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Magnetization reversal via perpendicular exchange spring in FePt/FeRh bilayer films
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We present a theoretical analysis of the magnetization reversal process in a bi-layer structure with hard and
soft (with metamagnetic transitiormagnetic layers on an example of an FePt/FeRh bi-layer. The latter leads
to the formation of a new type of exchange spring which results in a significant reduction of the switching field
in the temperature range of the metamagngtimm antiferromagnetic to ferromagnetic statensition in an
FeRh layer. Analytic expressions for nucleation and switching fields are presented along with results of
numerical micromagnetic simulations. The reduction of the switching field due to the metamagnetic transition
is controlled by the following microscopic parametdi$:the interfacial exchange coupling paramelgy, (ii)
saturation magnetization of the FeRh layer in a ferromagnetic pligigethe metamagnetic transition tem-
perature. The switching field dependence on}3garameter is shown to saturate quickly as it approaches the
bulk exchange interaction value which has been evaluated using first-principles method used also to verify the
electronic nature of the metamagnetic transition. Theoretical results are discussed in the context of recent
experimental observations.
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I. INTRODUCTION long time scalé. This thermostability at given temperatufe

In recent years there was considerable progress in the falgan be evaluated via the ratio of the anisotropy energy to the
fication of new magnetic materials with desired propertieshermal energK,V/kgT, wherek, is the uniaxial anisotropy
combining different media on a nanoscale. An example ofonstantV is the particle(grain) volume andkg is the Bolt-
that are soft-hard magnetic nanocomposites such agmann constant. The traditional approach uses an increase of
NdFeB/Fe where the large saturation magnetization of Fe i, to compensate for the small grain sizes required at high
combined with the high anisotropy of a NdFeB alfogn-  areal densities, but this inevitably leads to increasing of the
other characteristic example is giant and tunneling magneswitching field(coercivity) of magnetic media. In recording
toresistance and spin momentum transfer effects impplications the magnetic field, which can be delivered by
multilayer films which consist of periodic ferromagnet/ the write head is limited to approximately 10 kOe. To over-
ferromagnet structures with nonmagnetic spaédise spin  come this problem the concept of the Heat Assisted Magnetic
dynamics, transport in such systems and the magnetizatiokecording (HAMR) was introduced. A high-power laser
reversal mechanisms are of great importance for a new gefpeam was used to heat the magnetic medium and to reduce
eration of ultra-high density magnetic storage, magnetic fieldhe anisotropy and switching fiel@sThe basic idea of the
sensors, permanent magnets, etc. To predict and to contrblAMR approach is to write bits of information at an el-
the properites of nanostructured materials it is necessary tevated temperatur@,,) close to the Curie temperatu(e,),
have a deep physical picture of intrinsic processes responvhere the switching field is small, and store the information
sible for their applications. One of the possibilities to controlat room or slightly elevated temperature, where the thermo-
magnetic properties is to use materials which under certaistability ratio is high? To achieve significant areal density
conditions(changing pressure, temperature, magnetic ffieldadvantage, the use of high anisotropy intermetallics such as
undergo antiferro-ferro magnetic transition. Although theordered L} phase of FePt has been suggestétbwever,
phenomena of metamagnetism in FeRh all@ys abrupt in-  very large anisotropyK,~ 7 X 10’ erg/cc in bulk requires a
crease of magnetizatiprwas discovered in the 1938sfs  very high writing temperature, but the high temperature heat-
influence on the switching properties of layered magnetidng leads to many related problengsser beam delivery,
materials has not been studied. We consider below the phydibricant stability, etg. That is why it is very desirable to
cal background and conduct switching field calculations of aeduceT,, while keeping the high thermostability ratio at the
system consisting of a high anisotropy ferromagnetic layestorage temperature.
with perpendicular anisotropy and a soft metamagnetic layer. In this paper we will consider theoretically magnetization
The temperature induced magnetization of metamagnetieversal in bi-layer composite media comprised of high an-
layer will influence drastically magnetic properties of theisotropy layer and soft metamagnetic layer on example of
composite. This system is of interest from both a fundamenFePt/FeRh bi-layers. In particular, this calculation will allow
tal and technological point of view, for instance in magneticus to formulate an alternative approach to reducing of the
recording applications. switching field of the magnetic recording media. It was es-

