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Equipements	  communs	  :	  Spectroscopie	  Brillouin	  

Spectroscopie	  opLque	  (Brillouin)	  +	  environnements	  échanLllons	  

Électro-‐aimant	  
(0	  à	  15	  kiloGauss)	  

Chambre	  haute	  température	  
(ambiante	  à	  1500°C)	  

Micro-‐Brillouin	  
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Ondes	  acous1ques	  de	  surface	   Ondes	  de	  spin	  dans	  les	  nanostructures	  
Domaine	  du	  
GigaHertz	  

ANR	  «	  Spinstress	  »	  (D.	  Faurie)	  
Cnano	  «	  Imadyn	  1&2	  »	  (Y.	  Roussigné)	  



•  Champ	  magnéGque:	  0	  -‐	  20	  kG	  
•  Frequence:	  10	  MHz	  –	  40	  GHz	  
•  Balayage	  en	  champ	  (H)	  ou	  en	  

fréquence	  (f)	  

DétecGon	  synchrone	  

GBF	  (180Hz)	  

MulGmètre	  

Electroaimant	  

	  Analyseur	  de	  
réseau(VNA)	  
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Ligne	  micro-‐ruban	  perme0ant	  
l’excita5on	  de	  l’aimanta5on	  de	  
films	  minces	  et	  nanostructures	  

thin	  film	  

Bobines	  de	  modulaGon	  

Equipements	  communs	  :	  Résonance	  ferromagnéLque	  

BQR	  UP13	  (F.	  Zighem)	  



Equipements	  communs	  :	  ElaboraLon	  

Installa5on	  en	  salle	  blanche	  UP13	  en	  2016	  

Ø  Dépôts	  non	  réac1fs	  en	  Ar	  et	  réac1fs	  avec	  O2	  et/ou	  N2	  	  
Ø  Monocouches,	  Mul5couches,	  
Ø  Co-‐pulvérisa5on	  (binaires,	  	  ternaires,	  quaternaires)	  
Ø  Contrôle	  in-‐situ	  de	  l’épaisseur	  	  

ü  Sas	  d’introducGon	  
ü  4	  Magnétrons	  
ü  Source	  µonde	  
ü  Mesures	  in-‐situ	  

Petit bâti PVD mono-source Grand bâti PVD multi-source 

Vinci	  technologies	  (~230	  k€	  HT)	  

Installé	  au	  LSPM	  (Bat.L2)	  

Ø  Dépôts	  non	  réac1fs	  en	  Ar	  et	  réac1fs	  avec	  O2	  et/ou	  N2	  	  
Ø  Monocouches,	  	  
Ø  Dépôt	  à	  par1r	  d’une	  seule	  cible	  

Fait	  maison	  (~30	  k€	  HT)	  

CNano,	  BQR	  UP13,	  Labex	  
SEAM	  (F.	  Challali)	  



Groupe	  1	  :	  Spectroscopie	  Brillouin	  et	  dynamique	  de	  l’aimantaLon	  
(M.	  Belmeguenai,	  S.M.	  Chérif,	  Y.	  Roussigné,	  A.	  Stashkevitch)	  

fdiffusée=	  fincident	  	  ±	  	  fonde	  de	  spin	  
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DMI:	  

-‐	  ModificaLon	  du	  Couplage	  Spin-‐Orbite	  stabilisant	  les	  
skyrmions	  
-‐	  Vitesse	  de	  propagaLon	  de	  paroi	  de	  domaine	  
-‐	  Spectroscopie	  Brillouin	  (BLS)è	  méthode	  simple	  et	  directe	  

Etude	  de	  l’interacLon	  Dzyaloshinskii-‐Moriya	  (DMI)	  dans	  des	  couches	  ultra-‐minces	  

Phys.	  Rev.	  B:	  Rapid	  Com;	  91,	  180405(R)	  (2015)	  
Phys.	  Rev.	  B	  91,	  214409	  (2015)	  
Nature	  Nanotechnology,	  à	  paraitre	  
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(M.	  Belmeguenai,	  S.M.	  Chérif,	  Y.	  Roussigné,	  A.	  Stashkevitch)	  



CorrélaLon	  entre	  relaLons	  d’épitaxie	  et	  anisotropie	  magnéLque	  

MgO(001)	
MgO	  (5	  nm)	  	
CFA	  (d)	

Cr	  (3	  nm)	
MgO	  (4	  nm)	  	

10	  nm	  ≤	  d	  ≤	  100	  nm	  

Epitaxial	  growth	  shown	  
by	  x-‐ray	  diffracGon	  
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Groupe	  2	  –	  Mécanique	  des	  films	  minces	  
(F.	  Challali,	  P.	  Djemia,	  D.	  Faurie,	  F.	  Tetard)	  
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LATTICE INSTABILITY AND ELASTIC RESPONSE OF . . . PHYSICAL REVIEW B 88, 174104 (2013)

FIG. 7. (Color online) Effective elastic constants (a) C33 deduced
from PU reflectivity measurements and (b) C44 deduced from BLS
spectra vs the Si content x. Distinct symbols triangles (up or
down) refer to films deposited onto thin a-Si and c-Mo sublayers,
respectively. Theoretical values of the effective elastic constants
calculated in the Hill approximation for a {110} fiber-textured Mo
thin film using the known crystallographic constants (Ref. 45) are
indicated. Dashed lines are only guides for the eyes.

