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Chemical order and selection of the mechanism for strain relaxation in epitaxial FePd(Pt)
thin layers
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We observed that the relaxation mechanism of the epitaxial strain is dramatically dependent on the chemical
ordering within thel 1, structure in FePR@Pt) thin films. In disordered or weakly ordered layers, the relaxation
takes place though perfe%[lOl] dislocations, whereas well-ordered films relax through the partidl11L/%
Shockley dislocations, piled-up within microtwins, with a huge impact on both the morphology and the
magnetic properties of the film. We show that the antiphase boundary energy is the key factor preventing the
propagation of perfect dislocations in ordered alloys.
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I. INTRODUCTION addition, a peculiar surface morphology is observed, with
. ) ] ) surface “steps{up to 3 nm high along the(110) directions.
Because of their extremely high technological impor-These steps correspond to the emergence of the microtwin at

tance, strain relaxation processes in thin epitaxial layers argye |ayer surface and are easily observed by near field
widely studied. We focus here on the case of bidimensionnghcroscopied.

growth, where strain relaxation occurs through the introduc-  However, we discovered that the microtwins are observed
tion of misfit dislocations. Such dislocations appear onlygnly when the growth process leads to a high degree of
above a given critical thickness, when the elastic energy aGinjaxial chemical ordering within thel, phase. Indeed, by
cumulated within the layer is high enough to pay for theirpjaying with relevant parameters of the growth process, it is
formation Depending on various parameters such as thgossible to grow chemically disordered thin layers of the
crystalline structure of the layérhe lattice mismatch with  ggme equiatomic FeP@FePy alloys. Then, the relaxation
the substrate, the temperature of growth, the presence @ikes place through the introduction of isolated perfect dis-
threading dislocations in the substrate or in the buffer layercations, thereby leading to dramatically different layer
the involved dislocations may be perfect or partial ones, isomgrphologies and magnetic properties. In this paper, we pro-
lated or piled up within extended defects. pose to describe, through experimental observations and

In the specific case of chemically ordered alloys, themodeling, the origin of the selection of a given relaxation
chemical order affects the energy cost associated with thgygcess.

propagation of the dislocatiodswith a large effect on the
plasticity and other mechanical properties. Here, we focus on
thin films of chemically ordered magnetic alloys, such as || cHEMICAL ORDER, STRAIN, AND GROWTH
FePd(FePy grown on Pd(Pt) (001) substrates. Such alloys PROCESS
are seen as likely candidates for future high recording den-
sity magnetic media due to the large magnetocrystalline an- Let us remind the reader that chemical ordering within the
isotropy associated with chemical ordering within the Au-L1, phase corresponds to the formation of a stacking of
Cu(l) type structurg(L1,) phase. We recently demonstrated chemically pure Fe and P@esp. Pt (001 atomic planes
that extended strain relaxation defects, namely, microtwinglefining two sublattices I and II. The perfectly ordered FePd
formed by the pileup of partial dislocations, are at the originalloy exhibits a quadratic structuréa,=0.372 nm; a,p,
of a large magnetic coercivity, by providing pinning sites for =0.385 nm with ¢ along[001], leading to a lattice mismatch
the magnetic domain walfs. f (fordered™1%) on the fcc Pd buffer layefapy=0.389 nm.
The microtwins form through the pileup of 1/BL2] par-  The chemically disordered alloy has a fcc structure
tial Shockley dislocations. The first partial dislocation glides[(@disorgered0-380 N, and an higher mismatch with respect
from the surface of the film to the FePd/Paspectively, to the P00 substrate:fisorereq2.4%. For FePt on Pt
FePt/P} interface in order to make the film relax. Once onebuffer layer(ap=0.3916 nm], the corresponding data from
has appeared, the following ones preferably glide on adjacei®ef. 6 are (a,p orgered0-386 Nm and a,=0.37=6 nm,
{111} planes so as to reduce the total stacking fault energyorgeres1.5%). The lattice parameter for the disordered alloy
thereby leading to the formation of the microtwins. We re-is estimated according t@gisorgered (2c@,2)3=0.3826 nm
cently observed that the large repulsion between dislocatioand the mismatcHigisorgered 2.-3%. The amount of chemical
cores inside the microtwins controls the relaxation processrdering of the equiatomic alloy is described by the long-
and leads to an unusual dependence of the strain upon layeange order paramet&where concentrations of Fe atoms on
thickness, with a slow and almost linear relaxation curve. Irsites | or Il are dfel=(1+S)/2 and Cfe,, =(1-9/2. Hence S
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FIG. 1. FePd surface in-plane lattice parameter relaxation
[(arepdsurface—apd/ @pdl Measured during growth at various tem-
peratures between 01 and fdds on the RHEED diagram. A fit of

