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We report about experiments concerning the stability of thin films @ff¢Zr, in the concentration range
0<x<7 at.%. The films are grown using electron beam evaporation under UHV conditions on Zr base layers
at 300 K. On these substrate layers, pure Fe and the Fe-Zr alloy films initially grow in the amorphous phase.
At a critical thicknesd, crystallization of the films is observed at room temperature. The crystallization is
monitored quantitatively using the magnetic properties of the Fe-Zr alloys which are paramagnetic at room
temperature in the amorphous state but ferromagnetic in the bcc phase. The thidkrieseases with
increasing Zr concentration from about 2 nm for pure Fe to 30 nnxfo¥ at. %. A model for the transfor-
mation of the amorphous layer is presented which includes the variation of the thermodynamic driving force
with the Zr concentration and the stabilizing effect of the interface to the Zr substrate layer. The model can
account for the concentration dependenceloénd yields a reasonable value for the interface energy contri-
butions. Additional contributions to the phase stabilities such as elastic energy and defect contributions will
modify the energy balance between driving force and interface stabilization and may therefore influence the
transformation. A quantitative treatment shows that contributions from grain boundaries formed during the
crystallization have to be considered whereas the elastic energy contributions are less important. This is a
consequence of the large driving forces for polymorphous crystallization. The results are not unique to the
Fe-Zr system but should also apply to other Fe—early transition metal or Fe—rare-earth multilayers.
[S0163-182609)00921-7

I. INTRODUCTION phous Fe phase is only stable at small film thicknesses. If the
thickness exceeds a critical value which is about 1.6—2.3 nm

It is well known that on suitable substrates which oftenin all the experiments, crystallization sets in. Upon crystalli-
have the same crystal structure as the desired nonequilibriumation, most of the initially amorphous layer transforms into
phase or at least a common set of lattice planes, it is possiblecc Fe. The almost complete crystallization shows that the
to induce growth of metastable phases. An example is thérmation of the amorphous phase is not caused by an inter-
epitaxial growth of fcc Fe on fcc Cu substrates where bothdiffusion reaction. In the case of an interdiffusion reaction
elements have very similar atomic siZesThe lower inter- [SSAR (Ref. 11] the formation of the amorphous phase
face energy of the coherent fcc-fcc interface in comparisorwould be caused by the supersaturation of the Fe with the
with the higher energy of the incoherent fcc Cu—bcc Fe inrare earth or early transiton element which would be irrevers-
terface is the reason for the formation of the fcc Fe whichible due to the large negative heat of mixing. In this case,
would otherwise occur only at high temperatures. Anothetthere would be no driving force for polymorphous crystalli-
example is the formation of bcc Co in thin films grown on zation of the alloy but the crystallization would require dif-
(001) GaAs® fusive phase separation.

In the past years, it has been observed that Fe grows in the The experimental work presented here is motivated by the
amorphous modification on suitable substrates. These sulidea that the amorphous Fe in the multilayers is stablized by
strates are usually early transition elements liké Zt,° or  the low energy of the film-substrate interface. Since the
rare earth elements such as @er Gd® In all cases there is small critical thickness which is only about 10 times the
a large atomic size mismatch between substrate and Fe atortisl0) lattice spacings of bcc Fe makes it difficult to distin-
hindering epitaxial growth. If grown on other substrates suchguish between effects of interface energy contributions and
as Cu®? or Ag.>1°Fe films of comparable thickness grow in intermixing, we conducted a series of experiments on
the crystalline state. Feigo-xZty films with 0=x<7 at.%. The idea behind the

The amorphous Fe is easily identified in these experiuse of an alloy system instead of pure Fe layers is to reduce
ments due to its magnetic properties: amorphous Fe filmtghe driving force for crystallization of the kg-.Zr, and
grown under these conditions are paramagnetic at room tenthereby extend the range of conditions under which the
perature and exhibit magnetic ordering only at low temperaamorphous phase can be obtained. For7 at. %,
tures. Mmsbauer spectroscopy and magnetization measurée;qy_,Zr, films grow in the amorphous phase for all
ments can therefore not only distinguish between thdhicknesse$?*?
amorphous and the bcc Fe but also quantify the amounts of The paper is organized as follows. We will first give a
phases present due to their magnetic signatures. description of the experimental conditions and characterize

