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Anomaly of strain relaxation in thin ordered FePd layers
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Strain relaxation processes have been investigated in chemically ordered FePd thin layers gro@dn Pd
Microtwins due to the pileup o&/6 (211) dislocations release most of the relaxation. A statistical analysis of
scanning tunneling microscopy images provides a detailed understanding of the involved processes and indi-
cates a linear dependence of the relaxation process upon the FePd thickness. Such an unusual behavior is
confirmed by reflection high-energy electron diffraction and x-ray diffraction measurements. Through a mod-
eling of the repulsion between the cores of the partial dislocations forming the microtwin, we put forward the
mechanism explaining this discrepancy with the Matthews law.
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[. INTRODUCTION techniques so as to provide a deep understanding of the re-
laxation processes. X-ray diffractiof)KkRD) and reflection
Strain relaxation in thin epitaxial layers is a process ofhigh-energy electron diffractiofRHEED) measurements
high technological importance. The mastery of the strain regive access to the state of strain of the whole layer, but do
laxation process is the key to the proper building of a largehot provide any information on the elementary mechanisms.
number of artificial structures, such as metallic or semiconTransmission electron microscopeEM) observations dem-
ductor multilayers, with a large range of applications usingOﬂStrate that microtwins, due to a pileup of misfit disloca-
magnetic or optical properties. In case of a bidimensionafions, contribute to the relaxation, but failed to provide a
growth, strain relaxation generally occurs through the intro-quantitative estimation of their contribution. We will show
duction of misfit dislocations. Relaxation often proceedsthat a quantitative interpretation of scanning tunneling mi-
only above a critical thickness, when the state of strain ha§roscopy(STM) and atomic force microscopyAFM) im-
allowed the accumulation of enough energy to afford the cosgges of the surface of the FePd alloy leads to a deeper un-
associated to the misfit dislocations. Next, the evolution oflerstanding of the relaxation mechanism. Indeed, it has been
the strain is generally well described through Matthewsaw. shown that defects like dislocations, buried in the film, can
Basically, as the relaxation proceeds, the strain diminisheBave a significant effect on the surface morpholdgyAs a
progressively with increasing layer thickness, thus providingesult, STM or AFM images may contain information about
less incentive(per volume unit to create new dislocations. the strain relaxation process and a few authors used these
As a result, the formation rate of new dislocations slowsimages to estimate the relaxation associated with isolated
down as the layer thickness increases. Though deviatior@slocations deforming the layer surfafuTe films (Ref.
from Matthews law are often encountered, progressive 11), InAs (Ref. 12, and Cak (Ref. 13]. Models based on
slowdown of the relaxation rate with increasing layer thick-linear elasticity* allow a quantitative use of this informa-
ness is generally observed. tion. Here surface modifications are induced by the micro-
Here we describe the relaxation processes in equiatomi@vins and we establish a quantitative link between the sur-
FePd alloys grown on R@01). These alloys exhibit an or- face morphology and the properties of the underlying
dered AuCu(l) type structuréL 1, phas¢ and have attracted defects. This provides the basis for a detailed interpretation
a considerable interest due to their magnetic propettiesOf the relaxation data and allows us to explain the discrep-
With proper growth conditions, the chemical ordering isancy with the Matthews law.
uniaxial with thec axis perpendicular to the surface of the
film (Fig. 1),2~° thereby leading to a large uniaxigderpen-
dicular magnetic anisotropy. Theoretical wbrkoncerning
the L1, phase in AuCu and AuNi suggests that this easy The samples were prepared by molecular beam epitaxy
chemical ordering could be enhanced by the epitaxial stressnder ultrahigh vacuum (10 Pa) equipped with electron
due to the buffer. For FePd/RD1), the misfit amounts to beam evaporators monitored by quartz microbalances. A
about 1%. In this paper, we demonstrate that relaxation takeRd001) surface was obtained by evaporating 60 nm of Pd on
place mainly through the introduction of partial Shockleya 3-nm Cr seed layer grown on a Mg001)-oriented sub-
dislocations, namely, 1{612, as previously observed in strate. Then the sample was annealed for 15 min at 700 K to
similar system§:’ smooth the Pd surface. Before the growth of the alloy layer,
We observe a nearly constant relaxation rate process witthe Pd and Fe fluxes from the electron beam evaporators
increasing layer thickness. In order to establish and explaiwere first adjusted using the oscillations of the intensity of
this result, we use the combination of various experimentathe specular spot in the RHEED pattern. Thereafter, both Fe
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FIG. 1. Tetragonal L1, Ilattice: ai,pepd=3.72A, Q) Fepd

=3.85 A (Ref. 15. Black and gray circles correspond to the two
different species Fe and Pd.