the curves is given following Ref. 1 for growths at 295 and 490 K,
and linear for the growth at 570 K.

| IFePd

ranges from O for a disordered alloy to 1 for a perfectly dPiasT;?:Iations // [0o1]
ordered alloySmay be estimated from the ratio of integrated Pd
intensities of the superlatticg@01) and (003) peaks to the [110]
fundamental(002 and (004) ones from x-ray diffraction

measurements. Experimentally, well ordered alloyqS (b)
=0.8 may be prepared through codepositidrof both Fe , ,
and Pd(PY by molecular beam epitaxy at an high enough F!G- 2. HRTEM images of[110] cross-sections on FePd
temperaturd600—750 K on Pd(Pt) (001) substrates, while S2MPIES@ Tgroui=470 K: we just observé(110 perfect disloca-
. . . . tions lines;(b) Tyowin=620 K microtwins appear parallel 11}
a chemically disordered film is obtained for growth at room | 9 . .
. . . . anes, and we also observe a few perfect dislocations.
temperature. Partial chemical order may be obtained at inteP
mediate growth temperatures. A detailed description of the The approximately linear shape of the relaxation curve of
growth process has been provided previodsly. the ordered layer grown at 573 K can be ascribed to the
In the following, to be able to separate the effect of therepulsion between dislocation cores inside microtwins. As
growth temperature from other parameters, we also rely on detailed elsewherkpnce a microtwin is formed, the pileup
specific growth process, where th&, stacking is artificially  of a new dislocation within the same defect is allowed only
obtained by alternated deposition of pure Fe anddtd®)  when the thickness has increased enough so as to provide a
monoatomic planes. Such films, grown at room temperaturenew stable position for an additional dislocation. Modeling
exhibit a negligible(FePd,S~0.1) or significant(FePt,S  demonstrated that this leads indeed to a relaxation constant
~0.5) long-range orde¥ It is likely that this difference is rate. Conversely, in the case of growth at 300 and 473 K, we
associated with the higher surface mobility of the Pd atomslo not observe such linear relaxation curves, but ones exhib-
(with respect to Btthat leads to more layer mixing during iting more common shapes that could be fitted with a model
the layer by layer growth process, and finally to a lowerderived from the well-known Matthews equatib#: This
chemical order. suggests the absence of microtwinning within these films. In
order to check this last assumption, we observed the sdrface
Il. RESULTS of the different samples bgx situAFM (atomic force mi-
croscopy. Indeed, the intersection of the microtwins with
We determined the evolution of the in-plane lattice pa-the (001) plane corresponding to the free surface of the thin
rameter during the codeposition of FePd on Pd substrate bigyer leads to the appearance of easily detectable steps along
measuring the distance between 01 andr@ds on the Re- (110 directions? On the two samples grown at 300 (dis-
flection high energy electron diffractiotRHEED) pattern  ordered ongand 470 K(partially ordered ong we do not
(Fig. 1). Three growth temperatures were used, leading t@mbserve such straight steps. The strain relaxation process ac-
different long-range order parameters as determieditu  tive here has been determined by high-resolution transmis-
by x-ray diffraction: Tgoyin=295 K (S=0); Tgouin=490 K sion electron microscopfHRTEM). In section image$Fig.
(5=0.19; and Tyouin=570 K, (S=0.8). As the unstrained 2(a)] obtained 0n weakly ordered layers, we do not observe
lattice parameter of the alloy depends on the amount ofmicrotwins but: >[101] perfect dislocations within the FePd
chemical ordering, we observe these different lattice mistayer, close to the FePd/Pd interface. These dislocations ex-
matches on RHEED curves. For thick FePd filgtisicker  hibiting an in-plane component of the Burgers vector con-
than 80 nm, the complete relaxation is close to 2.4% in tribute to the strain relaxation. So, as suggested by RHEED
disordered films and to 0.9% in well-ordered films. Partiallyand AFM measurements, the relaxation takes place by mi-
ordered layers have relaxed of 1.4%; this value is in betweeorotwinning only in well chemically ordered film§Fig.
the values reached for ordered and disordered layers. 2(b)], whereas the perfect dislocations are the only strain
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cally ordered thin films, the relaxation by partial Shockley
dislocations has to be linked with a lower slip energy cost for
these dislocations compared to perfect dislocations.