In the earlier studiés® it has been found that the amor- the samples using x-ray diffraction and magnetic properties.
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FIG. 1. Schematic cross section through the ZgjkgZr, /Zr
multilayer.
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The composition profile across the interface is studied by
x-ray reflectivity measurements. The crystallization of
Feigo-xZry layer in the composition rangesOx<7 at. % is

studied bothex situand in situ during sample preparation i 10nm
(using RHEED and MOKE measurementk is found that T T MMWW
the critical thicknessl,. for the crystallization increases with 40 42 44 46 48 50 40 42 44 46 48 50
increasing Zr concentration A model for the crystallization 20 [deg]

process is presented and the contributions of chemical and

elastic energies are discussed. The model can explain the FIG. 2. X-ray diffraction patterns from the Zr/gg_,Zr,/Zr
observed concentration dependent crystallization behavigamples withx=0 or x=6 for different thicknesses of the
and yields quantitative information about the interface stabiFeioo-xZx layer as indicated.

lization effect. The uncertainties of this value are discussed Ill. RESULTS
taking into account other possible contributions to the phase
stabilities. A. X-ray diffraction

In Fig. 2, x-ray diffraction data from samples consisting
of 30 nm Zr base layer, kg _,Zr, layers with different
Il. EXPERIMENT thicknesses and a 15 nm Zr cover layer are shown for the
compositionsx=0 and x=6 at.% Zr. Below a critical
The samples have been prepared by electron beam evapickness of 2 nm fox=0 or 10 nm forx=6, no Bragg
ration under UHV conditions{<10"° Torr). The Fe-Zr peaks of the Fgy .Zr, layer can be detected. For the
solid solutions have been deposited by simultaneous evapsamples with larger Rg, ,Zr, layer thickness(110 Bragg
ration from separate sources onto thermally oxidiz@@) reflections of the bcc structure are visible. This indicates that
oriented Si wafers at a temperature of 300 K. Evaporatior® transformation of the initially amorphous g «Zry layers
rates were controlled by individual quartz thickness monitordC @ bcc phase has taken place at the critical thickness. The
for each evaporator. The experimental setup is described iffiicknesses above which the bce phase is observed vary from
detail in Ref. 14. A schematic cross section of the samples i€ "™ for pure Fe to 10 nm for the 6 at.% Zr solid solution.
shown in Fig. 1. Forex situ characterization outside the T.he width of the peaks mdpates coherence.lengths perpen-
UHV chamber the films have been covered with a Zr layer Otlcimular;o t?e f|In:hs_u|£face whlclg\ta_gre(;a fvveII \f[vr:th the rt‘o’;?]'_”i'
6.5 nm thicknessgfor the MOKE experimentsor 15 nm(for nzlsog%orﬁitgilser icknesses obtained from the quartz thick-
the x-ray experimen}do prevent oxidation of the kgy-.Zrx The Fe peaks are shifted from the theoretical positions for
layer. . . ._pure bcc Fe towards lower angles. The shift indicates the
The samples have been characterized by x-ray diffractio,tice expansion caused by the dissolved Zr. In addition,
and reflectivity measurements using Ku radiation in @ there s a significant contribution induced from the Zr sub-
Siemens D5000 with a Graphite monochromator in the difsstrate or the Z(Fe-Zy interface. This contribution decreases
fracted beam under symmetrical Bragg-Brentano conditionsyith increasing layer thicknes4.The lattice parameter of
Magnetic properties have been characterized using athe alloy without the influence of the interfaces can be found
OXFORD vibrating sample magnetomet&/SM) with an by extrapolation to large layer thickness. The extrapolated
applied field of up to 5 T. Magneto-optical Kerr effect values of the lattice parameters agree with those expected for
(MOKE) measurements have been done using a wavelength random bcc solid solution of Fe and Zr which have been
A=638 nmex situin an applied field of upa 1 T perpen- calculated by linear interpolation between the atomic vol-
dicular to the film surface. Fdn situ MOKE measurements, umes of Fe and Z(Vegard's law. The peak positions are
a field of 0.3 T perpendicular to the film surface was used. Irtherefore strong evidence for the polymorphous transforma-
both cases, p0|ar MOKE has been measured using perpeﬁon of the initially amorphous Iayer into a bcc solid solution
dicular incidence of the light. The structural state of the filmof Fe and Zr.
surface during and after growth has been characterized by
RHEED (reflection high-energy electron diffractipnsing a
30 keV electron beam. To obtain a sufficient scattering in- The density profiles of the samples have been investigated
tensity, a slightly divergent beam was used. by x-ray reflectivity measurements. The measurements have

