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The electronic structures and spectroscopic parameters of the ground and some low-lying excited
states of the first-row transition metal phosphides have been calculated with the density functional
theory using the Becke three-parameter hybrid exchange functional with the Lee—Yang—Parr
correlation functionaB3LYP). The ground states of the transition metal phosphides are found

to beS ™ (Sch, 2A (TiP), 3A (VP), S~ (CrP), °I1 (MnP), 83" (FeP), A (CoP), *A (NiP), and

3%~ (CuP. The B3LYP functional predicts an increase in covalent character in the bonds between
the metal and the phosphorus across the transition metal series. The energies of the low-lying
excited states relative to the ground state for TiP, FeP, and CoP have been found to be so small that
many low-lying states are possible candidates to be the ground stag0®American Institute of
Physics. [DOI: 10.1063/1.1568078

I. INTRODUCTION calculation depends critically on the choice of the function-
) ) als. One of the most popular and widely used DFT function-
Understanding the nature of bonding between a tran5|é|s, developed by Becke, called B3LY#° shows very
tion metal(TM) and a main group element is of interest in ., ising results for transition metal systems. This hybrid
many areas of science, such as surface sciboagalysis, 1 cional has been used in our recent calculation to obtain
astrophysics;” and organometallic chemistty. Amongst o lengths, vibrational frequencies, and bond energies of

i T8
these compounds, the transition metal oxitibalides; and ;a1 metal—transition metal diatomic systems, and the re-

nitrides are the most studied and well characterized. HOW’suIts are satisfactoﬂﬁ. This hybrid functional includes a

ever, despite of the fact that transition metal _phOSph'd?ﬁwixture of a traditional Hartree—Fock-like exchange energy,
(TMI.D) POSSESS rema_rkable propertles. that promise potentighe sjater exchange functional, with gradient corrections due
applications in semiconductors, luminescent devices an Becke, and the correlation potential of Vosko, Wilk, and

electronic componentd,they are rarely studied. Theoretical Nusair v;/ith gradient corrections due to Lee ,Yang' and
studies of TM systems are challenging due to the near d 15,16 ' ’

) . arr.
generacy and the strong dynamical correlation effects of the

LR 2 ) ; In this work, we report DFT study of the ground and
d electrons.” High levelab initio methods like the multiref- (/- low-lying excited states of the first-row TMP using the

erence configuration interactidMRCI) would normally be  g3) vp fynctional. Equilibrium bond lengthr,., electronic

required to properly describe the chfemical bonding ir_lvoIvingterm energyT., harmonic vibrational frequenc, , dipole
d electrons. However, such calculations are usually time COMoment, ., and dissociation energ@,, of the nine first-

zuming ?nd cgmputig;nzlly_;semalndir:g, anld have slo fafow TMP molecules were calculated. The chemical bonding

heen periormed on ? h ndTi ~mo elcut;as only. Recec;]t Y, Iof these phosphide molecules has also been examined. It is

t.ere was a report of the experimental observation and ana Y’l'oped that our computational results will stimulate experi-

sis of photoelectron spectra of some Group Il phosphtfles. mental studies of these TMP molecules

However, to the best of our knowledge, experimental spec-

troscopic work has not been performed to any of the TMP.
Density functional theoryDFT) has been quite success- ll. COMPUTATIONAL METHODS

ful in explaining and predicting behavior and properties of a  The basis set used in our calculations for the first-row

wide variety of chemical systems and attracting much attentransition metal atoms consists of thes141p, 6d, and ¥

tion of theoretical chemists. DFT has the advantage of proprimitive Gaussian functions constructed by augmenting

viding quite accurate estimates with a much faster speed angfachters’ 14, 9p, 5d basis with two additional diffus@

a much-reduced basis set requirement when compared witinctions to describe thepdorbitals and an extrd function

traditional correlation techniques. The performance of a DFTas suggested by Hay, and three primitivdunctions. The

primitive functions were contracted to s8 6p, 4d,

18 ; H
3Author to whom all correspondence should be addressed. Electronic mail'].-]c (Wachters-f Se'_)- For Sc _and Ti atoms, in C_'rder_ to
hrsccsc@hku.hk allow for 3p orbital correlations, thep contraction is

0021-9606/2003/118(20)/9224/9/$20.00 9224 © 2003 American Institute of Physics

Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 118, No. 20, 22 May 2003 Transition metal phosphides 9225

TABLE |. Calculated equilibrium bond lengths {, in A), dissociation  cance and thus, they should not be used to assign molecular

energies D, in eV), harmonic vibrational frequenciesof, in cm™),  giates. However, in recent publications, it has been shown
effective nuclear charge<Z{;), and dipole momentsy,, Debye of the ! '

ground state first-row TM phosphides using B3LYP method. that results obtained _from DFT/KS orb|taI§ are quite similar
to the molecular orbitals obtained froab initio methods,

State le D¢* we Me Ze? and that one can extract a lot of information about molecular

Scp 1y + 2173 2.77/355 537 683 o066 Systems from an analysis of their molecular orbitals even if

TiP 27 2139  267/290 454 635 062 DFT methods are useéd?