One of the central problems in a high density magnetidablished earlier that an ordered b.c.c. alloy FeRh undergoes
recording is thermostability of the written information on the a metamagnetic transition from antiferromagnga&M) to
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ferromagnetiqFM) state; see for instance Refs. 3 and 8. Aanalytical model it is assumed that the uniaxial magnetic
recent publication by Grunest al® contains a rather com- anisotropy in the FePt layer is sufficiently strong and this
plete summary and references on the AFM-FM transitionayer is thin such that any nonuniform magnetization process
problem. The transition temperatu(@,) depends strongly can be ignored and reversal is coherent. The magnetization
on an alloy composition and can be tuned within a wideof the soft FeRh layer may be nonuniform or uniform de-
range. Very recently it was experimentally demonstrated byyending on the layer thickness and strength of the interlayer
Thiele et al' that the unusual properties of the soft FeRhexchange interaction. The total magnetic energy density of
layer might be used to reduce considerably the writing temyne bi-layer film can be written in the form

perature of the composite FePt/FeRh media. The switching

field of the FePt/FeRh bi-layer can be reduced some 2-3 1

times by heating above the AFM-FM transition point due to F=Fumyvy+Fa(my)w, - v f dSI MM, (D)
interlayer coupling between the FePt and ferromagnetic

FeRh layers? The theoretical treatment of these experimentsvhereM j are the layer magnetizatioisonuniform, in gen-

is still lacking. We will develop an adequate model of theera), »,=d;/d are the relative layer thicknesd=d,+d, is
bi-layer hard-ferromagnet/metamagnet film and show thathe total film thickness);, is the interlayer exchange inte-
the switching process in such a bi-layer above the AFM-FMgral, m;=M;/M;, j=1,2.

transition temperature can be described via a new kind of e neglect the dependences of the layer magnetization on
“exchange spring” mechanism. The exchange spring mechan-plane coordinates, y. The magnetic anisotropy of the
nism of magnetization reversal has been known befsee  Fept |ayer given by the first order uniaxial anisotropy con-
Ref. 11 and references thergi conventional exchange gtantk, is strong and the corresponding correlation length
spring envolves an in-plane magnetization rotatisimilar \;mlzz nm is smalt2 This allows us to consider uni-

to the Bloch domain waj] whereas in our case the perpen- o magnetization distribution for the hard layey(z) = 6,
dicular anisotropy of FePt is combined with in-plane shape

anisotropy of a metamagnetic layer producing a n@\fr- and write the layer energy density as
pendicular) type of exchange spring. Applying a magnetic ~ F;(m,) = - K, co& 6, — H,M, cosé;, K,=K; - 27M3.
field perpendicular to the film plane, the “exchange spring” ?)
(strongly nonuniform magnetization distributipnlocated
mainly in the soft FeRh layer, helps to switch the hard FePThe energy density of the seco(gbft) layer is(we omit the
layer. The paper is composed in four sections. In Sec. |l wéndex 6,— 6, and use the definitiod,=L)
describe analytical and micromagnetic models of the L (Ye [1
FePt/FeRh bi-layer. In Sec. lll we discuss the obtained re- Fo(m,) = Mg_eXJ dz[—(a’)2+®(e)],
sults together with the calculation of model parameters from L Jo 2
first principle band structure simulations. Finally, the sum-
mary is given in Sec. IV. 1
®() = =h, cog #-hcosh, (3)
Il. DESCRIPTION OF THE MODELS 2