B. X-ray reflectivity
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FIG. 3. Small angle x-ray scattering from the Zrdk#rs/Zr
sample with a 10 nm thick kgZrs layer. The dashed line is a fit
using an optical model and has been shifted for better visibility.

been compared to theoretical curves calculated using an op-
tical model*>!® As an example, Fig. 3 shows the x-ray re-
flectivity curve for Zr/Fe-Zr/Zr multilayer with a 10 nm thick
layer of the composition keZrs in comparison with the cor-
responding fit. The data show interference patterns due to the
superposition of waves reflected at the surface and the inter-
nal interfaces of the films. To account for the decrease of the
intensity with increasing scattering angle, a roughness of the
interfaces and the surface has to be introduced in the model.
From the fits of the data, one can extract the thicknesses of
the individual layers and the roughness of the interfaces. The
layer thicknesses are in good agreement with the nominal
values from the quartz thickness monitors which are indi-
cated in Fig. 3 in all cases. The values for the interface
roughness are 0.3 nm for the SiO substrate surface, 0.6 nm
for the interfaces between the gg&rs layer and the Zr base

or top layer, and 0.77 nm for the surface of the top Zr layer.
The specular reflectivity measurements cannot distinguish
between roughness and interdiffusion of the components. It
can be deduced, however, that no interdiffusion over more
than a few interatomic distances can take place in the
samples. This result has been further confirmed by Auger
depth profiles obtained during ion beam etching of selected
samples and Rutherford backscattering measurenénts.

FIG. 4. RHEED patterns of the E&rg growth sequence. The
pictures are taken from the surface of the Zr bufgrand at 10 nm

(b) or 15 nm(c) thickness of the RgZrg film.

C. RHEED measurements ) ) i . )
preferred in-plane orientation. In Fig(b, the Zr is covered

Selected samples have been studied by RHEED measurgy 4 10 nm thick FgzZr layer. Only a broad diffuse pattern
ments during and after deposition under UHV conditions. Inis opserved. This diffuse pattern is already found at a cover-
these studies, no Zr cover layer was pressae Fig. L The  age of less than 0.5 nm &&rg. The diffuse pattern remains
aim of the studies was to investigate the kinetics of the transgntil the critical thickness is reached and crystallization sets
formation to the crystalline state and the possible influencén. In Fig. 4(c), the diffraction pattern after deposition of
of the Zr cover layer. Using the divergent beam it was pos15 nm Fg,Zrs on top of the Zr is shown. There are distinct
sible to obtain patterns from the polycrystalline or amor-diffraction rings visible now which can be attributed to the
phous layers. The diffraction patterns obtained in this waybcc Fg.Zrg phase.
resemble those obtained in an electron microscope. A series Since the RHEED measurements are surface sensitive, the
of diffraction patterns taken during a growth sequence of amesults show that the surface of theyJz¢ layers transforms
FeysZrg sample on top of a 30 nm Zr buffer layer is shown in into the crystalline state above a critical thickness. The criti-
Fig. 4. The diffraction pattern of the Zr buffer layer in Fig. cal thickness obtained in this way compares well with the
4(a) looks almost like a single crystal pattern. It is, however,critical thickness values above which Bragg peaks are visible
invariant under rotation around an axis perpendicular to thén the XRD and ferromagnetism is detected. This result in-
film. From the pattern and this invariance it can be deducedlicates that the Zr cover layer does not induce an additional
that the Zr crystals in the buffer layer have a preferred oriphase transformation of the §&rg. The same result has
entation with(002 planes parallel to the film surface but no been found fox=0, i.e., pure Fe layers.
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FIG. 5. Magnetization versus applied field measured at room temperature of the,dr/Eg /Zr samples with(a) x=0 and (b) x
=6.