VP 3A 2.140 3.26/4.10 390 4.24 0.42

CrP 43~ 2.200 3.63/2.21 351 4.02 0.38

MnP 511 2.158 1.56/-° 406 4.40 0.43

FeP X' 2106 207/250 423 399 040 | CHEMICAL BONDS OF THE GROUND STATE

CoP 5A 2.125 2.29/2.23 378 3.68 0.36

NiP A 2.127 2.7712.32 301 2.86 0.28

The calculated ground state spectroscopic parameters
and population analysis of the first-row TMP are presented in
aThe first value is relative to the metal atomic stag3t" and the second Tables | and II, respectively. As seen from the population
value is refative to the metal atomic state'ad" . analysis and dipole moments, the bonding is suggested to
Zot=Helle. . . . _ contain both ionic and covalent contributions, where the co-
‘Reordering the orbitals of the atomic state did not give other states of the N . L
same multiplicity. They all converged to the same state. valent contribution increases across the pefiwith the ex-

ception of MnP that has a slight increase in dipole moment

and net charge The bonding arises from the interactions
changed tq331111). The basis set for P is the aug-cc-pVTZ between the metal valenceland 4s orbitals and the phos-
basis set of Dunning and co-workeéfslt consists of a 16,  phorus $ orbitals. The metalr orbitals undergosp, and
10p, 3d, and 2f primitives contracted to § 5p, 3d, 2f. sd, hybridizations and interact with the phosphoruys,3r-
In all cases, unrestricted B3LYP calculations were performedpital to form bonding, nonbonding, and antibonding orbitals.
using theGAussIAN 98 suite of program$® An HF/6-31G*  The metal 8l orbitals interact with the P8, orbitals to
was first performed to generate an initial guess orbital. Thiglive bonding and antibonding orbitals. The metdls®rbit-
was then followed by B3LYP calculations with the extendedals are nonbonding as there are no counterparts in phosphor-
basis sets. Spectroscopic properties for different point groupus (P). Hence, the expected order of stabilitydshond>m
symmetry states for a given spin quantum number were thehond>o and 6 nonbonding>7 antibonding>o antibonding.
obtained by reordering the orbitals. Dissociation enddgy However, the filling order is complicated by the fact that
was computed as the difference in the total enerigsof ~ d—d exchange energy is larger than the energy separation
the TMP and its constituent atoms, between different orbitals and the mixings of the metal”

and s*d"*! asymptotes. Moreover, as we move across the

De(TMP) = Eio TM) + Etoi( P) ~ Eio TMP). series, the energy of the metal valence orbitals §4d 3)

The molecular states of the TMP were assigned using thdecrease so that it is higher than the P &hbitals for the
Kohn—ShamKS) orbitals. It has been argued that KS orbit- early TM atoms, but fall below that of Pp3orbitals for latter
als are only auxiliary functions and bear no physical signifi-TM atoms??

CuP 83~ 2.160 =213 358 2.82 0.27

TABLE II. Mulliken population analysis of the ground state of the first-row TM phosphides using the B3LYP

method.
ScP TiP VP CrP MnP FeP CoP NiP CuP
1E+ 2A 3A 427 SH 62+ SA 4A 327

™ Sy 0.58 0.50 0.84 0.81 0.99 0.95 0.86 1.01 1.12
P, 0.05 0.04 0.06 0.06 0.08 0.08 0.09 0.09 0.10
Px 0.07 0.06 0.03 0.02 0.17 0.10 0.07 0.05 0.04
Py 0.07 0.06 0.03 0.02 0.03 0.10 0.07 0.05 0.04
d, 0.32 0.37 0.91 0.94 1.08 1.08 1.09 1.87 1.92
d .y 0.67 0.74 0.89 0.94 1.26 1.76 1.86 1.92 1.95
dny 0.67 0.74 0.89 0.94 1.13 1.76 1.86 1.92 1.95
dsio 0.00 0.00 0.00 1.00 1.00 1.00 2.00 2.00 2.00
ds_» 0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 2.00
4s 0.58 0.50 0.84 0.81 0.99 0.95 0.86 1.01 1.12
4p 0.19 0.15 0.12 0.10 0.27 0.28 0.22 0.19 0.17
3d 1.66 2.85 3.69 4.82 5.47 6.60 7.80 8.72 9.81

P S, 1.89 1.92 1.94 1.92 1.86 1.85 1.86 1.88 1.80
P, 1.15 1.16 1.23 1.26 0.98 1.03 1.09 1.13 1.05
P 1.22 1.17 1.06 1.02 155 111 1.06 1.01 1.00
Py 1.22 1.17 1.06 1.02 0.82 1.11 1.06 1.01 1.00
3s 1.89 1.92 1.94 1.92 1.86 1.85 1.86 1.89 1.80
3p 3.59 3.50 3.34 3.30 3.35 3.25 3.21 3.16 3.06

Qv +056 +049 +035 +0.27 +0.27 +0.17 +0.12 +0.08 -0.10
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A. Phosphides of the early TM: ScP, TiP, VP, and CrP TABLE lIl. Calculated bond lengthsr¢, in A), excitation energiesT, in
. . cm™ 1), dissociation energied(., in eV), harmonic vibrational frequencies
The ground state of each TMP in the early period has qw,, in cm™ 1), effective nuclear chargeZ{s), and dipole momentsy , in

triple bond with the remaining valence electrons mainly lo-Debye of ScP for several electronic states using the B3LYP method. The
calized on the TM. Accordingly, all valence electrons of chalues in parentheses are theoretical values from Tiergega (Ref. 12.