0.002

and Pd were simultaneously evaporated on th@®%) sur-
face held at 620 K. Here Fe and Pd fluxes were both set to
0.16 monoatomic layer per second. h(FePd) (nm)

The RHEED diagram revealed the cube-on-cube relation- FIG. 2. Relaxation of the FePd 1ayes = apq— 2, ropd ang):

ship (001 [001] Pd{001) [001] FePd. Finally, once back at £, as a function of the thickness of the filfh(FePd) from

room temperature, the sample was transferred into the adj‘?iHEED measurements performed during the growth process. The

cent chamber Coma'nmg the scanning tunneling m'crOSC_Op@ritical thickness is about 10 nrtw) relaxation measured by XRD,
[AFM-STM fror?BOmlcron GmbH, used under UHV condi- (y) mean relaxation values deduced when taking into account the
tions (1-2<10"° Pa)]. For ex situexperiments, the alloy congribution the microtwins from STM images. The dashed line

layer was next covered with a 2-nm Pd capping layer torresponds to the value reached 4y when the FePd layer is
prevent oxidation. A JEOL-4000EX microscope allowed thefylly relaxed.

TEM observations, while AFMex situimages were obtained
using a Nanoscope llla from Digital Instruments. X-ray mea-

surements were performed on a Microcontrol two-circle dif- ) . )
fractometer using coppé€a emission. TEM has been used so as to identify the defects allowing

the strain relaxation in the FePd{PA1) system. Thd110]

cross section of a 50-nm-thick FePd layEig. 3(a)] shows a
. RESULTS thin defect parallel tq111) planes, exhibiting a mirror sym-

metry compared to the rest of the crystadlatively to{111}

We first rely on XRD and RHEED to assess the state ofjanes. This is a microtwin. The usual spacing observed
strain of the FePd Iayer and to understand the nature of thBetween two such defects ranges from 50 to 200 nm. A |arge
relaxation defects. number of images has been realized, showing microtwins of
quite constant thickness. Occasionally, two microtwins inter-
sect, each other making an “X,” or stop on another one,
forming a “Y.” Microtwins cross the whole FePd layer, most

The lattice bulk parametea of stoechiometric FePd is of them end at the interface, but a few cross the interface
0.380 nm in the case of a disordered alloy, but in the case dfFig. 3(c)], coming down into the Pd layer.
ordered structure, the fcc cell turns into fétig. 1: &, repq Some lonely stacking faults and a few {021) perfect
=3.72 A, 3 pepi 3.85 A (Ref. 15]. The long-range orde8  dislocations were also observed.
of the alloy has been evaluated by x-ray diffraction. It is
defined byS=|ng—npd, wherengepq stands for the site
occupancy of Fe atoms on the Hed) sublattice in the_1,
phase. This parameter ranges from 0 for a completely disor- According to the literature, two kinds of dislocations are
dered film to 1 for a perfectly ordered film. Here measure-expected to accommodate the misfit in a fcc metallic thin
ments yieldedS=0.82 Therefore, the lattice misfit be-  film: 1/2(110 perfect dislocationgwith these, the Mat-
tween the Pd buffer and the ordered FePd was assessedtla¢ws equatichleads to a critical thickness of 8 nnand
&= (apq— 8 repd/apg—1%. 1/6(112) partial Shockley dislocations. This latter mechanism

The relaxation of the lattice parameter has been evaluatehs already been put forwafd:'® 1/6(112 partial disloca-
during the growth process by following the distance betweertions nucleate at the surface of the alloy, glide alordd =}