In addition, RHEED measurements of a layer with a stepcreasing Zr concentration. The value of 217 emul/g or
profile have been done. To achieve the step profile, part o0 is in good agreement with the literature value for bulk Fe
the substrate has been covered by a shutter during the firat room temperatur€.
part of the deposition process. In this way, a subcritical and The values ofd 4 for the layers withx<6 at.% Zr are
a supercritical part have been grown on the same Zr substraie good agreement with the interface roughness values de-
layer in the covered or the open part, respectively. By movduced from the x-ray reflectivity measurements. The reason
ing the electron beam across the sample surface it was fourfdr the paramagnetic behavior of the interface layers seems
that the thicker part of the layer shows a crystalline diffrac-to be the intermixing of Fe and Zr over 2-3 interatomic
tion pattern as in Fig. 4) whereas the thin section remains distances. The Zr-rich Fe-Zr alloy formed in this spatially
amorphous. confined region is paramagnetic at room temperature. The
magnetization measurements show that the interface layers
. . are not transformed back to the crystalline state as the re-
D. Magnetic properties .

maining Fgqo_,Zr, layer.

As explained in the Introduction, the transition from the
amorphous to the crystalline state can be verified by magne-
tization measurements. In Fig. 5, the magnetization curves vs
applied field are shown for Zr concentrations of 0 to 6 at. %. As shown above, the magnetic properties of the amor-
The signal of the Si wafer substrates has been subtracteghous and the crystalline phase make a quantitative evalua-
The samples have been measured at room temperature whéei@n of the phase fraction of the crystalline phase possible.
the amorphous Fe-rich phases are paramagnetic. The magrigiis property has been used in magneto-optical Kerr effect
tization curves allow a quantitative determination of the(MOKE) studies of the Fgo_,Zr, films?° The transition
amount of bcc phase present in the samples. It is observeshows up as a jump in the MOKE rotation angle at a given
from Fig. 5 that for each Zr concentration a transition from aapplied field. This has been shown by MOKE measurements
paramagnetic to a ferromagnetic behavior occurs at a differ-

E. MOKE measurements

ent thickness termed, afterwards. D, [nm]

A systematic evaluation of the dependence of the satura- o 10 5 33 25 20 1.7
tion magnetization on the thicknedf the Fgqy_,Zr, lay- 550 F - - . - - L
ers shows that the data can be described by a superposition [ M F%(300 K) ®: X=0 |
of a “magnetically dead’(i.e., paramagnetjdayer of thick- 200 -
nessd,y at the interfaces to the adjacent Zr layers and a _
ferromagnetic central part of the fg Zr, layers. The & [
thicknessd,,q may be calculated using the relattéi® é 150¢

q 2 100F
= )| 1—p—md = C
Mg(dpe) =M g(dee )(1 2 ql (1) sof
In Fig. 6, the magnetization values of the samples are drawn oF A L n ® L
versus 1d. It is observed that the magnetization decreases 0O 01 02 03 04 05 0.6
proportional to 1d as suggested by E¢l). The thicknesses 1/Ds, [nm™]
d,,q have been found to be about 0.5 nm for all Zr concen- Fe
trationsx<6. For the Fg,Zrg layer, a thicknesslyq of 1.1 FIG. 6. Spontaneous magnetization of the ZilgeZr,/Zr

nm has been calculated. The magnetization vaMegdr.  samples for different Zr concentrations (given in at. % versus
—) of the bulk Fgy_«Zry alloys show a continuous de- reciprocal Fe layer thicknessdl,. The dashed line marked &
crease from 217 emufgto about 180 emufg with in- represents the literature value for bulk Fe.
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FIG. 8. Schematic model of a crystalline nucleus with radius
inside the amorphous thin film of thickneds The interface ener-
gies considered ardo between the nucleus and the Zr layer and
o’ between the nucleus and the surrounding Fe-Zr layeris the
contribution of the specific surface energy of the nucleus.

Position [mm]

0.0 6.7 133 20.0 26.7 333 40.0 46.7

' ' ' present experiments have been conducted, diffusion is slow
6] R | so that alternative crystallization reactions requiring diffu-
57 = ] sive phase separation will not take place on the experimental
s e — time scale even if they would provide a larger energy dain.
/@ Sqesnicitica SUEcIvRtCE S We consider now the possibility of homogeneous nucle-
BB TR X .
o ation inside the layers. We use the relation$hip
> i
1 SR T 20'V" @
- H_.._| r.=
0] T ] ¢ Agc,a
00 20 40 60 80 100 120 140 for the radius of the critical nucleus. Here, is the specific
thickness [nm] energy per area of the interface between the crystalline

nucleus and the amorphous phase #fitis the molar vol-
ume. We may take a value of =0.28 J/n%,%% which has
been deduced from undercooling experiments. With that
value we calculate ;=0.4 nm from Eq.(2) using Ag. 4
=10 kJ/mol.(Ref. 2] for the pure Fe. The calculated for
Ff)ure Fe is on the order of the interatomic distance in Fe, so

