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Superlattice thin films are expected to show elastic anisotropy because of lattice misfits at interfaces
among different elements. This study demonstrates that resonant-ultrasound spectroscopy and
laser-Doppler interferometry can determine anisotropic elastic constants of superlattice thin films.
Mechanical resonance frequencies of a layered specimen composed of a substrate and deposited thin
film depend on the elastic constants, mass densities, and dimensions of the substrate and thin film.
X-ray diffraction measurement determines accurately the total thiskness of a multilayer thin film.
Therefore, the elastic constants of the multilayer thin film can be derived from measured resonance
frequencies, provided that mode identification on observed resonance frequencies is achieved. We
measure the resonance frequencies by a piezoelectric tripod and identify the vibration modes by
measuring the displacement distributions on the specimen surface using laser-Doppler
interferometry. We apply the present method to a Co/Pt multilp@ef4 A)/Pt1(16 A)]sq, showing

the perpendicular magnetic anisotropy. The in-plane elastic constants are larger than those of bulks
by 1%—7%. This is attributed to internal strain due to lattice misfit at the Co—Pt interfaces through
interatomic anharmonicity. @005 American Institute of PhysidDOIl: 10.1063/1.1828221

I. INTRODUCTION foils with a nanoindentation method. Huang and Spa%pen
used a tensile test for measuring in-plane Young’s modulus

Thin films often show anomalous mechanical, magneticof Ag/Cu multilayers and observed no anomaly within the
optical, and electrical properties. Especially, epitaxiallyerror limit of 30%. Thus, the interpretation has not been
grown multilayer thin films show outstanding properties suchsettled regarding the elastic constants in multilayer thin
as perpendicular magnetic anisotropgMA).> For these films.
properties, internal elastic strain plays an important role.  We attribute such an inconclusive discussion to two fac-
Noble-metal/magnetic-material multilayers, which showtors. First is the difficulty of making an epitaxially grown
PMA, have lattice misfits as large as 10% at the interfacesmultilayer. Before discussing the elastic constants of super-
The lattice misfit causes an inconceivably large elastic strainattice, epitaxial interfaces should be studied and confirmed.
which would not occur in bulk materials because of disloca-n order to epitaxially deposit different elements, we have to
tion movements. PMA occurs because the large elastic straileposit an element in extremely low pressure carefully con-
could change the magnetization direction from the in-planerolling depositing layer thickness. In this study we use a
direction to the out-of-plane direction, thereby releasing amolecular-beam-epitax¢yMBE) method to make a superlat-
portion of elastic strain through magnetostriction effect.  tice, and confirm the periodicity by a x-ray diffractiO§RD)

Such a large elastic strain should also vary the elastigneasurement. Epitaxial bonds at interfaces are confirmed by
properties through interatomic anharmonicity. Yaegal”>  magnetization measurement using superconducting quantum
reported the “supermodulus” effect in Au/Ni and Cu/Pd mul-interference devicéSQUID).
tilayers; their elastic constants were significantly larger than  The second factor is the difficulty of determining the
those predicted from the elastic constants of constituentslastic constants of thin films. Measurements used in the pre-
They measured the elastic constants by a bulge-testingious studies were highly affected by the gripping effect and
method. Barakt al’ supported Yangt al. results by mea- accuracy of the film-thickness measurement. Because super-
suring flexural and tensional moduli of Cu/Ni films. How- |attice multilayers are expected to be elastically anisotropic
ever, Daviset al reported that no supermodulus effect ap-petween the in-plane and out-of-plane directions, they may
peared in Cu/Pd and Cu/Ni multilayers, which were show transverse isotropy and possess five independent elastic
microscopically the same specimens as those used by YaR@nstants, denoted 111, Csa C1a Cis andC,,. (Through-
et al. and Baralet al. Cammaratet al® also reached a nega- oyt this study, we use a Cartesian coordinate system, where
tive result for the elastic enhancement in Cu/Ni multilayerhe X3 axis is along the out-of-plane direction and theand
X, axes lie parallel to the film surfageHowever, most of
dElectronic address: nobutomo@me.es.osaka-u.ac.jp previous studies assumed a multilayer to be isotropic and
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c — ; — — FIG. 2. Magnetic hysteresis loops of Co/Pt superlattice with applied mag-
~ P> a-Co(0002) I a-Co(0004) netic field parallel taldashed curveand perpendicular tgsolid curve the
£t in=( 1 P film surface.
3 E
= F
§ I Figure 2 shows magnetic hysteresis loops, indicating that
I the easy axis of magnetization is perpendicular to the film
2 i surface. Linet al® reported that the easy axis of the Co/Pt
E multilayer changed from along the out-of-plane direction to