01 and 0-1 rods on the RHEED pattern. The relaxation curvglane down to the interface with the Pd buffer. The glide of
(Fig. 2) is quite linear, which is not similar to the usual slow 1/6112] dislocations along th€l11) plane leads to a step at
down of the rate of relaxation derived from widespreadthe surface of the film. These steps, being at the intersection
models™? The in-plane lattice parameters at the surface obef the (001) surface and of111 planes, appear ad10
tained from RHEED are consistent with x-rays results con-straight lines at the surface. The height of these discontinui-
cerning the whole alloy layer. The XRD in-plane lattice pa-ties is equal to the perpendicular to the layer component of
rameters were obtained from the position of {i€3 and  Burgers vector, i.eq; repd3=0, 124 nm. As these disloca-
{002 diffraction peaks. tions are partial, they leave a stacking fault{dd1} gliding
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B. TEM observations

A. XRD and RHEED observations

C. Mechanism of the relaxation by microtwins
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FIG. 4. Elastic modeling of the deformation around a microtwin,
using Head's equations for buried dislocati@i§(112) parallel to
the surface. The FePd layer is 8 nm thick. Three out of the four
partial dislocations Nl=4) in the microtwin are located at the
FePd/Pd interface. The step heiglh) at the emergence of the
microtwin corresponds tdl* (a/3).

resentation shows both the step due to the emergence of the
glide plane at the surface and the deformation field.

The favored relaxation by microtwins relatively to perfect
P dislocations seems to be linked with the ordering of the al-
Dislocations \ loy: disordered films relax via perfect dislocations and do
o ls not exhibit microtwins. In fact, 1/2110] perfect dislocations
cause antiphase boundaries in g, order and thus are not
energetically favored. This point has to be further investi-
gated.

7

D. STM observations: Qualitative analysis

As the link between the surface morphology and the un-
derlying dislocations has been established, near-field images
of the FePd surface bring now further information. At large
FePd thicknesFFigs. §b), 5(c), and &d)], the surface exhib-
its remarkable features in addition to the growth steps al-
ready imaged on Fig.(6) [h(FePd)=5 nm|: straight lines
are easily distinguishable along the t{4l0 directions of
the surface. These lines correspond to large steps up to about
one nanometefFig. 5(d)]. They are the steps due to the
emergence of microtwins at the surface. These steps end up
on screw dislocations, which are the threading arms of the
partial dislocations, coming up to the surface. Local analysis
reveals that the height of the discontinuity step of a micro-

_ o _ twin is not constant and is often larger in the middle of the

FIG. 3. TEM high-resolution images: sections of a 50-NM |ine than close to its ends. It is likely that the threading arms
FePd layer seen along thi-10] direction. Microtwins and dislo- ot 1he partial dislocations are distributed along the micro-
f:rtl'doigs (\:Iz:s; atli:i %Zat:gﬁg?slzrvama) at:nd(bg]. A microtwin ex- yin probably because of the repulsion between them. This

9 yer can be observer leads to a pileup of dislocations of decreasing length. It thus

explains the slightly variable step height of a microtwin:

planes. Once one such partial dislocation has appeared, naslose to the ends the number of constitutive dislocations de-
partial dislocations are likely to glide along adjacéhll}  creases. Other qualitative features are remarkable: the in-
planes. Indeed, this mechanism avoids the formation of adersection of microtwins is a rare event except for thick lay-
ditional faulted planes, which costs stacking fault energyers. Often a microtwin stops on a perpendicular OfFigs.
The volume contained between these two planes makes up5éb) and Hc)], leading to the square pattern aspect of the
microtwin (see, for instance, in AUNREef. 6, FePd(Ref. 4), surface. The surface density of microtwins appears quite
Si/Ge multilayergRef. 7)]. N partial dislocations building a similar for the different thickness of the alloy layer. How-
microtwin lead aN*a, r.pd3 step at the surface. ever, the thicker film exhibits clearly more contrasted lines

To illustrate these results, the elastic strain associated tevealing higher stepgnd then the pileup of more numerous
such microtwins has been modeled under the assumption diislocations.
isotropic elasticity using Head’s equati8rior buried dislo- It may be argued that perfect dislocations having a
cations parallel to the surface. In Fig. 4, the schematic rep1/2(110) Burgers vector, gliding o§11L planes would also
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Due to uncorrected piezoelectric distortions, the upper
and lower parts of the STM images are, respectively, reduced
and dilated, and straight lines appear slightly bent.

