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Electronic structure, bonding, and ground-state properties of AlB2-type transition-metal diborides
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The electronic structure and ground state properties of AlB2 type transition metal diborides TMB2 ~TM5Sc,
Ti, V, Cr, Mn, Fe, Y, Zr, Nb, Mo, Hf, Ta! have been calculated using the self consistent tight-binding linear
muffin-tin orbital method. The equilibrium volume, bulk moduli (B0), pressure derivative of bulk moduli (B08),
cohesive energy (Ecoh), heat of formation (DH), and electronic specific heat coefficient (g) are calculated for
these systems and compared with the available experimental and other theoretical results. The bonding nature
of these diborides is analyzed via the density of states~DOS! histogram as well as the charge density plots, and
the chemical stability is analyzed using the band filling principle. The variation in the calculated cohesive
properties of these materials is correlated with the band filling effect. The existence of a pseudogap in the total
density of states is found to be a common feature for all these compounds. The reason for the creation of the
pseudogap is found to be due to the strong covalent interaction between boronp states. We have made spin
polarized calculations for CrB2 , MnB2, and FeB2 and found that finite magnetic moments exist for MnB2 and
CrB2 whereas FeB2 is nonmagnetic.

DOI: 10.1103/PhysRevB.63.045115 PACS number~s!: 71.20.2b, 64.30.1t, 75.10.Lp
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I. INTRODUCTION

The modern scientific and technical revolution is resp
sible for increasing interest and impetus in the search
materials possessing specific and desired properties.
transition metal borides can be classified as highly refrac
and corrosion-resisting compounds,1 and the transition meta
compound (Nd2Fe14B) has been recently applied as a hig
performance permanent magnetic material. From a more
entific point of view, the monoborides have INVAR
behavior,2 while the diborides of transition metal have
unique combination of properties such as high melting po
hardness, chemical stability, high thermal conductivity, lo
electrical resistivity, and low work function.3 Since this com-
bination is markedly different from that of parent materials
great deal of research has been devoted to investigating
interaction between boron and the metal atoms.3,4 Especially
the TiB2 compound is a potential despersoid for the dev
opment of light-weight high-temperature structural materia
These AlB2-type transition metal diborides have attracted
searchers from different fields and many experimental5–7 as
well as theoretical studies are going on in these materials8–11

Although a number of excellent research works have b
published on the structure and physical properties of
borides,12–14 the bonding nature of these compounds is
very clear yet.12 So, we have tried to explain the bondin
nature with density-of-states~DOS! histogram and charge
density plots. Recently, band structure calculations h
been performed on AlB2-type compounds by Wanget al.,12

in which they have explained the chemical stability of the
AlB2-type diborides in terms of band filling principle.12 In
the present work, the chemical stability is explained in ter
of the band filling principle and also by the density of sta
at the Fermi levelN(EF). Though the electronic specific he
coefficient g for these compounds had been reported
others,12,15 the results of the present theoretical work a
more reliable because the calculations are performed thro
0163-1829/2001/63~4!/045115~12!/$15.00 63 0451
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k-point optimization procedure. The bulk modulusB0 of
these compounds are also calculated and theseB0 values are
compared with the available experimental16 and
theoretical17,18 values.

As there are no reported theoretical values of heat of
mation (DH) for these compounds, an attempt is made
theoretically calculateDH values which are compared wit
the available experimental values.19 We have made spin
polarized calculations for FeB2 , CrB2, and MnB2 com-
pounds. Mohnet al.14,20,21have made theoretical studies o
magnetic properties of mono-, semi-, and diborides using
augmented spherical wave~ASW! method. We compare ou
results with their results and also with other experimenta22

results.
We present the results of the local-density approximat

~LDA ! based investigation, using the self-consistent tig
binding-linear muffin-tin orbital~TB-LMTO! method. The
rest of this paper is organized in the following way. In Se
II, the crystallographic structures of these transition me
diborides are explained. In Sec. III, the details of the cal
lations are presented. The total and site projected densit
states~DOS! for all the compounds are reported in Sec. I
In Sec. V the nature of chemical bonding is analyzed w
the help of charge density plots. Cohesive properties for
the compounds are given in Sec. VI. In Sec. VII, the chem
cal stability of these systems is explained. The magn
properties of the MnB2 and CrB2 are explained in Sec. VIII.
A summary of the results is given in the last section.

II. THE STRUCTURAL ASPECTS OF THE TRANSITION
METAL DIBORIDES

The crystal structure of AlB2-type transition metal di-
borides is designated asC32 with the space group symmetr
P6/mmm. It is simply a hexagonal lattice in which close
packed TM layers are present alternative with graphite-like
layers. These diborides cannot be exactly layered compou
because the interlayer interaction is strong even though
TM layers alternate with the B layers in their crystal stru
©2001 The American Physical Society15-1
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ture. The boron atoms lie on the corners of hexagons w
three nearest neighbor boron atoms in each plane. The
atoms lie directly in the centers of each boron hexagon,
midway between adjacent boron layers; each TM atom
12 nearest neighbor B atoms, six nearest neighbor in p
TM atoms. There is one formula unit per primitive cell an
the crystal has simple hexagonal symmetry (D6h), whose
crystal structure and Brillouin zone are found in earl
publications.22–25 By choosing appropriate primitive lattic

vectors, the atoms are positioned at TM~0,0,0!, B ( 1
3 , 1

6 , 1
2 ),

and B (2
3 , 1

3 , 1
2 ) in the unit cell. The distance betwee

TM–TM is equal toc. This structure is quite close packe
and can be coped with efficiently and accurately by
atomic sphere approximation~ASA! method.26–29 The va-
lence states considered in the present calculation for the
ron atoms are 2s, 2p, and 3d and for the transition metal
are 3d, 4s, and 4p for the first series, 4d, 5s, and 5p for the
second series and 5d, 6s, and 6p for the third series. The
crystallographic parameters of TMB2 compounds used in th
present calculations are listed in Table I.