- along the in-plane direction as the Pt-layer thickness de-

creased while the Co-layer thickness was unchanged. As the
26 (degree) Pt-layer thickness decreases, the elastic strain in the Pt layer
increases and that in the Co layer decreases. This result sup-
ports the view that a large elastic strain in the Co layer is
FIG. 1. X-ray diffraction spectra of Co/Pt multilayer depositect@al) face  indispensable for PMA. Thus, observation of PMA can be a
of monocrystal silicon substrate. Dashed lines indicate predicted XRDOproof for epitaxial bonds at the interfaces.

angles of bulk Pt and Co. We assume that the Co/Pt multilayer macroscopically
shows transverse isotropy, and the elastic constants are given

failed to discuss its elastic anisotropy. Here, we develop a®y _
advanced method using resonant-ultrasound spectroscopy c C c 0
11 12 13

(b) High angle XRD spectrum

(RUS) coupled with laser-Doppler interferometry. It deter- 0 0

mines inversely the multilaye€;; from free vibration reso- Co Cu G 0 0 0

nance frequencies of the multilayer/substrate specimen. The [ Ciz Ciz Css 0 0 0

inverse calculation requires mode identification on the ob- [Cyl= 0 0 0 Cua 0 o |
0

served resonance frequencies. We achieve this by measuring 0 0 0 0 c
surface displacement of specimen vibrating at resonance fre- a4
quency using laser-Doppler interferometer. We apply this
RUS/laser method to a Co/Pt multilayer thin film deposited (1)
on a Si substrate.

whereCge=(C11—C19)/2.

II. MATERIAL

_ o ll. METHOD
Co/Pt superlattice thin film was prepared by the MBE

method on(001) surface of a monocrystal silicon substrate, Mechanical free-vibration resonance frequencies of a
measuring 5.992 4.492x 0.208 mm. The pressure before film/substrate specimen depend on dimensions, mass densi-
the deposition was 8 10™° Torr and it varied during depo- ties, and all the elastic constants of film and substrate. The
sition between 1-% 1078 Torr. The deposition rate was 0.3 dimensions and densities are measurable. The substjate
AlJs for both of Co and Pt. At first, a 50-A Pt buffer layer was are determined inversely by measuring the resonance fre-
deposited on the substrate surface. Then, Co and Pt wergiencies of the substrate alone before the deposition of the
deposited alternately 500 times. The thickness ratio of the Célm (usual RUS approa()l’?'10 The film C;; are then deter-
and Pt layers was controlled to be 1/4 and modulation wavemined by measuring the resonance frequencies of the film/
length was determined to be 17.7 A from the XRD satellite-substrate specimen and performing the inverse calculation to
peak angleé.The total film thickness was 890 nm. Figure 1 find the best fit between the measured and calculated reso-
shows the XRD spectra from the Co/Pt multilayer at low-nance frequencielé.

