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Theoretical study of electron-phonon interaction in ZrB, and TaB,
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Using full-potential, density-functional-based methods we have studied electron-phonon interaction in ZrB
and TaB in P6/mmmocrystal structure. Our results for phonon density of states and Eliashberg function show
that the electron-phonon coupling in Zrid much weaker than in TgBIn particular, we find that the average
electron-phonon coupling constanis equal to 0.15 for ZrBand 0.73 for TaB. The solutions of the isotropic
Eliashberg gap equation indicate no superconductivity for,Zy& a superconducting transition temperature
T, of around 12 K for TaB with u* ~0.16.
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. INTRODUCTION TaB, in P6/mmmecrystal structure. We have calculated the
electronic structure of ZrBand TaB with experimental lat-
The search for superconductivity in the transition-metaltice constants® a and c, as given in Table I, using full-
diborides ZrB and TaB has proven to be elusive since the potential linear muffin-tin orbital(LMTO) method. For
first reports of superconductivity in ZgBRef. 1) and TaB  studying the electron-phonon interaction we used the full-
(Ref. 2 with superconducting transition temperaturEs  potential linear-response program of Savraso¥to calcu-
=5.5 K andT,=9.5 K, respectively. The subsequent experi-late the dynamical matrices and the Hopfield parameters,
mental effortd* to make ZrB and TaB superconducting by Which were then used to calculate the phonon DBG»),
applying external pressure and/or hole doping have als#1€ electron-phonon coupling, including the partial\,
proven to be futile. Such an outcome for ZrBnd Tag  and the Eliashberg functiony’F(w), for ZrB; and TaB.
seems somewhat surprising given that under similar condioubsequently, we hgv?lsnumerlcally solved the isotropic
tions NhB, (Ref. 3 and Mg, oiZro 088, (Ref. 5 are found to Eliashberg gap equation _ for a range ofu : the Coulomb
superconduct with,=8.5 K andT.=5.9 K, respectively. pseudopotential, to obtain the corresponding superconduct-

; . ipg transition temperaturé. .
To be able to understanq Fhe supercqndqctlng proper'ueg' Based on our calculations, described below, we find that
or thereof lack of the transition-metal diborides ZrBnd

e . . the electron-phonon coupling in ZgBs much weaker than in
.TaBZ within the conventional BCS theory of sup.ercondlljctlv.— TaB,. In particular, we find that the average electron-phonon
ity one needs to know the electron-phonon interaction in

h | icul h h of the el coupling constanh is equal to 0.15 for ZrBand 0.73 for
these sy_stems._ n Pa”'cu ar, the strength of the € ectronTaBZ_ The solutions of the isotropic Eliashberg gap equation
phonon interaction in ZrB and TaB, as reflected in the

, indicate no superconductivity for ZgBbut a superconducting
average electron-phonon coupling constentan be used to  transition temperatur@, of around 12 K for TaB with x*
predict the possibility of superconductivity in the diborides. _q 146

Experiments, based on point-contact spectrosédydicate
N\ to be less than 0.1 for both ZgBand TaB, and thus
preclude the possibility of superconductivity in these di- Il. THEORETICAL APPROACH AND COMPUTATIONAL
borides. Here, we like to point out that the experimental DETAILS
determination of\, as carried out in Refs. 6,7, is more reli-
able for ZrB, than for TaB.

Previous theoretical estimates)of® based on only zone-
center sampling of the electron-phonon matrix elements, als
indicate ZrB, and TaB to have a weak electron-phonon cou-

Within  Migdal-Eliashberg  theory of supercon-
ductivity,***first-principles calculations of superconducting
roperties require the knowledge @f the ground-state elec-

ronic structure,(ii) the vibrational spectrum, andii) the
electron-phonon matrix elements of the solid. The phonon

pling with A<0.2. However, it turns out that in the i
transition-metal diborides the estimateshobased on zone- spectrum and the electro_n-phonon matrix elements are then
used to calculate the Eliashberg functions from which the

center sampling of the electron-phonon matrix elements cor- . . .
responding to the optical,§ mode is not reliabl@°Thus, a superconducting properties of the materials can be calcu

detailed analysis of the electron-phonon interaction using é\ated' In particular, by solving the fully anisotropic or the

more representative Brillouin zone sampling of the electron- _ .

phonon matrix elements is clearly needed to better under- ABLE I. The experimental lattice constants for Zrénd TaB
stand the lack of superconductivity in ZsBand TaB. The  US€d in the calculations.

present work is a step in that direction.