III. METHOD OF COMPUTATION

To calculate the electronic ground-state properties of
transition-metal diborides, we have used the TB-LMT
method of Andersen.27,28 The von Barth–Hedin30 parametri-
zation is used for the exchange correlation potential wit
the local density approximation. The LDA theory has be
shown by many researchers during the past few decade
give accurate ground-state properties such as equilibr
volume, cohesive energies of elements and solids, b
modulus, heat of formation, and electronic specific heat
efficient of intermetallic compounds.31–34 In the present cal-
culation, we have used ASA. In this approximation, the cr
tal is divided into space filling spheres, and therefore w
slightly overlapping spheres centered on each of the ato
sites. In all our calculations reported here, the Wigner–S

TABLE I. The calculated and experimental lattice paramet
(a,c in Å!, equilibrium volume~in Å3/atom), the TM-B and B-B
bond distance~in Å! for TMB2 compounds.

Compound Present Experimental Volume TM-B B-B

a c a c

ScB2 3.154 3.523 3.148 3.516 10.115 2.533 1.8
TiB2 3.070 3.262 3.038 3.22 8.876 2.409 1.77
VB2 2.983 3.047 2.998 3.056 7.825 2.297 1.7
CrB2 2.949 3.045 2.969 3.066 7.642 2.284 1.7
MnB2 2.924 2.950 3.009 3.039 7.281 2.242 1.6
FeB2 2.931 2.921 3.045 3.035 7.242 2.235 1.6
YB2 3.314 3.855 3.290 3.835 12.223 2.716 1.9
ZrB2 3.197 3.561 3.170 3.533 10.502 2.564 1.8
NbB2 3.107 3.328 3.115 3.265 9.271 2.447 1.7
MoB2 3.081 3.101 3.041 3.066 8.495 2.359 1.7
HfB2 3.166 3.499 3.139 3.473 10.124 2.530 1.8
TaB2 3.115 3.244 3.294 3.886 9.085 2.421 1.7
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~WS! sphere radii are such that an overlap is below 9%. T
average WS radius was scaled so that the total volume o
the spheres is equal to the equilibrium volume of the u
cell. The calculations are semirelativistic, i.e., except sp
orbit coupling, all the other relativistic effects are include
The combined correction terms are also included in the
culation. The Brillouin zonek-point integrations are mad
using the tetrahedron method on a grid of 1456k points in the
irreducible part of the hexagonal Brillouin zone~IBZ!, which
corresponds to 27 000k points throughout the Brillouin zone
The optimizedk points versus energy of TiB2 is shown in
Fig. 1. We find that above 1456k points the energy become
constant. So, in all our calculations, we use 1456k points in
the IBZ. We have used optimizedc/a and equilibrium vol-
ume obtained from our calculations for the cohesive prop
ties study. The calculations are done at different cell volum
for each system and the corresponding total energies
evaluated self-consistently by iteration to an accuracy
1026 Ry. For the borides which possess Cr, Mn, or Fe as
of the constituents, we have made spin polarized calcula
to look for spontaneous magnetization.

IV. DENSITY OF STATES

The site projected and total density of states~DOS! of
TMB2 are shown in Figs. 2 and 3 where the vertical li
indicates Fermi levelEF . The DOS histogram of TMB2 con-
sists of three parts:~a! the peak present in the lower energ
part of the DOS curve which is mainly due to the localiz
or tightly bounds electrons of B;~b! the bonding states o
TM-d and B-2p orbitals near the Fermi level; and~c! the top
of the DOS curve due to antibonding states. It is found t
the B-s electrons in TMB2 are localized and naturally its
effect in bonding is very small. The electrons from TM-d
and the B-2p states both contribute to the density of states
the Fermi level. The DOS of TM-d and B-2p are energeti-
cally degenerate from the bottom of the valence band to
Fermi level, indicating the possibility of covalent bondin

s

FIG. 1. Total energy vs number ofk points in TiB2.
5-2
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between TM and B atoms in all these compounds. Howe
the spatial separation between TM and B species and
charge transfer effect prevent the hybridization effect. A
result, our charge density studies show that the bonding
tween TM and B atoms in early transition metals diborid
are not dominated by covalent bonding.

From the DOS curves given in Figs. 2 and 3, it is cle
that these compounds have close similarity. Further, all th
compounds possess finiteN(EF) at the Fermi level. Hence
these diborides are said to exhibit metallic behavior in th
crystalline state. From our detailed investigation of cha
density distribution between various atoms in TMB2 com-
pounds we found that the metallic bonding between TM
the principal cause for the metallicity in these compoun
From the DOS histogram we found that thed-DOS bonding
state peak is systematically shifting towards the lower ene
side as one moves from Sc to Fe, Y to Mo, and Hf to Ta
the 3d, 4d, and 5d transition metal series respectively due
increase in the number of valence electrons~see Figs. 2 and
3!. Although the rigid-band model describes the electro
structures of these diborides fairly well, there are some
ferences between the band structures as expected. The
sity of states is largest towards the end of a transition m
series because the antibonding states at the top of thed band
are the most localizedd states. These antibonding states ha
the smallest interaction with the neighboring atoms a
hence, the smallest energy spread. The height of the D
peak is lower in the 4d series TMB2 compounds than the 3d

FIG. 2. Total and site projected density of states for 3d transi-
tion metal diborides ScB2 , TiB2 , VB2 , CrB2 , MnB2, and FeB2.
04511
r,
he
a
e-
s

r
se

ir
e

s
.

y

c
f-
en-
al

e
d
S

series because the 4d orbitals extend further from the
nucleus than the 3d orbitals. Since there is no sizable in
crease in the atomic volumes of the 4d series TMB2 com-
pounds compared to the corresponding 3d-series TMB2
compounds, the 5d and 4d orbitals on neighboring atom
must overlap more than do the 3d orbitals. This increased
overlap leads to a larger interaction between neighbors,
thus to a larger bandwidth and a smaller density of state

