
99

PHYSICAL REVIEW B 67, 144523 ~2003!
Structure and electronic properties of the orthorhombic MoRuP superconductor prepared
at high pressure
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The orthorhombic superconductor MoRuP (o-MoRuP) was prepared under high pressure, and its structure
was refined using the x-ray Rietveld technique. The grayish-black sample ofo-MoRuP is a superconductor
with Tc515.5 K and having space groupPnma and lattice parametersa56.03503(16) Å, b
53.85311(8) Å, andc56.94355(17) Å,V5161.463(7) Å.3 The structure ofo-MoRuP is characterized by
layers~parallel to theac plane! of Mo, Ru, and P atoms. Based on the accurately determined crystal structure,
the band structure and the density of states~DOS! of o-MoRuP were calculated by a first-principles density-
functional method and compared with those of the isostructural superconductoro-ZrRuP (Tc54 K). It is
shown that the highTc in o-MoRuP is directly related to the higher level of the DOS at the Fermi level (EF)
and is traced to be predominantly from the Mo 4d orbitals. The calculated values of the DOS atEF are 0.46
and 0.33 states/eV atom for the Mo and Zr analogs, respectively. The electronic bonding in these two crystals
is analyzed in terms of the Mulliken effective charge and the bond order values. The bonding ino-MoRuP
differs from that ino-ZrRuP in that there is a short~2.44 Å! Mo-P bond. The x-ray reference pattern of
o-MoRuP prepared using a Rietveld decomposition technique has been submitted to the International Center
for Diffraction Data to be included in the Powder Diffraction File.
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I. INTRODUCTION

Various ternary transition compounds with chemical fo
mula of TT8X ~whereX represents Si, Ge, and P and whe
T and T8 represent 3d, 4d, and 5d transition metals! have
been investigated since the 1960s.1–11 In TT8X, T is conven-
tionally to the left ofT8 in the periodic table. In recent year
the phosphides and silicides received increased attention
cause of the interesting superconductivity properties.12–18

There are two structure types forTT8X, both of which are

layer structures. The first structure type is hexagonalP6̄m2
(Fe2P type!. Representative examples areMRuP (M
5Ti,Zr,Hf,Mn), MOsP (M5Ti,Zr,Hf), MNiP (M
5Mn,Fe,Co,Mo,W), MRhP (M5Cr,Mn), CrPdP, and
CaAgP.1–7 The second structure type is referred to as
anti-PbCl2 type ~or Co2Si), which has the orthorhombi
space groupPnma. Examples are TiRuP, TiPdSi, MnRhS
ZrFeGe, ZrRhGe, and NbRhGe.4,11–15 The orthorhombic
phase transforms to the higher-symmetry hexagonal form
high temperatures and pressures.8 We will refer these two
phases aso-TT8X andh-TT8X, respectively.

As the powder x-ray diffraction technique is of prima
importance for phase characterization, extensive cove
and accurate reference diffraction patterns of the super
ductor and related phases in the Powder Diffraction Fil19

~PDF! are essential for the superconductivity research co
munity. Furthermore, accurately determined crystal struc
including the atomic positions enables theoretical calcu
tions of the electronic structure. A goal of this investigati
is to supplement the reference diffraction patterns and cry
structures of o-MoRuP by using the x-ray Rietveld
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method.20–22 In addition, the electronic structure o
o-MoRuP is calculated and compared to isostructu
o-ZrRuP in order to explain the significant difference in the
superconducting temperatures. Past investigations on the
perconducting properties of theTT8X alloys seem to indicate
that those alloys havingTc above 10 K tend to be in the
h-TT8X group. Alloys in the orthorhombic phase genera
have lowerTc of less than 5 K. Arguments had been ma
that this is probably due to the different layered structures
the hexagonal and orthorhombic phases that resulted in
ferentT-T andT8-T8 connectivity.10 It is therefore significant
that the newo-MoRuP can haveTc as high as 15.5 K.17,18A
sound explanation of this difference requires detailed inf
mation on the electronic structures of these alloys, which
the second goal of this investigation. In the past, most of
explanation for the difference inTc in TT8X alloys was
based on indirect evidence such as the number of elect
per crystal and the Mo-Mo interatomic bond distanc
etc.17,18To our knowledge, no rigorousab initio calculations
of the band structures of these crystals have been perform
Seo et al. had calculated electronic structure ofh-ZrRuP,
o-ZrRuP, andh-ZrRuSi using extended Hu¨ckel method,23