FIG. 8. (Color online) Typical experimental BLS spectrum com-
pared to the calculated one for a Mo0.75Si0.25 thin film (thickness =
501 nm, density = 8.87 g.cm−3) performed at an incidence angle
θ = 65◦. R denotes the Rayleigh surface mode, and Si , the so-called
Sezawa modes, observed at higher frequencies.

in a metallic Mo lattice, estimated from the values of atomic
volumes reported in Sec. III A2, is here relatively weak
(∼6%). Then, according to the Egami’s rule, amorphization
would involve a minimal Si concentration x = 0.44, a value
much higher than the critical value (xc = 0.20) observed in
the present study. Another factor at the origin of the lattice
instability may be the large mixing energy, e.g., when two
immiscible elements are mixed or when chemical disordering
is triggered in intermetallic compounds. The change in the
electronic structure of Si atoms when highly supersaturated
Mo(Si) solid solutions are formed involves necessarily a large
and positive electronic contribution to the mixing enthalpy.
Since Si becomes metallic in the liquid state, this contribution
can be roughly evaluated by referencing the melting process,
for which the enthalpy of melting "Hm = 50.2 kJ/mole.67

Considering, moreover, that the lattice disordering contribu-
tion to "Hm can be estimated from the heat of crystallization of
a-Si (∼11.9 kJ/mole),68 one obtains an electronic contribution
of the order of ∼38 kJ/mole. An intrinsic consequence
of this high value is the development of important lattice
instability in supersaturated Mo(Si) solid solutions. Similarly,
a softening of acoustic phonon modes correlated to a decrease
of the Debye temperature in diluted Al(Si) solid solutions
prepared from high-pressure quenching was interpreted by
Chevrier et al. on the basis of such arguments.69,70 In the
region x > 0.20 corresponding to amorphous alloys, opposite
evolutions of sound velocities and effective elastic constants
(Figs. 6 and 7) are observed with Si concentration. This
unusual behavior may however be explained by considering the
concomitant large change in mass density [see Fig. 3(a)] that
counterbalances the influence of the elastic stiffness constants
on the sound velocities. Finally, it should be stressed that while
no significant change is observed on the elastic behavior in
the range 0.20 < x < 0.65 for which amorphous alloys are
metallic, a net softening of the two effective constants C33
and C44 is observed with further increase of the Si content,
concurrently with the reduction of the coordination number
and the prevailing covalent bonding, as aforesaid.

3. Acoustic Debye temperature

So far, the results on sound velocities deduced from PU
and BLS experiments were analyzed in terms of the elastic
properties of the effective medium. However, the independent
determination of vl and vt data also allows the evaluation of the
average sound velocity vm in the polycrystalline film according
to

3
v3

m

= 1
v3

l

+ 2
v3

t

. (5)

In the Debye model, the characteristic temperature θD ,
the so-called Debye temperature, is related to vm using the
following equation

θD = h̄

k

(
6π2

Va

)1/3

vm, (6)

where h̄ and k are the Planck’s and Boltzmann’s constants,
respectively, and Va is the mean atomic volume.

The evolution of θD calculated using the experimental data
and Eq. (6) is displayed in Fig. 9. It is interesting to note

174104-11
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variations for VL and VR, respectively). It is attributed to the
structural change from the hexagonal phase to the cubic
phase although it could not be clearly revealed through XRD
due to the low crystalline quality of the hexagonal phase (see
Fig. 3). Employing PU and BLS, a sharp transition can be
detected in a disordered domain revealed with XRD. It sug-
gests that the transition from the hexagonal to the FCC struc-
ture passes through a disordered region. Furthermore, the
trends seem to be roughly similar for the two deposition
techniques, even though the nitrogen content is not strictly
the same for all Cr content (Fig. 2).

Figure 4 shows the evolution of effective elastic con-
stants as a function of Cr content (x). The relation between
longitudinal velocity VL and the elastic constant C33 is
defined by C33¼qVL

2 (where q is the film density) and the
shear elastic constant C44 " qVR

2 is numerically extracted
from experimented data of Rayleigh wave velocity VR using
the density (q) of the films (Fig. 4). The densities of both
these IBS and MS Al1-xCrxNy thin films vary monotonously
with the Cr content (inset of Fig. 3), and hence, a clear signa-
ture of the phase transition (hexagonal/cubic) is observed on
C33 and C44 evolutions, with a high gap (þ83% and þ70%
for C33 and C44, respectively) near the phase transition (at
x¼ 0.4). Indeed, this abrupt change avoids the mechanical
instability of the crystal (Cij $> 0).

Considering the extreme compositions (x¼ 0 and
x¼ 1), we found for hexagonal AlN C33¼ 350 GPa and
C44¼ 85 GPa not far from values estimated by atomistic
calculation (C33¼ 373 GPa, C44¼ 116 GPa).21 For the cubic
CrN, we find C33¼ 290 GPa and C44¼ 55 GPa, the C33

value being far from Reuss-Voigt-Hill average made with
single-crystal values obtained by atomistic calculation22

(C33¼ 371 GPa, C44¼ 50 GPa). This may be related to low
nitrogen contents for this composition (y about 0.5).

In conclusion, the structural change from hexagonal to
cubic phase with Cr content has been revealed to pass through
a disorder region with a sharp transition detected at x¼ 0.4
employing IBS and MS. Most compositions are sub-
stoichiometric (Nitrogen: y < 1). However, this parameter
does not seem to play an important role in the transition.
Acoustic velocities which were obtained by BLS and PU in
both hexagonal and cubic phases showed a sharp transition
from hexagonal to cubic observed with a disordered phase at x
around 0.4. This sharp transition contrasts with the monotonic
evolution of the density and yields a sharp transition for elastic
constants C33 and C44 with large variation of elastic properties.
Thus, when improving the mechanical properties of such
nitride intermetallic alloys, the contents of each component
must be selected with care and determined with accuracy.

This study was supported by the Project No. 322 between
Vietnam International Education Development (VIED) and
French Ministry of Education. The authors would like to thank
P. Gu!erin (Pprime Institute, France) for the films deposition
and T. Sauvage and B. Courtois at the CEMHTI laboratory
(UPR3079 CNRS-Orl!eans, France) for the RBS analysis.
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FIG. 4. Evolution of elastic constant C33 and shear elastic constant C44 as a
function of Cr content (x). Dotted lines are guides for the eyes.
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FIG. 7. (Color online) Effective elastic constants (a) C33 deduced
from PU reflectivity measurements and (b) C44 deduced from BLS
spectra vs the Si content x. Distinct symbols triangles (up or
down) refer to films deposited onto thin a-Si and c-Mo sublayers,
respectively. Theoretical values of the effective elastic constants
calculated in the Hill approximation for a {110} fiber-textured Mo
thin film using the known crystallographic constants (Ref. 45) are
indicated. Dashed lines are only guides for the eyes.

