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Elastic constants of polycrystalline L10 FePt are studied from room temperature up to 1073 K

by the electromagnetic acoustic resonance. The longitudinal-wave stiffness and the bulk modulus

show intermediate values of polycrystalline Fe and Pt, but the shear modulus and Young’s modulus

show larger value than those of polycrystalline Fe and Pt. The Blackman diagram indicates

that L10 FePt exhibits a tendency toward covalent-bond characteristic. Strong anharmonicity of

the interatmoic potential is confirmed from the temperature coefficient of the bulk modulus.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4819974]

I. INTRODUCTION

L10 FePt belongs to the space group P4/mmm, and

monoatomic layers of Fe and Pt are stacked alternately in the

[001] direction.1 L10 FePt has been attracting attention

because of its large uniaxial magnetocrystalline anisotropy

energy,2 and numerous studies on the magnetic and struc-

tural properties have been carried out. Comparing with those

properties, elastic property of L10 FePt is still unclear.

Elastic constant is defined as the second order derivative of

interatomic potential, and it is a fundamental parameter that

informs bonding condition between atoms. Elastic constant

is determined, when a material is newly found or developed

because of its importance in the condensed matter physics.

Experimental result is hardly reported for L10 FePt.3

Difficulty of fabrication of single crystal that is large enough

to be examined is a possible reason. On the other hand, there

are a few studies that calculate the elastic constants, in which

the modified embedded atom method (MEAM),4 ab initio
calculations using the projector-augmented wave (PAW)

with the local density approximation (LDA) and the general-

ized gradient approximation (GGA),5,6 and the angular de-

pendent analytic bond-order potential (ABOP) formalism5

are used. However, the calculated elastic constants vary

depending on the calculation method, and the fluctuation is

not small; the reported bulk modulus B ranges from 200 to

251 GPa, for instance. Experimental measurement is then

indispensable for elastic constants to guide the theoretical

calculation. In FePt alloys, unusual increment of elastic con-

stants with increasing temperature has been observed for L12

Fe3Pt,7–9 and temperature dependence of elastic constants of

L10 FePt is of interest. In this study, the two independent

elastic constants of polycrystalline L10 FePt are determined

from room temperature to 1073 K.

II. EXPERIMENT

A rectangular parallelepiped, measuring 3.898� 2.878

� 1.466 mm3 in the x1, x2, and x3 direction, respectively, was

cut out of a polycrystalline Fe1–xPtx (x¼ 50.0 6 0.5). The

mass density determined from dimensions and weight was

14704 kg/m3.

The elastic constants were determined by the

electromagnetic-acoustic resonance (EMAR).10 EMAR deter-

mines elastic constants from resonance frequencies of me-

chanical free vibration of a rectangular parallelepiped

specimen, in which an electromagnetic-acoustic transducer

(EMAT) was used for excitation and detection of resonance

vibrations. The EMAT consists of a solenoidal coil and per-

manent magnets. A specimen was placed in the coil, and tone

bursts were applied to the coil under static magnetic field

given by the permanent magnets. Interactions between the

electromagnetic field induced by the coil and the static mag-

netic field then cause the Lorentz forces and magnetostriction

forces in the specimen, and they oscillate the specimen. For

an oriented rectangular parallelepiped of orthorhomibic or

higher elastic symmetry, we can divide free mechanical vibra-

tions into eight groups depending on the deformation symme-

try.11 Ag and B1g group are excited selectively by changing

the direction of the static magnetic field, in this study.

We prepared two coils: one is made of copper wire cov-

ered with enamel for measurements at room temperature,

and the other is made of Ni-alloy wire for measurements at

high temperatures. Measurement is carried out under atmos-

pheric pressure at room temperature and in vacuum at high

temperatures. A Cantal-line heater located in the chamber

supplies the heat. Temperature is measured with the thermo-

couple beside the specimen. Pressure during measurement

was 6.4� 10�3 Pa at most. The detailed procedures for

measuring resonance frequencies at high temperatures have

been given elsewhere.12 The two independent elastic con-

stants, longitudinal-wave modulus Cl¼ kþ 2l and the shear

modulus G, were measured between room temperature and

1073 K. k and l are the Lame constant.

III. RESULTS

Figure 1 shows x-ray diffraction spectrum obtained

from a surface of the rectangular parallelepiped specimen

before the high-temperature experiment. Diffraction spectra

were measured on other planes of the rectangular parallelepi-

ped, and all of the diffraction peaks from L10 FePt werea)E-mail: nobutomo@me.es.osaka-u.ac.jp