IV. CHEMICAL ORDER AND ENERGY COST OF
DISLOCATIONS

Here we first explain how chemical ordering can have a
large influence on the energy cost of dislocations. We will
next propose a quantitative estimation of the effect.

In the case of &1, ordered structure with the quadratic
axis along[001], the propagation of é[lOl] perfect dislo-
cation creates an antiphase boundgki?B) along the{111)
gliding plane within the ordered structuténdeed, on both
sides of the glide plane of such a dislocation, pure Fe and

FIG. 3. Ex situAFM image obtained on a 40 nm FePt films PdPt) planes are out of phase. We have to take into account
capped with 1.5 nm Pt: layer-by-layer growthTat,win=300 K(S  an extra APB energy for the propagation of these perfect
=0.45. Microtwins appear on the surface as long lines aliiif).  dislocations in the case of well-ordered films. A rough evalu-
relaxation defects in chemically disordered films ation of.this APB energy can be done in the following way:

) We attribute a bounding energy to Fe—Fe or Pd—Pd

The same link between chemical order and the str_am rhomocoordination and J to heterocoordination Fe Pd

observed by AFM in films grown at 750 K that are chemi-
cally well ordered(S=0.8) whereas the images do not show
any microtwin in disordered alloy co-deposited at 300 K.
As we relied on the growth temperature to induce dil"fer-fin
ent states of chemical orders, the occurrence of two relaxz
ation mechanisms could be attributed to the effect of dif'fer-h

ent temperatures on dislocations mobility and/or nucleationbounds on such an APB compared to eight in a perfectly

However, we can rule out the role of temperature in FePt a3 dered structude we can evaluate the APB energy cost at

well-ordered thin films can be grown at room temperature., ; :
; o . J per atom of the APB. The atoms density beinga#/
Indeed, chemically ordered FePt thin films are obtained ai b y g

|
. ; % 3) on {111 lanes, the APB energy formed by 1191

room temperature by atomic layer by atomic layer growth dis?lo)catio{ns }rr?a be written asg;/“PB:M (a2¥<1s’§)2;

(S=0.9: Microtwins are then observed on AFM imagésg. y 1111 v

) - ~0.2 J/nt.
3). FePd films grown by a similar layer-by-layer at 300 K . . .
exhibit a low chemical ordefS=0.1). Consistently, these This assessment is made under the hypothesis that the

films do not exhibit microtwins. APB crosses a perfectlil, ordered structure. In fact, the

Moreover, the different misfit in the case of ordered and short-range order mlght be incompletgior instance for
disordered alloys seems not to be the cause of the differerlﬁyer'by'.Iayer grown films where thg long-range order pa-
meter is lower than 0]5So, the obtained valu@®.2 J/n¥)

relaxation mechanisms: Ordered FePd layers grown on a P ht b th ) h d@fXB
buffer with a higher misfitf=1.5%) also exhibit microtwins might be seen as e maximum one reache .
(not shown herg Concerning 1/B112] partial dislocations, the total stack-