angle and high-angle regions. Satellite peaks appear, which Resonance frequencies of a rectangular parallelepiped
confirm the constant modulation wavelength. (Pt1) and are calculated by Lagrangian minimization with Rayleigh—
a-Co (0002 peaks would appear between the satellite peaksRitz method** Because no analytical solution exists for
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FIG. 3. n, dependence of calculated resonance frequencies of silicon sub-

strate(n,=16). FIG. 4. n, dependence of calculated resonance frequencies of silicon sub-

strate(n,=10).
displacements in a rectangular parallelepiped solid subjected

toa free V|bra_t|on, th?y are approximated by linear Combl'compare resonance frequencies calculated with varigus
nations of basis functions

andn,. When they increase, calculation accuracy improves
Ui (X, X0, Xay ) = D Ulafh (X, Xo, Xa) €. espec!ally for higher modes. Con&dermg that resonance fre-
K guencies observed for the Co/Pt-multilayer specimen were
: ) o . less than 800 kHz, we concluded timgt 10 andn,=16 pro-
Here, Uy denote the expanding coefficients afidx;,X2,Xs)  vided the resonance frequencies with enough high accuracy
denote basis functions. For a layered paralleleplpeq SPeCin a reasonable calculation im@0 min with a Pentium
men, the dependence of the displacement orxjltrection 4.5 5> GHz computer
must be separated from the others as Because the sensitivity of the thin-fil@; to the reso-
P(X1, X0, %) = Ti(Xa) & (X0, %) , nance frequencies is normally not large, we have to deter-
mine the resonance frequencies with accuracy much higher
because the displacement gradients become discontinuoustaén the calculation accuracy. Previous stutfiéd sand-
the film/substrate interface with their different moduli. This wiched a specimen between two transducers, which con-
analysis results in an eigenvalue problem and the resonanegrained specimen’s deformation and changed the resonance
frequencies are obtained from eigenvalues of the sysfem frequencies from those of ideal free vibratibiie here de-
=w/2m), velop a piezoelectric tripod transducer. It consists of two
MU} = [K U} 4) needl_elike transduc_ers and a support ne_%ﬂi’ej’he speci—_
men is put on the tripod. One transducer is driven by a sinu-
Here,[M] denotes the mass matrix associated with the ki-soidal continuous-wavecw) signal from a synthesizer and
netic energy of the system afll ] denotes the stiffness ma- vibrates the specimen with the same frequency as the sinu-
trix associated with the strain energy of the systédt. de-  soidal signal, and the other transducer detects the oscillation
notes the eigenvector composed of the expandingmplitude of the specimen. Sweeping the frequency of the
coefficients, which provide the displacement distributions incw signal and measuring the oscillation amplitude as a func-
the specimen by Eq2). All the independent elastic con- tion of frequency, a resonance spectrum is obtained, showing
stants are inversely determined by fitting calculated resomany peaks at the resonance frequencies. Fitting the Lorent-
nance frequencies to the measurements. Followingian function around these peaks gives the resonance fre-
Heyliger,14 we use one-dimensional Legendre interpolationquencies. Because the tripod requires neither coupling agent
polynomials for(xs); the total thickness is divided intq.  nor external force except for the specimen’s weight, it real-
layers and the displacements are linearly interpolated bezes an ideal free oscillation. By measuring the resonance
tween the layers. Concerning the in-plane dependence, weequencies at a constant temperature 30+ 0@ vacuum
use power seriesixd (p,q=0,1,2,--,) for g:(xl,xz). (1072 Torr), reproducibility of measuring the resonance fre-
Including higher-order basis functions leads to more acgquencies among independent measurements is better than
curate frequencies, but takes much longer calculation timel0 ™, which is smaller by a factor of 100 than the contribu-
We evaluate dependence of the approximation on the basisions of the filmC;; to the resonance frequencies as described
function ordersn; and the ordeny(=p+q). Figures 3 and 4  below.