Using density-functional-based methods we have studied Alloy aaw c/a
(i) the electronic structurdji) the phonon density of states ZrB, 5.992 1.1142
(DOY), (iii) the electron-phonon interaction, afid) the so- TaB, 5.826 1.0522

lutions of the isotropic Eliashberg gap equation for Ze®d
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isotropic gap equation the superconducting transition tem-

perature can be calculated.

The density-functional theory provides a reliable frame-

work for implementing from first principles the Migdal-
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Allog)= X

n’

fo S(n,n")A(iwp) (6)

to obtain the superconducting properties such as the super-

Eliashberg approach for calculating the superconductingonducting transition temperatufe . The functionS(n,n’)
properties of metals as outlined above. Such an approach hgseq in the gap equation is defined by

been implemented by Savrasov using the LMTO formalism

and the linear response method, the details of which are

given in Refs. 11,12. In the following, we briefly outline the

approach used in the present calculations. We follow the no-

tation used in Refs. 11,12.

S(n,n")=N(N—n")— u* = 8,y D SnSyA(N—n") (7)

n

andf,=1/2n+1| with s, representing the sign a$,,. The

We calculate the ground-state electronic structure of thelectron-phonon coupling(v) is given by

transition-metal diborides ZeBand TaB using the full-
potential linear muffin-tin orbital method in the generalized-

gradient approximation of the density-functional theory. The

linear-response approach is used to evaluate the dynamical
matrices and the electron-phonon matrix elements within the
density-functional theory as implemented using the LMTO
formalism. It amounts to self-consistently evaluating the

changes in the electronic structure due to atomic displac
ments associated with the phonon modg,. Once the

changes in the wave function, density, and the effective po

tential are known, the phonon density of states

F(w)qu Sw—wg,), (1)
and the electron-phonon matrix elements
ggiqu,kj:<k+(”- ,|5queff|kj> (2

2w

w,2/+ w?

Av)

®

f%dwazF(w)
0

Before describing our results in detail, we provide some
of the computational details which are similar to our study of
the electron-phonon interaction in MgB NbB,, and

CFaf, 109

The charge self-consistent full-potential linear muffin-tin
orbital calculations were carried out with the generalized gra-
dient approximation for exchange correlation of Perdew
et al1®!" and 484k points in the irreducible wedge of the
Brillouin zone. For TaB, the basis set used consistedsop,

d, andf orbitals at the Ta site ang] p, andd orbitals at the B
site. In the case of ZrB we includeds, p, andd orbitals at
the Zr site. In all cases the potential and the wave function
were expanded up g,,,= 6. The muffin-tin radii for Ta, B,
and Zr were taken to be 2.5, 1.66, and 2.3 a.u., respectively.

can be evaluated. The electron-phonon matrix elements can The calculation of dynamical matrices and the Hopfield

be interpreted as the scattering of electron in st&f¢ to
state|k+qj’) due to perturbing potentiad?"Ve¢s, which
arises due to the phonon modyg, . Note that Eq(2) has to

parameters for ZrBand TaB were carried out using a 6
X6X6 grid resulting in 28 irreducible points. The Bril-
louin zone integrations for charge self-consistency during

be corrected for the incomplete basis set as described in Rdfnear-response calculations were carried out using a 12
11. From the electron-phonon matrix elements we can calcuX 12X 12 grid ofk points. The Fermi surface was sampled

late the phonon linewidthy,,, ,

— q 2
Yar= waqykz’ |gk:qj f,kj| o €kj— €r) O €k+qj’ — €F).
11

)