The typical feature of the total DOS of these compoun
is the presence of what is termed as a pseudogap~a sharp
valley around the Fermi energy! in all these compounds. It is
interesting to note that pseudogaps exist not only in crys
line solids35 and amorphous alloys,36 but also in
quasicrystals.37 Two mechanisms were proposed for the fo
mation of pseudogap in the binary alloys. One is of ion
origin and the other is owing to hybridization effects. Th
electronegativity difference between TM and B is low a
hence the ionicity does not play a major role on bond
behavior of these compounds~the percentage of ionicity is
less than 8% in these compounds!. Consequently the
pseudogap present in TMB2 is believed to be due to covalen
hybridization between TM and B atoms. Such a strong
bridization gives not only an important mixing between t
states of the conduction bands but also leads to a separ
of the bonding states creating a pseudogap. The pseudog
also observed in all hexagonal-close-packed~hcp! transition
metals38 and this is attributed tod resonance. The formation
of pseudogap in TiB2 was believed to be due to the comp

FIG. 3. Total and site projected density of states for YB2 , ZrB2 ,
NbB2 , MoB2 , HfB2, and TaB2.
5-3



at
m
s
co
re
ti
d
m

t-

e
e

no
t

s

se

ba-
of
ite
tal
r

w-

ith
r-

ar
of

ties

ays

g
copy

bed
he

ach
d-
nd-

een
the
is

di-
tra-
r-

en-

ent

b-
5
in
nd-
in

be-
-
eri-
sion

us.
in

e
is

VAJEESTON, RAVINDRAN, RAVI, AND ASOKAMANI PHYSICAL REVIEW B 63 045115
tition between the strong Ti-B hybridization and the Ti 3d
resonance.10 Our charge density distribution plots show th
there is weaker hybridization between TM and boron ato
in the early TM diborides even though they posse
pseudogap feature. This indicates that, apart from TM-B
valent hybridization, some other factor influences the c
ation of pseudogap in these compounds. In order to iden
the origin of the pseudogap feature in all these compoun
we have made model calculations for compounds with sa
structures. The total DOS curves for AlB2 , YHg2, and
HfBe2 in the AlB2 structure are shown in Fig. 4. Interes
ingly, the pseudogap is present in AlB2 also even though it
does not have anyp-d covalent interaction. Furthermore, th
DOS of YHg2 does not show a pseudogap feature ev
though it has TM–TM bond. Another example is HfBe2, it
has Hf(d) –Hf(d) interaction as well as Be(s) –Be(s) inter-
action. From Fig. 4, it should be noted that there is no
ticeable pseudogap present in HfBe2. So, we conclude tha
the presence of pseudogap in AlB2-type transition metal di-
borides is mainly originating from B(p) –B(p) covalent in-
teraction and the TM–TM or TM–B covalent interaction
are less significant to the creation of pseudogap. It should
noted that theEF is lying on the pseudogap in TiB2 , ZrB2,
and HfB2. This is due to the band filling effect since all the
three compounds possess same number of electrons
atom.

FIG. 4. Total density of states for AlB2 , YHg2, and HfBe2 in
the AlB2 structure.
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V. CHARGE DENSITY AND BONDING

On the basis of Korringa-Kohn-Rostoker~KKR! calcula-
tions and the x-ray photoelectron spectrum, Ihara, Hira
yashi, and Nakagawa24 proposed that the bonding nature
ZrB2 can be explained by a combination of the graph
bonding model of the boron network and the hcp me
bonding model of zirconium. A tight-binding calculation fo
TiB2 was performed by Perkins and Sweeney25 and found
strong evidence of graphite band structure. From the vie
point of orbital overlap, Burdett, Lanadell, and Miller13 stud-
ied the electronic structure of transition metal borides w
the AlB2 structure and found that the interaction of the o
bitals of the transition metal with those of the plan
graphite-like net of boron atoms and interaction with those
other metals are both important in influencing the proper
of these compounds. Tian and Wang,10 from their electronic
structure studies, found that strong interlayer bonding pl
an important role in the formation of TiB2. The anisotropy in
the bonding behavior of TiB2 has been studied recently usin
the orientation-dependent electron-energy-loss spectros
along with the band structure calculations.39 The nature of
the bonding in transition metal diborides has been descri
in early works by simplified models which emphasize t

role of TM-TM bonding,40,41 B-B bonding,42,43 or TM-B
bonding.44–47 These approaches are not consistent with e
other. Further, two conflicting points of view have been a
vanced regarding the electronic structure and chemical bo
ing in transition-metal borides. In some studies, it has b
assumed that there is electron transfer from boron to
metal41,48,49while in others it is argued that charge transfer
in the opposite direction.43,50–54 Moreover, the conclusions
arrived at regarding the nature of chemical bonding in
borides from electronic structure calculations are also con
dictory to each other.55,56 So, in order to have deeper unde
standing about the origin of bonding behaviors in AlB2
transition metal diborides, we have given the three dim
sional view of charge density distribution for TiB2 in differ-
ent planes where Ti-Ti, B-B, and Ti-B bondings are pres
in Figs. 5~a!, 5~b!, and 5~c!, respectively. From Fig. 5~a!, it is
clear that the Ti-Ti bonding in TiB2 is not dominantly of
covalent nature. Instead we found finite uniformly distri
uted charge density between Ti atoms as shown in Fig.~a!
indicating that there is a metallic bonding between Ti-Ti
TiB2. To have better understanding about the nature of bo
ing between boron atoms, the charge density distribution
the ~0002! plane of TiB2 is given in Fig. 5~b!. From this
figure, it is clear that there is strong covalent interaction
tween boron atoms in TiB2. The observation of strong cova
lent bonding between boron atoms is consistent with exp
mental studies in the sense that the thermal expan
coefficient measurements on TMB2 compounds show57 that
the thermal expansion coefficient in thec direction decreases
with increasing radius of the metal atom and that in thea
direction changes very little with the size of the metal radi
The charge density distribution between Ti and B atoms
TiB2 is shown in Fig. 5~c!. From this figure the Ti atoms ar
chosen to be in the origin. It should be noted that there
5-4
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FIG. 5. Valence electron charge density plot for TiB2 in ~a! the ~0001! plane where the Ti-Ti bonding is present,~b! the ~0002! plane

where the B-B bonding is present, and~c! the (101̄0) plane where the Ti-Ti, B-B, and Ti-B bondings are present where Ti atoms are i
corner. In all plots 50 contours are drawn between 0 to 0.25 electrons/a.u.3.
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finite covalent interaction between Ti and B in TiB2 and this
covalent interaction is not as strong as that between bo
atoms in TiB2. The present observation of weaker covale
interaction between TM-B compared with between B-B
inconsistent with the conclusion arrived from the therm
expansion coefficient measurement.57