MOKE t of d haped | t that the distinction between quenched in nuclei and ther-
measurement of an bZrs wedge shaped layer at an mally activated nucleation may no longer be appropriate. We

applied field of 0.6 T. The wedge shape was obtained b)éo not have values o’ for the Fagp .Zr, alloys with x

continqously opening the substrate shutter during deposition, 0, but since the driving forcag, , reduces with increas-
The thickness increases fror_n zero at one en_d of the_ samp ﬁg Zr concentration, we expect an increase of with
to about 14 nm at the opposite end. The maximum thlcknesI creasingx

has been determined from x-ray reflectivity measurements o The experimental results show that the polymorphous

a small piece cut from the sample. It is observed that ajum% o L

. . . o ) rystallization of the initially amorphous g ,Zr, takes

in the Kerr rotation of 4 min (0.067°) occurs at a th.'Ckne.SSplace at a concentration dependent critical thick \We

of about 8 nm. The further increase of the Kerr rotation wnhwiII discuss here a model for the transformation ol [fbctshe amor-

increasing layer thickness is mainly due to the influence o S i
the demagnetization field of the samples under the measurg—hous Feoo-xZ1x layer which is similar to the growth mod

ment conditions used. The absolute value of the criticab’s " the martensitic transformatiéh?® However, we will

thickness of the ium .cannot be determined with the Samconsider the special geometry of the thin films here. We
S e Jump ; . ssume that a nucleus of the crystalline phase does already

precision as in the other measurements since the thickness. !
. . ; . . exist. We further assume that the crystalline nucleus takes a

profile has not been determined in more detail. It is clear;; : L .

h e . disk shape during growth to minimize the interface to the

owever, that part of the layer below a critical thickness of - . . o

remaining amorphous phase to which we attribute a positive

FeyZrs remains _a_morphous_, wherea; the part with a thICk'interface energyr’. The situation is drawn schematically in
ness above a critical value is crystalline.

FIG. 7. Polar Kerr effect rotation angles of angk®& wedge
shaped sample.

of samples with different thicknesses and composition. Th
results are illustrated in Fig. 7 which shows amx situ

Fig. 8.
We can now write the energy changeG during the
IV. DISCUSSION transformation of the disk shaped volume of radium a

) film of thicknessd from the amorphous to the crystalline
A. Model for the transformation state:
In this section, we will discuss a model for the crystalli-
zation of the F Zr, layers. The thermodynamic condi- A

Bo-xx Y y AG= “2 124 2(Ag, 4 Ayao)+2mrdo’. (3)

tions in the Fe-Zr system and the stability of the metastable Toym
amorphous phase have been investigated previously using

the CALPHAD method in Ref. 21. Fox<x.~8 at.% a The first term on the right of Eq(3) is the energy gain
driving forceAg, , for polymorphoudpartitionles$ crystal-  associated with the transformation of the volume of the
lization exists. At the low temperatures under which thenucleus, the second and the third denote the energy neces-
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FIG. 9. Total free energy of a nucleus growing inside the
FegoxZry layer. Schematic curves for the cases where
AQea/Vmd— (Ao, ctAvy,,) is (@) <0 or(b) >0 are shown. The
solid line marks the boundary between the two regions.