IV. IMAGE ANALYSIS DISCUSSION

We now use STM images quantitatively so as to estimate
the contribution of the microtwins to the relaxation process.

A. Image analysis process

A quantitative analysis was carried out on STM images
shown in Fig. 5, using a Bild Kontron system dedicated to
image analysigconsisting in dedicated processors and soft-
wareg. The aim of this analysis is to extract the contribution
of the microtwins to the strain relaxation from the STM im-
ages. The heights of monoatomia,(repd2) and biatomic
(a, rFepgd growth steps are close to the height of the step
associated to small microtwin@xactly a for the pileup of
three partial dislocationsFortunately, microtwins are asso-
ciated to straight and long lines along ttELO) directions,
® whereas the steps associated with the growth process are

isotropic. To discriminate between mere growth steps and the

FIG. 5. 0.4um (a), (b), (c), 1-um (d), (¢) STM images of the emergence of microtwins, we used morphological filters con-
surface of P01 and of thin layers of ordered FePd alloy/ sisting in matrix elements defining an element of line along
Pd001). Image (a) corresponds to the RaD) surface: atomic (110) directions. The filters are defined so as to preserve
steps are visible, pinned on the emergence of screw dislocationgome tolerance with respect to a nonperfect alignment on the
After the growth of 5 nm of alloy, the step density increa@®sin (110 directions. Noticeably, portions of the growth steps
following images(c), (d), (e), the layer thickness exceeds the criti- running locally along these directions are not rejected, but
cal thickness, and straight lines, along 110 directions, correspond tﬁﬁey are easily scrapped thereafter as being too short to cor-
the emergence of the microtwins. As the layer thickness increase§espond to the emergence of a microtwin. This process leads
new partial dislocations pile up within the preexisting microtwins. to a binary image where lines of pixels corresponding to the
This leads to higher stegassociated with the microtwipéormed emergence of a microtwin are outlined. Next, it is possible to

at the surface, thereby increasing the contrast associated with t.%easure the heighth of the discontinuity at each point of

microtwins with respect to the contrast associated with the atoml%hese lines: the image of the local maxirfwithin a 5x 5
steps.(f) Height profile along the line drawn on imagé). . T 9 .

pixel box is first calculated, next, the image of the local
cause a discontinuity on the surface. Such features would n#finima, and finally,Ah corresponds to the difference be-
be distinguished from a mere monoatomic step, ending oiween these twgmaxima and minimaimages, locally cal-
screw dislocations, and as any growth step, they would beulated at the position of the microtwins on the 312
bent because of the accumulation of adatoms during growtHpixels images.
Steps due to microtwins due to the pile upMflislocations This now enables us to calculate the number of partial
correspond to heightN*a, repd3 steps, unlikea, pepd2  dislocations in  the microtwin at each pointN
monoatomic steps. As a clear demonstration of the different= Ah/(a, r.pd3). As expected, the histogram of the height
nature of these two defects, it can be seen that some growthh on a whole imagéFig. 6) evidences a discrete distribu-
steps cross the lines associated with the emergence of t®n of heights corresponding to multiples @f epd3.

(e) h=80nm

microtwins. These lines remain straight alo(i0) direc-
tions during the growth procegsee images of Fig.)&as the
steps associated with the microtwifi§g. 4) do not lead to

an accumulation of adatoms.

e
e
=1
[

0.0015

0.001

0.0005

0

Microtwin density (nm2)

These histograms vyield quantitative data, such as the
number of partial dislocations, the cumulated length of mi-
crotwinsl in an imageFig. 7(a)] and the mean numbé&N)
of dislocations per microtwin on the imag€ig. 7(b)]. From

(a)

L 20 nm

(b)
40 nm

FIG. 6. Histograms of the step height associ-
ated with the emergence of the microtwins. Each
one contains the data of the STM image of Fig. 5
of corresponding thickness. The plotted density is
obtained as the length of the steps corresponding
to the emergence of a microtwin, per unit of step
height, per surface unit. The resulting density
(nm~?) is plotted as a function of the step height
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Number of dislocations in microtwins