FIG. 8. (Color online) Typical experimental BLS spectrum com-
pared to the calculated one for a Mo0.75Si0.25 thin film (thickness =
501 nm, density = 8.87 g.cm−3) performed at an incidence angle
θ = 65◦. R denotes the Rayleigh surface mode, and Si , the so-called
Sezawa modes, observed at higher frequencies.

in a metallic Mo lattice, estimated from the values of atomic
volumes reported in Sec. III A2, is here relatively weak
(∼6%). Then, according to the Egami’s rule, amorphization
would involve a minimal Si concentration x = 0.44, a value
much higher than the critical value (xc = 0.20) observed in
the present study. Another factor at the origin of the lattice
instability may be the large mixing energy, e.g., when two
immiscible elements are mixed or when chemical disordering
is triggered in intermetallic compounds. The change in the
electronic structure of Si atoms when highly supersaturated
Mo(Si) solid solutions are formed involves necessarily a large
and positive electronic contribution to the mixing enthalpy.
Since Si becomes metallic in the liquid state, this contribution
can be roughly evaluated by referencing the melting process,
for which the enthalpy of melting "Hm = 50.2 kJ/mole.67

Considering, moreover, that the lattice disordering contribu-
tion to "Hm can be estimated from the heat of crystallization of
a-Si (∼11.9 kJ/mole),68 one obtains an electronic contribution
of the order of ∼38 kJ/mole. An intrinsic consequence
of this high value is the development of important lattice
instability in supersaturated Mo(Si) solid solutions. Similarly,
a softening of acoustic phonon modes correlated to a decrease
of the Debye temperature in diluted Al(Si) solid solutions
prepared from high-pressure quenching was interpreted by
Chevrier et al. on the basis of such arguments.69,70 In the
region x > 0.20 corresponding to amorphous alloys, opposite
evolutions of sound velocities and effective elastic constants
(Figs. 6 and 7) are observed with Si concentration. This
unusual behavior may however be explained by considering the
concomitant large change in mass density [see Fig. 3(a)] that
counterbalances the influence of the elastic stiffness constants
on the sound velocities. Finally, it should be stressed that while
no significant change is observed on the elastic behavior in
the range 0.20 < x < 0.65 for which amorphous alloys are
metallic, a net softening of the two effective constants C33
and C44 is observed with further increase of the Si content,
concurrently with the reduction of the coordination number
and the prevailing covalent bonding, as aforesaid.

3. Acoustic Debye temperature

So far, the results on sound velocities deduced from PU
and BLS experiments were analyzed in terms of the elastic
properties of the effective medium. However, the independent
determination of vl and vt data also allows the evaluation of the
average sound velocity vm in the polycrystalline film according
to

3
v3

m

= 1
v3

l

+ 2
v3

t

. (5)

In the Debye model, the characteristic temperature θD ,
the so-called Debye temperature, is related to vm using the
following equation

θD = h̄

k

(
6π2

Va

)1/3

vm, (6)

where h̄ and k are the Planck’s and Boltzmann’s constants,
respectively, and Va is the mean atomic volume.

The evolution of θD calculated using the experimental data
and Eq. (6) is displayed in Fig. 9. It is interesting to note

174104-11

«"Amorphous"!"Crystal"»"transi3on" «"Hexagonal"!"Cubic"»"transi3on"

variations for VL and VR, respectively). It is attributed to the
structural change from the hexagonal phase to the cubic
phase although it could not be clearly revealed through XRD
due to the low crystalline quality of the hexagonal phase (see
Fig. 3). Employing PU and BLS, a sharp transition can be
detected in a disordered domain revealed with XRD. It sug-
gests that the transition from the hexagonal to the FCC struc-
ture passes through a disordered region. Furthermore, the
trends seem to be roughly similar for the two deposition
techniques, even though the nitrogen content is not strictly
the same for all Cr content (Fig. 2).

Figure 4 shows the evolution of effective elastic con-
stants as a function of Cr content (x). The relation between
longitudinal velocity VL and the elastic constant C33 is
defined by C33¼qVL

2 (where q is the film density) and the
shear elastic constant C44 " qVR

2 is numerically extracted
from experimented data of Rayleigh wave velocity VR using
the density (q) of the films (Fig. 4). The densities of both
these IBS and MS Al1-xCrxNy thin films vary monotonously
with the Cr content (inset of Fig. 3), and hence, a clear signa-
ture of the phase transition (hexagonal/cubic) is observed on
C33 and C44 evolutions, with a high gap (þ83% and þ70%
for C33 and C44, respectively) near the phase transition (at
x¼ 0.4). Indeed, this abrupt change avoids the mechanical
instability of the crystal (Cij $> 0).

Considering the extreme compositions (x¼ 0 and
x¼ 1), we found for hexagonal AlN C33¼ 350 GPa and
C44¼ 85 GPa not far from values estimated by atomistic
calculation (C33¼ 373 GPa, C44¼ 116 GPa).21 For the cubic
CrN, we find C33¼ 290 GPa and C44¼ 55 GPa, the C33

value being far from Reuss-Voigt-Hill average made with
single-crystal values obtained by atomistic calculation22

(C33¼ 371 GPa, C44¼ 50 GPa). This may be related to low
nitrogen contents for this composition (y about 0.5).