Occasionally, it is useful to define a phonon mode dependent

electron-phonon coupling, as

_ Yqv
WN(SF)MSV,

(4)

Ngw

whereN(eg) is the electronic density of states at the Fermi

energy. Now we can combine the electronic density of states

phonon spectrum, and the electron-phonon matrix elemen
to obtain the Eliashberg functiomF () defined as

1
27TN(EF)

Yav

>

qv Wqy

a’F(w)= ©)

d(w—wg,).

more accurately with a 3636 36 grid ofk points using the
double grid technique as outlined in Ref. 12. In case of,]aB
for a couple ofg points we had to sample the Fermi surface
using a 48&48x48 grid of k points to get converged
acoustic-mode frequencies.

Ill. RESULTS AND DISCUSSION

In this section we describe the results of our calculations
of the electronic structure, the linear response, and the solu-
tions of the isotropic Eliashberg gap equation for Zidhd
TaB,. Our results for ZrB and TaB are described in terms
of (i) the DOS,(ii) the phonon density of statéq ), (iii)
the Eliashberg functiom?F (), and(iv) the superconduct-
ng transition temperaturé. obtained from the solutions of

the isotropic Eliashberg gap equation.

A. The density of states

The electronic structure of ZgB(Refs. 8,18 and TaB
(Refs. 4,18,19 has been studied previously. Our full-

Finally, the Eliashberg functions can be used to solve thgotential results for the electronic structure of Ziihd TaB

isotropic gap equatidri °

are in agreement with earlier calculations. For example, in
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FIG. 1. The total density of states of ZrBBnd TaB calculated FIG. 3. The Eliashberg functioa?F(w) of ZrB, and TaB

using the full-potential linear muffin-tin orbital method as described

: ] e > calculated using the full-potential linear-response method as de-
in the text. The vertical dashed line indicates the Fermi energy.

scribed in the text.

Fig. 1 we show the total densities of states for ZeBd TaB  motion of the transition-metal atoms Zr and Ta, respectively.
calculated at the experimental lattice constants using the fullyote that the shift of the first region in the phonon DOS
potential LMTO method as described earlier. The agreemenpards lower frequency for TaBin comparison to ZrB is
with earlier calculations of the densities of states for ZrB gye to the higher mass of Ta. In the second region, the pho-
(Ref. 8 and TaB (Rgf. 4 is excellent. We find that the total non DOS around 60—70 meV in ZsBTaB,) results from
DOS at the Fermi energy is equal to 332Ry and  the coupled motion of Z(Ta) and the two B atoms. How-
12.52st/Ry for ZrB, and TaB, respectively. In ZrB, the  eyer, the peaks in the phonon DOS at 78 meV inZaBd 75
relatively low DOS at_the_Ferm| energy leads to a weakmey in TaB, correspond to the in-plane B-B motion. The
electron-phonon coupling in this system. However, at thghonon DOS in the third region, which extends from 94 meV
Fermi energy thed electrons are present in substantial o 102 meV in ZrB and from 100 meV to 107 meV in TaB
amount in both ZrB and TaB, indicating a more active role regyits from the displacements of all the three atoms. Not
for Zr and Ta atoms in determining the lattice dynamical aSsyrprisingly, the phonon DOS of ZgBand TaB are similar
well as the possible superconducting properties of these di, the phonon DOS of NbBif we make allowance for the

borides. difference in the masses of the transition-metal atdins.