Ah, expressed as a numbisrof constitutive dis-
locations in microtwins N=Ah/a, repd3).
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S - FIG. 8. 4um AFM image of the FePd surface. To allow obser-
2% st n ] vation in room conditions, the FePd la d b 1-
@ 2 a A ] ons, FePd layer was covered by a 1-nm
T2 L 1 Pd capping to protect it from oxidation. Steps due to microtwins are
w— £ A
° s clearly observed.
R 1
e 2L ] twins is almost total in one direction. We can therefore con-
2 ola R clude that the microtwins account for most of the relaxation
L - process. They allow to relax 6% of the misfit in a 20-nm-

thick layer and 90% in a 80-nm-thick FePd layer. This is
consistent with the scarce observation of perfgaf0) dis-
locations on TEM images: they seem to take on a negli-
gible part of relaxation(such faults are not present on the
TEM images we selected in this paper

A large difference of the calculated relaxation was ob-
served along the two orthogonal equival€htO directions.
This anisotropy may be explained by different assumptions:
first, the MgO substrate may present a miscut along one of

the strain relaxed by one dislocatiéenual to the component these directiongthis miscut varies from a sample to the
of Burgers vector parallel to the filn,,.) we were able to other but stays lower than 0)2romoting the development

estimate the total relaxation due to microtwins within an im-Of defects in one direction. Such a long-range anisotropy in

age. This relaxation is given byb, . J/(L2), whereL is the FePd should be detected by x-ray measurement of the lattice
size of the image. par ’ parameter, but the two in-plane lattice parameters proved to

be equal, indicating that the relaxation is isotropic on large
) ) ) areas. In addition, the most relaxed direction is not always
B. Amount of relaxation allowed by the microtwins the same on a given sample, leaving aside the hypothesis of

The measured relaxation is given in Table | for egth0) a long range miscut. Next, the size of the imagesu(d
direction and also the ratio of the measured relaxation to thex 1 um) may be smaller than a characteristic length of this
total expected relaxation. The relaxation via microtwins isrelaxation: a local fluctuation of the microtwins distribu-
comparable to the measured value obtained by RHEED or #on would yield a local anisotropy. In order to check this last
rays. Moreover, for an 80-nm layer, the relaxation by micro-assumption, we performed wider images up tqur8

X 8 um. As this size exceeds the scanning range available in

TABLE I. Evolution of the relaxation allowed by the microtwins our UHV microscope, the measurement was performed by
as a percentage of the initial misfit. Data are extracted from STMAFM at room conditiongFig. 8). To avoid layer oxidation, a
images of Fig. 5[except for the additional data a@i(FePd) thin Pd cappingd~1 nm) was first deposited. As it may pre-
=50 nml. The data are first given for ea¢h10) direction and next  vent an accurate measurement of FePd surface heights, only

(b) h(FePd)(nm)

FIG. 7. (&) Total density of microtwinglength of microtwins
per surface unitthm )] as a function of the layer thickness
h(FePd). Data extracted from STM imagés) (A) Mean number
of dislocations in microtwins as a function of the layer thickness
h(FePd). Data extracted from STM imag¢ll) Predicted number
of partial dislocations in a microtwin from elastic calculation.

averaged over the tw(110 directions. surface densities of microtwir(®) along the two(110) direc-
- : : tions are extracted from the images. Figure 9 plots the ratio
FePd  Relaxation  Relaxation — Average relaxation  of these two densities as a function of the image size: the
thickness alongog[llo] ann%[l-lo] along the EWO anisotropy progressively decreases and nearly vanishes on an

(nm) (%) (%) directions(%) 8-um image. This means that the anisotropy of the relaxation

20 0 6 3 in a given image is only due to a statistical bias.

40 22 29 25 . . .

50 12 o8 20 C. Density of microtwins

80 33 90 62 Beyond the average relaxation, STM images provide a

deep understanding of the formation and coarsening of mi-
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ko) 380 As the surface density of the microtwins evolves slowly
- ' ' ' ' with h(FePd), the linear dependence Nfupon h(FePd)

= leads to the linear dependence of the strain upon thickness.
) 300 We will now explain the physical origin of this unusual be-
- < havior by using TEM observations to support an elastic mod-
g g 250 I ] eling of the involved process.