In conclusion, the structural change from hexagonal to
cubic phase with Cr content has been revealed to pass through
a disorder region with a sharp transition detected at x¼ 0.4
employing IBS and MS. Most compositions are sub-
stoichiometric (Nitrogen: y < 1). However, this parameter
does not seem to play an important role in the transition.
Acoustic velocities which were obtained by BLS and PU in
both hexagonal and cubic phases showed a sharp transition
from hexagonal to cubic observed with a disordered phase at x
around 0.4. This sharp transition contrasts with the monotonic
evolution of the density and yields a sharp transition for elastic
constants C33 and C44 with large variation of elastic properties.
Thus, when improving the mechanical properties of such
nitride intermetallic alloys, the contents of each component
must be selected with care and determined with accuracy.
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FIG. 7. (Color online) Effective elastic constants (a) C33 deduced
from PU reflectivity measurements and (b) C44 deduced from BLS
spectra vs the Si content x. Distinct symbols triangles (up or
down) refer to films deposited onto thin a-Si and c-Mo sublayers,
respectively. Theoretical values of the effective elastic constants
calculated in the Hill approximation for a {110} fiber-textured Mo
thin film using the known crystallographic constants (Ref. 45) are
indicated. Dashed lines are only guides for the eyes.

FIG. 8. (Color online) Typical experimental BLS spectrum com-
pared to the calculated one for a Mo0.75Si0.25 thin film (thickness =
501 nm, density = 8.87 g.cm−3) performed at an incidence angle
θ = 65◦. R denotes the Rayleigh surface mode, and Si , the so-called
Sezawa modes, observed at higher frequencies.

in a metallic Mo lattice, estimated from the values of atomic
volumes reported in Sec. III A2, is here relatively weak
(∼6%). Then, according to the Egami’s rule, amorphization
would involve a minimal Si concentration x = 0.44, a value
much higher than the critical value (xc = 0.20) observed in
the present study. Another factor at the origin of the lattice
instability may be the large mixing energy, e.g., when two
immiscible elements are mixed or when chemical disordering
is triggered in intermetallic compounds. The change in the
electronic structure of Si atoms when highly supersaturated
Mo(Si) solid solutions are formed involves necessarily a large
and positive electronic contribution to the mixing enthalpy.
Since Si becomes metallic in the liquid state, this contribution
can be roughly evaluated by referencing the melting process,
for which the enthalpy of melting "Hm = 50.2 kJ/mole.67

Considering, moreover, that the lattice disordering contribu-
tion to "Hm can be estimated from the heat of crystallization of
a-Si (∼11.9 kJ/mole),68 one obtains an electronic contribution
of the order of ∼38 kJ/mole. An intrinsic consequence
of this high value is the development of important lattice
instability in supersaturated Mo(Si) solid solutions. Similarly,
a softening of acoustic phonon modes correlated to a decrease
of the Debye temperature in diluted Al(Si) solid solutions
prepared from high-pressure quenching was interpreted by
Chevrier et al. on the basis of such arguments.69,70 In the
region x > 0.20 corresponding to amorphous alloys, opposite
evolutions of sound velocities and effective elastic constants
(Figs. 6 and 7) are observed with Si concentration. This
unusual behavior may however be explained by considering the
concomitant large change in mass density [see Fig. 3(a)] that
counterbalances the influence of the elastic stiffness constants
on the sound velocities. Finally, it should be stressed that while
no significant change is observed on the elastic behavior in
the range 0.20 < x < 0.65 for which amorphous alloys are
metallic, a net softening of the two effective constants C33
and C44 is observed with further increase of the Si content,
concurrently with the reduction of the coordination number
and the prevailing covalent bonding, as aforesaid.

3. Acoustic Debye temperature

So far, the results on sound velocities deduced from PU
and BLS experiments were analyzed in terms of the elastic
properties of the effective medium. However, the independent
determination of vl and vt data also allows the evaluation of the
average sound velocity vm in the polycrystalline film according
to

3
v3

m

= 1
v3

l

+ 2
v3

t

. (5)

In the Debye model, the characteristic temperature θD ,
the so-called Debye temperature, is related to vm using the
following equation

θD = h̄

k

(
6π2

Va

)1/3

vm, (6)

where h̄ and k are the Planck’s and Boltzmann’s constants,
respectively, and Va is the mean atomic volume.

The evolution of θD calculated using the experimental data
and Eq. (6) is displayed in Fig. 9. It is interesting to note

174104-11
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variations for VL and VR, respectively). It is attributed to the
structural change from the hexagonal phase to the cubic
phase although it could not be clearly revealed through XRD
due to the low crystalline quality of the hexagonal phase (see
Fig. 3). Employing PU and BLS, a sharp transition can be
detected in a disordered domain revealed with XRD. It sug-
gests that the transition from the hexagonal to the FCC struc-
ture passes through a disordered region. Furthermore, the
trends seem to be roughly similar for the two deposition
techniques, even though the nitrogen content is not strictly
the same for all Cr content (Fig. 2).

Figure 4 shows the evolution of effective elastic con-
stants as a function of Cr content (x). The relation between
longitudinal velocity VL and the elastic constant C33 is
defined by C33¼qVL

2 (where q is the film density) and the
shear elastic constant C44 " qVR

2 is numerically extracted
from experimented data of Rayleigh wave velocity VR using
the density (q) of the films (Fig. 4). The densities of both
these IBS and MS Al1-xCrxNy thin films vary monotonously
with the Cr content (inset of Fig. 3), and hence, a clear signa-
ture of the phase transition (hexagonal/cubic) is observed on
C33 and C44 evolutions, with a high gap (þ83% and þ70%
for C33 and C44, respectively) near the phase transition (at
x¼ 0.4). Indeed, this abrupt change avoids the mechanical
instability of the crystal (Cij $> 0).

Considering the extreme compositions (x¼ 0 and
x¼ 1), we found for hexagonal AlN C33¼ 350 GPa and
C44¼ 85 GPa not far from values estimated by atomistic
calculation (C33¼ 373 GPa, C44¼ 116 GPa).21 For the cubic
CrN, we find C33¼ 290 GPa and C44¼ 55 GPa, the C33

value being far from Reuss-Voigt-Hill average made with
single-crystal values obtained by atomistic calculation22

(C33¼ 371 GPa, C44¼ 50 GPa). This may be related to low
nitrogen contents for this composition (y about 0.5).