encumber the triple bond, giving rise to'&* ground state. State

L . e Te D¢ We Me Zeffb
The ground state of TiP is calculated to B&, with the P
fourth valence electron added to thel Borbital. In the = ég% ((g (12'5757/23'2555 (4;;7 6.83 o 203')66
MRCI-SD calculation Ey H_arnsoet al,” the ground state 2302 3049 > 40/3.17 451 532 048
was calculated to b&%*, with the fourth valence electron (2.392 (4879 (0.99 (392 (0.29
going into the nonbondingd, orbital. In fact, these two 31 2.298 3017 2.40/3.18 458 535  0.49
states are calculated to have energy very close to each othgr. (2375 (3364 (1.12 (397 (0.23
From MRCI-SD calculations of Harrisost al,'* the ?A [ PSS S S G
: P v . 7212. . .
state is about 1700 cnt higher than thés, ™ state and from 511 2655 11269  137/2.15 284 346 027

our B3LYP calculations, théA state is about 650 cit
lower than the?>* state. It has been pointed out that the “The first value is relative to the atomic stafl® and the second value is
neglected multipolar terms in DFT methods may cause agelaive to the atomic stated”

overstabilization of the €'3d"** configuratior?®25 Since 2o~ #e/fe:

the 2A state correlates to the atomic asymptefe (s'd®)

. .
whereas théX " state correlates to the atomic asymptte () except a small rise at Mn. Such trends are in accordance

2 2 g . . . .
(s°d%), the overstabilization of the high-spin atomic state i the electronegativity difference between the metal and
may change the order of the two states. However, MRClq nhosphorus atoms, which also decreases across the series,
”;e'f]hOd is also well known of its bias towards the low-Spingng hence a decrease in ionic character across the series. It
s°d" state. Experimental work could thus be valuabI%to CON%an also be seen that there is a sharp drop of dipole moment
firm the ground state of TiP. The ground state of VPAS  from Tip to VP and from CoP to NiP. This is due to the fact
with the fourth and the fifth valence electrons going into theynat electrons are added to tse hybrid orbital sequen-
metal nonbondingd, hybrid and the 8, orbital. Crb has a a1y, and these electrons are polarized away from the P atom

43~ ground state with the three unpaired electrons OCCUPYand hence causing a decrease in the dipole moment.
ing the nonbondingd, hybrid and the two 8 orbitals.

IV. SPECTROSCOPIC PROPERTIES

B. Phosphides of the latter TM: MnP, FeP, CoP, NiP,

and CuP The ground and some low-lying excited states of the

first-row TMP are discussed individually in the following

If the bonding in MnP follows that of the early phos- sections. We obtained both the spectroscopic parameters and
phides(ScP to Crp, the additional electron would go to the the Mulliken population analysis for the ground and some
nonbondingsd,. hybrid or 3d; orbital, giving rise to thes, ~ excited states of these nine TMP. Since the spectroscopic
or ®A state as the ground state. Such bonding mechanism fsarameters are useful for experimentalists to search for these
actually not favorable as there is a lossdrd exchange TMP and the population analysis of the ground states of
energy and supplementary energy is required to polarize twghese phosphides are important for the discussion, they are
electrons away from the P atom if the electron is added to théncluded in the text. However, tables concerning the popula-
sd, hybrid orbital. A better way may be to transfer one of thetion analysis of the excited states of individual molecules are
valenceo or é electrons of the ground state Mn to the P,3  available from the EPAPE.
orbitals, leading to &Il state. The P B, orbitals then back-
donate charges to the metal 3and 4p .. orbitals(which are
basically antibonding in characjeiincreasing thed—d ex- The spectroscopic parameters for the ground and some
change energy gain. The resultantand 7 bonds formed excited states of ScP are given in Table Ill. The ground state
between Mn and P are polarized towards the phosphorusf ScP has &% symmetry with a triple bond and a bond
Thus, a quintet state is more likely to be the ground statelength of 2.173 A. From the population analysis, it can be
Following the same bonding picture of MnP, FeP would haveseen that both thesdand the &, orbitals contribute to ther
its extra electron added to the B 3orbitals, mixed with Fe  bond, with 4 giving a larger contribution. This is in contrast
3d, and 4p, orbitals, giving rise to &3 state as the with the nitride analogue, where the dominant contribution
ground state. For CoP, the ground state is calculated tdbe comes from the 8, orbital. This may come from the fact
signifying that the extra electron goes into the nonbondinghat P 3,, orbital is more diffuse and therefore it has a better
3d; orbital. The addition of one more electron to the non-overlap with the diffuse metalsiorbital than the more com-
bondingsd, hybrid in NiP gives a*A state as its ground pact metal 8 orbital. Exciting them-bonding electron from
state. Finally CuP would have its last electron occupying thehe ground state to thed, hybrid breaks the triple bond and
nonbonding 85 orbital leading to &%~ ground state. gives rise to &II state. This state lies 3049 crhabove the

From Tables | and Il, it is easily seen that the net chargegyround state. Triplet uncoupling of the excitedelectron
on the metal atom and the dipole moment decrease across thwes a °I1 state with adiabatic transition energy,
period from the left-hand sidéSo to the right-hand side =3017 cmil. These two excited states have very similar

A. ScP
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spectroscopic parameters, as their major difference is thEABLE IV. Calculated bond lengths ¢, in A), excitation energiesT, in

spin muItipIicity. Triplet uncoupling of ther-bonding elec- cm‘l)_, dissociation (_anergiesD(e, in eV), harmonic yibrational frequen‘cies
tron and exciting it from the ground state to the nonbondino‘g"e’ incm ), effective nuclear chargedy), and dipole moments,, in
9 9 ebye of TiP for several electronic states using the B3LYP method. The