£ =

5 &

- 9 200 | ] V. TEM OBSERVATIONS OF THE DISLOCATIONS CORES

Q o AND ELASTIC MODELING

S E |

° 150 L . A. Experimental data

g The linear dependence of the number of dislocations in
© 100 microtwins can be explained by TEM observations of the

0 2000 4000 6000 8000 . X o
dislocation cores. The number @f11) constitutive planes of

h(FePd)(n m) a microtwin decreases towards the interface with Pd, leading
to a wedge shape of the microtwin. Dislocation cores thus do
FIG. 9. Evolution of the ratio of the density of the two popula- N0t come down to the interface, but are spread out along the
tions of microtwins(corresponding to the tw¢110) directiong asa  Microtwin in its low part, close to the buffer laygfFig. 3(b)].
function of the sampled area. The microtwin dengityn ) is ob- ~ Moreover, the spacing between each dislocation is not con-
tained as the length of the steps corresponding to the emergence sfant:  dislocations appear to be more closely stacked very
a microtwin at the(001) surface, per surface unit. near to the Pd interface. This distribution of dislocations
cores might allow one to minimize the repulsive energy be-
crotwins: below the critical thickness for microtwin forma- tween adl"?‘ce”t partial d'SIOC""F'O”S.m the microtwin.
tion in FePd[Fig. 5a)], there are no microtwins, because Irjtergstmgly, TEM observatiori#ig. J(c)] of mcrptwms_
rgettmg into the Pd layer prove that some partial dislocations

pa_lrtial d_islocations have not yet nucleated. In a 20-nm laye fmove down the interface, probably due to the force exerted
microtwins are already present: the weak contrast observet()j '

. : L y upper dislocation§The large pileup of dislocations in the
on image 5b.) and .the Image analysig-ig. 6)_dem_onstra_te layer (more than ten dislocationsepels the lowest one into
that each microtwin contains only few partial dislocations. he palladium substrate, even if the driving force due to the

As the thickness of the layer increases, the microtwins ge:ﬁwisfit has vanished when the dislocation has entered the

th|<_:ker, while 'ghelr_ de_n5|ty increases only sIoviZEng._?(a)]. buffer layer. It proves that the repulsive energy between dis-
This observation indicates that, after the nucleation of th(?ocations is large enouah to influence the position of the
first partial dislocationgabove the critical thicknegsthe L 9e 9 ence he p ;

cores inside the microtwins. The minimization of this energy

formation of new microtwins is a rare event. As a rule, the . : : . . 4
. . . L . . “might control the maximum number of dislocations in a mi-
relaxation progresses via the pileup of additional dislocations

in preexisting microtwins. This mechanism avoids the forma—crOtwm’ depending on the thickness of the layer. We then

. . suggest that the repulsive interaction is the key to under-
tion of new stacking faults. standing the shape of the relaxation curve
A slightly higher density of microtwins is observed in '
thick films [Fig. 7(a)], but this does not prove so for the
nucleation of new microtwins. Indeed, the number of micro- B. Elastic modeling

twins is quite constant, but their length might vary. Most  an elastic model is used to estimate the maximum num-
microtwins end up on perpendicular neighbors at low thick-per of gislocations in a microtwin: we considirdisloca-
ness(up to 40 nm, forming “T” intersections. The 20-nm-  iqns gliding on adjacentl11) planes, one dislocation being
thick layer does not show any cross, while only 3 crosses anfineq at the interface between Pd and FePd. In the following,
51 “T" are observed for a 40-nm-thick layer. Conversely, three components of the energy of dislocations are in a bal-
microtwins mtgrzsect more“ e:’;,lsny |r_12th|ck layers: the_re ar€ance:  the self-energy of each dislocatifi,: the interac-
24 crossesum “ and 40 “T" - um™* for the 80-nm-thick  {jon (repulsive energy between all pairs of dislocations,
layer. This enables a lengthening of the preexisting microg . and the interaction energy between the dislocations
twins, which were blocked by each other at lower thick- 5 stressed film of alloyE 4. These energy terms are
nesses. calculated within the frame work of homogeneous and iso-
tropic linear elasticity near a free surfa@e the Appendix
We then calculate the different equilibrium of each disloca-
tion, for a given numbeN of partials in a microtwin and for
The numerical analysis of the STM images demonstratea given thicknesh of the layer. We increase the numiéof
that the average number of dislocations per microtMpis  dislocations until one of the dislocations has no equilibrium
independent of the direction of the microtwin. Furthermore,position in the layer.
this number clearly evolves with the FePd thickness: our data Figure 10 provides an instance of such a distribution for a
indicate an approximately linear dependence Nofwith  40-nm FePd layer. By varyinlyin the calculation, we obtain
h(FePd)[Fig. 7(b)]. N as a function ot (Fig. 11). This estimation seems to be