In conclusion, the structural change from hexagonal to
cubic phase with Cr content has been revealed to pass through
a disorder region with a sharp transition detected at x¼ 0.4
employing IBS and MS. Most compositions are sub-
stoichiometric (Nitrogen: y < 1). However, this parameter
does not seem to play an important role in the transition.
Acoustic velocities which were obtained by BLS and PU in
both hexagonal and cubic phases showed a sharp transition
from hexagonal to cubic observed with a disordered phase at x
around 0.4. This sharp transition contrasts with the monotonic
evolution of the density and yields a sharp transition for elastic
constants C33 and C44 with large variation of elastic properties.
Thus, when improving the mechanical properties of such
nitride intermetallic alloys, the contents of each component
must be selected with care and determined with accuracy.
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French Ministry of Education. The authors would like to thank
P. Gu!erin (Pprime Institute, France) for the films deposition
and T. Sauvage and B. Courtois at the CEMHTI laboratory
(UPR3079 CNRS-Orl!eans, France) for the RBS analysis.

1M. Brizuela, A. Garcia-Luis, I. Braceras, J. I. O~nate, J. C. S!anchez-L!opez,
D. Mart!ınez-Mart!ınez, C. L!opez-Cartes, and A. Fern!andez, Surf. Coat.
Technol. 200, 192 (2005).

2M. Uchida, N. Nihira, A. Mitsuo, K. Toyoda, K. Kubota, and T. Aizawa,
Surf. Coat. Technol. 177–178, 627 (2004).

3M. Hirai, Y. Ueno, T. Suzuki, W. H. Jiang, C. Grigoriu, and K. Yatsui,
Jpn. J. Appl. Phys., Part 1 40, 1056 (2001).

4Y. Makino and K. Nogi, Surf. Coat. Technol. 98, 1008–1012 (1998).
5A. Sugishima, H. Kajioka and Y. Makino, Surf. Coat. Technol. 97,
590–594 (1997).

6M. Kawate, A. Kimura, and T. Suzuki, J. Vac. Sci. Technol. A 20,
569–571 (2002).

7M. Kawate, A. K. Hashimoto, and T. Suzuki, Surf. Coat. Technol. 165,
163 (2003).

8O. Knotek, F. Loffler, and H. J. Scholl, Surf. Coat. Technol. 45, 53–58
(1991).

9J. Vetter, E. Lugscheider, and S. S. Guerreiro, Surf. Coat. Technol. 98,
1233–1239 (1998).

10E. Le Bourhis, P. Goudeau, M. H. Staia, E. Carrasquero, and E. S. Puchi-
Cabrera, Surf. Coat. Technol. 203, 2961 (2009).

11P. H. Mayrhofer, H. Willmann, and C. Mitterer, Surf. Coat. Technol.
146–147, 222 (2001).

12A. Kimura, M. Kawate, H. Hasegawa, and T. Suzuki, Surf. Coat. Technol.
169–170, 367 (2003).

13D. Rafaja, V. Klemm, Ch. Wustefeld, M. Motylenko, M. Dopita, M.
Schwarz, T. Barsukova, and E. Kroke, Z. Kristallogr. Suppl. 27, 15–26
(2008).

14T. T. H. Pham, E. Le Bourhis, P. Goudeau, and P. Gu!erin, Mat!eriaux
Tech. 99, 239 (2011).

15X. Z. Ding and X. T. Zeng, Surf. Coat. Technol. 200, 1372 (2005).
16Y. Chunyan, T. Linhai, W. Yinghui, W. Shebin, L. Tianbao, and

X. Bingshe, Appl. Surf. Sci. 255, 4033 (2009).
17Y. Chunyan, W. Shebin, T. Linhai, L. Tianbao, and X. Bingshe, J. Mater.

Sci. 44, 300 (2009).
18E. J. Mittemeijer and P. Scardi, Diffraction Analysis of the Microstructure

of Materials (Springer, Berlin, 2004), p. 126.
19L. Belliard, A. Huynh, B. Perrin, A. Michel, G. Abadias, and C. Jaouen,

Phys. Rev. B 80, 155424 (2009).
20D. Faurie, P. Djemia, E. Le Bourhis, P.-O. Renault, Y. Roussign!e, S. M.

Cherif, R. Brenner, O. Castelnau, G. Patriarche, and P. Goudeau, Acta
Mater. 58, 4998 (2010).

21A. F. Wright, J. Appl. Phys. 82, 2833 (1997).
22Y. Liang, X. Yuan, and W. Zhang, Solid State Commun. 150, 2045

(2010).

FIG. 4. Evolution of elastic constant C33 and shear elastic constant C44 as a
function of Cr content (x). Dotted lines are guides for the eyes.

041601-3 Pham et al. Appl. Phys. Lett. 103, 041601 (2013)

Downloaded 26 Jul 2013 to 90.50.231.36. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

AlCrN 

Amorphous 
bcc β-Zr nc-Cu 

ZrCu 

!! Strong! effect! of! phase!
t rans i1on! on! the! e las1c!
constants,! probed! by! acous1c!
measurements!

rf
inI

rf
outI

H

Ground�plane

Microstrip line

Alumina�substrate

HM

Kapton® substrate
Co2FeAl�film

Bended�object
x

y z

1.0

1.2

1.4
0

45

90

135

180

225

270

315

1.0

1.2

1.4

R,=,32.2,mm
/0.47,GPa

Re
so
na
nc
e,
fie

ld
,(k
O
e)

1.0

1.2

1.4
0

45

90

135

180

225

270

315

1.0

1.2

1.4

R,=,32.2,mm
+0.47,GPa

Re
so
na
nc
e,
fie

ld
,(k
O
e)

film 

substrate 

σxx > 0 
film 

substrate 
σxx < 0 

a) b) 

FMR$+$Bending$test$

Magne/c$film$on$flexible$substrate$

0.5

1.0

1.5

0

45

90

135

180

225

270

315

0.5

1.0

1.5 �experiments
�simulation

R�=�infinite

Re
so
na
nc
e�
fie

ld
�(k
O
e)