which is of limited accuracy. In this paper, we present t
results of first-principles calculations of the electronic stru
ture of o-MoRuP based on the newly refined structure.
similar calculation ono-ZrRuP (Tc;4 K) is also carried out
using the structure determined by Mulleret al.10 By compar-
ing the results of these two crystals, we can delineate
subtle difference in the structure and bonding of the t
crystals, identify the factors that lead to the differences
Tc , and shed some light on the nature of superconducti
in the TT8X alloys in general.
©2003 The American Physical Society23-1
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The paper is organized as follows. We first describe
experimental determination of the crystal structure in Sec
The results of theoretical calculations are presented in S
III. Finally, a brief section on comments and perspectives
given in the last section.

II. EXPERIMENT „REF. 37…

A. Sample preparation and superconductivity measurements

The preparation of theo-MoRuP sample at high tempera
ture and pressure has been presented before.17 A wedge-type
cubic anvil high-pressure apparatus was used. The sam
assembly for the preparation of the compounds is simila
that of the synthesis of black phosphorus.24 The starting ma-
terials were placed into a crucible made of boron nitr
~BN! and with the graphite heater was inserted into the
rophyllite cube. Theo-MoRuP sample was prepared by rea
tion of stoichiometric amounts of the powders of Mo, R
and P at a pressure around 4 GPa. The reactions were ca
out at a temperature between 1200 and 1700 °C.

Superconductivity measurements were conducted usi
superconducting quantum interference device~SQUID! mag-
netometer. The sample was cooled from 100 to 2 K in an
applied field of 800 A/m~10 Oe! and some of these resul
have been reported previously.17,18

B. X-ray Rietveld refinements

For the x-ray diffraction measurement, theo-MoRhP
powder was mounted in a zero-background quartz ho
with double-sided adhesive tape. A Scintag PAD V diffra
tometer equipped with an Ortec intrinsic Ge detector w
used to measure the powder patterns~Cu Ka radiation, 40
kV, 30 mA! from 3° to 140° 2u in 0.02° steps, counting fo
10 s per step. All data processing and Rietveld structu
refinements20,21 were carried out using the General Structu
Analysis System.22 The reported structure13 of o-ZrRuP was
employed as a starting model for refinement. Included in
refinements were the atomic coordinates~with fixed isotropic
displacement coefficients!, a scale factor, a sample displac
ment coefficient, and the lattice parameters of the orthorh
bic MoRuP. The peak profiles were described using
Thompson-Cox-Hastings pseudo-Voigt function with t
‘‘finger’’ asymmetry parametrization and the ‘‘Stephen
treatment of anisotropic strain broadening~profile function
no. 4!; in the final refinement, only the GaussianU ~strain!,
the CauchyX ~size!, and the specimen displacement coe
cients were refined. The background was described usi
six-term cosine Fourier series. The small degree of prefe
orientation was described using second-order symmetr
spherical harmonics. The 26.6°–27.1° 2u region~which con-
tained a peak from an unidentified impurity! was excluded
from the refinements.

The similarity of Mo and Ru~42 and 44 electrons, respe
tively! means that we would expect to use structural crite
to make the metal-atom-type assignments. The average M
distance, obtained from an analysis of structures in
CRYSTMET database25 is 2.48~7! Å, and the average Ru-P
distance is 2.37~8! Å. The expected distances by the bo
14452
e
I.
c.
s

ple
o

-
-
,
ied

a

er
-
s

al

e

-
a

-
a
d

ed

a
-P
e

valence formalism26 are 2.44 Å for Mo-P and 2.29 Å for
Ru-P, a Ru-P bond is expected to be significantly shorter t
a Mo-P bond. The refined bond distances led to the repo
atom-type assignments, but in fact interchanging the Mo
Ru positions led to significantly higher refinement residu
(x2;4.36).