0021-8979/2013/114(9)/093506/4/$30.00 VC 2013 AIP Publishing LLC114, 093506-1

JOURNAL OF APPLIED PHYSICS 114, 093506 (2013)

http://dx.doi.org/10.1063/1.4819974
http://dx.doi.org/10.1063/1.4819974
http://dx.doi.org/10.1063/1.4819974
mailto:nobutomo@me.es.osaka-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4819974&domain=pdf&date_stamp=2013-09-03


observed on each plane. These results confirm random orienta-

tion of L10 FePt grains, and it is valid to assume that the speci-

men is elastically isotropic and possesses the two independent

elastic constants, Cl and G. Electron diffraction patterns were

also measured after the high temperature measurement and it

confirmed the L10 structure. Figure 2 shows a typical diffrac-

tion pattern. More than ten grains were surveyed and only L10

structure was observed in them.

Figure 3 shows the resonance frequencies at high tem-

peratures. At room temperature, resonance frequencies of Ag

and B1g groups were measured by changing the direction of

the static magnetic field. At high temperatures, the direction

of the static magnetic field was fixed for Ag group. At 773 K

and higher temperatures, the number of the measurable reso-

nance frequencies decreased drastically.

Figure 4 shows temperature dependence of the elastic

constants up to 1073 K. In the determination of the elastic

constants, we used the dimensions and mass density measured

at room temperature. Although they change with temperature,

there are few studies that measured thermal expansion coeffi-

cient of L10 FePt, and the value is still ambiguous. The effect

on the resultant elastic constants is estimated to be less than

1% using the reported thermal expansion coefficient,13 and it

is negligible in the following discussion.

IV. DISCUSSION

In the high-temperature measurement, the number of

measurable resonance frequencies varied at different temper-

atures. In a ferromagnetic material, EMAT excites resonance

oscillations through the Lorentz forces and the magnetostric-

tion forces. However, contribution of the magnetostriction

disappears above the Curie temperature, and the excitation

efficiency becomes lower. Considering the Curie tempera-

ture of L10 FePt of 750 K,14 disappearance of some modes at

773 K and higher temperatures is explained by the disappear-

ance of the magnetostriction.

In Table I, elastic constants measured at room tempera-

ture are compared with those measured in polycrystalline

L10 FePt thin films3 together with isotropic elastic constants

of Fe and Pt calculated with the Hill’s average15 from elastic

constants of single crystal Fe16 and Pt.17 Regarding Cl, the

present value is comparable with the Cl measured in the thin

films, and the value is between Cl of polycrystalline Fe and

Pt. Regarding B and Poisson’s ratio �, their value of L10

FePt is also between the corresponding values of Fe and Pt,

but G and E are larger than those of the polycrystalline Fe

and Pt.

FIG. 1. X-ray diffraction spectrum of the specimen.

FIG. 2. The electron diffraction pattern obtained after high temperature

measurement.

FIG. 3. Changes in resonance frequencies at high temperatures for low (left)

and high frequency region (right). Ag-m and B1g-m denote mth resonance

mode of Ag and B1g group, respectively.

FIG. 4. Elastic constants of polycrystalline L10 FePt at high temperatures.
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Blackman diagram clusters materials with similar intera-

tomic bonding, and is independent of their absolute elastic

stiffnesses. Fig. 5 shows the Blackman diagram for several

materials, in which isotropic elastic constants were calcu-

lated from reported elastic constants of single crystals17–22

except for L10 FePt. Because Blackman diagram is defined

for single crystal materials, when it is applied to the poly-

crystalline materials, less information is obtained. However,

in Fig. 5, plots for polycrystalline metals and covalent mate-

rials appear in different regions and it still allows us to evalu-

ate the interatomic bonding state. Polycrystalline L10 FePt

shows larger G=Cl than typical metals and the plot appears

close to c–Fe. It indicates a tendency toward covalency.

A linear function CðTÞ ¼ ½1þ aðT � TRTÞ�CRT was fit-

ted to temperature dependence of each elastic constant of

L10 FePt, Fe, and Pt between 293 and 500 K, and the first-

order temperature coefficients a were deduced. C denotes

each elastic constant, and TRT and CRT denote room tempera-

ture and elastic constant at room temperature, respectively.

Room temperature is 293 K for L10 FePt and 300 K for Fe

and Pt. For Fe and Pt, temperature dependence of isotropic

elastic constants was calculated from the elastic constants of

single crystal Fe16 and Pt23 at high temperatures using the

Hill’s average. The determined a is listed in Table II.