For all the diborides there is a considerable electron d
towards the boron atoms and this gives rise to a substa
ionic contribution to the bonding. The magnitude of th
electron donation decreases from ScB2 to FeB2 in the 3d
series. The present observation of finite charge transfer f
TM to B in early 3d TMB2 compounds is in agreement wit
the conclusion recently arrived from the discrete-variatio
04511
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Xa method.58 To analyze the variation in the bonding beha
ior of TMB2 compounds by band filling we have given th
charge density distribution for 3d transition metal diborides
in Fig. 6. From this figure one can see that the bond
between Sc-B is weaker compared with that between TM
in other TMB2 compounds. There is a negligible charge de
sity distribution between Sc and B in ScB2 indicating that the
Sc-B bond is not dominantly covalent in nature. When co
sidering large electronegativity difference between Sc an
we conclude that there is an ionic bonding between Sc
B. The bonding between boron atoms in all these compou
is of covalent nature and does not change significantly al
this series. This is in agreement with the experimental ob
ot

-

d

FIG. 6. Valence electron charge density pl
for ScB2 , TiB2 , VB2 , CrB2 , MnB2, and FeB2 in

the (101̄0) plane with 50 contours are drawn be
tween 0 to 0.25 electrons/a.u.3. In the case of
CrB2 and MnB2, the charge density is calculate
from the spin-polarized calculation.
5-5
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vation of very little change in the bond strength within t
boron layer by the introduction of larger metal atoms.57 The
covalent interaction between transition metals systematic
increases with increase ofd-band filling. It should also be
noted that the TM-TM distance decreases from ScB2 down
to FeB2 progressively, which facilitates greaterp-d andd-d
interaction. Our calculations show that the bonding behav
in TiB2 is the combination of ionic, covalent, and metal
nature. Even though TiB2 has high melting point and larg
cohesive energy, its bonding behavior is not different fro
the other compounds. So, the distinguished nature of gro
state behavior in TiB2 among 3d TMB2 compounds is origi-
nating from the band filling effect, i.e., the falling ofEF at
the pseudogap. In the case of CrB2 and MnB2, we found
covalent interaction between transition metal and boron. T
is the reason why our calculated magnetic moments
much smaller than that of the corresponding transition m
als. For FeB2, the calculation shows strong covalent intera
tion between Fe and B. As a result, the magnetic momen
completely quenched in this material.

VI. COHESIVE PROPERTIES

It is to be noted that as thed electron number increase
the bonding states get filled accompanied by a decreas
the equilibrium volume. The equilibrium volume is the min
mum when the band is half filled and beyond this, it i
creases with the filling of the valence band. This trend can
seen from the equilibrium volumes given in Table I. T
cohesive energy of a material is a fundamental prope
which has long been the subject of theoretical and comp
tional approaches. The chemical bonding is a mixture
tween covalent, ionic, and metallic bonding and therefore
cohesive energy cannot be determined reliably from sim
models. Thus, first principles calculations based on den
functional theory~DFT! have become a useful tool to dete
mine the cohesive energy of the solids. In this connect
the cohesive energy of TMB2 is calculated by using the ex
pression

Ecoh
AB25@Eatom

A 12Eatom
B #2Etotal

AB2, ~1!

where Etotal
AB2 refers to the total energy of the compound

equilibrium lattice constants andEatom
A and Eatom

B are the
atomic energies of the pure constituents calculated semi
tivistically. To determine the heat of formation, we have fi
calculated the total energies of TM elements and B co
sponding to their respective equilibrium lattice paramete
At zero temperature, there is no entropy contribution to
free energy, therefore the free energy of formation, or
heat of formation (DH) can be obtained from the following
relation:

DHAB25Etotal
AB22@Esolid

A 12Esolid
B #, ~2!

whereEtotal
AB2 refers to the total energy of TMB2 at equilibrium

lattice constants andEsolid
A and Esolid

B are total energy of the
pure elemental constituents.
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The cohesive properties of 3d metal carbides and
nitrides59 indicate that the number of valence electrons p
atomne is a useful variable in correlating properties relat
to the cohesive energy of compounds which have a sim
type of chemical bonding. So, for the present study, we
ne(nTM12nB)/3, wherenTM and nB are the number of va-
lence electrons for transition metal and boron, respectiv
The calculated values of the cohesive energies and hea
formation of all systems are given in Table II. The syste
atic errors in total energy due to the use of ASA are cance
significantly, leading to a reasonably accurate formation
ergy. The heat of formation energies calculated for th
compounds are in good agreement with the experime
values.60,61 In order to understand the role of band filling o
the stability of these materials, thene vs DH is shown in Fig.
7 and also a comparison is made with experimentalDH in
this figure. It is interesting to note that the present theoret
values coincide with experimentally reported values for V2
and early transition metal diborides. On the other hand,
experimental values are higher than the theoretical values
the diborides whosene is greater than that of VB2. This is
partly due to the noninclusion of magnetic correlation effe
in our calculation. Further, the experimental calorimet
measurements were made19 at high temperature and our ca
culatedDH value is applicable only for low temperatures.
the case of 4d and 5d series the calculated values are co
ciding very well with experimental values. We also note th
the 3d compounds usually show the most exothermic enth
pies of formation and that the values tend to decrease
tematically as we go from 3d to 4d to 5d metals. Further,
the DH is higher for TiB2 , ZrB2, and HfB2 in the 3d, 4d,
and 5d series, respectively, which is related to the uniq
properties such as high hardness, high melting point w
maximum corrosion resistance among the compounds in
series. The origin of the unique properties of these co

TABLE II. Calculated ~pre.! and experimental~expt.! bulk
modulus (B0 in Mbar!, its pressure derivative (B08), heat of forma-
tion (2DH in KJ mol21), and cohesive energy (Ecoh in Ry
atom21) for TMB2 compounds.

