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Electronic structure of superconducting compoundsh-ZrRu X (X=P,As,S)
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The electronic energy-band structures of orderedPFRgpe intermetallic superconducting compounds
ZrRuX (X=P,As,Si) have been calculated by the full-potential linearized augmented plane-wave method
within the local-density approximation. The calculated density of states at the FermDIg&g) is very close
to the experiment. An increase of about 4% in the of Ru-Ru distance in ZrRuP causes a 20% increase in
D(Eg), which demonstrates the importance of the Ru-Ru distance in the electronic structure ¥f Zititsi
is reflected in the electronic structure of ZrRuAs. The calcul@¢Hg) of ZrRuSi is about one-half that of
ZrRuP.
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I. INTRODUCTION This paper is organized as follows. The method of calcu-
lation is described in Sec. Il. We present the results of the

Several phosphide or arsenide intermetallic compoundsnergy-band structure, the density of states, and Fermi sur-
have been studied since the discovery of superconductivitfaces, and provide some discussion in Sec. IIl. Finally, con-
in ZrRuP! Now a variety of compoundsTT'X (T clusions are given in Sec. IV.
=Ti,Zr,Hf,Mo; T' =Ni,Ru,0sX = Si,Ge,P,As}° has been
found. Some of these compounds are superconducting above
10 K, and the highest, is ~16 K in MoRuP? Three differ- Il. METHOD OF CALCULATION

ent structural types are known for these compounds, namely, The scheme we used in these calculations is the standard
the FeP-type hexagonal structur@{TT'X), the CoP-type  FLAPW method. The present energy-band calculation was
orthorhombic  structure o-TT'X), and the TiFeSi-type performed using the computer coglensalos. For handling
orthorhombic structure’-TT’'X). In spite of the rather the space group we used the codepace®® For the
high T, for an intermetallic compound, the observed specificexchange-correlation potential we adopted the local-density
heat shows that the density of states at the Fermi |eV%pproximation(|_DA), in accordance with Gunnarson and
D(Eg) of h-ZrRuP is not so high, i.e., only about 0.74 |undqvist'* The space group, lattice constants, fractional
states/eV atom’ atomic coordinates, and other parameterfi-drRuX used

_An electronic band-calculation study using the extendedn the calculation are presented in Table I. At each self-
Huckel tight-binding method forh-ZrRuP, o-ZrRuP, and
h-ZrRuSi has been performed by Sefal ** They obtained a
considerably smaller value foD(Eg), i.e., 0.21 states/
eV atom forh-ZrRuP. In this paper, we show that the full-
potential augmented plane-wavELAPW) approach gives
leads toD (Eg) of 0.79 states/eV atom, and also gives some-
what different Fermi surfaces. In this paper we focused on
the superconducting compounds having the hexagonal struc-
ture h-ZrRuX (X=P,As,Si), in order to compare the elec-
tronic structures in this series. All these three compounds
have aT, of 12—13 K.

The crystal structure di-ZrRuX is shown in Fig. 1. We
specify the atomic positions for the-ZrRuX (X=P,As,Si)
compounds in Table I. In this structure, thér;X(1)] and
[RuzX(2),] layers are alternately stacked along treis. In
the[Zr3X(1)] layer, each ZgX(1) triangle cluster is isolated
from others. In thd RuzX(2),] layer, the three Ru atoms
form a Ry triangle cluster, and th&(2), form a honey-
comb network. However, the in-plan€2)-X(2) distance is
3.85 A, whereas the in-plane RX{2) distance is 2.53 A
(both for ZrRuB, and thus the in-plane bonding is not so
strong. In fact, the interlayer R¥{1) bond length is 2.42 A
in ZrRuP, which is longer than the above R{2) bond
length. In spite of the layered structure, it is difficult to pre-
dict the dimensionality of the electronic properties due to the FIG. 1. Crystal structure ofi-ZrRuX in the ab plane with (a)
strong interlayer interaction. z=0 and(b) z=c/2. Each Ru atom irfa) forms a Ry triangle.
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TABLE I. Crystal structure and parameters lofZrRuX com-
pounds used in the calculation.

Crystal structure: Ordered B structure

r
Space group:  22B5,2P~62m J
ZrRuP* ZIRUAS ZrRuSf at
Lattice constants a=6.459A a=6.586 A a=6.6838 A
M(Y) K
c=3.778 A ¢=3.891A ¢c=36717A ]
Zr 3g site x=0.585 x=0.584 x=0.580 M
Ru 3f site x=0.235 x=0.245 x=0.248 bx| &
X(1) 1b site K M(Y)
X(2) 2c site r a

%Reference 1.
bReference 2.
‘Reference 12.