1/2[101] perfect dislocations do not have to nucleate inlng.fault energyﬁirlnal ;hould take into account the _mod|f|-.
the FePd and FePt layers as there are already such numerdy tion Of. both the positions of the.a_toms and of their chemi-
threading dislocations due to the relaxation of the Pd buffe a env:;;)nment alotrr:g the glfldtlng _pléame. Jhetsf are_
on the MgO substrate. A high density of these dislocations Oﬂig.]_on tack?n‘?,f”ch";‘ﬁica. Ie:o?uthe 2tru\(,:\$rgl1 ze;?acﬁg Wczrms.
was observed by HRTEM. Moreover, on scanning funnelingt 111 = 7111 Yia - paryy

. ; . . ake an average of the stacking fault enéfdin fcc Pd and
microscopy images of the Pd buffer la§¢nese dislocations L tacking__ .
were observed as screws at the Pd surfaoe to Fe. This yieldsy; 37"%0.16 J/n%. Then, the chemical part

10° screwsfum?). Nucleation barriers might thus not limit of the total stacking fault turns out to be negligible: A careful

the relaxation of the film via 1[201] perfect dislocations, study of the partial dislocation glide plane shows that the

as they just have to propagate and not to nucleate. ConcerHEjmber of Fe—Pd bounds remains unchang@ds_pq=8)

ing partial dislocations, they may appear by nucleation or b)}n the case of a 1/[.612] d|sllocat|0n within a chemically

, o L — ordered structure, with theaxis along[001]. As a result, we
ghssouaﬂon Qf the perfec_t one’s in théit11) gliding plane, neglectys1emeal and,patial— 0,16 J/nd, approximately inde-
i.e., a threading perfect dislocation 1191] may be de&om— pendent from the chemical order.
posed in two partial dislocations, 1[/BL2] and 1/6211]. Next, we can compare the forces exerted on perfect and
The first one being pure edge at the interface will be efficienpartial dislocations in ordered and disordered FePd alloys.
for the relaxation process. This suggests that, within chemi¥e consider a dislocation lying at the FePd/Pd interface

from the order-disorder transition temperatdiewithin the
Ising model*? KgT,~ 1.74J.

Since T, is close to 900 K for the equiatomic alloy, we
d a rough approximation fad:J=~4.5X 1072 eV. As the
reation of an APB along &111} plane breaks one Fe Pd
eterocoordination bon@here are seven heterocoordination
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FIG. 4. Energy per unit length for dislocations buried at the

FePd/Pd interface, supposing a tensile lattice stfai®.01 in
FePd: (line) isolated 1/6112] partial dislocations(first partia);
(doty %[101] perfect dislocations, neglecting the APB ene(gg.,
supposingS=0) or taking the APB energy into accou(gupposing
S=1). The critical thicknesses for strain relaxatibpare indicated
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FIG. 5. Calculated critical thickness for the propagation of iso-
lated 1/6112] partial dislocations ané[lOl] perfect dislocations as
a function of the tensile strain in a perfectly ordered FePd layer
(S=1). We took into account the APB and stacking fault energy

for both types of dislocations in the case of a perfectly FePd orderedssqciated with both kinds of dislocations. The critical thickness is

alloy (S=1): h,=12 nm for partial dislocations ang,=17 nm for
perfect dislocations.

smaller for partial dislocations than for perfect ones for0.9%
(we find againh,=12 nm for 1% initial tensile strajriThe critical
thickness for partial dislocations in microtwirgg/ithout stacking

with a threading arm crossing the film up to the surface. Thdault energy is much below the values obtained for isolated

force exerted on this threading alsupposed to remain par-

allel to itself)y corresponds to the energy to propagate the
dislocation of a unit length. The total energy of the disloca-

tion per length uniU, is the sum of the self-energy density
Ueein™® of the interaction energy of the dislocation with the
stressed filmJ,,;, and of the energy of the faulted ardg,
created along the glide plane.
These energy densities can be written
_ pb%(1-vcog B) )
e 4m(1-) '
1+v .
Uine= = 2u7— fhb X sin(5)cod ),
-V

In(ah
b

Utauit = hy114/Sin(e) ,

dislocations.

« Partial dislocations with stacking fault energy.
The critical thickness for the propagation of a type of dislo-
cation occurs whet,u(h,) =0.