3d; orbital gives the’d state, which lies 7486 cnt above  values in parentheses are theoretical values from Glezekah (Ref. 13.
the ground state. Further excitation of théonding electron

from the®II state and quintet uncoupling to the 3and the ~ State fe Te D¢ Ve pe  Zet
essentially 8 orbitals generate@A and®II states, respec- 2 2.139 0 2.67/2.90 454 6.35 0.62
tively. These two states have e bond, where the P 3, (2217 (1690 (1.82 (4349 (72 (045
orbital not only makes a bonding with tisel, hybrid orbital,  **" 2.078 647 259/2.82 483 455 046
buF aIsp with the 4p, hybrid orbit.al such th_at theplpqpu— 2g, (523? 2(8)43 2(.242264 (463)4 (4'2).88 (0'4345
lation increases as can be seen in population analysis. Thisig 2168 9158 153/1.76 385 571 0.55
because ther-bonding orbitals are now solely of B3 char- (2.280 (9900 .79 (343 (5.3  (0.4)
acter so that there is nad3—3p,, bonding to constraint the *® 2.239 1970  2.43/265 454 5.04 0.47
4sp,—3p, bonding. Harrison and co-workéfs used ‘I 2.553 8145  166/189 307 373 031

MRCI-SD method to obtain spectroscopic parameters fOkr,. first value is relative to the atomic stafal?
ScP which gives the same energy ordering of states as oursgiative to the atomic stats*d?.

IS+ <31<I. Their calculated bond lengths are longerZes=pelre.

than our B3LYP values. This may be due to their self-

consistent-field calculations, which is biased in favor of the

s?d! asymptote, giving a larger contribution from the 4
orbital (0.96 compared with our result0.58. Their vibra-
tional frequencies and dissociation energies are also calc

lated to be smaller than our values. Jeﬁr‘lgas recently per- decreases the covalent contribution, and hence an increase in

formed MRCI calcu'lat|ons on the ground state ScP with he net charge. To minimize the loss in covalent bonding, the
more extended basis set and his calculated bond length, vi-

) . . ; orbital becomes a mixture ofd3. and . Since the
brational frequency, and dissociation enefggiative to the m e P b

. 7 orbital is in a different region of space, it does not interfere
asymptotic producisare 2.248 A, 440 ¢, and 3.81 eV, . with the P to Ti backdonation. Therefore, the state shows
respectively. Our B3LYP results are in good agreements wit

o e I?:\n increase in the net charge and an increase in 4
Jeung'sab initio data forr, and D, (within 7% erroy, but g e

. . ) population relative to théA ground state. Exciting the
ngt We (rgqre rt]han 20(@ dlﬁerenaleslugh dlscfr%%%‘?cy IS ﬁlso m-bonding electron from théA state to the nonbondirgd,
;siir;? n the glyrouré_ stréte ca Ctﬁl?tlons 0 he(rje t.f] hybrid results in’® and*® states, which are, respectively,

unctional predicted a much largeg compared wit 043 and 1970 cm* above the’A state. These two states
the MRCI and the experimental value. We have constructe

. ave very similar spectroscopic parameters since their main
thed p}otenéleashe?e_:trg;ly dCLirVéPEQ for the grotu?d Statj StCNS difference comes from the spin multiplicity. As in ScP, the
?g &) Otfjvr;ﬂch I?esl 4 g evoago\\l/verot?]g t?jgrggy?nlgtc%(c) plig O’Iucfhigher spin state is lower in energy, which conforms to the

' AN ) 'Hund’s rule. Further excitation of anotherbonding elec-
Sc(std?). This might mean that the B3LYP functional can- g

. . . ) tron from the*® state to the higher-lyingr orbital and un-
not properly mix these two atomic configurations. The Sam%oupling the electron will give rise to 81 state, which is
situation could happen to the ScP molecule. !

8145 cm ! above the ground state. For this state, the occu-
pied 7 orbitals have the major contributions coming from P
3p., instead of a mixture of metald3, and P 3, orbitals.
The spectroscopic parameters for the ground and somé&ctually, as the symmetry and the spin multiplicity of the
excited states of TiP are presented in Table IV. The groundtates change, the coefficients of the atomic orbitals contrib-
state of TiP is calculated to be 6A symmetry with a bond uting to the molecular orbitals may change as well. We thus
length 2.139 A. It has a triple bond with the unpaired elec-suggest that different states might have different bonding
tron residing in the nonbonding metal-localizeds3orbital.  schemes, even for the same molecule.
From the electron distribution in the population analysis, itis ~ Comparing with the previouab initio MRCI-SD results
noted that as in the case of ScP, both tleeahd the 3,  of Harrison and co-workerS, their calculated ground state is
orbitals contribute to ther bond, with 4 having a larger of 22" symmetry with the fourth valence electron going into
share. This is again due to the fact that methldbitals are  the sd, hybrid and thé?A state lying 1690 cm® above the
more compact and do not overlap with the diffuse P 3 237 state. As we have discussed in the preceding section, the
orbitals as good as the diffuse meta drbital. Excitation of  difference may be arisen from the inherent shortcomings in
the unpaireds electron from théA state to thesd, hybrid  the methods used. Jeifidpas recently performed MRCI cal-
gives rise to &> * state. This state lies only 647 crhabove  culations with a more extended basis set and obtained the
the 2A state and is thus also a possible candidate for TiRame?S ™ ground state. In order to examine whether there is
ground state. If the unpairedd3 electron is promoted to the any bias of the B3LYP method for the highdr state, we
higher-lying = orbital, it gives a?Il state, which is have performed B3LYP calculations on the nitride analogue
9158 cm'! above the ground state. The higher-lyingor-  TiN and the isoelectronic diatomic molecule ScS. Both of
bital in this state has contributions not only fromd 3-3p,  these two molecules were characterized experimentally to

and the second value is

overlap, but also g,—3p, overlap. This is because excita-
Yion to the 31, orbital reduces P to Ti backdonation, which

B. TiP
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TABLE V. Calculated bond lengths ¢, in A), excitation energiesT,, in
cm™ 1), dissociation energie(., in eV), harmonic vibrational frequencies
(we, in cm™ 1), effective nuclear charge& (), and dipole momentsu , in
Debye of VP for several electronic states using the B3LYP method.

