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Elastic stiffness and ultrasonic attenuation of superconductor MgB at low temperatures
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Temperature dependencies of elastic constants and ultrasonic attenuation of a polycrystalljrenMgBg
high-T superconductivity are reported. An electromagnetic acoustic resonance method detected the specimen’s
resonance frequencies, from which we derived the elastic constants for nonporoysusligd micromechan-
ics calculation. The bulk and shear moduli extrapolated to 0 K are determined to be 96.6 GPa and 74.2 GPa,
respectively, which gives the Debye temperat@rg=819 K and the coupling constaint=0.76—0.89 with
McMillan formula. In the temperature behavior of ultrasonic attenuation, two anomalous peaks are observed
near 30 K.
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The remarkable discovery of intermetallic superconductoroom temperature. Subsequently, each resonance frequency
MgB, with a high T, of 39 K (Ref. 1) has triggered related was identified with the electromagnetic acoustic resonance
extensive studies to elucidate the mechanism of its supercofEMAR) method, which can excite the specific vibration
ductivity. A significant boron isotope effécimplies that ~ group through the Lorentz-force mechanism. This noncon-
MgB, is a phonon-mediated superconductor. Eieinitio  tact techniqué is quite sensitive to the ultrasonic attenuation
calculations’* tunneling-spectroscopy studiésyuclear spin- and can measure accurately the interiadrinsic) friction.
lattice relaxatiorf, and photoemission measureméngve Fi9ure 1 shows the resonance spectrum, the resonance peak
concluded that MgB is a conventionals-wave supercon- of the B,g-2 vibration mode(-2 denotes the order of the

ductor of “strong” or “intermediate” electron-phonon cou- resﬁpﬁ:ﬁ:ﬁdgp;ﬂgg%ﬁgiﬁ:?gﬁ”d{f{e EMAR measure-
pling, although an essential uncertainty still remains in p ' y

. . ) . . 1213 ment and focused on the two vibration groufsy (shear
g&;;?fgngggof a multiple-ga§~** or anisotropic-gap modes around the&, axis) and A, (dilatation modeps The

; . ultrasonic attenuation was measured by the free-decay
The elastic constants are important parameters for know,

. _'method, and the attenuation coefficientvas determined by
ing the Debye temperature and the electron-phonon coupllnﬁ;tting exp(— at) to the measured ring-down with time. The

constant in a phonon-mediated superconductor. Several I malized attenuation coefficiefinternal friction is ob-
lated studies appeared: first-principles calculations predicteghied byQ 1= alf.
the single-crystal elastic constanfs;® x-ray measurements | the RUS procedure, the elastic constants are deter-

under high pressure gave tisathermalbulk modulus,®the  mined by comparing the measured and calculated resonance
flexural resonant method gave Young’s moduiliand other

results were given in sound-velocity measureméhtdow- By2 B3
ever, these are inconsistent with each other. Also the temg
perature dependence has not been systematically measur
yet.

Here we have examined the elastic and anelastic proper
ties of MgB, through the ultrasonic characteristics. This pa-
per presents the temperature dependence of elastic constar
of nonporous MgB deduced using a micromechanics model,
the temperature behavior of ultrasonic attenuation, and ob
servation of two anomalous attenuation peaks below 30 K.

A sample was prepared from commercially available
powder by pseudo-HIP sintering at 1273 K for 1Zrkfer-
ring to the method described in Ref,, Aand we checked that
T. of the sample was about 39 K by an eddy-current method.
The x-ray-diffraction spectrum indicated that the sample in-
cluded a very small amount of MgO. The sample was ma-
chined into a rectangular parallelepiped, measuring , L , , Lt
5.1256,) X 3.940,) X 2.349(;) mn?, where x; denotes 082 083 084 08 100200300 400 300600
the coordinate axis of the specimen. The mass density is Frequency (MHz) Time (s)

2301 kg/ni, 87.7% of the theoretical value. FIG. 1. EMAR resonance spectrum at room temperatupe

The resonance frequencies for all vibration mod#ia-  pen, the resonance peak of tBg,-2 mode(lower left), and the free
tation, torsion, shear, and flexure mope®re measured by decay at this resonance frequeriywer right. Underlined modes
the resonant ultrasound spectroscofRUS) method® at  were used for determination of the elastic constants.
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(=B +4G13) TABLE I. Lattice properties and bulk moduli of AlBtype com-
200 ut= pounds at room temperaturgB/p is a quantity with a dimension

g ommmess  ssnssasaang, of the sound velocity.