The problem of magnetization reversal in composite mewhereh,=2K5/M3, h=H,/M, are the dimensionless fields,
dia (bi-layer film) consisting of hard/soft magnetic layers in a K,=-K,+2mM3, L.,=v2A/M, is the exchange length of the
perpendicular magnetic field is considered by analytical andoft layer (assuming its anisotropy constakt,~0) and
numerical Langevin dynamicd.D) methods. We consider, z/L.,— z substitution is used. We neglect crystalline and in-
in particular, bi-layer FePt/FeRh films. The bottom FeRhduced anisotropy of the FeRh layer accounting here only the
layer undergoes an antiferromagnetic to magnetically sofshape in-plane anisotropy. We get the estimationLgf
ferromagnetic phase transition at a temperature of abput =12 nm for the FeRh layer.
=330 K& Hence, upon heating to temperatures abBygan We assume that we have no surface anisotropy on the
additional magnetization of the FeRh-layer appears resultingurfaces of the soft layez=0 andz=L. Miniminization of
in a reduction of the coercivityH, (switching field of the  the energyF, with respect to the functiom(z) leads to the
bi-layer film. The saturation magnetization values were aselifferential equation
sumed to beM;=1100 andM,=1270 emu/crhand the an-
isotropy constant values of 210" erg/cn? for the FePt 9 + }h sin 20— hsin9=0 (4)
layer and zero for the FeRh layers, respectively. Let@ze 2 ° '
axis be directed perpendicularly to the layers, the magnetic, . . . -
field and easy axis of the ha(&eP} layer be directed par- \tI(\;rr"Cuhe 'Z suc:il}[/igdsby using the boundary conditiossirface
allel to Oz The coordinate & <z<0 corresponds to the q q "
hard and B<z=d, corresponds to the soffeRh layer. To 90 . d
describe the layer magnetizations we can use only polar E:as'”(eo_al)’ z=0 andE:O, z=L. (9

angles#,(z), 6,(z) due to the axial symmetry of the problem.
Here the dimensionless exchange parameter=i€l;,/L,)

A. Analytical model X(M1/M,), and 6,=6(0), 6, =6(L).
We will consider first a continuum approximation where  Minimization of the total energyl) with respect to the
some simple analytical expressions will be obtained. For thangled; taking into account Eq5) for 6y, 6, leads to deter-
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mination of the hysteresis loop characteristics, such as nucléhe switching field used by Thielet all® and some other
ation field, remanent magnetization and switching field. Theauthors (see, for instance, Ref. 1ican be justified only
nucleation fieldH,,) of the bi-layer is determined mainly by within the full coupling limit (the atomic value of the inter-
the soft layer. This field can be found from linearized equalayer exchange integpalind for ultrathin layers with thick-
tions(4) and(5) assumingd(z) < 1. We derived the following nesses of about a fewm Equations(8) and (9) yield the
equation to describe it:xtan(kL)=a, where «?*=(H,  switching field for an arbitrary value of the interlayer ex-
—Hn) /M, Ha=2K5/M,. This equation has the following so- change coupling within the model. We note that the bound-

lutions within the limit of weakia<1) and strong interlayer ~ary condition(5) at the interfacéz=0) should be essentially
coupling(a> 1), modified within the strong exchange coupling limit to reflect

5 5 the continuous transition from the micromagnetic approach
Ho=H.— J_12M Ho=H.— (7_7) (5) M e toan atomistic consideration. This modification will be con-
nooa boinmai2) L z sidered elsewhere. We consider that in general, the continu-

. _ ous micromagnetic model will be inadequate in the strong
The solution of the variational problem for the total mag- coupling limit and a discrete approach involving the inter-

netic energy of the bi-layer yields for strong enough inter-,., - exchange integrals is needed in this case.
layer coupling(a> 1) the following expression for the rem-

anent magnetizatiom,=(M_(H=0):

q L v B. Discrete micromagnetic model
S Tlex [M2 o . . .
M =M+ M, H,’ () To justify the analytical expressions and to obtain the

d 2d switching field value in the full interlayer exchange range we
whered, is the FePt layer thickness. The rolelotd, (the  performed discrete micromagnetic simulations. The microm-
FeRh layer thicknegsplays the soft layer exchange length agetic model consists of a set of infinite parallel atomic
Lex. The switching field(aboveTy) can be calculated from planes, reflecting the high quality of the film in thg direc-

the stability equation”F/J65=0 as tion. Consequently, the total system may be represented as a
I chain of atomic magnetic moments with magnetostatic en-
H,; cos 29; + H cos 6, + =M, cos(6, — 6y) =0, ergy corresponding to that of infinitely charged planes in
dy accordance with Eq$2) and(3). The total energy density of
the systengnormalized to the system volunwg has the form
Hal = 2KU/M1, (8)
where the angle9,, 6., 6, obey the equilibrium equation 1 . J
and the boundary condition(), F= i > Ki(mié)%c; — M (Hm)c; - ﬁ(ﬁﬂﬂ)
| .
Fro P sing - o<
&lel M3 d asin(6y— 6p) =0, +2wMi2mzzci}, (11)
1 f n de L
V2 b \ﬁ'db(e)—d)(e,_) ' where c is the out-of-plane interatomic distance,is the
in-plane interatomic distancey; is the atomic magnetic mo-
\f‘E\"W= asin(f,— 6,). (9) ment normal_ized_to saturation magnetizatihande is the
anisotropy direction in thé-th layer.