D. Size of the microtwins
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through the model and the experimental data at large FePd

therein. The microtwins we described here explain some of

c . . : )
L 0 Free thicknesses. Indeed, this has been experimentally observed in
3 surface TEM images of large microtwins resulting from the pileup of
% 10r o numerous dislocation@nd hence at large thicknesses

T 20f

= o VI. CONCLUSION

S 30 ®

£ 10l—e—e—2 d ie_Pd Chemically ordered alloys attract a large interest due to
< Pd their remarkable magnetic properti@Ref. 3 and references
Q_ 50 'l 1 1 1 'l 'l 1

4]

©

12 3 4 56 7
index i of dislocations

these magnetic properties. Indeed, they provide a spontane-

ous square magnetic nanostructuration of the thin layer by
FIG. 10. In depth distribution of the dislocation cores within a being pinning sites for the magnetic domain waftd’ This

40-nm FePd layer. In the model, the first dislocation is pinned at théeads to the exceptionally large coercivity of thin layers of
interface, while the position of the other ones result from a minimi-ordered alloygFePd, FePt
zation of the total elastic energy. Here seven dislocations may be The investigation of strain relaxation processes in FePd
observed within the layer, the eighth one would not find a stablghin layers grown on R@01) has been carried out thanks to
position within the available FePd layer thickness. RHEED, x-ray diffraction, and the quantitative use of surface

images obtained through scanning probe microscopies.
consistent with the observed size of microtwins by STMThese techniques lead to a deep understanding of the relax-
[Fig. 7(b)]. It suggests that the repulsion between dislocaation mechanism. Indeed, TEM observations allow us to
tions inside the microtwins might be the controlling term in jdentify the defects associated with the relaxation process,
the pileup of new partial dislocations and then in the relax-here microtwins formed by the pileup of partial dislocations.
ation. Assuming a nearly constant density of microtwins andrhen STM images yield statistical information on the strain
taking into account an almost linear dependencl(@f), the  relaxation and prove that the microtwins take on most of the
relaxation appears to be linear as a function of the layefelaxation. Other systems could benefit from a similar use of
thickness. Noticeably, the asymmetric repartition of the dis-STM images, provided that the elementary defects have been

locations lines, most of them being very close to the FePd/Pgientified and that they cause an observable modification on
interface, explains the good agreement between the surfagge surface.

strain measured by RHEED and the strain deduced from This unusual relaxation through the formation of micro-

x-ray diffraction. Indeed, the small volume corresponding totwins causes a linear dependence of the strain upon the FePd
the less relaxed part of the FePd layer, close to the interfacghickness. This large deviation from usual expectations and
is limited enough to possibly induce an asymmetric wideningrom the Matthews law is linked to the very nature of the
of the x-ray diffraction peak, but no significant shift of the extended defects involved here. Indeed, as well, experimen-
peak maximum, here measured to determine the lattice paal data other than elastic modeling demonstrate that the re-
rameter. pulsion between dislocation cores within the microtwin con-

Though some hypotheses are clearly untrue, this modetols the introduction of new dislocations.
should capture most of the physics. We have supposed that
the deepest dislocation was pined at the interface t_Jetwee_n Pd APPENDIX: REPARTITION OF THE DISLOCATION
and FePd, contrary to the observatlon'of some dlslo_catlons CORES INSIDE A MICROTWIN
that move down into the Pd layer. This could explain the
discrepancy between the estimation ©f(h) obtained We use a two-dimensional model. Hence dislocations are
supposed to be infinite lines parallel to the surface, gliding
on (111) planes, with 1/p112] Burgers vector. The expres-
sions for the elastic energy terms come from Héaahd
Dynnaet all® They take into account the effect of the free

[\ surface.