6] L ] ®80000aeg, AAAAAAAA

2 150 E Teesesee, c/la p (kg/m®) B(GPa B/p (m/9 Reference

=

[=]

= TiB, 1067 4491 243 7364 24

§ 100 B CrB, 1.305 5225 233 6777 25

o e L L L VT LT TP ZrB, 1112 6139 239 6239 25

NN 0000000000 oooooooood MgB, 2 1.142 2625 120-160 6761-7807 14-16
50 ¢ (=G) MgB, 1.142 2625 86.1 5728 present work
| Bzg -3 vibration model

o : = aAt low temperaturgor 0 K).

2 ) e S . .

£ 0.002 >(\ 1.26 & mode (lower par}. In the behavior of the elastic constants,
5 / 124 8 we found no anomaly such as lattice instability as seen in the
= - \—: = . .

2 0.000 Lommaem= — 1o & A15 superconductors.The polycrystalline elastic constants
= 0 50 100 150 200 250 extrapolatedd 0 K arec,;=196, c4,=74.2, E=177, and

B=96.6 GPa. Our Young’'s modulus is close to 167 GPa
(uncorrected for porosity, impurities, and temperakure
acoustically measured by Cordezbal.l’ and the longitudi-

nal and transverse sound velocities at 7{Ref. 18 are very
consistent with our measurements. However, the bulk modu-

9 ) . lus appears to be very different from thgothermal bulk
spectra® The resonance frequencies are first calculated b¥nodulus by x-ray measuremetfisand the ab initio

the Rayleigh-Ritz method, assuming the elastic constants a"t%lculationsl,“'lSB ranges from 120 to 160 GPa in the litera-
using the dimensions and mass density of the specimeg e
Then, attaining good agreement between the measured a”dAccording to the calculatio’® the bulk and Young’s
calculated spectra after iterations, the assumed elastic COf5oquli are 158 and 299 GPa for the isotropic MgBespec-
stants can be regarded as the true values. __tively. Probably, theab initio calculations are based on the

No texture was found from the three-directional g|siic property of TiB, which has the AlB crystallographic
longitudinal-wave velocities by pulse-echo measurementsyi ,cture as MgR Table | shows the lattice properties and
We then supposed a polycrystalline MgB be elastically  iha pulk moduli of TiB, 24 CrB,, 2rB,% and MgB,.}4-16
isotropic. The elastic constants pbrous MgB, are deter-  The compound TiB has the ideal axial ratio/a=1.067 for
mined to bec(l’f=136 andcg‘;)':51..7 GPgat room tempera-  the AIB, structure, i.e., a close-packed structure; therefore,
tL_lre). We c_onﬂrmed t_he validity with two more specimens of the bond strength is predicted to be stronger than those of the
different sizes and virtually the same porosity. other compounds. The present study indicates that the elastic

From the determined elastic constants of the POroUroperty of MgB is similar to that of ZrB (rather than
MgB,, we deduced those for the nonporous material throughig.) in terms of both axial raticc/a and sound velocity
a mlgrome_chanlc_s modé}.We assume the(_t) the matrix IS /Blp. The elastic stiffness of MgBis not particularly large
elastically isotropic, andi) the poredinclusions are spheri- g these compounds, as naturally predicted from its low
cal. The elastic constantS,,,; of the nonporous MgBare  condensation. From the above viewpoints, the present elastic
obtained by solving Eqd1)—(3) self-consistently: constants are more reliable and reasonable.

The Debye temperatur® is an important quantity to
estimate the electron-phonon coupling constantvhich is
proportional to the mean sound velocity,,

Temperature (K)

FIG. 2. Temperature dependence of elastic consiapise) of
the nonporous MgR internal friction, and resonance frequency
(lower).

oY)
)

Cmar=[1—CiA] _1(Ccom_ C1CincA),

A=[col +¢,B] !B,

B=[1+SCra Cinc = Cmad] " (3 ) \F s 1 2
Here,C.,nm, are the measured elastic constants of the porous b k_B 47Q VM E v_,3+v_§ @

MgB,, Ci,. are those of the inclusiothow C;,.=0), | is
the unit matrix,cy and c, are the volume fractions of the
matrix and the pores, respectively, a’dis the Eshelby whereh/kg has the usual meaning in quantum mecharics,

tensof? for the spherical inclusion, which depends G 4
and the pore shape.