The reference x-ray pattern ofo-MoRuP was obtained
with a Rietveld pattern decomposition technique. The patt
represents an ideal specimen pattern and was correcte
systematic errors both in the interplanard-spacing values~d!
and integrated intensity values of the diffraction peaks~I!.
The reported peak positions were calculated from the refi
lattice parameters, as they represent the best measure o
true positions. For peaks resolved at the instrument res
tion function, the individual peak positions are reported. F
overlapping peaks, the intensity-weighted average peak
sition is reported with multiple indices. For marginally re
solved peaks, individual peaks are reported to more ac
rately simulate the visual appearance of the pattern.

FIG. 1. A plot of the magnetic moment ofo-MoRuP as a func-
tion of temperature.

FIG. 2. X-ray powder diffraction pattern ofo-MoRuP. Millerhkl
indices are shown for the main orthorhombic phase.
3-2
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FIG. 3. Observed, calculated
and difference diffraction pattern
of o-MoRuP. The small crosse
represent the observed data poin
and the smooth line through them
the calculated pattern. The differ
ence pattern is plotted at the sam
scale as the other patterns. Th
row of tick marks indicates the
calculated peak positions.
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C. Results and discussion

Figure 1 shows a plot of the magnetic moment
o-MoRuP as a function of temperature from 60 K down to
K. At high temperatures the sample is paramagnetic. At
temperatures the sample becomes diamagnetic due to
presence of superconductivity. The onset temperature,Tc ,
was observed at;15 K as compared to the 4-K value re
ported for theo-ZrRuP.14 This value agrees with that re
ported by Shirotaniet al.17

The powder x-ray diffraction pattern ofo-MoRuP along
with the Miller hkl indices is shown in Fig. 2. Peaks that a
marked with an arrow~at 2u values of 26.9° and 42.4°! in-
dicate the presence of a small amount of a second unid
fied phase.o-MoRuP is confirmed to be isostructural
o-ZrRuP (Co2Si structure type!, which was characterized b
Muller et al.using single-crystal x-ray diffraction methods.10

The space groupPnma~No. 62! was chosen to conform to
the standard setting. The final refinement of 21 variables
ing 6072 observations yielded the residualswRp50.1062,
Rp50.0798, x253.387, R(F2)50.0825, and R(F)
50.0584; the slope and intercept of the normal probabi
plot were 1.708 and 0.125, respectively. These relativ
large values arise principally from the granularity of t
specimen and, to a smaller extent, the presence of a se
minority phase. The agreement of the observed and ca
lated patterns is excellent~Fig. 3!. The lattice parameters o
o-MoRuP are listed in Table I along with those of the analo
14452
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o-ZrRuP ando-NbRuP. Table II gives the atomic coordinate
of o-MoRuP.

Considering only the metal-phosphorus connectivity,
o-MoRuP structure is composed of edge-sharing RuP4 tetra-
hedra@Fig. 4~a!# and MoP5 square pyramids@Fig. 4~b!#. The
P atoms are at the corner of these polyhedra and Mo and
are not shown. These two types of polyhedra fill the space
the structure. Since all atoms are positioned in layers para
to the ac plane and are separated by a distance ofb/2,
o-MoRuP can also be viewed as having a two-dimensio
layered structure. All layers are filled with Mo, Ru, and P a
are equivalent to each other except with translation~Fig. 5!.
These layers consist of zigzag chains formed by triangu
Mo-Ru-Mo clusters~or Zr-Ru-Zr clusters ino-ZrRuP! run-
ning parallel to thea direction ~Fig. 6!. P atoms were found
in the spaces between the chains. As the metallic radiu
Mo is smaller than Zr~1.40 vs 1.60 Å!, the interatomic
M -M , M-Ru, andM-P distances in theM5Zr analog are
larger than those found in the compound withM5Mo
~shown in Table III! as expected. It has been speculated t
the two-dimensional planar framework ofT and T8 in the
TT8P type structure may play an important role in the s
perconducting properties.12–16As will be shown later, a more
detailed explanation must be based on accurate quan
mechanical calculations of the electronic structure of th
crystals.

The x-ray reference pattern ofo-MoRuP~Fig. 3! was sub-
mitted to the International Center for Diffraction Da
TABLE I. Lattice parameters and superconducting transition temperaturesTc(onset) of the orthorhombic
phosphidesMRuP (M5Zr, Nb, and Mo!.