2
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In the inverse calculation, we must identify measured _
resonance frequencies. The modes of the calculated resg®: 7- Comparison between measured and calculated resonance frequen-
cles of Co/Pt-multilayer/silicon speciméggolid circleg. Open circles indi-

nance frequencies are exaqtly known, but those of the Obfate the normalized differences between the resonance frequencies of the
served resonance frequencies are unknown. Because mod&PpPt-multilayer/silicon specimen and those of the silicon substrate.
misidentification leads to physically meaningless elastic con-

stants, correct mode identification is of great importance. W%xcellent agreement between them, which confirms correct

achieve upamb|guous mpdg |dgnt|f|cat|on by measuring .th?node identification. We identified 22 peaks and entered them
surface displacement distribution of the specimen using < inverse calculation

laser-Doppler interferometry. A laser beam is focused on the Figure 7 shows differences between measured and cal-

specimen surface vibrating at a resonance frequency. Thceulated resonance frequencies after the convergence. The
frequency of the reflected laser beam slightly changes der'ms error between them is 0.064%. For comparison, it shows

pending on the vibration frequency because of the DOppIeEIifferences between resonance frequencies of the silicon sub-

effect. Scanmng. the Ilaser b_eam on the specimen Sur.facs‘?rate and Co/Pt-multilayer/silicon specimen. They are much
draws the two-dimensional distribution of out-of-plane dis-

lacement. Equati nabl i lculate the disol larger than the rms error, which indicates that we can deduce
placement. Equatio(®) enables us to calculate the disp ace- e ColPt superlattic€;. We evaluate the measurement ac-

ment distributions. By comparing the measured and Calcu(:uracy(ACij) from the measurement accuracy of the reso-

:Ztenciiﬁ :»:isp:afe;?j?nm t il;‘strlburtrlonf, Ia \{[\ge Ln?kﬁt mOOIenance frequencieG\f) and sensitivities of elastifc constants
entification, leading to the correct elastic constants. to the resonance frequencig#f/ JC;j) as

1

IV. RESULTS AG= s C, af. ®

Figure 5 shows resonance spectra observed for the silFigure 8 shows normalized sensitivitie / /C;;)C;;/ f of the
con substrate alone and for the Co/Pt-multilayer/siliconCo/Pt-multilayerC;; to frequencies. Much lower sensitivity
specimen. Resonance-peak height and width varied depend-

ing on contacting positions between the specimen and needle 0.03
transducers. Especially, the peak width was highly affected. - - - -
Thus, the difference of peak widths between before and after | o gu ; Csy " Cps
the deposition in Fig. 5 does not indicate different internal MEg" ad
friction. However, the resonance frequencies were hardly af- & 002 .
fected by the positions. They decreased after deposition by 4 o ®oee e o0
1.0-1.5 %. Figure 6 shows an example of measured and - oo oo %oy o
calculated surface-displacement distributions of the Co/Pt- &
multilayer/silicon specimen. Bright regions indicate large § 0.01- .
amplitudes(antinode¥ and dark regions are the nodal lines. Q a A, A® Iy a0
. . a ayyl A A ®
The displacement amplitude was less than 1 nm. We see an '§ a b A A, A
E 0—-00--0--0—2-omm3—o- Q00—
— ]
4 \ 5 |- . s Me' = n," ¥ =
v
v v v
4.5 mm 001 v 'wv v v v _
v v v v
0.2 04 0.6 0.8
6.0 mm Frequency (MHz)

FIG. 6. Measuredleft) and calculatedright) displacement-amplitude dis- FIG. 8. Normalized sensitivities of Co/Pt-multilay€); to the resonance
tributions of Co/Pt-multilayer/silicon specimen at 460.67 kHz. frequencies.
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TABLE |. Determined and calculated elastic constants of Co/Pt superlgttit®;textured elastic constants of
fcc Pt, and elastic constants of hexagonal Co.