FIG. 3. Reciprocal lattice vectors and the notation of the
consistent step, the core states are reconstructed from tipeints on thek,=0 plane ofh-ZrRuP. Thea*h1 anda*h2 are the
potential(relaxed corg The calculations of these core statesusual hexagonal reciprocal lattice vectors. Hie andb* o are the
and the valence states are carried out by the scalar-relativistR@dy-centered orthorhombitbco) reciprocal lattice vectors. For
schemé&?® We took the muffin-tin(MT) sphere radii of each these two basis sets, the first Brillouin zone is identitalth are

atom as 0.18 for Zr and Ru, and 0.1@bfor X, wherea
denotes the lattice parameter; see Table I.

Inside the MT spheres, the wave functions were expande
in terms of spherical harmonics with the angular momentum
I=<7. For the charge densities and potential the angular mo-
mentum expansioh<4 was used. The basis functions with
the wave vectotk+ G|<K,,=6.42(2m/a), wherek is a

hexagons The notations are for hexagonal lattice, except for the
(Y) point which means th&(0,1,0) and(1, 0, O point of the bco
@ttice.

wave vector in the Brillouin zone an6 is a reciprocal- 800 — T
lattice vector used, resulted in about 900 basis LAPW's. The 1l Z(RUP
self-consistent potentials are calculated akljoints in the ] T e U B R Ahaii
irreducible Brillouin zone[(IBZ) %th of the BZ. As for ‘°°k/\' or N — total
ZrRuP, we used 4@ points in the same IBZ to get further _ % sow- —a
convergence of the potential in order to discuss the detail of & 200 | LA T =
the bands. The difference between the eigenenergies of these 7 0% 0% o om qm om
two potentials is of the order of 1 mRy, and the obtained g
w — .
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A T MK T X AR S a FIG. 4. Calculated density of stat¢éBOS) curve for h-ZrRuP

(in states per Rydberg and per unit cell containing three ZyRuP
FIG. 2. Energy-band structure bfZrRuP. The Fermi energy is The inset shows the blowup of the DOS curve arolidfor x
denoted byEf. =0.235(left pane), and forx=0.245(right pane).
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density-of-states curves are almost identical. Final eigen- The overall band structure looks similar to the result by
states are obtained at 171 points in the same IBZ. The derSeoet al,'! however, the DOS at the Fermi levBl(Eg) is
sity of stategDOS) is deduced from the final eigenstates by 86.7 states/Ry unit celthree ZrRul, which is considerably
the ordinary tetrahedron method. We have checked that thgigher than their value of 25.7 states/Ry u.c. The experimen-
finer mesh(549k points in the same IBZgives DOS values  tal value derived from specific-heat measurement is 93.0
of h-ZrRuP anch-ZrRusSi differing only within 5%. We have  states/Ry u.c which is in striking agreement with our cal-
used this finer mesh in order to draw the Fermi surfacegulated result. We have also obtained BE¢) of h-HfRuP
(FS’s) of ZrRuP and ZrRusSi. as 101.2 states/Ry u¥ which again agrees very well with
the experimental valu¥. We note that this value is even
higher than that of elemental RWD(Eg)=14.3 states/Ry
atom,T.= 0.5 K], since in ZrRuP there are three f.u. per unit
The energy-band dispersion bfZrRuP along the princi- cell and the P atom hardly contributes to théEg). The
pal symmetry axes in the Brillouin zone is shown in Fig. 2. partial DOS of Ru 4l states aEg is 11.4 states/Ry Ru atom,
The Brillouin zone and the notation of the points are  which is comparable to the elemental Ru. Moreover, the in-
shown in Fig. 3. The total and partial density of state§- terstitial contribution toD(Eg) is considerably larger and
sphere-projected DQ%re shown in Fig. 4. The states in the can be compared to the Rual4ontribution. Furthermore, the
energy range of0.1-0.1 and 0.35—-0.55 Ry are mainly ® 3 partial DOS of Zr and Rul states overlap and suggest the
and P 3 orbitals, respectively. Transition-metdlorbitals  valences as 2f (RuPy~ rather than Zt"(RuPY~. We
are rather widely spread in energy, however, roughly speakspeculate that the disagreement between our and tlekeHu
ing, the Ru 41 component dominates in the energy range ofcalculation come from the treatment of the one-electron po-
0.6—0.85 Ry, and the Zrdicomponent is maximum around tential in both calculations. The extendeddiel approach is
0.9 Ry or higher energies. essentially a tight-binding one, and it sometimes underesti-