T— v w is the shear modulus of the elastic mediums Pois-

= L110] 1 Pd son’s ratio(herev=0.3), h the film thicknessp the magni-

tude of the Burgers vector of partial dislocatiogsthe angle

FIG. 11. Scheme of the repulsive forces between dislocation®etween the Burgers vector and the dislocation (imere 8
within a microtwin. The two black bold lines correspond to the = 7/2), ¢ the angle between the misfit dislocation slip plane
stacking faultd(111) planeg delimiting the volume of the micro- normal and the normal to the surfaceé=54°), andl the
twin. h; is the distance from the top surface of ihdislocation core  dislocation line.
(of Burgers vectob). With the notation of the Appendixu corre-
sponds to the displacement of the considered dislocatior-anis
the projection of the repulsive force exerted by dislocation 1 on
dislocation 3. Heren(;) defines the direction perpendicular to the ~ We first evaluate the general expression of the stress
(111) plane.m*d,,, corresponds to the projection of the distance [ o ]™ created by one dislocation within the whole film. The
between the two considered dislocations alopgy , herem=2. dislocation is located at a given depth under the surface

Repulsive energy between all dislocations yygis
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(Fig. 10. Next, applying the Peach-Kier law projected on during the growth process of the layer provide the surface
the (111) gliding plane, we evaluate the forég _,, exerted lattice parameter as a function of the thickness of the layer
by a dislocation located at a degth on a second dislocation At a depthh;, for a layer of thickness, f(h,h;) is the
ath, gliding on a(111) plane. The two dislocations are sepa- residual stress. Assuming that relaxation is only due to mi-
rated by (m,,— 1) (111) planes(Fig. 10 provides a schematic crotwins and that partial dislocations are spread inside mi-

definition of all parameteis crotwins, f(h,h;) is varying fromf(h,h) (=1%) at the in-
" terface with Pd to the measured vali(é,0) at the surface of
F1_>2=Uk|1(h2,m12)bk'n1- the alloy. Therefore eachdislocation is submitted to a re-

_ - o sidual stress$(h,h;) when located within a microtwin con-
Integrating F,_,,(hy,h,,myy)-dd with respect to h,, taining N dislocations:
along the(111) plane, from the surface th,, we obtain

E (h,), the interaction energy between the two dislo- fn(h,0)—fy(h,h)
(hy,my) N2 TN N .
cations. f(hih)= N 1+ fy(h.h).
For a distribution ofN dislocations, the total repulsive . .
energy can be written fn(h,0) is derived from RHEED measurements dpgh,h)

is taken independent d¢f and then amounts to 1%:

Edisais( 1. hi,...hy) = 24] By myp(hy)- 2u(1+v)

Eisyfim= — WfN(h:i Yhib sinB cose,

Self-energy of each dislocationE 4

Here Efaim(h1.h2,.hn) =20 Egym(M).-
. ,(1-vcos B) !
sel= Wb ——=———1In(2h; /b) ; ; - ;
se 4(1—v) The total energy of th&l dislocations of a microtwin can be
. written
— 2 _
pb 47(1—v) In(2hi7b) E(hy,h,,... hy) = Eé?ﬁ/lﬁlme E&?S‘/Iﬁlm—'_ Ets%tﬁl-
for a dislocationi located at a distanck; beneath the sur- We seth; = h (the lowest dislocation is pined at the inter-
face: face between Pd and FePdhis does not take into account
total i the fact that the lowest dislocation is sometimes repelled
Eself(hlahZa---vhN):Ei Eseihi). within the Pd buffesee Fig. &)].

Minimizing E'@ relatively to everyh; , for a given thick-
nessh of the film and a given numbeN of dislocations,
yields the different equilibrium positioh; of the disloca-
tions. N is increased until we finthy=0, which means that

Egissiim depends on the residual stress in the film. Wethe latest dislocation would be repelled to the surface by the
estimate the remaining strebch,0) at the surface of the film other dislocations and cannot find an equilibrium position
from experimental data: RHEED measurements performewithin the alloy layer. We therefore can estimé&téh).

Interaction energy between dislocations and the stressed
film of alloy, E gigfim
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