Compound a ~Å! b ~Å! c ~Å! V ~Å3! Tc(onset) ~K! Reference

ZrRuP 6.4169~6! 3.8623~4! 7.3215~8! 181.46~3! 3.82 10
NbRuP 6.318~1! 3.719~1! 7.173~1! 168.5 ,1.1 10
MoRuP 6.03503~16! 3.85311~8! 6.94355~17! 161.46 ;15 This work
3-3
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~ICDD! to be included in the Powder Diffraction File~PDF!.
Table IV lists the x-ray diffraction pattern ofo-MoRuP. In
this table, the interplanard spacings, Miller indices, and th
integrated intensity valuesI are reported. The symbolsM and
1 refer to peaks containing contributions from two and mo
than two reflections, respectively.

FIG. 4. Structure ofo-MoRuP showing~a! the edge-sharing
RuP4 tetrahedra and~b! distorted MoP5 square pyramids, both
viewed approximately along theb axis.

TABLE II. Atomic coordinates of MoRuP.

Atom x y z Uiso(Å
2)

Ru 0.1418~2! 1/4 0.4325~2! 0.001
Mo 0.0262~2! 1/4 0.8295~2! 0.001
P 0.7567~8! 1/4 0.3823~5! 0.005
14452
e

III. ELECTRONIC STRUCTURE CALCULATION

A. Method of calculation

The electronic structure of the two isostructural superc
ductors o-MoRuP ando-ZrRuP were calculated using th
orthogonalized linear combinations of atomic orbitals~OL-
CAO! method.27 This is a density-functional-theory-base
first-principles method, which has been used for electro
structures of many complex crystals, including one of t
earliest calculations for the YBCO superconductor28,29 and
the alkali-doped C60-based superconductor,30,31as well as the
complex organic superconductors.32,33 In the present calcula
tion, the basis functions were expanded in atomic orbitals
Mo, Ru, Zr, ~Kr@core#, 5s, 6s, 5p, 6p, 4d, 5d), P ~@Ne#
core, 3s, 4s, 2p, 3p, 3d). The atomic orbitals were ex

FIG. 5. Projection of the orthorhombic structure of MoRuP. A
oms connected by thick and thin lines are separated by half a tr
lation period in the projection@010# direction.

FIG. 6. Projection of the structure of orthorhombicMRuP (M
5Mo and Zr!, showing the one-dimensionalM-Ru chains. Large
spheres,M; medium size spheres, Ru; small spheres, P. Da
colored spheres,y5

1
4 ; light-colored spheres,y5

3
4 .
3-4



STRUCTURE AND ELECTRONIC PROPERTIES OF THE . . . PHYSICAL REVIEW B 67, 144523 ~2003!
TABLE III. Interatomic distances~Å! for o-MoRuP ando-ZrRuP. Data for the Zr analog~Ref. 10! are
included for comparison.

Atom-atom

Distance

Atom-atom

Distance

M5Mo M5Zr M5Mo M5Zr

Ru-Ru 2.742(2)32 2.87432 Ru-P 2.350~5! 2.457
2.293~4! 2.453

Ru-M 2.843~2! 2.903 2.396(2)32 2.39832
2.870(1)32 2.98232
2.837(1)32 2.92632 M -M 3.069(2)32 3.28532
2.848 2.967 3.213(1)32 3.36632

M-P 2.600(3)32 2.74632
2.755(3)32 2.74232
2.438~4! 2.740
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pressed in term of Gaussian-type orbitals~GTO’s!. The crys-
tal potentials are written as superpositions of atom-cente
functionals, also consisting of GTO’s. The crystal potenti
were iterated to full self-consistency when the total energy
the crystal converges to within 1027 eV. 72 k points in the
irreducible portion of the Brillouin zone~BZ! were used for
the determination of the Fermi levelEF and for the evalua-
tions of the density of state~DOS!. Application of this
method to geometry optimization by the total-energy mi
mization scheme shows that the maximum differences in
calculated and measured lattice constants are 1.3%
o-MoRuP, 0.8% foro-ZrRuP, and only 0.3% forh-ZrRuP,
respectively.34 This gives us great confidence in the comp
tational method we adopted for theTT8X superconductors.