Notable feature in the temperature coefficient of L10 FePt is

the large coefficient of B. The larger coefficient indicates

stronger anharmonicity of the interatomic potential of L10

FePt than Fe and Pt. The stronger anharmoncity is also con-

firmed in the Gr€uneisen parameter c. Using the formula pro-

posed by Ledbetter24 with the temperature dependence of B
and the volume thermal expansivity, c was calculated for

polycrystalline L10 FePt, Fe, and Pt; cFePt ¼ 12:3; cFe ¼ 3:6,

and cPt ¼ 2:4. The volume thermal expansivity was deduced

by tripling the thermal expansion coefficient of L10 FePt,13

Fe,25 and Pt.26 The calculated c of L10 FePt is larger than

that of Fe and Pt, and it implies strong lattice anharmonicity

of the interatomic potential of L10 FePt.

In Table III, the present elastic constants are compared

with those obtained by the calculations.4–6 In calculations,

thermal vibration of atom is not usually taken account, and

elastic constants at 0 K are calculated. For comparison pur-

pose, elastic constants at 0 K were estimated using the tem-

perature coefficients in Table II and the elastic constants at

room temperature in Table I, in which completely linear tem-

perature dependence was assumed even at low temperature.

Considering the general temperature dependence that tem-

perature coefficients approach zero around 0 K, actual elastic

constants at 0 K would be smaller than them. Among the cal-

culated elastic constants, those obtained by ABOP5 and ab
initio calculation (GGA)6 are somewhat close to the values

at 0 K, though the differences between the calculated and

measured elastic constants are not so small, indicating the

difficulty of the calculation of elastic constants of L10 FePt.

TABLE I. Isotropic elastic constants of Fe, L10 FePt, and Pt around room

temperature. Elastic constants of L10 FePt were obtained from polycrystal-

line specimens and those of a-Fe and Pt were calculated from the reported

elastic constants of single crystal a-Fe16 and Pt17 using the Hill’s average.

T(K) Cl (GPa) G (GPa) B (GPa) E (GPa) �

a-Fea 300 274.8 81.5 166.2 210.1 0.289

L10 FePtb 293 328.8 90.5 208.1 237.2 0.310

L10 FePtc Room temperature 333.0 … … … …

Ptd 300 367.3 63.5 282.7 177.1 0.396

aCalculated from Cij in Ref. 16.
bPresent study.
cReference 3.
dCalculated from cij in Ref. 17.

FIG. 5. Blackman diagram for polycrystalline materials. The dashed line

represents elastic isotropy. Cl and G were calculated from the reported elas-

tic constants of single crystal Au,19 Pt,17 Ag,19 Cu,19 c-Fe,18 Ni,20 Si,21

Ge,21 and C(diamond)22 except for L10 FePt.

TABLE II. Temperature coefficients of isotropic elastic constants between

room temperature and 500 K (�10�4 K�1). Isotropic elastic constants of a-

Fe and Pt at high temperatures were calculated from elastic constants of sin-

gle crystal a-Fe16 and Pt,23 respectively, using the Hill’s average.

Cl G B E

a-Fea �2.2 �3.1 �1.8 �2.9

L10 FePtb �3.9 �3.5 �4.2 �3.6

Ptc �1.4 �2.9 �0.9 �2.7

aCalculated from Cij in Ref. 16.
bPresent study.
cCalculated from cij in Ref. 23.

TABLE III. Measured and calculated elastic constants of L10 FePt. Cl and G
at 0 K were deduced from the temperature coefficients and elastic constants

at room temperature, and B, E, and � at 0 K were calculated from them.

Isotropic elastic constants for calculations were calculated from the reported

elastic constants of single crystal L10 FePt4–6 using the Hill’s average.

Cl (GPa) G (GPa) B (GPa) E (GPa) �

Present study 328.8 90.5 208.1 237.2 0.310

Present study (at 0 K) 366.4 99.8 233.3 262.0 0.313

MEAMa 307 59 228 164 0.380

Ab initio calculation (GGA)b 310 85 196 224 0.310

Ab initio calculation (LDA)b 414 120 254 312 0.296

ABOPb 334 87 217 231 0.323

Ab initio calculation (GGA)c 371 112 222 288 0.283

aCalculated from Cij in Ref. 4.
bCalculated from cij in Ref. 5.
cCalculated from cij in Ref. 6.
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V. CONCLUSIONS

Elastic constants of polycrystalline L10 FePt were deter-

mined from room temperature up to 1073 K by the electro-

magnetic acoustic resonance. Comparing with the elastic

constants of polycrystalline Fe and Pt, the shear modulus and

the Young’s modulus were larger at room temperature,

though the longitudinal elastic constant and the bulk modulus

were between them. Furthermore, the bulk modulus showed

large temperature coefficient, and it was implied that interat-

moic potential of L10 FePt shows strong anharmonicity.
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