[Co4 A)/P1(16 A)lseo Rule of mixture P(111) texture Co monocrystal Ref. 17

Cu 377.9+7.1 360.1 3736 306.3
Cas 367.9+31.5 379.4 384.7 359.4
Cis 236.9+10.0 - 231.7 101.9
Cp, 235.9+46.9 - 242.8 165.1
Cus - - 56.2 75.3
Ces® 71.0£2.0 66.4 65.4 70.6
E, 194.6+4.7 192.9 188.5 2105

%Cg6=(Cy~Crp)<2.

of the film C,4, prevents us from determinin@,, accurately. the same in magnitude between extraction and contraction,
Table | shows the elastic constant of the Co/Pt multilayemo change would occur in the macroscopic elastic constants
thin film determined in this studyC,,, the in-plane Young's of the multilayer. However, for the same strain, increase of
moduluskE;, and Cgg of the multilayer are larger than those the internal energy by a contraction is significantly larger
predicted from theC;; of the individual bulk materials by than that by an extraction because of lattice anharmonicity.
4.9%, 0.9%, and 6.9%, respectivelhe detail of predicted Therefore, the observed enhancementof Cgs and E;
values is mentioned belgwCs; is identical with the pre- are explained by considering the in-plane compression of Pt
dicted value. We see the elastic anisotrofy;/Css of a  layer caused by lattice misfit.

factor 1.02.
V. DISCUSSION VI. CONCLUSIONS
For comparison with determined Co/€}, we predicted We developed the RUS/laser method to determine the

macroscopic Co/RE;; from bulk elastic constants of Co and elastic constants of multilayered thin film. The piezoelectric
Pt. The XRD measurement indicates tha{Fitl) planes are tripod achieved precise measurement of resonance frequen-
parallel to the film surface. We calculated such a text@gd cies better than I8. We succeeded in correctly identifying

by Hill approximatiort® using monocrystaf[:ij.16 Because Pt all the observed resonance peaks by measuring the displace-
(111) plane is epitaxially bonded with the Co layer, we as-ment distributions on a specimen surface using laser-Doppler
sumed thaf0001] Co plane was perpendicular to the film interferometry.

surface; thus, we used ti@; of a-Co monocrystdf whose We applied our RUS/laser method to Co/Pt multilayer

c plane is parallel to the film surface. We calculated macrothin film deposited on a silicon substrate. Determirg,
scopic elastic constan8y™ C5e™ ETY™ and C55™' of  Cgq, andE, are larger than those of bulks by 4.9%, 6.9%, and
Co/Pt multilayer(Table |) using rule of mixture. Assuming 0.9%. These enhancements are attributed to compression of
uniform strain field C5?'", C5™ andES®™ are given with  the Pt layer, which is caused by lattice misfit at Co/Pt inter-

Voigt average. faces. Some of determinég); are larger than those of bulks,

CCoPt_ ¢ ~Coy o (6) however, the significant supermodulus effect as reported in
1 7 iCoin TPt previous studies was not observed.
Co/Pt_ Co Pt
= +
Ces feoCes + frCes: (7 P, F. Carcia, J. Appl. Phys63, 5066(1988.
ColPt c Pt W, M. C. Yang, T. Tsakalakos, and J. E. Hilliard, J. Appl. Ph¥8, 876
ET% = foEr°+ fpEy - (8) (1979,
ColPt - ] °D. Baral, J. B. Ketterson, and J. E. Hilliard, J. Appl. Physz, 1076
C33 tis given by Reuss average. (1985.
“B. M. Davis, D. N. Seidman, A. Moreau, J. B. Ketterson, J. Mattson, and
1 feo fee ) M. Grimsditch, Phys. Rev. B43, 9304(1991).
°R. C. Cammarata, T. E. Schlesinger, C. Kim, S. B. Qadri, and A. S.

CCO/Pt_ CCO CPt ’
33 33 33 Edelstein, Appl. Phys. Lett56, 1862(1990.
Here, f, and fp, are volume fraction of Co and Pt, respec- .H- Huang and F. Spaepen, Acta Matd8, 3261(2000.
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