0.5

1.0

1.5

0

45

90

135

180

225

270

315

0.5

1.0

1.5

R�=�13.2�mm

+1.15�GPa
Ͳ1.15�GPaRe

so
na
nc
e�
fie

ld
�(k
O
e)

0.5

1.0

1.5

0

45

90

135

180

225

270

315

0.5

1.0

1.5 +0.47�GPa
Ͳ0.47�GPa

R�=�32.2�mm

Re
so
na
nc
e�
fie

ld
�(k
O
e)

0.5

1.0

1.5

0

45

90

135

180

225

270

315

0.5

1.0

1.5

R�=�59.2�mm

Re
so
na
nc
e�
fie

ld
�(k
O
e)

+0.26�GPa
Ͳ0.26�GPa

a) b)

c) d)

Strain$effect$on$magne/c$anisotropy$

Ͳ1.0 Ͳ0.5 0.0 0.5 1.0
Ͳ0.6

Ͳ0.3

0.0

0.3

0.6

Ͳ40 Ͳ20 0 20 40
0.6

0.9

1.2

1.5

1.8

�

�

�experiments
�linear�fit

H U
�(k
O
e)

V
xx
�(GPa)

�

�experiments
�linear�fit

H R
(M

+
=�
)��
(k
O
e)

3V
xx
/M

S
�(x103�kOe)

a)

b)

OCFA  13.8u10�6

!$ D e t e r m i n a / o n $ o f $ t h e$
magnetostric/on$ coefficient$ of$ the$
magne/c$thin$film$

Appl.	  Phys.	  Le0.	  106,	  041601	  (2013)	  	  	  
Phys.	  Rev.	  B	  88,	  174104	  (2013)	  

M-‐Eranet	  «	  MC2	  »	  (P.	  Djemia),	  Contrat	  de	  collabora1on	  
avec	  Saint	  Gobain	  Recherche	  depuis	  2011	  et	  ESSILOR	  
depuis	  2016	  (P.	  Djemia)	  

Groupe	  2	  –	  Mécanique	  des	  films	  minces	  
(F.	  Challali,	  P.	  Djemia,	  D.	  Faurie,	  F.	  Tetard)	  



Loi de Bragg : λ = 2d sinθ 
RX 

ε{ }ΦΨ
hkl
= ln dΦΨ

dΦΨ
(0)

#

$
%

&

'
(= ln

sinθΦΨ
0( )

sinθΦΨ

#

$
%%

&

'
(( ≈
dΦΨ −dΦΨ

(0)

dΦΨ
(0)

LATTICE STRAINS 

Pic de Bragg W-{211}

0

1

2

3

62 64 66 68 70 72 74
Position 2θ (°)

In
te

ns
ité

 (u
. a

.)

F = 14 N

Pic de Bragg W-{211}

0

1

2

3

62 64 66 68 70 72 74
Position 2θ (°)

In
te

ns
ité

 (u
. a

.)

F = 14 N
F =170 N

d

θ θ

d

θ θ

Films	  minces	  sur	  substrats	  polymères	  

Groupe	  2	  –	  Mécanique	  des	  films	  minces	  
(F.	  Challali,	  P.	  Djemia,	  D.	  Faurie,	  F.	  Tetard)	  



FINANO&team:&“Mechanical&proper6es&of&thin&films”&group&
Damien&Faurie,&Philippe&Djemia,&Fa6ha&Challali,&Florent&Tetard&

Laboratoire)des)Sciences)des)Procédés)et)des)Matériaux,)CNRS8Université)Paris)13,)France)

Synopsis) SimulaBons)and)Modelling)

AcousBc)measurements)of)elasBc)constants)

CoDworkers:&Laurent&Belliard&(INSP),&G.&Abadias,&E.&Le&Bourhis,&P.&Goudeau&
(Ins6tut&Pprime),&M.&Apreutesei,&Ph.&Steyer&(MATEIS)&

&

Atomis'c)calcula'ons)!)single0crystal)proper'es)
)

Homogeniza'on)!)polycrystalline)films)and)mul'layers)

CoDworkers:&D.&Tingaud,&K.&Bouamama&(Sé6f),&R.&Brenner&(UPMC)&

Quasi8staBc)mechanical)tests)and)strain)analysis)
CoDworkers:&P.DO.&Renault&&&E.&Le&Bourhis&(Pprime),&Dominique&Thiaudière&
(DiffAbs,&SOLEIL),&G.&Geandier&(IJL)&

FabricaBon)of)thin)films)(Magnetron)spuJering))
CoDworkers:&M.&Redolfi,&G.&Lombardi,&X.&Bonnin,&A.&Fisher&&&A.&Boudrioua&(LPL)&

!

-10 -5 0 5 10
Frequency (GHz)

1800

1200

600

0

In
te

ns
ity

 (c
ou

nt
s)

 

-20 -10 0 10 20
Frequency (GHz)

200

100

0

In
te

ns
ity

 (c
ou

nt
s)

 

-15 -10 -5 0 5 10 15
frequency (GHz)

350

175

0

In
te

ns
ity

 (c
ou

nt
)

 In
te

ns
ity

 (c
ou

nt
s)

 

 

Frequency (GHz) 

Au!

W!

W/Au!

R!

S1!
S2!S3!

R!

S1!
S2!

R!

S1!
S2!
S3!

Brillouin)Light)Sca<ering)

spectra)

!)Complementary)to)Picosecond)Ultrasonics)technique)(INSP))and)Nanoindenta'on)

0)))Metallic)glasses)(ZrCu,)ZrNi))

!  Nitride)alloys)(ZrCuN,)…))
!  Oxydes)(TiO

2,
)ITO,)ZrCuNO,)…))

Mechanical)tests)coupled)with)FerromagneBc)Resonance)
measurements))

CoDworkers:&F.&Zighem,&M.&Belmeguenai,&S.&Mercone&

PVD)reactor)(magnetron),)one)target)

+)

30Target)Magnetron)spu<ering)

system)being)aquired)

)

ZrCu)ZrCuN)

-10 -5 0 5 10
Frequency (GHz)

1800

1200

600

0

In
te

ns
ity

 (c
ou

nt
s)

!
Au# R!