IIl. RESULTS AND DISCUSSION
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FIG. 6. DOS curve foh-ZrRuAs (in states per Rydberg and per
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unit cell containing three ZrRuAs

FIG. 7. DOS curve foh-ZrRuSi (in states per Rydberg and per

Energy (Ry)

unit cell containing three ZrRugi

mates the transfer integrals for metallic compounds. Thés band in ZrRuAs compared to the Psdandwidth of
nonsphericity of the potential may also enhance the covalerdrRUP. Furthermore, ZrRuP has the smallest Rluster,
nature. In fact, we have tested this hypothesis by an LAPWWith the nearest Ru-Ru distance of 2.63 A, while in ZrRuAs
calculation for ZrRuP, the MT approximation for the poten-and ZrRuSi this value is 2.80 and 2.87 A, respectively. In
tial, and found that the number dfelectrons per site in the order to investigate whether this Ru-Ru distance affects the
Zr MT sphere decreases from 0.4FLAPW) to 0.40 bands near the Fermi levelwe have calculated the band
(LAPW), and in the Ru MT sphere, the numberaflec-  structure of ZrRuP but shifting the atomic coordinate of Ru
trons per site increases from 1.90 to 1.96. (x,0,0 to x=0.245, which would be the typical value of

The FS cross section bfZrRuP is shown in Fig. 5. There otherh-TT'X compoundgsee Table)l The result is shown
are two Fermi surfaces in ZrRuP, and these FS's somewhdt the inset of Fig. 4. Surprisingly, such a small shift in
resemble those of the extended dial result'! These two  atomic position change3(Eg) from 86.7 x=0.235) to 118
surfaces contain 1.8@5th band and 1.17(26th band elec-  (x=0.245), where the whole DOS shape is almost un-
trons. Clearly there is a portion of one-dimensio(fdd) FS  changed(not shown in the figure A prominent feature is
atk,~ = 15/4&*, especially for the 25th band. And we can that inh-ZrRuP (x=0.245) the DOS has a single-peak struc-
see that this portion remains when the Fermi energy idure nearEg as in h-ZrRuAs, whereas inh-ZrRuP
slightly shifted, which means that the one dimensionality of=0.235) this peak is split into two peaks. Thus our calcula-
this portion of the FS does not collapse under small changei$on suggests that the short Ru-Ru distance plays an impor-
in Er. Thus we can safely develop a discussion on the hidtant role in the superconductivity in ZrRuP, through the
den Fermi surface¥, which have already been pointed out creaseof D(Eg). However, the total energy ¢fZrRuP for
by Seoet al** However, the details of the FS are different x=0.245 is higher than=0.235 by 18 mRy(i.e., 2900 K,
between the previotsand the present calculations, and thewhich may not be realized by moderate hydrostatic pressure.
Fermi surface measurements, such as de Haas—van Alph&mobably this is the reason why the observed pressure depen-
experiments, are highly desirable. dence ofT, (dT./dP) is small*®

The total and partial density of statedT-sphere- The total and partial density of statedT-sphere-
projected DO$of h-ZrRuAs are shown in Fig. 6. Apparently projected DO$ of h-ZrRuSi are shown in Fig. 7. Since the
the overall band structure is almost the same as the isoeleS&i 3s and Si J levels are higher than Ps3and P 3,
tronic h-ZrRuP; howeverD(Eg) is as high as 131 states/ respectively, these states are more hybridized with Ru 4
Ry u.c. This is mostly due to the DOS having a sharp peak irand Zr 4d states. This is seen in the wider bandwidth of the
the case of ZrRuAs. For both compounds, the main part oSi 3s than in the P 3 bandwidth. The totaD(Ef) is 59.3
the D(Eg) comes from the Rul component. ZrRuAs has a states/Ry u.c., which is about half that bfZrRuP. This
slightly larger unit cell, especially theeaxis (about 3% larger  value is again larger than the result of Seaal,** however
than in ZrRuB. This causes a smaller bandwidth of the Asthe discrepancy is not so large. The shape of DOS Beaf
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ZrRuSi is similar to that of ZrRuP and ZrRuAs, but since theelectron pocket around thi€¢ point disappeared. Neverthe-
number of valence electrons is one less per f.u. than ifess, the rigid-band model from ZrRuP mostly works well for
ZrRuP and ZrRuAsD(Eg) is not at the sharp peak. Note describing the FS's of ZrRuSi. Another FS appears in
that the number of the electrons in the MT sphere in ZrRuP N-ZrRuSi due to the shift oEr (see Fig. 8 This FS contains
and ZrRuSi is 1.36 and 1.37 per Zr site, respectively. Thisk:08 electrons, and does not have 1D nature. In total, the one
shows that even in ZrRuSi, the ionic description dimensionality of the FS’s of ZrRuSi is smaller than that of