Tong, Jeung, and Cheung

TABLE VI. Calculated bond lengths{, in A), excitation energiesT, in
cm™ 1), dissociation energied(., in eV), harmonic vibrational frequencies
(we, in cm™ 1), effective nuclear charge& (), and dipole momentsi , in
Debye of CrP for several electronic states using the B3LYP method.

State le Te D2 we e Zeit State re Te D e e Zei

SA 2.140 0 3.26/4.10 390 4.24 0.42 43~ 2.200 0 3.63/2.21 351 4.02 0.38

35 2.168 3482 2.83/3.67 362 5.76 056 “II 2.164 11184 2.24/0.82 394 5.90 0.57

I 2.177 9507 2.08/2.92 392 5.84 056 23~ 2.134 10614 2.31/0.89 352 3.36 0.33

IA 2.078 5514 2.57/3.42 402 4.05 041 63~ 2.327 5617 2.93/1.51 327 4.17 0.38

T 2.050 13545 1.58/2.42 572 5.72 0.59

Iy - 2.129 17637 1.07/1.91 416 2.85 028 oThe first value is relative to the atomic staf@* and the second value is
5T1 2218 4878  2.65/350 416  4.33  0.41 relative to the atomic state'd®.

aThe first value is relative to the atomic staf@l® and the second value is
relative to the atomic statg'd”.

bzeff:lu’e/re-

have a?s" ground staté€:?® For both molecules, we pre-
dicted the ground state to B& *, in agreement with experi-

ments and other calculations. Experimental work is require
to verify which is the ground state for TiP. As in the case of
ScP, the bond lengths from the B3LYP calculations are,

shorter than the MRCI-SD calculatiohsThe bond length,
vibrational frequency, and dissociation ene(gglative to the
asymptotic producisof the 23, * state calculated by Jeuf(g

are 2.135 A, 491 cm?, and 2.28 eV, respectively. Our re-

sults in fact agree quite well with thesd initio values. We

bzeff::“e/re-

energy of 13544 cm'. High axial angular momentum states
generally lie high in energy since they are not correlated to
the neutral dissociation limit. If the bondirggd, electron is
excited to the empty @; orbital from thelA state, it will

(i;ive rise to &3 ~ state, lying 17 637 cm' above the ground

tate, even higher than tH€ state. It is due to the fact that
the electron is now excited from a bonding orbital. Moving
bonding electron from théA state and uncoupling it
to the 3 orbital gives rise to &I1 state, lying 4878 cm!
above the ground state.

D. CrP

have also performed the B3LYP calculations using the same Table VI gives the spectroscopic parameters for the
basis set as Jeuffgon ScP and TiP to examine if the results ground and some excited states of CrP. The ground state of
were sensitive to the use of basis sets. We found that th€rP is a?3~ state with a bond length 2.200 A. It may be
results were more or less the same with the basis set we hatleought of as having a triple bond and three high-spin metal
used in Sec. Il. In fact, there was report indicating that DFTlocalized electrons in the nonbondingl 3and sd, hybrid
calculation was less dependent on the size of basis set whenbitals. The first excited state of CrP of the same multiplic-

compared withab initio methods’® This could be another
merit of DFT to be a promising computational tool.

C. VP

ity can be obtained by exciting the unpaireclectron in the
43~ state to the higher-lyingr orbital, giving a*Il state. As
can be seen from Table VI, there is a large energy gap be-
tween these two states (11184 ¢h. This is because, in
contrast to the ground state, thesitu valence atomic state

The spectroscopic parameters for the ground and somef Cr is no longer solely o&*d®, which is of exceptional
excited states of VP are summarized in Table V. The groundtability, but a mixture ofs'd® and d® atomic states. The

state of VP is®A. It has a triple bond with two metal-
localized, high-spin electrons residing in thé ;3and thesd,,

hybrid orbitals with a bond length of 2.140 A. Singlet cou-

pling the nonbondingd, electron gives théA state, which

latter state is very high lying and hence making the covalent
contribution to the bonding decreases. Therefore, there is an
increase in the net charge on Cr relative to the ground state.
To minimize the loss of the covalent interaction, there is a

is 5514 cm ! above the ground state. These two states havenixing between the 8. and the 4., orbitals such that ex-
similar spectroscopic parameters as they differ only in thecess charge on P can be donated to Cr through phe-38p
spin multiplicity. Exciting the two metal-based, high-spin overlap. Therefore, there is an increase in tipepbpulation
electrons from the ground state to various higher energy orin the*Il state. Singlet coupling of the nonbondisd, elec-
bitals can generate excited states of VP in which the tripléron of the“S ~ state resulted in théS ~ state, which lies
bond is intact. For example, the excitation of the nonbondindl0 614 cm * above the ground state. One may be surprised

sd, electron from théA state to the 8, orbital gives &3 ~

about such a huge difference between the two states, which

state which lies 3482 cit above the ground state, while differs only in the spin multiplicity(becauseT, will be the

moving the electron to the higher-lying orbital gives &Il

pairing energy. Such a difference may be attributed to the

state withT,=9507 cm 1. Note that as in the case of TiP, fact that when the electron is moving from theto the cor-

the higher-lying = orbital uses both the &.—3p, and

respondingB spin—orbitals, the coefficients of the atomic

4p.—3p, overlap. This is due to the same reason as diserbitals making up the MO’s are not the same.

cussed for théll state of TiP: to minimize the loss in cova-

Uncoupling ther-bonding electron and exciting it to the

lent bonding of P to V backdonation. Exciting the nonbond-higher-lying orbitals from the*S, ~ state gives &3~ state,

ing sd, electron from théA state to the singly occupiedi3

which is 5617 cm* above the ground state. Even though

orbital gives rise to &I" state which lies at a much higher this state has the electron occupying a higher-lying orbital,

Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 118, No. 20, 22 May 2003

TABLE VII. Calculated bond lengthsr(, in A), excitation energiesT, in
cm™ 1), dissociation energie(., in eV), harmonic vibrational frequencies
(we, in cm™ 1), effective nuclear charge& (), and dipole momentsue , in
Debye of MnP for several electronic states using the B3LYP method.