Compound B0

~pre.!
B08 B0

~expt.!
2DH
~pre.!

2DH
~expt.!

Ecoh

~pre.!

ScB2 1.91 1.85 - 231.52 307 1.17
TiB2 2.13 2.1 2.02 308.38 328a 1.32
VB2 1.75 1.67 - 208.14 206a 1.01
CrB2 1.56 1.68 - 181.93 133a 0.98
MnB2 2.1 1.65 - 140.04 120a 0.88
FeB2 2.3 1.69 - 113.71 94.14a 0.79
YB2 1.41 2.05 - 101.68 105a 0.88
ZrB2 1.95 1.94 2.15 296.81 322.59b 1.25
NbB2 1.01 1.67 - 192.73 197a 0.94
MoB2 1.6 1.71 - 131.61 - 0.83
HfB2 2.16 1.35 2.12 244.20 335.98b 1.21
TaB2 1.82 1.78 - 179.15 209.20b 0.98

aReference 19.
bReference 77.
5-6



g

th
p

-
t
a

ng

e
oh
d
ls

h
an
e

fo
th
ip
to

b

eir

o

in

m-

g
ed
es

ted

the
ion
de-

are
,
is

We

are
II.
are

t
m-

the

tly
,
he

ted
od
ver,

m-
rk.
g

m-

ure
es-
o-
y,

e
of

ELECTRONIC STRUCTURE, BONDING, AND GROUND- . . . PHYSICAL REVIEW B 63 045115
pounds among the TMB2 compounds is due to band-fillin
effect which is discussed in detail below.

The EF of TiB2 , ZrB2 and HfB2 falls near the minimum
in the DOS curve in Figs. 2 and 3. This means that, all
bonding states are filled and the antibonding states are em
for the electron per atomne53.33. As a result, the cohesive
related properties such as the melting temperature and
enthalpy of formation will be higher as shown in Fig. 7. In
rigid-band picture, we would start to populate antibondi
states whenne is increased above 3.33e/a and consequently
the cohesive-related properties will be reduced. Whenne de-
creases below 3.33e/a one cannot make full use of all th
bonding states and that also leads to a reduction in the c
sion. We observe that the filling up of bonding orbitals lea
to a positive slope and the filling up of antibonding orbita
leads to a negative slope as shown in Fig. 7. Althoug
rigid-band approach would be too crude to give direct qu
titative estimates ofDH, for example, it is expected to giv
the trends as a function ofne . From Fig. 7, it is clear that the
rigid band picture works well in these materials.

A. Bulk modulus and its pressure derivative

Experimental bulk modulus values are not available
most of these compounds and this is the first report on
values ofB0 for those compounds. An universal relationsh
between the binding energies and distances between a
has been discovered for bimetallic adhesion,62 chemisorption
on metals,63 and metallic cohesion.64 Later Vinetet al.65 pro-
posed a universal model of the equation of state~UEOS! for
all classes of solids in compression, which is claimed to
superior to that of the Birch-Murnaghan EOS.66 If we define
x as (V/V0)1/3 andH(x) asx2P(x)/3(12x), the ln@H(x)# vs
(12x) curve should be nearly linear according to th
theory; i.e., ln@H(x)#5ln B01h(12x) and the EOS at a
given temperature can be expressed as

FIG. 7. Number of electrons per atom (ne) vs heat of formation
(DH kJ mol21) in TMB2 compounds.
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whereh5 3
2 (B0821) is the slope of the curve. It is related t

the pressure derivative of the bulk modulusB08 . We have
calculated the values of ln@H(x)# and (12x) using the
pressure-volume~P-V! data and made the least-squares fit
a manner similar to what we have made earlier.31,67,68In the
case of TMB2, the bonding nature can be regarded as a co
bination of metallic, covalent, and partly ionic bonding.10

The UEOS is suitable for describing mixed bondin
systems.65 To determine the bulk modulus, we have carri
out self-consistent calculations for six different volum
within the volume rangeV/V051.15 to 0.85 which is 15%
around the experimental equilibrium volume. The calcula
bulk modulus is given in Table II.

For materials at the beginning of a transition series,
bonding orbitals begin to fill, leading to increase in cohes
and hence to a decrease in the atomic volume. This
creased atomic volume and increased compression ofs orbit-
als lead to an increase in the bulk modulus. These effects
all maximized near the middle of the transition series69

when all the bonding orbitals are filled, and then the trend
reversed when the antibonding orbitals begin to be filled.
also identify the same trend in TMB2 compounds currently
under consideration. The calculated bulk modulus values
compared with the available experimental values in Table
From this table, it can be seen that our calculated values
in good agreement with the experimental values. TheB0
value is found to be maximum for 5d HfB2, followed by 3d
TiB2 and 4d series diboride ZrB2. This trend is in agreemen
with the reported experimental values. Generally, the co
pounds with high melting temperatureTm are expected to
have highB0. The melting temperatures of HfB2 , ZrB2, and
TiB2 are 3523, 3313, and 3253 K, respectively. However,
B0 values are higher for TiB2 than for ZrB2. The Tm is
defined by both bulk modulus and the shear modulus.70 So,
the observation of no systematic trend betweenB0 and Tm
indicates that the shear contribution varies significan
among these compounds. To the best of our knowledgeB0
values are available only for IVB compounds. Neither t
theoretical nor the experimental values ofB0 are available
for the rest of the compounds under study. It should be no
that the B0 values of the present calculation are in go
agreement with the available experimental values. Howe
the calculatedB0 value of TiB2 by Tian and Wang10 in the
earlier theoretical calculation is an overestimate when co
pared with the experimental as well as our theoretical wo
This variation in theB0 values between ours and the Wan
calculation is due to thek point optimization. So, we believe
that our calculated values are more reliable for other co
pounds also.