The influence of the extra energy due to APB is striking:
In ordered films, the critical thickness for 1/6.2] partial
dislocations(h,~ 12 nm is lower than for%[lOl] perfect
dislocations (h;~17 nm but, in disordered films,h;
(%[101]) falls to 4 nm, reversing the preferred strain relax-
ation defect. Hence, the propagation of partial dislocations is
favored at the beginning of the growth within chemically
ordered layers.

The critical thicknessh, for dislocations propagation
can be systematically calculated as a function of the tensile
strain f: It gives h.=[b(1-vXcog B)]/[8n(1+v)

X (f-fysinBcoselin(ah./b), with f.=(1-v)/(1+v)
X (ub sin Bcosg) and y=yPaa or APB Figure 5 shows

whereh is the depth of the dislocation beneath the free surthis critical thickness in a perfectly ordered FePd layer for

face,v the Poisson'’s ratige the shear modulug, the modu-

both types of dislocations. It clearly shows that for 0.9%,

lus of the Burgers vector. The glide system is defined by theyartial dislocations propagate before perfect dislocations.
angle B between the Burgers vector and the dislocation linerhat js the case for well-ordered alloys in whith1%.

and e is the angle between the glide plane and the surface of This applies for the very firstisolated partial disloca-

the epilayer.« is the core parameter; it is linked to these
constants and to the core energy of the dislocatfom.can

tions. Once the first ones have nucleated and propagated, the
relaxation might continue by the nucleation of new partials

be taken equal to 1 for both perfect and partial dislocationsg|pse to the former ones. This differs from the case we con-
varying a between the 0.6 and 4 extreme possible valuesjdered in Fig. 4, our calculation providing the energy cost of

leading to negligible changes in the energy cunfes the

a lonely dislocation. Actually, the following partial disloca-

misfit between the buffer layer and the epilayer. For the tiltedions glide along the preexisting gliding plahéhus sparing

{111} glide plane¢p=54.7°, 3=90° for the partials disloca-
tion and B=60° for perfect dislocationsy;;; is the fault
energy density, i.e/2% for partials dislocation ow;% e for
perfect ones.

We calculatedJ,,,(h) as a function of the FePd thickness
for the next casegFig. 4):

« Perfect dislocations embedded in disordered allSy
=0) i.e., without APB energy.

» Perfect dislocations embedded in ordered allSy 1)
with APB energy.

the y3ekindstacking fault energy. The stacking fault energy is
as usud assumed to be equal to twice the twinning fault
energy. Hence, whatever the number of partial dislocations
piled up within the microtwin, the fault energy associated
with the microtwin does not increase. This clearly reduces
the energy cost of these new partial dislocatigfig. 5), and
explains why, the microtwins being formed, adding new par-
tial dislocation to the preexisting defe¢tsther than forming
perfect onepis the favored process even for thick layers of
alloy.
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V. CONCLUSION Two comments seems now worthy of interest. First, it has
been recently demonstrated that these structural defects pro-
The influence of the chemical ordering on the selection o¥ide pinning sites for the magnetic domain walls within FePt
the mechanism for the relaxation of the epitaxial strain inthin films, and are then at the origin of an exceptionally large
FePd alloys proved to be determinant: The epitaxial strain igoercitive field® As chemically ordered alloys may be used
relaxed via microtwins within Chemically ordered films and within the next generations of h|gh recording density mag-
in chemically disordered ones via the introduction of perfecthetic media, the link we demonstrate here between structural
1/2[101] dislocations at the buffer/layer interface. Indeed,defects and chemical order should be taken into account.
1/2[101] dislocations introduce an extra chemical stackingNext, within the description we propose, the extra-stacking
fault energy within the chemically orderedl, structure, fault for 1/2 [101] dislocations depends primarily on the
thereby favoring partial dislocations in well-ordered layers.short-range chemical order. As the magnetocrystalline aniso-
As partial dislocations piled up within extended defects, thistropy depends on the same paramétér,may not be pos-
leads to the formation of microtwins with dramatic conse-sible to adjust this anisotropy independently of the structural
guences on the morphology of the thin layer. This may be thelefects occurring within thin layers of chemically ordered
instance of such an effect within metallic systems. alloys.
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