B. The phonon density of states C. The Eliashberg function

In Fig. 2 we show the phonon DOBS(w) of ZrB, and

TaB, calculated using the full-potential linear-response PrOstrengths of the electron-phonon interaction in Zrénd

gram as described earlier. As is clear from Fig. 2, the phonoRg i order to better understand the lack of superconduc-
D.O_S for b‘?th Zrg and TaB can be §eparated Into three tivity in these diborides. To this end, we show in Fig. 3 the
dlstlnct regions. Based on our analysis qf the e'genveCtor%liashberg function®F () of ZrB, and TaB calculated as
we find that the first region, with a peak in phonon DOS alyescribed earlier. A comparison @i?F(w) of ZrB, and

32 meVin ZrB, and 22 meV in TaB, is dominated by the a5 shows that the electron-phonon coupling in ZrB

much weaker than in TaB In particular, the average

The main purpose of the present study is to examine the

0.6

T T electron-phonon coupling constait is equal to 0.15 for
0.4k 2] | ZrB, and 0.73 for TaB.
From Fig. 3, we also see that in the case of ZitBe
o2k i phonon mode with peak at 78 meV, which corresponds to the
in-plane B-B motion, couples to the electrons more than the

2

F(®) (st./meV)
=
==

=]
N
T

E

T the phonon mode corresponding to the displacements of the
. transition-metal atom Ta, with a peak at 22 meV, which
couples more strongly to the electrons. Such a change in
T a’F(w) clearly indicates a more active role for the
transition-metal atoms in deciding the normal as well as the
superconducting statéf any) properties of the transition-

<
"y
T

! f ; i phonon mode with peak at 32 meV. However, in JaBis

1

T
1
1 L
0 20 40 60 80 100 120

w(meV) . .
metal diborides.
FIG. 2. The phonon density of staté§w) of ZrB, and TaB To highlight the contribution made by the transition-metal
calculated using the full-potential linear-response method as deatoms to the electron-phonon coupling in the transition-metal
scribed in the text. diborides, we show in Fig. 4 the electron-phonon prefactor
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FIG. 5. The superconducting transition temperatlifeas a
FIG. 4. The prefacton®(w) of ZrB, and TaB calculated using  function of u* for TaB, as obtained from the isotropic Eliashberg
the full-potential linear-response method as described in the text. gap equation.

a?(w), defined as the rati@?F(w)/F(w), for ZrB, and  superconductivity has been foundexcept for Ref. 1 Al-
TaB,. A comparison of the prefactow?(w) of ZrB, and  though our calculated value; asz(.w) and con;equ_ently
TaB, over their respective modes, as shown in Fig. 4, concan be improved upon by including mote points in the
firms the enhanced contribution of transition-metal atoms irinear-response calculations but it is unlikely to change the
TaB, in comparison to ZrB. Note that in ZrB and TaB the ~ main conclusions of the present work. Thus, the reasons for
phonon modes corresponding to the in-plane B-B motiorihe lack of superconductivity in TgBneed to be explored
have peaks in the range of 75—80 meV. further.

Our calculateda®F(w) for ZrB, agrees with the point-
contact spectroscopy results of Refsz- 6,7. However, in our g convergence of phonon density of states, Eliashberg
opinion, the experimentally obtainedF(w) for TaB, in function and superconducting transition temperature
Ref. 7 is underestimated, and it is in disagreement with the i o . ,
present result. In Table Il we have listed the Hopfield param- T he first-principles study of superconducting properties of
eter », the electron-phonon coupling constant and the solids as carried out above is computationally demanding. In

various averages of the phonon frequencies for ,ZaRd particular, the requirement of electronic self-consistency for
TaB, 2 phonon wave vectay and moder makes the computational

effort prohibitive unless one makes a judicious choicegyof
vectors. However, one must ensure that the calculated results
are converged with respect to the numberqo¥ectors. To