The pressure derivative of bulk modulus at zero press
B08 is a parameter of great physical significance in high pr
sure physics. It is related to a few other important therm
physical properties~like phase transitions, interphase energ
adsorption energy, etc.!.71 Generally, the variation along th
period is one of gradual increase, roughly until the middle
5-7
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the period, followed by a drop for the remaining elemen
The increasing trend can be attributed to the increasing l
of filling in the bondingd level which reaches a saturation
the middle of the period. The same behavior is not valid
the entired-block elements. TheB08 is directly related to the
electron density in thed-series elements, the element wi
lowestB08 will have high electron density. It is valid for only
3d-elements and not for 4d and 5d series in the TMB2 com-
pounds. We compare theB08 values of the TMB2 compounds
with that of constituent transition element. It is found that t
B08 of these compounds is half that of the constituent tran
tion element. This indicates the strong interlayer and in
layer chemical bonding in TMB2 compounds.

B. Electronic specific heat coefficient

The linear term in the specific heat at low temperatureg
is proportional to theN(EF). Values ofg for transition metal
mono- and diborides are measured by earlier works.10,15 In
Table III, we have compared the electronic specific-heat
efficientg obtained from the present study with the availab
theoretically calculated values and experimental values.
theoretical values are calculated directly from the free e
tron approximation,g5(p2/3)N(EF)kB

2 , using the calcu-
lated density of states at the Fermi energy. The calculateg
values will always be higher than the experimental valu
since the electron–phonon enhancement effect is not ta
into account in our calculations. The present theoretical v
ues are found to be in agreement with the other theoretic
calculated values as given in Table III.

The calculatedN(EF) values are very sensitive to th
number ofk points used in the calculations. So, the discre
ancy between the present results with the earlier report12

theoretical values is partly due to thek point effect. As men-

TABLE III. The calculated density of states at the Fermi lev
@N(EF) in states Ry21 f.u.21], electronic specific heat coefficien
(g in mJ mol21 K22), and electron phonon coupling constant (l)
for TMB2 compounds. The results obtained from the spin-polari
calculations are represented by~spin!.

Compound N(EF) gpresent gexp g theo l

ScB2 11.99 2.08 2.2 2.48 0.058
TiB2 4.27 0.74 1.08 0.38 0.459
VB2 15.86 2.48 4.84 3.62 0.952
CrB2 34.88 6.05 13.6 5.84 1.247

CrB2~spin! 37.89 6.57 - 1.070 -
MnB2 108.94 18.89 - 8.09 -

MnB2~spin! 20.18 3.51 4.45 - 0.26
FeB2 37.28 6.46 - - -
YB2 11.68 2.03 - 2.38 -
ZrB2 3.84 0.67 - 0.36 -
NbB2 13.95 2.42 2.33 2.44 -
MoB2 20.01 3.47 3.58 2.76 0.032
HfB2 3.688 0.64 - 0.34 -
TaB2 12.92 2.24 1.7 2.37 -
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tioned above, the calculated values usually underestim
with experimental values, because the electron–phonon
hancement factor is not included in the theoretical calcu
tions. But, surprisingly, our calculated values overestim
theg values in the case of CrB2 , MnB2, and FeB2 in the 3d
series, NbB2 in the 4d series, and TaB2 in the 5d series
~earlier works also find this variation!. At least, the discrep-
ancy in the 3d transition metal diborides can be account
for by the magnetic correlation effect in these compoun
For example, theg value is very large compared with th
experimental g value for MnB2 because of the highe
N(EF). So the spin polarized calculation is made for th
compound and it reduces theg values considerably. Among
these diborides, HfB2 has smallg value and the VIB com-
pounds have highg value. We have also estimated th
electron-phonon enhancement factorl for these materials
using the experimentally reportedg values by the relation
gexp5g th(11l), wheregexp andg th refer to the experimen-
tal and theoretical values of electronic specific heat coe
cients, respectively. In the case of TaB2 and NbB2, we have
obtainedg values larger than the experimentally report
values. So, we have not given thel values for these com
pounds in Table III. In order to clarify the theoretically ob
tained largeg in these compounds, more accurate electro
specific heat coefficient measurements at low temperat
are needed. In the other compounds, the calculatedl values
are found to be much smaller than those of the supercond
ing materials. These TMB2 compounds do not obey the Ma
thias rule,72 which relates the optimal electron concentrati
for superconductivity~5 and 7 electrons per atom!, whereas
the electron per atom ratio for these compounds is less
5. This may be the possible reason for the lowl values and
the nonobservation of superconductivity (Tc,1 K) in these
compounds.73 The present observation of largeg values in
some of the TMB2 compounds compared with the expe
mental study is due to the nonreliable experimentalg value
or the failure of LDA.