FIG. 10. Reciprocal critical thicknesses obtained by ithsitu
andex situmeasurements versus Zr concentration. The straight line
represents a fit to the results according to &j-

sary to create the new interface to the Zr base layer or th¥NereAgo is the diflflgrence of the r;nolar free energy (:lensi—
surrounding Fey,_,Zry layer and the new surfacé.o . is ties between crystalline and amorphous pure Fexaris the

the difference between the interface energies of the amort@ility limit of the bulk amorphous phase. .
phous or the crystalline kg, ,Zr, layer and the Zr sub- We may then express the condition for the fulfillment of
strate A y, . is the difference between the surface energies of - (
the amorphous and the crystalline; ke, Zr, layer. For sim-
plicity, we assume that the molar volumes of the crystalline 1 Adgo X
and the amorphous phase are equal. We only consider o= um ( )
<X, here so that\g. ,<0. We note that the stabilization of ¢ VI(AoactAvyac)
the amorphous phase by the interface energy difference re-
quires Ao, ct+Av,c)<0 so that the second and the third e will verify now that Eq.(6) can describe the results of
term on the right side of E¢(3) are positive. the experiments. For this purpose, we draw the reciprocal
In Fig. 9 the total free energies of the system versus thgajue of experimentally observed critical thicknessgfrom
radius of the nucleus are drawn for different conditions.hoth in situ and ex situstudies versus the Zr concentration.
Since the first and the second term in E8). have the same  The result is shown in Fig. 10. It is seen that bisttsitu and
functional dependence af we may distinguish two cases ey situmeasurements fall onto a common curve and are de-
depending on whetherAQ. ,/V™)d is less than or greater scriped by Eq(6). As a result, we obtaim, and the value of
than Ao, c+Avac). If the energy gain £g../V™)d can-  (Ag, .+Ay,.) if we take g, from the CALPHAD
not overcompensateA(g, .+ Ay, o), the total energy will  cajculationé! and V™ as the molar volume of Fe. The small
always increase with increasimgdcase(b) in Fig. 9]. Inthe  (<794) variation ofv™ with x due to the difference between
other case, however, there exists a critical radiisabove  the atomic volumes of Fe and Zr has been neglected. Note
which the nucleus may grow with energy gaitese(a) i that we do not need the value &f from the CALPHAD
Fig. 9]. The necessary condition for the growth of the crystalc|culations. The value derived from the fit is 7.4 at. % Zr.
nucleus is therefore This is very close to both the CALPHAD calculations and
the experimental findings from rapid quenching
Ag experiments® The meaning of this value is that upon ap-
C’ad—(AoaC+Aya ) <0. (4) proaching the concentratiox, the critical thicknessd. di-
vm ' ' verges. Experimentally, the largest critical thickness ob-
served here was about 30 nm for 7 at. %(duaring thein
_ _ _ situ Kerr measuremenyksSince the concentration can only be
B. Comparison with the experiments controlled to a limited precision, it would be difficult experi-
The thermodynamic data of the Fe-Zr systéshow that mentally to approach the critical concentration further. The
the driving force for polymorphous crystallization of amor- absolute value of the energy differeng®o, .+ Ay, (| de-
phous Fe-rich Fe-Zr alloys into the bcc phase reduces cormived from the fit is 2.3 J/m
tinuously from about 10 kJ/mol for pure Fe to zero at the It is clear from Fig. 10 that the simplified model can
bulk stability limit x;~8 at.% Zr. We simplify by taking qualitatively describe the experimental results. We will now
discuss the result more quantitatively. We start with an esti-
mate of the individual interface energy contributions. Up to
(5) now, we have not included the effect of other energetic con-
tributions, like elastic energy terms and defects. We will con-

4) by a critical thicknessl,.:

(6)

Xc

X
Agc,a:gc_ga%AgO( 1- X_
c
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sider the influences of these contributions on the transforma- In Co-Zr multilayer system$ compressive stresses of
tion, especially on the value ¢A o, .+ Ay, |, in detail. 400-500 MPa have been measured during electron beam
deposition at 523 K. Compressive stresses of the same mag-
nitude have also been measured in Fe-Tb multiléfers
grown by a face-to-face sputtering technique. We may esti-
1. Interface energy contributions mate the stress contribution to the free energy density tfsing

C. Consideration of individual energy contributions

We will estimate the invidual energy contributions in Eg. 2
(3) in detail now. The energy’ represents the barrier Ags= pAVm=—§0'AVm. (7)
against homogeneous nucleation of the crystalline phase in-

side the Feyo«Zry layer. It is generally assumed that the Taking an in-plane stress of 500 MPa and an upper limit of
energy of the crystal/amorphous interface is small in comsoy for the volume change during crystallizatid/™, we

parison with typical intercrystalline interfacésOften val-  get only a contribution of about 0.2 kd/mol to the total en-
ues of the crystallliquid interface energies are used insteagrgy density.