State le Te D& we e Zei®
o 2.158 0 1.56 406 4.40 0.43
83~ 2.217 2112 1.30 292 2.07 0.20
I 2.191 7005 0.69 351 3.69 0.35
13- 2.288 19926 -0.97 283 0.01 0.00

3Reordering orbitals of the atomic stat@&® did not give other states of the

same multiplicity. They all converged to the same state.

bzeﬁzﬂe/re-

‘See text.

the in situ valence atomic state is still mainly of the stable

s'd® state. It is because thg electron in thew bonding
orbital, which is composed of P, orbital is now moving
to the « orbital which is also mainly composed of B3

orbital, with some mixing of Cr @, orbitals. Hence, this 4p energy

Transition metal phosphides 9229

TABLE VIII. Calculated bond lengthsr(, in A), excitation energiesT,
in cm™1), dissociation energiedD(., in eV), harmonic vibrational frequen-
cies (we, in cm™1), effective nuclear chargeZ{s), and dipole moments

(me, in Debye of FeP for several electronic states using the B3LYP
method.

State e Te D we pe  Zet

b3+ 2.106 0 2.07/259 423 399  0.40
P 2229 4281  1.54/2.06 377 435 041
4D (A1) 2.103 144 2.05/2.58 413 3.62 0.36
11 2109 1315  1.91/2.43 421  4.03  0.40
2\ 2.150 445 2.02/2.54 347 275 027
2¢ (21) 2.179 1938 1.83/2.35 343 3.14 0.30
1 2.043 9019  0.95/1.47 445  4.04 042

aThe first value is relative to the atomic staf@l® and the second value is
relative to the atomic stats'd’.

bzeff::“e/re-

4s, 4p,, and P P, orbitals. As we move across the TM
series, not only the gland 3 energy decrease, but also the
such that for Mn, thepdenergy is close enough

state actually lies lower in energy compared with the twoyg the p P energy that the antibonding orbital has a small

previous excited states.

E. MnP

The spectroscopic parameters for the ground and some
excited states of MnP are given in Table VII. The lowest

contribution coming from Mn #,, orbital 2 Thus the metal
4p population increase can be explained.

F. FeP

The spectroscopic parameters for the ground and some

energy state of MnP predicted from the B3LYP method is ofexcited states of FeP are presented in Table VIII. The ground
511 symmetry with a bond length of 2.155 A. It may be state of FeP is calculated to B2 " symmetry with a bond
viewed as consisting of a triple bond with the unpaired eleciength of 2.106 A. This may be thought of having a double

trons residing in the nonbondirgd, and 3 and the anti-
bonding 7 orbital. The nonbondingr orbital actually does
not arise only fromsd, hybridization, but also 4p, . This
may be due to the fact that tlsép*d® configuration is about
the same energy asd®, in contrast to all other TM where
the s*pd" state is much higher in energy than both #id"
ands'd""?! states® Hence, there is an increase ip $opu-
lation. The next higher energy state calculatetbis, which
is formed from the Mn ground?d® configuration. It has a

bond with the five valence electrons singly occupying the
metal nonbondingd, hybrid, the 315, and the antibonding

7 orbitals. This state has thi@ situ valence atomic state
arisen froms*d’ configuration. As in MnP, the antibonding
7r orbitals have contributions coming not only from B3

but also a small contribution from Fed3 and 4p. obitals.
This may be due to the continuous fall i 4&nergy across
the TM series that it has a better match in energy withpP 3
orbitals. Therefore, there are some populations in the#

triple bond with two valence electrons doubly occupying thebitals. The next higher energy state calculated is*thestate
sd, hybrid and two valence electrons singly occupying the(with a small mixing of the“Il staté, which lies only

3d; orbitals. It is calculated to be 2112 crh above the

144 cm' above theé’s * state. This state can be thought of

ground state. Even though this state can be made from theonsisting of a triple bond with tw¢one of the remaining

ground atomic state of Mn, there is a large lossdinrd

electrons going into thed, hybrid, two (three of them go-

exchange energy by spin pairing in this state. Hence, the higimg into the 3l; orbitals, and the final one going into the

spin °II state is favored. Upon excitation of tis, hybrid
electron from the’S, ~ state to the virtual antibonding or-
bital gives &I1 state and it lies 7005 cnit above the ground
state. Moving the electron from the nonbondisd, hybrid

antibondingr orbitals. It is hard to visualize this state as an
electron promoting from the calculated ground state to other
orbitals since it is the antibonding electron moving into the
nonbonding orbitals, which should make this state lower in

orbital of 3, ~ state and singlet coupling it to the antibonding energy. We have looked into the population of the MO’s

o orbital gives the'S ~ state, which is 19926 cnt above

formed from the valence orbitals for these two states. We

the ground state. From the Mulliken population analysis, thdound that the metal and P valence orbitals actually mix dif-