The set of the variablesf;=0+0(J1y), Gp=6 = The hysteresis cycle was calculated using the Langevin
-0(J;,) satisfies Eqs(9) and gives the following simple dynamics simulation, i.e., integrating the Landau-Lifshitz-
expression for the bi-layer switching field: Gilbert (LLG) equation of motion for the layer magnetiza-

3 tions with the energy densitgil) and a random field repre-
Ho(T) = —H(T) + —12M2(T) senting temperature fluctuations. The inclusion of the
dy random term of the order of 18H,, in the hard and soft
Jis M4(T) layers was necessary to push the system from unstable ex-
X[ 1+ (10) trema corresponding to the anisotropy maxima, at which

L (Hau(T) = 47M(T) there is no torque in the LLG equation. The simulations were
This expression is valid for weak interlayer exchange cou+un for a system consisting of 100 FePt and 200 FeRh atomic

pling but reflects the main physics of magnetization reversaplanes. The interatomic distance parameter was chosen to be

in this composite media. The shift of the switching field of 4x 107 cm and the bulk interatomic exchange of 10erg.

the FePt layer occurs aboWg, and it is proportional in the The interlayer exchangés=a?M;M,J;, (J,,=Js at the inter-

main approximation to the produdf,M,(T) and is inversely face), where the index belongs to the FePt layer and 1

proportional to the FePt layer thickness(surface effegt In ~ belongs to the FeRh layewas varied from 10" erg to that

the case of stronger exchange coupling the switching fiel®f the bulk exchange integral. This exchange integral was

can be obtained from the solution of the system of Egs. estimated for the Fefi01)/FeRH001) interface byab-initio

and substituting these solutions to E8). The expression for calculations.
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FIG. 1. Calculated magnetization distribution across the nterlayer coupling Ji . (f.c.)

FePt/FeRh bi-layer structure using the model with 100 for FePt and FIG. 2. Dependence of the switching field of the bi-layer
200 atomic planes for FeRh. Left panel. _the_normallmgu_rcles) FePt/FeRh film on the interlayer exchange coupling consignt
ande (triangleg components of magnetlzaFlon as afuncthn of the +1e dashed line corresponds to the solution given by(EQ). The
atomic plaqe nu_mber. Right panel: orientation of the atomic planezﬁlumber of the FePt planes is 100, the number of FeRh planes is
magnetization(with each 10-th layer shownH,=-0.5H,;. 200.K;=2 10 erg/cn?, M;=1100 G,M,=1270 G. The intralayer
exchange integral is 16 erg.
Ill. RESULTS AND DISCUSSION

: . : __FePt/FeRh interface. We consider that the valygJ, ">
A typical hysteresis cycle consists of two parts. The first__ 0.05-0.1 is a reasonable estimation of the coupling

part corresponds to the nonuniform magnetization rotation inyenath for the FePt/FeRh bi-layer interface. It should be
the soft layer and has a typical shape of that of the hysteresig, i that the coercive field drops rapidly with increasing
cycle when the external field is applied along the hard anlsojlzllef_c_ and than saturates at the VaMeS]ﬁﬂlef.c. which
tropy axis. The second part corresponds to magnetizatiofy consjderably lower than the full coupling limit. Fay,
jump to the field directioriswitching of the FePt layerFig- =0 the simulations giveH,/Hy=0.618 (Hc=2K,/M,) in

ure 1 shows the form of the magnetization distributjtex- good agreement with Ecq150)—H JH=1-(47 M,2/2K,)
change spring’across the film thickness. This magnetlzat|on=0.62' Equation(10) correspongs toK an initial ciecreellsing