which are typically also<0.25 J/ni.?® As in the estimation We may estimate the second effect by assuming that the
of the homogeneous nUCIeation, we will take a valuerof unconstrained |ayer would have a volume expansmn
~0.28 J/nf for the following discussioR? =Vpee— Vam Which is afterwards compensated by a com-

The situation is more difficult fod o, .. The chemical pression of the layer to its former aréahich is fixed by the

part of the interface energy is neglected here since we asupstrate We can calculate the energy density for a poly-
sume the same values for the crystalline and the amorphougystalline Fe layer by

Fe-Zr layer and therefore no contribution Aar, .. We es-
timate the structural part of the interface energy between nw E
crystalline Fegy «Zr, and the crystalline Zr substrate layer Ag=V 1— 5 S ®)
from values for high angle grain boundaries to be of the
order of 1 J/rA. As already discussed, the interface energyHere, E is the Young modulus of F§2.1x 10" Pa (Ref.
between the amorphous fgg_,Zr, and the Zr substrate layer 31)], v is the Poisson numbg0.287 (Ref. 31], and €,y is
will be significantly lower and may be estimated to aboutthe in-plane strain necessary to compensate the volume ex-
0.25 J/m. This will lead to a value oo, . of the order of ~ pansion. With a relative density change of 5% we get a value
—0.75 J/ns. of Ag of about 0.5 kJ/mol. The transformation induced stress

The surface energy of the amorphous Fe is not knowntherefore seems to be more important than the stress built up
We may again assume values from liquid Fe in view of theduring the layer growth.
structural similarity between liquid and amorphous phase. A We have observed that the interlayer spacing perpendicu-
measured value foy of liquid Fe is 1.8 J/rA.?” For the solid  lar to the surface of the crystalline fyg ,Zr, layers with
Fe (110 surface a surface energy of 2.08 3/tms been d>d. is larger than the equilibrium value. For pure Fe lay-
measured® We therefore expect thaty, . falls into the  €rs, the observed magnitude of more than 2% would lead to
range between-0.1 and—0.3 J/nf. ’ a similar e, via the relatiof’

These considerations show that the experimental value of
|Ao, c+ Ay, is of similar magnitude as the values known
for the individual contributions. However, the experimental
value of 2.3 J/rh derived from the fit is larger than the sum
of the estimated individual contributions which would be
about 1 J/r. In the following, we will consider the influ-
ence of additional contributions on the value [dfo, .
+ Ay, | determined from the experiments.

1—v
>, €z 9

Exx— —
However, the in-plane stress associated with the transforma-
tion would be several GPa. This is much more than the mea-
sured stress in the Fe-Th multilayéPs.

The volume change during crystallization of our amor-
phous Fey, Zr, has not been measured up to now. Re-
cently, the volume change during crystallization of the amor-
phous Fe layers in Fe/Gd and Fe/Y multilayers has been

Two different elastic energy contributions may be presenstudied®*34 Within the experimental accuracy of about 2%,
in our samples. First, there may be stress induced by theo difference between the density of the amorphous and the
growth of the films which can lead to an energy contributioncrystalline Fe was found.
if the volume or the elastic properties of the layer change We conclude here that the elastic energy effects are of
during the transformation. Second, a volume change duringninor importance in the presence of large driving foraes
the transformation can lead to an elastic energy contributiofror example, for the pure Fe the elastic energy effects would
even if there was no intrinsic stress before. Whereas the firshodify the driving force for the crystallization by less than
contribution may increase or reduce the energy gained by th&8% and, via Eq.(4), lead to the same relative change of
transformation depending on the sign of the stress and the\o, .+ Ay, /. We cannot exclude that they play a role
volume change, the second contribution will always reduceclose tox. where the driving force for crystallization be-
the energy gain. Both contributions will shift the transforma-comes smaller. For these concentrations, it might therefore
tion to a different critical thickness for a given Zr concentra-also be possible to influence the transformation by the appli-
tion x and lead to a different apparent value |0, . cation of external stress in analogy to the so-called stress
+ Ay, | We will now try to estimate the magnitude of the induced martensite® This possibility is presently under
effects. investigatior> For systems where the driving force for the