VII. CHEMICAL STABILITY

It is well known that the chemical stability is associat
with melting point. Compounds with high melting poin
generally have high chemical stability. It is interesting
note that the melting temperature of the elements Sc to C
the periodic table increases linearly. On the other hand,
melting temperature of these elements is found to decre
with the addition of boron, where theTm decreases from
TiB2 to CrB2 in the 3d series, ZrB2 to MoB2 in the 4d
series, and HfB2 to TaB2 in the case of 5d series. This dis-
crepancy can be explained as follows: In the case of tra
tion metals the number of bonding states increases with
increase ofd electron number and gets maximum in th
middle of the series. Since the filling of bonding states e
hances the bond strength, theTm increases while going from
Sc to Cr. On the other hand, all the bonding states get fi
in IVB-TMB 2 compound itself due to the presence
pseudogap atEF . So, the increase ind electrons when going
from TiB2 to FeB2 fills the antibonding/nonbonding state
As the filling of antibonding/nonbonding is less favorable f

l

d
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chemical stability,Tm decreases with increase ofd electron
number. The lowerN(EF) is often related with higher sta
bility and higher melting point.35 This can be understood a
follows: If a material has largeN(EF), it means that large
density of electrons is present in the highest occupied le
i.e., in the vicinity of the Fermi level. It is not a favorab
condition for stability since the one electron eigenvalue s
increases and hence lattice instability will arise easily res
ing in lower melting point. On the other hand, if theN(EF)
value is small, it means that the electrons participate in bo
ing and get localized. As a result, the stability of the mate
will be larger and will possess higher melting point. T
present observation indicates that the electrons at the F
level mainly decide the melting behavior of solids.

We have analyzed the chemical stability of these co
pounds using the band filling of the bonding states as
lows: As the rigid-band model describes the electronic str
ture of the diborides rather well, the band filling ca
naturally be regarded as being responsible for the variat
of their electronic structure and related properties. We de
Wv , the energy difference from bottom of the valence ba
to the Fermi level andWp , the energy width from the bottom
of the valence band to the pseudogap. SinceWv represents
the width of the occupied states andWp represents the bond
ing states,Wv /Wp can be used to describe the occupied p
tion of the bonding states. Here, theWp is found to be almost
constant, while theWv alone varies for different compound
depending upon the number of valence electrons. The ca
lated values ofWv /Wp for TMB2 compounds are listed in
Table IV along with those reported in Ref. 12. From th
table it should be noted that ScB2 has 9 valence electrons an
its bonding states are not fully filled (Wv /Wp,1). In the
case of TiB2 , Wv /Wp is almost equal to unity. This indicate
that all the bonding states are filled and all the antibond
states are empty. From CrB2 to FeB2 theWv /Wp factor sys-
tematically increases and also becomes greater than u
~see Table IV!. This indicates that the bonding states a
already filled and the antibonding/nonbonding states get

TABLE IV. The width of the valence band (Wv in Ry!, width of
the bonding states (Wp in Ry!, Wv /Wp , and melting point (Tm in
K! for the TMB2 compounds.

Compound Wv Wp Wv /Wp

~pre.!
Wv /Wp

~Ref. 12!
Tm

ScB2 0.76 0.88 0.87 0.90 2523
TiB2 0.90 0.89 1.01 0.99 3253–3498
VB2 0.96 0.88 1.10 1.03 2673–3020
CrB2 1.05 0.95 1.11 1.12 2473
MnB2 1.03 0.95 1.09 1.13 2261
FeB2 1.01 0.93 1.10 - -
YB2 0.75 0.88 0.86 0.76 2373
ZrB2 0.93 0.88 1.05 0.99 3313–3518
NbB2 1.18 0.85 1.17 1.02 3173–3309
MoB2 1.08 0.88 1.23 1.14 2373–2648
HfB2 0.98 0.93 1.05 1.02 3373–3653
TaB2 1.10 0.98 1.12 1.14 3310–3473
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cupied when going from CrB2 to FeB2. So the chemical
stability is in the following order for the 3d transition metal
diborides: TiB2.VB2.CrB2.MnB2.FeB2, in the 4d se-
ries ZrB2.NbB2.MoB2, and in the 5d series HfB2
.TaB2. For comparison we have given theWv /Wp obtained
by Wanget al. in Table IV along with our results. It should
be noted that there is significant difference between our
sults and those reported in Ref. 12. Since we have u
k-point optimization in our calculations we believe that o
results are quantitatively closer to reality. Even though th
is quantitative difference between the present result and
12, from Table IV one can see that qualitatively both resu
are consistent with each other.

The ScB2 and YB2 compounds need more electrons in
the band to increase the stability of these compounds. In
3d-transition metal diboride series TiB2 has enough space t
accommodate its 10 valence electrons. So it is expected t
the most stable compound in this series. In the case of
electronic compounds along the group where the numbe
valence electrons remains the same, the chemical stabili
in the following sequence: TiB2,ZrB2,HfB2 in the fourth
group and VB2,NbB2,TaB2 in the fifth group. The re-
maining compounds also follow this sequence. A simi
trend is observed in the other theoretical12 as well as experi-
mental works. The large chemical stability in the 5d series
transition metal diborides over the corresponding 3d or 4d
transition metal diborides is due to the enhancement in
covalent hybridization between the transition metal and
ron, because when we go down the periodic table in a p
ticular group, one can expect the delocalization of valen
band due to the screening effect. Hence, compared to Ti,
outermost electrons in Hf are much delocalized. As a re
of this, the valence electrons for Hf will have strong covale
interaction with the boron compared with that of Ti. Th
hybridization effect will separate the bonding states from
antibonding/nonbonding states which leads to lowN(EF).
This may be the possible explanation for the high melt
point for HfB2 over TiB2. From the above analysis, the ban
structure calculations were found to explain the chemical
bility of these TMB2 systems successfully.

VIII. THE MAGNETIC PROPERTIES

CrB2 has a complicated helicoidal magnetic structure,
resolved by neutron diffraction measurements.74 But for sim-
plicity, we have assumed the ferromagnetic ordering in
calculation. Early magnetization and susceptibility measu
ments yielded rather surprising results that MnB2 is a simple
ferromagnet with a small saturated moment of 0.25mB /Mn
atom49 and 0.19mB /Mn atom75 and an ordering temperatur
of 15763 K49 and 143 K.75 FeB2 is metastable in the Fe-B
system, and its magnetic properties are not known. Howe
the possible existence of a magnetic transition in this ph
cannot be ruled out in view of the ferromagnetic transitio
in the stable iron boride phases Fe2B and FeB.22,76

