the results are generally valid for any other
Now we turn to the problem of the Curie temperaturestructures. Figure 3 shows the layer-dependent magnetization
enhancement by the interface coupling. We concentrate herd the bilayer when the interface exchange coupling is turned
only on the enhancement of the Curie temperature in the rean between filmsA andB. It is found that the phase transi-
T.. What we have done is to fidg and calculateT, with tion that previously happened &t 0.5 does not exist any-
interface coupling on and off. In Fig. 2, tAe enhancement more: meanwhile, there is still a clear phase transition at
is plotted, with different interface coupling strengths, as at=1. However, the difference compared to the uncoupled
function of the relative interlayer coordination numbers—case is that there are now ten distinguished curves for the
i.e., the ratio of coordination numbers between interlayer anavhole bilayer system, since the first and fifth layers the sec-
bulk values—for the sc, bcc, and fcc bilayers, respectively. liond and fourth layers of each film are not anymore identical
is found that the degree df, enhancement depends on the after the interface coupling is turned on. For any fixed tem-
detailed bilayer structure. The effect is the largest for the bcgeratures, the layer-dependent curves of Aliare ordered as
structure, intermediate for fcc, and the smallest for sc. Thidayers 1, 2, 3, 4, 5, respectively, starting from the bottom.
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The curve from the interface laydfifth layer) is most another magnetic system. Similarly the magnetization of the
strongly affected. Compared to the uncoupled case, all theeventh layer is larger than the ninth layer. The magnetiza-
curves of filmA show clear tails as the magnetization is tion of the ninth layer is larger than the sixth layer because
decreased to zero, even for the farthest layer from the intethe former has large exchange couplings at both sides, while
face(first layen where the tail is still obvious. As a reference the atter has one side largeith the seventh layer of filni)

to see the tail, we also put in this figure the curve of the firstgng the other side smawith the fifth layer of filmA) ex-
layer in the.ur_wcoupled case. It should be noted_ that t_hese tail?nange couplings. Following the same reasoning, the magne-
are very similar to that observed at the Curie point for agjzation of the eighth layer is the largest as expected. At last,
ferromagnetic-paramagnetic phase transition under an extef-should be mentioned that 10 ML/10 ML and 20 ML/20 ML
nal magnetic field. In this sense the interface coupling acts 88asegnot shown herghave also been investigated. The re-

a kind of effective residual magnetic field for fild. The
interface effect, however, is much weaker in filas seen in

sult shows that the interface effect on &) curve extends
at least to the tenth layer of the low&g-side but is almost

Fig. 3, although the set of curves are also split to five diﬁer‘negligible in the second layer at the higherside.

ent curves. The ordering of the curves in fiBrat any given

temperature is found to be qualitatively different from that of

film A as discussed previously. The curves of finfrom the
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