B. Band structure and density of states

The band structure near the Fermi level foro-MoRuP and
o-ZrRuP are shown in Figs. 7~a! and 7~b!, respectively.
14452
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MoRuP has two more conduction electrons in the unit c
than ZrRuP, which resulted in a significant difference in t
band structures nearEF . o-MoRuP has more bands crossin
EF , thus creating a large number of electron and hole po
ets at the Fermi surface and a higher number of DOS’s
EF , or N(EF). Two remarkable features for both crystals a
observed. First,EF is located at the top of the band at th
zone centerG; second, a significant number of band dege

eracy and band crossing occur at theSpoint @( 1
2 , 1

2 ,0)p/a# of
the BZ. Ino-ZrRuP, this crossing is about 0.2 eV belowEF .
In o-MoRuP, this crossing moves up, closer toEF because of
two additional 4d electrons per formula unit, resulting in
higher value ofN(EF). Our calculatedN(EF) for o-MoRuP
and o-ZrRuP are 0.46 and 0.33 states per eV atom, resp
tively. The former is almost 40% larger. Our band structu
of o-ZrRuP is completely different from those of Ref. 2
using the extended Hu¨ckel method. They found the opposit
trend in N(EF) vs Tc in o-ZrRuP andh-ZrRuP. No hard
FIG. 7. Calculated band structure of~a! o-MoRuP and~b! o-ZrRuP. The Fermi level is at the energy 0 eV.
3-5
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TABLE IV. X-ray diffraction pattern foro-MoRuP @Pnmawith a56.03503(16) Å,b53.85311(8) Å
andc56.94355(13) Å]. The interplanard spacings, Miller indices, and the integrated intensity valuesI are
given. SymbolsM and 1 refer to peaks containing contributions from two and more than two reflecti
respectively.

d I h k l d I h k l d I h k l

4.55507 19 1 0 1 3.47181 5 0 0 2 3.36908 40 0 1 1
3.01176 77 2 0 0M 3.01176 77 1 0 2M 2.94174 118 1 1 1
2.76754 6 2 0 1 2.37300 999 2 1 0M 2.37300 999 1 1 2M
2.27753 99 2 0 2 2.24778 407 2 1 1 2.16107 195 1 0
1.98408 206 0 1 3 1.96062 56 2 1 2 1.93226 161 3 0
1.92651 257 0 2 0 1.88484 77 1 1 3 1.83652 76 2 0
1.74062 75 3 0 2 1.73591 23 0 0 4 1.72723 26 3 1
1.66827 22 1 0 4 1.65783 20 2 1 3 1.62291 24 2 2M
1.62291 24 1 2 2M 1.51836 12 3 0 3 1.47439 13 4 0 1
1.47087 33 2 2 2 1.43805 104 1 2 3 1.41263 13 3 1
1.38377 41 4 0 2 1.37701 50 4 1 1 1.36428 116 3 2
1.35336 31 1 0 5 1.32929 68 2 2 3 1.30646 69 0 1
1.30233 20 4 1 2 1.29154 65 3 2 2 1.28961 21 0 2
1.26140 54 2 0 5M 1.26140 54 1 2 4M 1.24388 136 3 1 4
1.23614 8 1 3 1 1.20098 14 4 1 3 1.19892 21 2 1 5
1.19251 16 3 2 3 1.18920 5 5 0 1 1.18142 120 2 3M
1.18142 120 1 3 2M 1.17085 20 4 2 1 1.16500 50 2 3 1
1.13877 5 4 0 4 1.13634 88 1 0 6M 1.13634 88 5 1 1M
1.12389 40 4 2 2 1.12303 33 0 3 3 1.11872 8 2 3 2
1.10742 25 1 2 5 1.10407 10 1 3 3 1.09568 18 3 1
1.09324 6 5 1 2 1.09013 6 1 1 6 1.08053 12 2 0 6
1.05540 31 2 2 5 0.99547 15 6 0 1 0.99101 32 5 0
0.98064 17 3 3 31 0.97886 29 1 2 6M 0.97886 29 1 0 7M
0.96843 21 4 3 1 0.96332 52 6 1 1M 0.96332 52 0 4 0M
0.96062 14 0 1 7 0.95977 22 5 1 4 0.94868 25 1 1
0.94264 74 0 3 5M 0.94264 74 2 2 6M 0.94135 10 4 3 2
0.93712 23 6 1 2 0.93557 6 5 2 3 0.92251 7 6 0 3
0.91848 130 3 3 4M 0.91848 130 4 0 6M 0.91740 6 1 4 2
0.91536 12 2 1 7 0.90087 9 4 3 3 0.90000 13 2 3 5
0.89324 19 4 1 6 0.89164 9 6 2 0 0.88717 12 2 4 2
0.88438 37 6 2 1 0.88125 85 5 2 4 0.87981 38 1 4
0.87261 98 1 2 7M 0.87261 98 5 3 1M 0.86795 10 0 0 8
0.86207 43 3 4 1 0.85378 18 3 3 5 0.85297 37 2 4M
0.85297 37 5 3 2M 0.85114 6 1 3 6 0.84281 35 3 4 2
0.84227 10 0 4 4 0.83852 8 1 1 8 0.83675 13 7 0 2
0.83417 17 1 4 4M 0.83417 17 2 0 8M 0.83204 20 6 2 3
0.82891 83 4 2 6M 0.82891 83 4 0 7M 0.82683 8 2 3 6
0.82220 10 5 3 3
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evidence of one-dimensional or two-dimensional features
the band structure are found in our calculation. However,
different layered structures ino-ZrRuP discussed in Sec. II C
could have played some role in determining their respec
electronic structures and special features near the Fermi
faces.