The spin polarized calculations are performed for CrB2 ,
MnB2, and FeB2. Filling up of thed band moves the Ferm
energy into a region of high DOS where both CrB2 and
MnB2 fulfill the Stoner criterion. FeB2 also has high DOS a
5-9
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the Fermi level, but we do not observe spontaneous s
polarization in this case. As mentioned above, our cha
density analysis shows that there is a strong covalent bo
ing between Fe and B in FeB2 compared to the other trans
tion metal compounds considered here. So, the observa
of nonmagnetic behavior in FeB2 is due to the participation
of electrons in the chemical bonding instead of magneti
The variation of total energy with volume for MnB2 with and
without spin polarization are given in Fig. 8. From th
curve, it is clear that a large gain in total energy is obser
by the inclusion of spin polarization in our calculation. S
our calculation predicts that the ferromagnetic state is e
getically more favorable than the nonmagnetic state
MnB2. It is consistent with the experimental studies in t
sense that the magnetization and susceptibility stu
suggest49,75 an itinerant band ferromagnetic behavior
MnB2. However, our calculation yields the magnetic m
ment of 1.6mB /Mn, and this is much higher than the expe
mentally observed value. Very recent theoretical studies21 on
MnB2 suggest that spin canting structure could be resp
sible for the small ferromagnetic component found in t
experiment. The equilibrium cell volume of the spi
polarized case is 155.632 a.u.3, 149.345 a.u.3 and that of the
nonspin-polarized case is 154.763 a.u.3, 149.325 a.u.3 for
CrB2 and MnB2, respectively. The enhancement in the eq
librium volume by the inclusion of spin polarization in ou
calculation is due to magnetovolume effect.

The calculated total, site, and spin projected DOS
MnB2 obtained from the spin polarized calculation a
shown in Fig. 9. It should be noted that theEF falls on a
sharp peak~Fig. 2! in the nonspin polarized case of MnB2
~see Fig. 2!. On the other hand, the spin polarization spl
the Mn-d DOS in such a way that theEF lies in a valley
region in the total DOS as shown in Fig. 9. As a conseque
of this, we have obtained a small value ofg compared with
that of the nonspin-polarized case which is closer to the
perimentally reported value~Table III!. In the case of CrB2,
we observed a very small magnetic moment of 0.32mB /Cr.
Hence, the DOS does not change significantly when go

FIG. 8. The total energy vs unit cell volume curves for MnB2

from the spin-polarized and non-spin-polarized calculation wh
DE5E12412.
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from the nonspin-polarized case to the spin-polarized ca
As a result, theEF is present in the shoulder of DOS pea
which possesses a dominant nonbonding Cr 3d character.
This is not a favorable condition for stability. This may b
the possible reason for the stabilization of complex helic
dal magnetic structure in CrB2. Our calculated magnetic mo
ment of CrB2 is found to be close to the experimental
measured74 magnetic moment of 0.560.1 mB /Cr. The gain
in total energy by spin polarization obviously reflects t
formation energy and hence the recalculated format
energy for MnB2 and CrB2 are 2150.43 and
2184.24 KJ mol21, respectively. The previous calculation
on mono-14 and semiboride20 of Fe show a reduction in the
magnetic moment on boron addition to Fe with the magne
moment values of 1.91mB /Fe for Fe2B and 1.12mB /Fe for
FeB. From our calculations we found that further addition
boron in FeB is found to suppress the magnetic momen
the FeB2 case. But the opposite trend was observed in
case of MnB2 where Khmelevsky and Mohn21 found that the
addition of B in the Mn2B matrix increases the magnet
moment up to MnB. In the case of MnB2, we found that the
magnetic moment is exactly the same as in Mn2B, indicating
an increase in the magnetic moment on addition of B up t
certain range after which further addition of boron reduc
the magnetic moment. In the case of CrB and Cr2B, no mag-
netic moment is observed. But in the CrB2 case, we find a
small amount of magnetic moment.

IX. SUMMARY AND CONCLUSION

We have performed first-principles local density fun
tional electronic structure calculation for the 12 TMB2 com-
pounds using the TB-LMTO-ASA method. The calculat
lattice constants are found to be in very good agreement w
experimental results. These TMB2 compounds are not ex
actly layered compounds because of thed-d interaction
among the TM and the interaction of TM-d electrons with
the p electrons of the B atom present in these phases.

e
FIG. 9. The spin projected DOS for MnB2 in the ferromagnetic

phase.
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cohesive energy, heat of formation, and bulk modulus
most of these compounds are calculated for the first time.
list the important conclusions arrived from our calculation

~1! We successfully explained the chemical bonding
havior of AlB2-type TMB2 compounds from our DOS an
charge density analysis. The covalent nature of bonding
these compounds systematically increases with increas
ne along the series. These compounds possess mixed b
ing nature such as strong covalent bonding between bo
metallic, and covalent bonding between transition met
and ionic and covalent bonding between TM and B.

~2! The calculated cohesive properties such as hea
formation are found to be in good agreement with the exp
mental values and the change in trend along the serie
explained via the band filling of the bonding state analys

~3! The calculated electron phonon enhancement factol
for TMB2 compounds is very small compared with the s
perconducting compounds.

~4! From the DOS histogram, we found that pseudoga
a common feature for all these compounds. The most po
lar belief for the origin of pseudogap is that it arises due
the p-d s bonding between nonmetal and transition me
nonmetal atoms in most of the intermetallic compound78
045115
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But, in the present systems, the common origin for the c
ation of pseudogap in all these materials is due to str
covalent bonding between boron atoms.

~5! Calculated bulk modulus and its pressure derivativ
are compared with available experimental and other theo
ical values. The calculated bulk modulus values are found
be in good agreement with experimental values.

~6! The electron band structure total energy studies sh
that the cohesive-related properties show a maximum
bond strength for TiB2 in the 3d TMB2 compounds and this
is due to the maximum filling of bonding states.

~7! We found finite magnetic moment in MnB2 and CrB2
from our spin-polarized calculations. Due to strong coval
bonding between Fe and B, our calculation predicts a n
magnetic behavior in FeB2.
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