13~ state has considerable contributions from pharbitals,

ferently in these two states. For example, the bonding

which suggests that this state is arisen from a mixture of therbital has the contributions coming mainly from Fd_3in

s?d® and thes'p'd® atomic states. Since th&etp'd® state

63 * state; however, ifd® (“II) state, theg spin—orbital

lies roughly 2 eV above the?d® ground atomic state, the main contributions come from Pp3.. This may be the rea-

negative dissociation energy indicates that ff state

son why even though th * state has two electrons going

probably dissociates to thepld® atomic state and the dis- into the antibondingr orbitals, it is still of lower energy.
sociation energy is still positive relative to the ground atomicMoreover, again according to Hund’s rule, high spin states

state. The antibonding orbital involves a mixture of Mn

should be favored. Therefor€S * state is very likely to be

Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



9230 J. Chem. Phys., Vol. 118, No. 20, 22 May 2003 Tong, Jeung, and Cheung

the ground state. The second higher energy state calculatedT8BLE IX. Calculated bond lengths¢, in A), excitation energiesT, in
of 2A symmetry, which consists of a triple bond with the five cm™ 1), dissociation energied., in eV), harmonic vibrational frequencies
valence electrons occupying the nonbondsd), and 3

w,, in cm™ 1), effective nuclear chargeZ (), and dipole momentsu,, in
- : ' - Debye of CoP for several electronic states using the B3LYP method.
orbitals. This state lies only 445 c¢m above the ground

state. From the population analysis, tie situ valence State le Te DS we Me Zei

. - . 7 . .
atomic state is most likely to bséd - As is discussed above, s, 2125 0 229/2.23 378 368 036
the different mixings of the atomic orbitals and the low spinsg 2.085 651 2.21/215 393 310 0.31
multiplicity may be the reason why even though it has no®A 2.137 6727 1.46/1.40 353 348 0.34
electron occupying the antibonding orbitals, it is still of jH 2.038 11227 0.90/0.84 378 326  0.34

: - 1 2148 645  221/215 350 288 028
h|gher energy. However, since Ehlesg three states are so clol%( ) 5127 2095 503197 359 267 026
in energy (only hundreds of cm” differencg, we cannot 1y 1909 10392 100094 587 222 024
conclude thafX* must be the ground state. In the nitride
analogue, it has been proposed thAtand 411 states to be °The first value is relative to the atomic staf@’ and the second value is
the ground statelt would need further studies to confirm fé/ative to the atomic state'd®.
the ground state for FeP. o= elle-

Excitation of thesd, hybrid electron of th&A state to
the antibondingr orbital gives rise to thé® and®IT states.  petween the two states is due to the difference in spin mul-
The ?® state is calculated to be 1938 cfabove the’A tiplicity as their spectroscopic parameters differ only slightly.
state, with a small mixings of 41 state(this I1 state arises Exciting the 7-bonding electron in théA state to the non-
from promoting a 85 electron to the antibonding orbital  ponding sd, hybrid and coupling the two antibonding
from the ?A statg, while the®IT state is lying 9019 cm'  electrons gives rise to &b state at an energy 651 crh
above the’A state. One may be surprised why such a largeabove the ground state. If the bonding electron goes into the
difference is observed since they only differ in the sign of thenonbhonding 85 orbital instead, it will give rise to Il state
antibonding orbital occupied#_ and 7, components, re- |ying 11 227 cnt* above the ground state. If we have all the
spectively. This is because, from the population of these twog|ectrons singlet coupled in tié state, it will give rise to a
orbitals in the respective statép state has ther_ com-  1¢ state, which is 2095 cit above the ground state. If this
posed of Fe 8, and P 3,,, while the?II state has ther,  state is mixed with @11 state(this state arises from fully
made of mainly P B, (with a small contribution from Fe occupying the 8 instead of thesd, nonbonding hybrid as
3d, and 4,). Hence, they would not be of the same energy.n the & state, it significantly lowers its energy to
Moreover, these two states also have different mixings of thg45 cni ! above the ground state. Excitation of all the
AQC's to give the MO's. Therefore, it may not be appropriate 7_honding electrons to the nonbonding Band higher-lying
to say simply that the excited states are arisen from promot;; orpjtals from the® state results in &> * state which is
ing the electron from one MO to another MO because ofj0392 cm! above the ground state. It may be surprising
large orbital relaxation. Uncoupling the nonbondisg,  why thelS " state is lower in energy thatil state, which

electron of the’Il state gives rise to thdl state, which is  has more bonding electrons. This is because the higher-lying
1315cm* above the ground state. These two states arg: orbitals in thelS " state is mainly of P B character.

separated by-7700 cm * not only because of the difference Hence, it has a strong bonding between thep® rbitals

in spin multiplicity, but also there is a slight difference in the and results in a significant decrease in bond length and a
AO composition in the nonbondingd, orbital: the*Il state slightly lower energy than thall state.

has a larger 4 character than théll state. If an electron is
excited from the bondingr orbitals of the3 * state to the
antibondingr orbitals, it gives rise to théd state. This state
lies 4281 cm?* above the ground state. Here, the electron ~ The spectroscopic parameters for the ground and some
configuration change includes an orbital substitution fromexcited states of NiP are given in Table X. The lowest energy
the Fe character to the P character, accompanied by a ngfate of NiP calculated i with a bond length of 2.127 A.
electron charge transfer from Fe to P. Thus, there is an in-

crease in the net charge relative to the ground state.

NiP

TABLE X. Calculated bond lengths ¢, in A), excitation energiesT, in
cm™ 1), dissociation energied),, in eV), harmonic vibrational frequencies

G. CoP (we, in cm™ 1Y), effective nuclear charge&(y), and dipole momentsi , in

. . Debye of NiP for several electronic states using the B3LYP method.