The calculated total DOS and atom-resolved partial D
~PDOS! of the two crystals are shown in Figs. 8 and 9. T
higher value ofN(EF) in o-MoRuP comes from the 4d or-
bitals of the Mo atom based on the inspection of the wa
functions. The contributions from Ru toN(EF) in the two
14452
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crystals are about the same while those from P are v
small. In the BCS theory of metallic superconductivity,Tc is
directly related toN(EF) and the electron-phonon couplin
constant based on McMillan formula35 is given by

Tc5@^v log&/1.2#expF 21.04~11l!

l2m* 20.62lm* G , ~1!

where ^v log& is the logarithmically averaged phonon fre
quency,m* is the renormalized Coulomb pseudopotenti
and l5N(EF)/V is the electron-phonon coupling constan
3-6
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whereV stands for the electron-phonon coupling strength
higher value ofN(EF) can account for a higherTc . Since
o-MoRuP ando-ZrRuP are isostructural, it is not unreaso
able to expect them to have similar lattice properties; it
therefore quite obvious that the difference inTc can be
readily explained by the difference in theN(EF) values and
to a lesser extent, the complex features of the Fermi surf
Also, o-MoRuP has a larger bandwidth~6.9 eV! than
o-ZrRuP~6.3 eV!.

C. Electronic bonding in o-MoRuP

To understand the electronic bonding in these two cr
tals, the Mulliken effective chargeQ* and the bond orde
between metal and P and between metal and metal w
calculated based on the Mulliken scheme.36 A separate mini-
mal basis set was used in these calculations. The result
listed in Tables V and VI. The calculatedM, Ru, and P
atomic charges are 5.751, 8.2758, and 4.974 foro-MoRuP
and 3.330, 8.529, and 5.143 foro-ZrRuP. The charge trans
fers in these alloys are quite small, but the difference
tween the two crystals is evident. Ino-MoRuP, Mo loses 0.25
electron to Ru and P loses only 0.03 electron. Ino-ZrRuP, Zr
loses 0.67 electron, mostly to Ru~0.53 electron! but also to P
~0.14 electron!. This difference in the charge transfer obv
ously affects the bonding in these two crystals with a c
comitant change in their band structure near the Fermi le

The calculated bond order~BO! values are listed in Table
VI. The corresponding bond distances are listed in Table
The smaller size of Mo compared to Zr results in consid
able variation in the bonding. The apical Mo-P distance
much shorter than the basal distances and the Zr-P dista
in ZrRuP. The following observations can be summariz
~1! TheM-P bonds have much larger BO values, indicatin
strong covalent character in these alloys due toM-P bonding.
~2! The apical Mo-P distance~2.438 Å! in o-MoRuP is much