Zr3* (RuSi®~ works well, as was shown before for ZrRuP, <"
The Fermi surfaces ofi-ZrRuSi can already be under- V. CONCLUSIONS
stood by the rigid-band model from ZrRuP. Due to the num-

ber of valence electrons being three less per unit cell than i& In this paper, the electronic energy-band structure has

. . een calculated foh-ZrRuX (Z=P,As,Si) by the FLAPW
ZrRuP, the number of electrons contained in the 25th an ethod within LDA. The calculated density of states at the

26th bands is reduced to 0.49 and 0.44, re;pecti[m;je Fermi energy agrees very well with the experimental value.
Figs. 5a) and 3b)]. The shapes of one-dimensional FS's arepainly the Ru 41 states contribute near the Fermi level for

sustained for ZrRuSi and can mostly be described by th@-zrRux (z=P,As,Si). The one dimensionality shows up in
rigid-band model, namely, by shiftinge from the bands of the Fermi surfaces found in ZrRuP and ZrRuSi. The density
ZrRuP. The necessary shift &, however, does not corre- of states at the Fermi energy is very sensitive to the in-plane
spond to the removal of three electrons per unit cell. This isku-Ru distance.

probably due to the small contribution of P andSstates

near the Fermi level. However, the details of FS of the 25th ACKNOWLEDGMENTS

band in ZrRuSi are slightly different from the rigid-band  \ye thank I. Shirotani for encouraging this work and for
model from ZrRuP. In the right panel of Fig(eh the energy  yseful discussions. We are also grateful to H. Bando for
at the Y point is actually aboveEg for the 25th band of stimulating discussions. Numerical computations were
ZrRuSi, thus the electron pocket around tkepoints are  mainly performed at the Tsukuba Advanced Computing Cen-
mutually connected. For the 26th band of ZrRusSi, the smalter at the Agency of Industrial Science and Technology.

*Present address: Nanoelectronics Research Institute, AIST, Kanoda, Phys. Rev. B2, 6197(1995.
Tsukuba, 305-8568, Japan. Email address: i.hase@aist.go.jp  'I. Shirotani, Y. Konno, Y. Okada, C. Sekine, S. Todo, and T. Yagi,
1H. Barz, H. C. Ku, G. P. Meisner, Z. Fisk, and B. T. Matthias,  Solid State Commuril08 967 (1998.

Proc. Natl. Acad. Sci. U.S.A77, 3132(1980. 8]. Shirotani, K. Tachi, Y. Konno, S. Todo, and T. Yagi, Philos.
2G. P. Meisner, H. C. Ku, and H. Barz, Mater. Res. BB, 983 Mag. B 79, 767(1999.
(1983. %]. Shirotani, M. Takaya, |. Kaneko, S. C. Sekine, and T. Yagth
3G. P. Meisner and H. C. Ku, Appl. Phys. A: Solids St81, 201 International Symposium on Superconductiviorioka, 1999,
(1983. (unpublishegt
4G. P. Meisner, Phys. Letf6A, 483 (1983, 10G. R. Stewart, G. P. Meisner, and H. C. Ku,Snperconductivity
5|. Shirotani, K. Tachi, N. Ichihashi, T. Adachi, T. Kikegawa, and in d- and f-band Metalsedited by W. Buchel and W. Weber
0. Shimomura, Phys. Lett. 205, 77 (1995. (Kernforschungszentrum, Karlsruhe, 198@. 331.

1p.-K. Seo, J. Ren, M.-H. Whangbo, and E. Canadell, Inorg.

I. Shirotani, K. Tachi, K. Takeda, S. Todo, T. Yagi, and K. Chem.36, 6058(1997.

174507-5



IZUMI HASE PHYSICAL REVIEW B 65 174507

2y Johnson and W. Jeitschko, J. Solid State Chem.121  '°D. D. Koelling and B. N. Harmon, J. Phys. € 3107 (1977.

(1972. 18|, Hase(unpublishel
13A. Yanase, FORTRAN Program For Space Group(tspace M.-H. Whangbo, E. Canadell, and P. Foury, Scie&2 96
(Shokabo, Tokyo, 1995in Japanese. (1991.

184, Salamati, F. S. Razavi, and G. Quirion, Physic2@2 79

0. Gunnarson and B. I. Lundqvist, Phys. ReviB 4274(1976. (1997

174507-6