Table IX lists the spectroscopic parameters for the ye d

ground and some excited states of CoP. The ground state gfate le T, D2 we e Zei®
CoP rlasf’tAthsymmtetry. IFrom p?pu!atlon ?naly?s, |’; ca?h_be 0 127 0 277232 301 > 86 0.28
seen tha 19;1 situ valence atomic configuration for this 4y - 2141 1721 056211 347 336 033
state is Ccs~d®. It consists of a double bond of bond length 2, 2130 2284 249/2.04 389 285 0.28
2.125 A with three valence electrons going into this®r- 211 2281 18077  0.53/0.07 304 —0.49 —0.05
bitals and the remaining three singly occupying #tg hy-  °A 2353 13990  1.08/0.58 250 0.66 0.06

,brid and the antibondingr o_rbitals. Coupling the no.nbor_1d- aThe first value is relative to the atomic stafel® and the second value is
ing 3d; electron gives rise to thé!A state which iS |ejative to the atomic stasd®.
6727 cm ! above the ground state. This difference in energyzq,=ue/r..
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TABLE XI. Calculated bond lengths§, in A), excitation energiesT, in the high-lying 7 electrons gives al>~ state lying

cm™ 1), dissociation energie(., in eV), harmonic vibrational frequencies 1966 cnT ! above the ground state. These two states differ

(we, in cm™ 1), effective nuclear charge& (), and dipole momentsue , in . . . o '

Debye of CuP for several electronic states using the B3LYP method. mamly in the spin muItlpI|C|ty and hence they have very
similar spectroscopic parameters. When the nonbonslif}g

State le Te D¢* we He Zei® electron in the ground state is excited to the higher-lying

3y - 2160 0 213 358 282 07 Orbital, it gives rise to aT’H state Which Iie; 13658 cnt

31 2135 13658 0.43 355 4.08 0.40 above the ground state. Since the higher-lyingrbitals are

5 2.151 1966 1.89 365 2.87 0.28 mainly of P character, there is net negative charge transferred
A 2.123 9164 0.99 388 2.96 029 to P, and this is the only state calculated to have negative
53 2420 17311 -0.0Z 160 —0.89  —0.08

charge on P. This state is much higher in energy than the
aReordering the orbitals of the atomic statel’® did not give other states of ground state since this excited state is arisen not only from
the same multiplicity. They all converged to the same state. the very stable groung*d'® configuration, but also some
l:zeff::“‘e/re- , contributions from the high-lyings'pd® configuration.
Presence of barrier. . . . . .

Though this atomic state is also involved in the ground state,
it is not as much as in this excited state. If the high-lying
electron in the'S ™ state now sits in the same space, say
) . . . . . , the state resulted will be ofA symmetry which lies
configuration with thed hole in the & symmetry. Singlet 9164 cm ! above the ground state. Such difference in energy

coupling of the two electrons occupying the higher-lying between these two singlet states is due to the fact thdtthe
orbitals results in A state, which lies 2284 cnt above the O
state has the two electron closer together which is unfavor-

ground state. Since the two states differ only in the spin

o ; . able according to the Hund'’s rule and hence, it has a higher
multiplicity, their spectroscopic parameters are very close to

. . 3 —
each other. Uncoupling the nonbondiad,. electron in the energy. Uncoupling thed, electron in the”> " state and

ground state and promoting it to the antibondingrbital exciting it to the antibondingr orbital gives rise to thé3

gives rise to &A state. This state lies 13 990 crhabove the state. This state is 17 311 crhabove the ground state. Such

ground state and because the electron moves from a noR- large energy gap may indicate that thtsorbital has a

bonding orbital to an antibonding orbital, the bond IengthStrong antibonding character.

increases. From population analysis, it can be seen that there

is significant population in the g, orbital, indicating that V. CONCLUSIONS

besidessd, hybridization, there is alsosp, hybridization We have performed B3LYP calculations with an ex-
for bonding in NiP. As discussed in the section of MnP, it istended basis set on the first-row TM phosphides. We found
probable that as the energy op 4rbitals continue to fall that the ground states of these phosphides followed those of
across the TM series thep4-3p overlap becomes more fa- the isoelectronic sulfide@xcept TiP, where a ground state of
vorable for bonding. On the other hand, if the, electronin  2A is predicted from our B3LYP calculations, but?& *

the ground state moves to the metal;rbital, it gives rise  state for Scg°! In addition, the covalent character of these
to a 4>~ state lying 1721 cm' above the ground state. phosphides increases across the series from Sc {witlua
Since the electron is transferred among the nonbonding oslight rise at Mn, in accordance with the electronegativity
bitals, the bond lengths do not differ much. If an electron isdifference. Electronic states with different spin multiplicities
excited from them-bonding orbital in the’A state to the are well separated for the early and late phosphides, but not
antibonding o orbital, it gives a2l state, which is for those in the middle, in particular FeP and CoP. Com-
18077 cm! above the ground state. This state arises nopounds formed by these TM’s are in many cases difficult to
only from s?d® and s'd® configurations, but alss'p'd®  describe accurately as one has to balancelthe exchange
configuration, as in the case of th state. Since the'p’d®  energy loss against the energy gain in bond formation. This
configuration is high-lying relative to the ground atomic quasidegeneracy makes it difficult to assign using theoretical
state, the states arising from this configuration are rather highpproach unambiguously which state should be the ground
in energy. Moreover, théll state actually has a net negative state, so all these low-lying states are possible candidates to
charge on Ni, instead of the more electronegative P. Thige the ground state. It would need further experimental and
may be due to the excitation of the essentially Mi 3elec-  theoretical studies to confirm the ground state, in particular
tron, leaving a hole for P to have charge transfer from P tahose for the TiP, FeP, and CoP.

Ni.

Thein situ valence atomic configuration for this statestsl®
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