S1!
S2!S3!

Mul$layers*and*polycrystalline*thin*films*

Brillouin(light(sca/ering(
Mechanical(tests(
+(x4ray(Diffrac8on(in(situ(

< 
1 
µ

m
 

60
0 
µ

m
 

Acous$c*measurements*and*quasi7sta$c*tests*

Nanoindenta8on(

Single7crystal*(ab7ini$o)*

Homogeniza8on(

Comparison(to(experimental(data(

C =

C11 C12 C13 0 0 0
C12 C11 C13 0 0 0
C13 C13 C33 0 0 0

0 0 0 C44 0 0

0 0 0 0 C44 0

0 0 0 0 0 C66 = C11 − C12( ) 2

"

#

$
$
$
$
$
$
$
$
$$

%

&

'
'
'
'
'
'
'
'
''

C =

C11 C12 C12 0 0 0
C12 C11 C12 0 0 0
C12 C12 C11 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 C44

!

"

#
#
#
#
#
#
#
#

$

%

&
&
&
&
&
&
&
&

Single-crystal Polycrystalline film 

Scale change 

homogenization 

Anisotropic elasticity 
 

Mean field homogenization 
 

Reuss, Voigt, Self-Consistent 
 

z

y
θ

Inelastically back-
scattered0light

Incident0
light

t

Reflected0
light

//q

z

y
θ

Inelastically back-
scattered0light

Incident0
light

t

Reflected0
light

//q
Sur

fac
e(a
cou

s+c
(wa

ve(

h/p://www.tjhsst.edu/~jlafever/wanimate/Wave_Proper+es2.html(

ωRayleigh = f(Cij,ρ)
ωSezawa = f(Cij,ρ)

P.#Djemia#et#al.!!!!!!!!!!!!!!!!!!!!!!!!!!!
J.(Appl.(Phys.(90,(756((2001)((
Phys.(Rev.(B(88,(174104((2013)(

Biaxial&machine&

2D&detector&

Optical camera 
(CCD) 

 Region of interest

200 400 600 800 1000

200

400

600

800

1000

Acquired image (9 x 6.3 mm²).  

Debye%Scherrer*rings*

Equi%biaxial*

Uniaxial'

Au#(40#nm)#

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Applied loads (N)

S
tr

ai
ns

 (%
)

   DRX

   DIC - moy

yyε

yyε
(XRD)

(DIC)

I

II

III

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Applied loads (N)

S
tr

ai
ns

 (%
)

   DRX

   DIC - moy

yyε

yyε
(XRD)

(DIC)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Applied loads (N)

S
tr

ai
ns

 (%
)

   DRX

   DIC - moy

yyε

yyε
(XRD)

(DIC)

I

II

III

Film (XRD) 

Substrate (DIC) 

-2

-1

0

1

2

3

4

-2 -1 0 1 2 3 4

σ
11 (GPa)

σ
2

2
 (

G
P

a)

 0.1% data

Von Mises 

Rankine 

ex#situ#ex#situ#

Mechanical#behavior#of#thin#film#on#flexible#substrate#

In#situ#XRD####################################################in#situ#DIC#
ZrCu%

Si%

LATTICE INSTABILITY AND ELASTIC RESPONSE OF . . . PHYSICAL REVIEW B 88, 174104 (2013)

FIG. 7. (Color online) Effective elastic constants (a) C33 deduced
from PU reflectivity measurements and (b) C44 deduced from BLS
spectra vs the Si content x. Distinct symbols triangles (up or
down) refer to films deposited onto thin a-Si and c-Mo sublayers,
respectively. Theoretical values of the effective elastic constants
calculated in the Hill approximation for a {110} fiber-textured Mo
thin film using the known crystallographic constants (Ref. 45) are
indicated. Dashed lines are only guides for the eyes.

FIG. 8. (Color online) Typical experimental BLS spectrum com-
pared to the calculated one for a Mo0.75Si0.25 thin film (thickness =
501 nm, density = 8.87 g.cm−3) performed at an incidence angle
θ = 65◦. R denotes the Rayleigh surface mode, and Si , the so-called
Sezawa modes, observed at higher frequencies.

in a metallic Mo lattice, estimated from the values of atomic
volumes reported in Sec. III A2, is here relatively weak
(∼6%). Then, according to the Egami’s rule, amorphization
would involve a minimal Si concentration x = 0.44, a value
much higher than the critical value (xc = 0.20) observed in
the present study. Another factor at the origin of the lattice
instability may be the large mixing energy, e.g., when two
immiscible elements are mixed or when chemical disordering
is triggered in intermetallic compounds. The change in the
electronic structure of Si atoms when highly supersaturated
Mo(Si) solid solutions are formed involves necessarily a large
and positive electronic contribution to the mixing enthalpy.
Since Si becomes metallic in the liquid state, this contribution
can be roughly evaluated by referencing the melting process,
for which the enthalpy of melting "Hm = 50.2 kJ/mole.67

Considering, moreover, that the lattice disordering contribu-
tion to "Hm can be estimated from the heat of crystallization of
a-Si (∼11.9 kJ/mole),68 one obtains an electronic contribution
of the order of ∼38 kJ/mole. An intrinsic consequence
of this high value is the development of important lattice
instability in supersaturated Mo(Si) solid solutions. Similarly,
a softening of acoustic phonon modes correlated to a decrease
of the Debye temperature in diluted Al(Si) solid solutions
prepared from high-pressure quenching was interpreted by
Chevrier et al. on the basis of such arguments.69,70 In the
region x > 0.20 corresponding to amorphous alloys, opposite
evolutions of sound velocities and effective elastic constants
(Figs. 6 and 7) are observed with Si concentration. This
unusual behavior may however be explained by considering the
concomitant large change in mass density [see Fig. 3(a)] that
counterbalances the influence of the elastic stiffness constants
on the sound velocities. Finally, it should be stressed that while
no significant change is observed on the elastic behavior in
the range 0.20 < x < 0.65 for which amorphous alloys are
metallic, a net softening of the two effective constants C33
and C44 is observed with further increase of the Si content,
concurrently with the reduction of the coordination number
and the prevailing covalent bonding, as aforesaid.