2. Elastic energy contributions
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transformation is smaller, elastic energies will have a mordor polymorphous crystallization of the Fe-Zr alloys in the
pronounced effect on the transformation than in the caseoncentration range studied here. The large driving force fa-

studied here. cilitates nucleation of the crystalline pha&ee Sec. IVA
resulting in a high density of nuclei and a high density of
3. Grain boundary energy contribution grain boundaries in the crystallized layers. In other systems

Another energy contribution may arise from defects in-the density of nuclei may be smaller resulting in a lower
side the Fey,_,Zr, layers. For the crystalline layer, one has density of grain boundaries and a less pronounced effect on
to consider the contribution of grain boundaries which havdhe transformation.
an excess energy per areg,. As mentioned before, the
x-ray diffraction studies indicate that the grain size of the V. CONCLUSION
Feigo_xZry crystallites in the direction perpendicular to the

I f incid ith the | hick " The experiments presented in this work clearly demon-
ayer surface coincides with the layer thickness. Howeverg,aq the palance between the effect of the stabilization of
the lateral grain size determining the grain boundary densit

. Y Yhe amorphous Fe phase by the Zr substrate layer and the
in the layers after crystallization is not known. TEM Crossdriving force for polymorphous crystallization in the
section images of Fe-Zr multlayers with modulatio_n periodsFekXer films. The polymorphous character of the transfor-
of 8 nm (Ref. 36 or 9 nm (Ref. 37 and observations of mation and the small effect of interdiffusion is clearly dem-
Fe-Th(Ref. 30.and F e-GqRef. 8 multilayers show that the onstrated. The transformation has been quantitatively charac-
Iayeral crystallite dimensions are Iarger than th_e Fe Iaye’Eerized by the magnetic properties of the films. The condition
thickness. In Ref. 8, a lateral grain sideof 7. nm is mea- ¢, ¢y sta) growth obtained from the transformation model is
sured at a Fe film thickness of .3'2 nm. To estimate the compatible with all experimental observations and allows a
effect, we assume,=2d and estimate the grain boundary o aniitative determination of the stabilization effect as ex-
contribution to the energy densigg,: pressed by the difference between the interface energies of
the competing phases. The contributions of elastic energy
(10) and defects may lead to an overestimation of the interface
wd3 d stabilization effect since they will reduce the available driv-

For simplicity, we assumed a cylindrical grain shape hereNd force for the transformation. For the polymorphous crys-

The prefactor 1/2 is necessary to avoid counting of the grairt]alllzatlon of the Fe-Zr studied here the driving forces are

boundary enerav twice. The importan  thi ntributi nIarge. It is found that under these circumstances elastic en-
oundary energy twice. The importance ot this co utio ergy contributions are less important, whereas the effect of
depends on the value afy,. If we assume random high

le boundari | <1 It "' grain boundaries has to be considered in a quantitative treat-
ang (;h_ollm C;;mes, a vla ue Ofg<b3\5 o Slefemsh approplzl— ment. By taking into account the grain boundary effects,
ate. This lea s_.to a value 9hp=3. mo or.t. € pure e good agreement is obtained between the experimental results
layer at the critical thickness of 2 nm. The driving force for

L ) and calculations based on the individual interface energies.
the crystallization will be reduced by,,/d. The effect of g

. . . o Since similar energetic contributions are present in other Fe—
grain boundaries will therefore have a significant effect on

he d S A A f h . early transition metal or Fe—rare-earth multilayers, the ef-
the determination ofAc o+ Ay, | from the experiments. focis found here should not be restricted to the Fe-Zr system

In particular, the grain boundary energy contribution may, ;+ 50 apply to the other Fe multilayer systems. For trans-
ac_count for the difference between the experimentally detergy mations under smaller driving forces the elastic effects
mined value of 2.3 J/fhand the value of about 1 Jfeal- il he more important. The variation of the driving force for
culated from the estimated interface energiese Sec. cgiallization by the choice of the film composition offers

IVC1). From the considerations given in this section, thenq,, gpportunities for the study of phase transformations in
value of|Aa, .+ Ay, | after correction for grain boundary i fims.

contributions would be lower by about 1 Fm.e., only
about 1.3 J/rA This is much closer to the calculated value
of about 1 J/rA than the value obtained without consider-
ation of the grain boundary effect. The high density of grain We acknowledge helpful discussions with F. Haider and
boundaries may be a consequence of the large driving forcel. Moske and the technical support of A. Spoerhase.
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