is the mean atomic volume, ang anduvg are the isotropic
sound velocities given by(B+4G/3)/p]*? and G/p)*?,

Figure 2 shows the temperature dependence of the elastiespectively. The present elastic constarit & yield @

constantsc(=B+4G/3), c4(=G), Young’s moduluskE,
and the bulk modulu$, of nonporousMgB, (upper part
and the normalized attenuation coeffici€it* of the Bog-3

=819 K. According to the McMillan formul® the critical
temperaturd . is expressed usin@p, A\, and the Coulomb
pseudopotentigh* as
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Op [{ —1.041+N\) B,,-2 vibration mode|
T.= ex . (5) —

1.45 A—u*(1+0.62) 0.00032 0.7670
T.=39 K requiresh ~0.76—-0.89 with the conventional val- =
ues ofu*~0.05-0.1; MgB is thus within the intermediate- 0.7665 i
coupling regime. Nevertheless, the high Debye temperatur¢® 0.00030 F
(owing to the light component elemeptsontributes to its § 07660 =
high T.. g g

As seen in Fig. 2, a clear internal-friction peak appears at £ 0.00028 07655 §

about 180 K, where the curvature of the resonance frequenc' g ' %
changes and a slight modulus variation appears. A similar 3 07650 5
peak was first reported by Cordees al.;'” their peak tem-  E g
perature was located within 70—120 K, being different from % 0.00026 2
our measurement, which is probably attributed to the differ- 0.7645
ence in the frequency ranges used in both measurerfeets .
used~1 MHz, while they used 5-73 kHzThus, this large 0.7640

peak at about 180 K, showing a frequency dependence, ca 0.00024 20 ' 30 40 50 60

be a relaxation type like a Bordoni peak and not related to

the superconductivity. In our measurement, since the large

peak was located at relatively high temperat(ir@0 K), the FIG. 3. Temperature behaviors of the square of resonance fre-

ultrasonic attenuation at the low-temperature region figar quency and the internal friction of ti#,;-2 mode neall; showing

was possible to be studied, without being obscured by th&vo peaks at 26 and 29 K. The dotted line sha@/s" of the Byy-3

large peak. mode, being shifted downward to avoid the overlap of the two
Figure 3(upper part shows the square of the resonancecurves-_Th_e background attenuat_ion~i$2.5>< 104 Ms/MH_z. _The

frequency and the internal friction of mocB,}g-Z nearT.. magnetic field of~0.2 T was applied for the EMAR excitation.

The square of frequency corresponds to the elastic constant

representative for the resonance vibration. Obviously, thelltrasonic attenuation behavior of the high-intermetallic

slope of thef? curve decreases beloW,, which indicates superconductor MgB The salient results are summarized as

that the elastic softening occurs with the superconductindollows:

transition. However, the degree of softening is much less (i) The elastic constants are determined td@>€96.6 and

than in monoatomic superconductdrsand the A15 G=74.2 GPa 80 K through the micromechanics calcula-

superconductorg Less softening means that the lattice still tion. The bulk modulusB is smaller than the previous re-

remains stiff belowT., which results in the high Debye ports. However, the presented value is more reliable and rea-

Temperature (K)

frequency. sonable in terms of both the axial ratio of the AlBtructure
It is noticeable that two very sharp attenuation peaks apand its low condensation.
pear both in mod®,,-2 and in modeB,4-3 below 30 K, see (i) The elastic constants determined in this work yield the

Fig. 3. However, peak 2 is' clearly shifted in tempergtureDebye temperatur® =819 K and the intermediate cou-
betweerB,,-2 andB,g-3. A third peak marked ¢ appears in - pling constant\ ~0.76—0.89 with the isotropic McMillan
modeB,4-2, but is absent iB,y-3. These findings make it 5rmula.

difficult to interpret our results at this stage. Currently we are (iii) In the temperature behavior of ultrasonic attenuation,

investigating the possibility that the peaks are linked to the[WO anomalous peaks were observed
superconducting state. At the same time we have to exclude '

effects due to sample porosity. One of the authors, T.1., thanks Dr. S. Miyadt&oto Uni-
In conclusion, we have examined the elastic property andrersity) for the valuable discussions and comments.
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