3. Acoustic Debye temperature

So far, the results on sound velocities deduced from PU
and BLS experiments were analyzed in terms of the elastic
properties of the effective medium. However, the independent
determination of vl and vt data also allows the evaluation of the
average sound velocity vm in the polycrystalline film according
to

3
v3

m

= 1
v3

l

+ 2
v3

t

. (5)

In the Debye model, the characteristic temperature θD ,
the so-called Debye temperature, is related to vm using the
following equation

θD = h̄

k

(
6π2

Va

)1/3

vm, (6)

where h̄ and k are the Planck’s and Boltzmann’s constants,
respectively, and Va is the mean atomic volume.

The evolution of θD calculated using the experimental data
and Eq. (6) is displayed in Fig. 9. It is interesting to note

174104-11
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variations for VL and VR, respectively). It is attributed to the
structural change from the hexagonal phase to the cubic
phase although it could not be clearly revealed through XRD
due to the low crystalline quality of the hexagonal phase (see
Fig. 3). Employing PU and BLS, a sharp transition can be
detected in a disordered domain revealed with XRD. It sug-
gests that the transition from the hexagonal to the FCC struc-
ture passes through a disordered region. Furthermore, the
trends seem to be roughly similar for the two deposition
techniques, even though the nitrogen content is not strictly
the same for all Cr content (Fig. 2).

Figure 4 shows the evolution of effective elastic con-
stants as a function of Cr content (x). The relation between
longitudinal velocity VL and the elastic constant C33 is
defined by C33¼qVL

2 (where q is the film density) and the
shear elastic constant C44 " qVR

2 is numerically extracted
from experimented data of Rayleigh wave velocity VR using
the density (q) of the films (Fig. 4). The densities of both
these IBS and MS Al1-xCrxNy thin films vary monotonously
with the Cr content (inset of Fig. 3), and hence, a clear signa-
ture of the phase transition (hexagonal/cubic) is observed on
C33 and C44 evolutions, with a high gap (þ83% and þ70%
for C33 and C44, respectively) near the phase transition (at
x¼ 0.4). Indeed, this abrupt change avoids the mechanical
instability of the crystal (Cij $> 0).

Considering the extreme compositions (x¼ 0 and
x¼ 1), we found for hexagonal AlN C33¼ 350 GPa and
C44¼ 85 GPa not far from values estimated by atomistic
calculation (C33¼ 373 GPa, C44¼ 116 GPa).21 For the cubic
CrN, we find C33¼ 290 GPa and C44¼ 55 GPa, the C33

value being far from Reuss-Voigt-Hill average made with
single-crystal values obtained by atomistic calculation22

(C33¼ 371 GPa, C44¼ 50 GPa). This may be related to low
nitrogen contents for this composition (y about 0.5).

In conclusion, the structural change from hexagonal to
cubic phase with Cr content has been revealed to pass through
a disorder region with a sharp transition detected at x¼ 0.4
employing IBS and MS. Most compositions are sub-
stoichiometric (Nitrogen: y < 1). However, this parameter
does not seem to play an important role in the transition.
Acoustic velocities which were obtained by BLS and PU in
both hexagonal and cubic phases showed a sharp transition
from hexagonal to cubic observed with a disordered phase at x
around 0.4. This sharp transition contrasts with the monotonic
evolution of the density and yields a sharp transition for elastic
constants C33 and C44 with large variation of elastic properties.
Thus, when improving the mechanical properties of such
nitride intermetallic alloys, the contents of each component
must be selected with care and determined with accuracy.
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(S.	  Mercone,	  F.	  Zighem)	  



Développements	  instrumentaux	  en	  cours	  
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Titane saphir 
80MHz  

τ ~ 12ns 

δ pos ~ 1µm δ time ~ 1 fs  
δ << impulsion duration 

Direction of 
Propagation (normal to the thin 

film) 

Echoes 
Pump 

Probe 

to detector 

Δl <=> Δt 

Acous5que	  picoseconde	  (à	  coupler	  avec	  la	  spectroscopie	  Brillouin)	  

M-‐Eranet	  «	  MC2	  »	  (P.	  Djemia),	  Cnano	  
«	  Acouspin	  »	  (P.	  Djemia),	  BQR	  UP13	  (P.	  Djemia)	  

-‐  Etude	  simultanée	  de	  mode	  acousGque	  
transverses	  et	  longitudinaux	  

-‐  Etude	  des	  couplages	  «	  phonons-‐
magnons	  dans	  les	  films	  minces»	  	  



Développements	  instrumentaux	  en	  cours	  

Développement	  d’un	  magnétomètre	  à	  effet	  Kerr	  avec	  essais	  de	  trac5on	  uniaxiaux	  in	  situ	  

Projet	  USPC-‐NUS	  «	  MagnoFlex	  »	  (F.	  Zighem)	  

10	  µm	  

Effet	  des	  micro-‐fissures	  sur	  la	  réponse	  
magnéGque	  

«	  Exporta5on	  »	  de	  ce	  disposi5f	  à	  Soleil	  

(i)	  Machine	  de	  trac1on	  biaxiale	  dédiée	  aux	  matériaux	  souples	  
(ii)	  Diffrac1on	  des	  rayons	  	  X	  (DRX)	  
(iii)	  Microscope	  magnéto-‐op1que	  à	  effet	  Kerr	  (MOKE)	  

Temps	  de	  faisceau	  en	  Juillet	  2016	  
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