nonuniformity can be treated as a Neel-like domain wall. . :
Penetration of the wall into both hard and soft layers jsPart of the dependende,(J;,) on J,; and is approximately

i f.c. B : ;
clearly seen. The form of the wall slightly changes when theva“d atJiolJy, “<0.1(see Fig. 2 The numerical simula-

applied field becomes more negative. The simulations conions showed that the functiors,(J;,) saturates practically

firmed our initial assumption that the polar magnetizationat ‘]12/J12f.'c'>0'1' AISO’ .analytllcal Ea(7) with the param-
angle ¢ is practically constant during the magnetization re-6{€rS s in numerical simulations yield the remanence mag-
versal. Note that formally the profiles of magnetization com-n€tization M;=0.2XMy), where (Mg=M;v1+Mav,. This
ponents presented in Fig. 1 are similar to the calculation o¥@lue is also in good agreement with the results of the LD
an easy-axis/easy-plane TbFeCo/PtCo bi-layer byt 12 simulations for the interlayer exchange intedral the range
within a continuous micromagnetic model. However, theyfrom 1014_ to _101_3 erg. _
used the boundary conditions on the interface within the The switching fieldHs, is plotted as function of tempera-
strong coupling limit(6,=#6,) and did not account for any ture in Fig. 3 on the basis of E¢L0). We used the relation
difference of the interface and bulk exchange integrals. Irfa(T)=aMy(T) for the FePt layef and have found the tem-
contrast, in our analytical model based on the boundary coriRerature dependences of the layer magnetizatidp€T),
ditions given by Eq.(5) and its numerical realization, we M2(T) from a solution of mean-field equations using the
allow arbitrary values of the interface exchange integral andBrillouin functions with S,=S,=3/2. Thetemperature de-
nonzero jump of the magnetization angle on the FePt/FeRRendence of the FeRh layer magnetizatids(T) was calcu-
interface. lated for T>T, assuming that a hypothetic FM-phase is
Figure 2 presents a calculated dependence of the coerciable also at < T, with the valueM,(0) calculated using an
field on the value of the interlayer exchange parameter. Thaccurate band structure method. To plot the temperature de-
interlayer exchange integrdl, is given in units of its maxi- pendence of the switching field,,(T) in Fig. 3 we used the
mal valuelef'c' which corresponds to an atomistic interlayer valuesM,(T,)=930 G,T,=460 K andT.,=730 K from the
exchange integral on the FePt/FeRh interface.J’lljé' can  experiment by Thielet all® on FePt/FeRhlIr bi-layer films.
be found from the equation]lzf'c':ISlsZ/ale(O)MZ(O), A considerable reduction of the value B, (T) of the bi-
wherel is the surface interatomic Fet)—FgRh) exchange layer in the vicinity of the FeRh AFM-FM transition tem-
integral andS,;, S, are the effective spins of the layers. The perature is clearly demonstrated. This effect can be explained
switching field as a function of the exchange couplihg as follows. Just above the metamagnetic phase transition
sharply decreases Witllzllef'c' ratio increasing and practi- temperature T, magnetization of FeRh layer increases
cally saturates allzllef'C'zO.l. The actual value of the ra- sharply up to the valuévi,(T). This magnetization is ex-
tio lellef"" depends strongly on the quality of the change coupled to the FePt magnetization. Applying perpen-

104405-4



MAGNETIZATION REVERSAL VIA PERPENDICULAR.. PHYSICAL REVIEW B 70, 104405(2004)

07 effect of the perpendicular exchange spring in FePt/FeRh
o bi-layers. Gruneet al? performed statistical simulations for
Q 06 AFM-FM metamagnetic transformation in FeRh with the
< Blume-Capel model Hamiltonian inspired by the first-
L ost principles total energy calculations. Results of these simula-
i- tions in general support the electronic origin of the AFM-FM
2 o4} metamagnetic transformation. Our calculations of the mag-
g netic interactions parameters have been performed with the
g 03l first-principles band structure technidéé® and allow us to
@ T demonstrate directly that the AFM-FM transition in FeRh is
02l . . 1 ~ L . triggered by electronic instabilities rather than the lattice ex-
03 04 05 06 07 08 09

pansion. In contrast with previously reported results
evaluate saturation magnetization we employ a full potential
band structure method based on the use of liner-muffin-tin