The possibility of superconductivity in ZgBand TaB demonstrate the convergence of our calculated phonon den-
within the present approach can be checked by solving nusity of statesF(w), Eliashberg functionsy®F(w), and the
merically the isotropic gap equatih'® using the calculated superconducting transition temperatlig, we have carried
Eliashberg functionv®F (w). The results of such a calcula- out two sets of calculations using the double-grid technique
tion for TaB, are shown in Fig. 5 for a range of values of as outlined in Refs. 11,12. We have used twarids (i) a
p*. From Fig. 5 we find that fou* =0.16 theT, for TaB,  4X4Xx4 grid with 12 irreducibleg-points and(ii) a 6X6
is equal to~12 K. A similar calculation for ZrB using the X6 grid with 28 irreducibleq points. All the results de-
calculated Eliashberg function yields &, of less than

D. The superconducting transition temperature

10_5 K. o9F 1 T T T ]

Our results show that ZrBis unlikely to show supercon- ’ :
ductivity, in agreement with experimerf§In addition, the 0.6 . : 8
calculated Eliashberg function for Zgeagrees well with the & '
corresponding Eliashberg function obtained from point- g 0-3r ’
contact spectroscopy. However, our calculations predict 2 8
TaB, to superconduct with ar,~12 K but so far no B 09F

S

TABLE Il. The calculated Hopfield parametey, the average 06
electron-phonon coupling constaxt the root-mean-squar@, s, 0.3F
and the logarithmically averaged,, phonon frequencies for ZgB .
and TaB. 0 60 80 100 120

o(meV)
2

Alloy 7 (mRyfa.Lr) » @rms (K) o (K) FIG. 6. The phonon density of statéw) of ZrB, and TaB
ZrB, 76 0.15 734 585 obtained with 12q points (dotted ling and 28q points(solid line)
TaB, 279 0.73 593 356 using the full-potential linear-response method as described in the

text.
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FIG. 8. The superconducting transition temperatlifeas a
FIG. 7. The Eliashberg functioa®F (o) of ZrB, and TaB function of u* for TaB, as obtained from the isotropic Eliashberg
obtained with 12 points(dotted ling and 28q points(solid line) gap equation. The dashed and the solid lines correspond to the
using the full-potential linear-response method as described in thealculations done with 12 and 2Bpoints, respectively.

text. . .
not change appreciably between the two sets of calculations

(N changes by~0.01 for ZrB, and ~0.005 for TaB).

scribed so far correspond to the second grid witly2®ints. As F(w) and «’F(w) do not change significantly be-
Below we show a comparison ¢f(w), «’F(w), and T,  tween the two sets of calculations, we do not expect a sig-
calculated using the two grids with 12 and g&oints, re-  nificant change in the solutions of the isotropic gap equation.
spectively. Consequently, the calculatdd should be similar in the two

In Fig. 6 we compar€ (w) calculated using the two grids cases. In Fig. 8, we show tfig obtained for the two sets of
with 12 and 28q points, respectively. In general, dynamical calculations, and the diff_erence of_ less than 1° K between
matrices and consequently the phonon spectrum do not rdbe twozsets of calculations confirms the convergence of
quire a very finek mesh for convergence. However, the in- F(0), «°F(w), andT,.
crease in the number of points has understandably reduced
the peak heights ab approximately equal to 30 meV, 75 V. CONCLUSIONS
meV, and 95 meV for ZrB and 20 meV, 70 meV, and 100  We have studied electron-phonon interaction in Ze®d
meV for TaB.. TaB, in P6/mmm crystal structure using full-potential,

The convergence af?F () is shown in Fig. 7, where we density-functional-based methods. we find that the electron-
have plottedx®F (w) calculated using the two grids with 12 phonon coupling in ZrB is much weaker than in TaB In
and 28q points, respectively. For ZrBthe differences are particular, we find that the average electron-phonon coupling
small in magnitude except at around 20 meV, while for 7aB constant\ is equal to 0.15 for ZrBand 0.73 for TaB. The
the effects due to small number gfpoints are reduced with solutions of the isotropic Eliashberg gap equation indicate no
the use of the 2§-point grid. We also see that the integrated superconductivity for ZrB but a superconducting transition
values such as the electron-phonon coupling constadd  temperaturel . of around 12 K for TaB with u* ~0.16.
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