FIG. 8. Calculated total and partial DOS ofo-MoRuP.~a! Total,
~b! Ru, ~c! Mo, and~d! P.
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a

shorter than the basal Mo-P distances and the Zr-P dista
in o-ZrRuP. Its BO of 0.196 is significantly larger than th
BO of other Mo-P or Zr-P pairs. The three-dimensionalM-P
bonds~Fig. 4! may play a secondary role in superconduct
ity. ~3! The largest BO ofo-MoRuP is from the Ru-P pairs
~0.228 in o-MoRuP and 0.243 ino-ZrRuP!. The latter is
larger in spite of the longer bond length~2.453 vs 2.293 Å!.
This underscores the fact that bonding in these alloys can
be analyzed simply in terms of bond lengths, but must
based on realistic calculations that fully account for comp
interactions of three types of atoms.~4! The role of Mo-Mo
and Zr-Zr bonding in these crystals has been speculate
the past.17 Our calculation shows that the BO between the
pairs is relatively small. The BO between Ru-Ru pairs
even smaller.~5! The total crystal BO, which is defined a
the summation of all BO in the crystal for atomic pairs wi
bond lengths less than 3.5 Å, is 6.40 foro-MoRuP and 7.46
for o-ZrRuP. This indicates thato-ZrRuP actually has a
stronger covalent bonding character thano-MoRuP. This is
primarily due to the relatively stronger Ru-Zr bonds.

It should be pointed out that in the past, analysis of crys
structure and bonding were carried out at a very rudimen
level, based only on the number of conduction electrons
the crystal volume or the bond distances. In the pres
study, the analysis is based onab initio quantum-mechanica
calculations, which provide much more reliable results.

FIG. 9. Calculated total and partial DOS ofo-ZrRuP.~a! Total,
~b! Ru, ~c! Zr, and~d! P.

TABLE V. Calculated Mulliken effective chargesQ* ~electrons!
~Ref. 36! of o-MoRuP ando-ZrRuP.

o-MoRuP o-ZrRuP

Mo or Zr 5.751 3.330
Ru 8.275 8.529
P 4.974 5.143
3-7
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TABLE VI. Calculated bond ordero-MoRuP ando-ZrRuP for bond distances of Table III.

Atom-atom

Bond order~electron!

Atom-atom

Bond order~electron!

M5Mo M5Zr M5Mo M5Zr

Ru-Ru 0.02032 0.00732 Ru-P 0.179 0.138
0.228 0.243

Ru-M 0.015 0.103 0.14932 0.18832
0.04632 0.07032
0.04632 0.07732 M -M 0.05232 0.06132
0.096 0.120 0.03832 0.05332

M-P 0.10032 0.07632
0.04832 0.10032
0.196 0.124
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IV. COMMENTS AND PERSPECTIVES

In summary, we have reported the structure and x-
powder diffraction pattern of the orthorhombic superco
ductor o-MoRuP. Based on this structure, first-principl
electronic structure calculations were carried out and co
pared with results of a similar calculation of the isostructu
o-ZrRuP. Our results indicate that the key elements of
difference inTc are the different values in the DOS at th
Fermi level. It is demonstrated that using structural d
alone in past analyses of superconducting properties in m
TT8X superconductors is not sufficient. Anab initio calcula-
tion is necessary for understanding the electronic struc
and bonding in these alloys. Further elucidation of the sup
conducting properties such as the direct evaluation of
transition temperature may require calculations on the lat
dynamics and electron-phonon interactions in these allo
We plan to determine more precisely the crystal structure
other members of theTT8X family and perform similar elec-
tronic structure calculations.35 It is then possible to have
,

y-

s,

,
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much clearer pattern on the interrelationship among su
conducting properties, crystal structures, and electronic p
erties in this class of important metallic superconductors.
though the superconducting transition temperatures in
TT8X family are much lower than that of the much ce
ebrated MgB2 with a Tc539.5 K, the existence of many iso
structural members and the possibility of forming solid so
tions among them offer a much better opportunity f
parameter variations that could result in the further incre
of Tc in this class of compounds.
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