FIG. 3. Dependence of the switching field of the bi-layer . 15 0 s
FePt/FeRh on temperature crossing the AFM-FM transition point.orb'tals(FLMTo) which allows for a more accurate evalu-

The exchange coupling parameterJis/d=1. The solid line was ation O_f th_e ator_mc magnet_lc momer_1ts. The Ioc_al de_nSIty
calculated from Eq(10), the dashed line corresponds to the isolated@PProximation with generalized gradient correction yields
FePt layer. The temperature is in units B§=750 K of the Fept M1(0)=1320 G andV(0)=1540 G. The later characteristic
layer. The transition temperaturg, =460 K corresponds to the cannot be direCtly measured due to the FM-AFM transition
Fe,gRhyglr3 metamagnetic layeiRef. 10. which occurs at about 100—200 °C. The exchange interac-

_ ) o ) _ tion parameters between atomic layers also has been evalu-
dicular to the film plane magnetic field this coupling resultsated using the method proposed in Ref. 14 by calculating
in developing the exchange springtrongly nonuniform — tota| energy of the many-electron systéfePt/ FeRhwith a
magnetization distributiorin the soft FeRh layer and a con- ,ncqlinear arrangement of the spin moments. These calcu-
siderable reduction of the switching field of a bare FeP{iq'in combination with the Stoner’s modsito account
layer. If the AFM-FM transition is sharp 'FhIS.|ea(EIS o the for the difference in the induced atomic moments for Pt
strong temperature dependence of the switching fjeltp) Mp=0.36us and Rhmgy=1.03uz) allow us to estimate the
of the composite media crossing the transition péin of m:xirﬁum Ei/alue of] ?gr tﬁe cgse of an idedatomically

S

the FeRh layer. The jump in the intrinsic switching field . i
H(T) results in more smooth, but experimentally Observ_ghg\;pl(g%)e:;xtureq interface which appears to be about

able, jump in temperature dependent coercityT). To
compare with the Thielet al. experiment’ we estimated the
dependencel(T) by the Sharrock latvassuming small dis- IV. CONCLUSIONS

persion of the easy axis of 5-6° with respect to the film = The magnetization reversal in the FePt/FeRh bi-layer film
normal. The agreement between the calculated and measurgddescribed as field-evolution of the domain wall in the soft
values ofH(T) is satisfactory if in the Sharrock law we use FeRrh layer“exchange spring’, which induces switching of
the activation volum&/=0.24x 1078 cm?. This value corre-  the hard FePt layer magnetization via the interlayer exchange
sponds to the nonuniform in film plane reversal mode in thecoupling. This new kind of “exchange spring” can be repre-
FePt layer which nucleates at the FePt/FeRh interface. Theented as a Neel-like domain wall localized at the FePt/FeRh
value V*=6.2 nm corresponds approximately to the FePfinterface and penetrating mainly to the s@feRH layer. The
domain wall width 6=mvA;/K;~6 nm. But a detailed de- exchange and magnetostatic energy stored in this wall in-
scription of the nonuniform in the film plane magnetization crease with the applied field and lead to a decrease of the
reversal is beyond this paper and will be considered elsesnergy barrier and result, eventually, in the magnetization
where. switching of the FePt layer in a magnetic field which is con-
We also evaluated microscopic parameters which accordsiderably lower than the switching field of the bare FePt film.
ing to the above analysis control the effect of switching fieldThe switching process can be described as propagation of the

reduction in the FePt/FeRh bi-layer system. In particular, thgjomain wall through the FePt layer starting from the
magnetization saturation values at O[Kl;(0) and M(0)], FePt/FeRh interface.

interfacial exchange interaction constaht and a critical
temperature of the FM-PM transitiofior FeRl) appear as
the main model parameters. The AFM-FM transition tem-
peraturg(T,,) controls temperature range where the switching Work at ANL was supported by the U.S. Department of
field is sharply reduce¢see Fig. 3. Thus the mechanism of Energy, BES Materials Sciences, under Contract No. W-31-
the metamagnetic transformation emerges as an importad9-ENG-38. O.C.-F. acknowledges Seagate Research for fi-
factor, which may affect applications of the analyzed herenancial support.

Relative temperature, T/T
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