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Electronic structure of rare-earth nickel pnictides: Narrow-gap thermoelectric materials
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We have studied the electronic structure of a class of half-Heusler compMiN#n, whereM is Y, La,
Lu, Yb, and Pn is a pnicogen As, Sb, Bi. All these systems excepting Yb are narrow-gap semiconductors and
are potential candidates for high-performance thermoelectric materials. The Yb system shows heavy fermion
characteristics. Calculations were carried out within density-functional thigenyeralized gradient approxi-
mation using self-consistent full-potential linearized augmented plane-wave method. Comparison of the elec-
tronic structures of isoelectronic systems YNiSb and ZrNiSn, another narrow-gap semiconductor, brings out
the role of hybridization on the energy gap formation. We also find that in YNiPn systems, the gap narrows as
we go from As to Bi, a result of relativistic lowering of the Pn valesdsand and its influence on the lowest
conduction band. Our band-structure results for YbNiSb differs drastically from a previous calculation using a
different method, but agrees closely with a similar mixed valence system YHRS®i63-18209)03324-X|

[. INTRODUCTION inserted in half of the tetrahedral holes in the lattice. In this
description, the compounds can be viewed as complexes of
A deeper understanding of the electronic structure of mulguest Ni atoms in the hodt1®**Pr#~ lattice. An alternate
tinary compounds with complex structure has become exway to describe theM**NiPn®*~ is to consider this com-
tremely important both from a fundamental and materialgpound as a filled adamantafidgAs]®~, zZnS zinc-blend-
science points of view. Such materials are being synthesizeype lattice in which the Mg atoms occupy octahedral
with a view to enhancing thermoelectric, magnetic, piezo-holes in a diamond lattice. In either case, the cubic cell has
electric, and other material characteristics. A class of comunfilled holes that present the opportunity for chemical ex-
pounds that has attracted a great deal of attention in receperimentation.
years is that with the MgAgAs-type structure. Examples of In this paper, we discuss the electronic structure of sys-
such systems ar®INiSn (M =Ti, Zr, Hf, U, Th);)3MNiSb  tems whereM =Y, La, Yb, and Lu andX= Sb, As, Bi. Our
(M=Y, Gd, Yb, Lu);*®andMPtBi (M=Yb).”® These sys- main motivations for undertaking this study afe) to see
tems can be either metals or semiconductors. In fact some dow the elemeni determines whether the system is a metal
the metallic systems show heavy fermion characteriéfics, or a semiconductor as seen in some experiméin}sf it is a
while others are promising candidates for high-performanc&emiconductor, what is the physical origin of the energy gap
thermoelectric materials. For example, a few years ago thérmation and how does this gap dependMrand X, and
ternary intermetallic compoundsINiSn (M =Ti, Zr, Hf) (iii ) to explore the role of thé electrons on the electronic
were reported to exhibit unusual transport and optical propstructure in generdf. Furthermore, a recently published
erties expected from semiconductors. Indeed, they were lat@lectronic structure calculatibnin YbNiSb using linear
established to be narrow-gap semiconductdré remark- ~ muffin-tin orbital (LMTO) method in the atomic sphere ap-
able feature of these materials is that, despite the fact tharoximation(ASA) within the local-density approximation is
they are composed of only metallic elements, they are semfound to differ drastically from that of YbPtBia very simi-
conductors. The origin of gap formation in these systems isar system. This is quite surprising and we felt it was impor-
therefore an interesting and subtle isdue. tant to redo the calculations in YbNiSb using a different
Recently, we have initiated investigations on the potential
of the ternary phases of the MgAgAs structure type for ther-
moelectric applications. We are particularly interested in theY
electronic properties df1®" NiPn®~-type phases, whend is '
a trivalent electropositive element afah is a pnicogen ele-
ment, and various derivatives thereof. These compounds ar
isoelectronic to theMNiSn phases discussed abdvé and
in this respect they represent a logical new direction for ther-
moelectric investigation$. The M3"NiPn®~ compounds
crystallize in the cubic MgAgAs structure type, see Fig. 1;
where the electropositive metals occupy the Mg sites while FIG. 1. Two different perspectives of the cubic structure of
the Pn occupies the As site. This structure can be describeeNiSb. Left: Ni atoms inserted in a YSb NaCl-type lattice. Right:
as a filled MgAs, NaCl structure type in which Ag atoms areY atoms inserted in a ZnS-type NiSh lattice.

0163-1829/99/5@4)/156609)/$15.00 PRB 59 15 660 ©1999 The American Physical Society



PRB 59 ELECTRONIC STRUCTURE OF RARE-EARTH NICKE. . . 15661

TABLE I. Lattice constants and band gap. tential. The calculations were performed using the WIEN97
: packagée?® The values of atomic radii were taken from Paul-
System Lattice Constant Calculated Band Gap  ing’s table[L. Pauling, J. Am. Chem. So69, 542 (1947].
a(au) (eV) They are 2.18 a.u. for Ni and are 2.36 a.u. for As, Sb, and Bi.
YNiSb 11.928 0.28 The atomic radii for the rare earths were kept constant at

2.46 a.u., close to the value for Y. Adjustment of these radii

LaNiSb (cubi 12.603 0.44 L .

ant (cubio within a reasonable range showed little dependence of the
LuNiSb 11.752 0.19 . S
YbNiSh 11.788 Metal final band structure on these variations. Convergence of the
LaNiSh (h | _é 353 Metal self-consistent iterations was performed with Rpoints in

aNiSb (hexagong a: : eta the reduced Brillouin zone to within 0.0001 Ry with a cutoff

] ¢=15.585 between valence and core states-06.0 Ry. Relativistic

YN!AfS 11.662 0.53 corrections were incorporated in two stages. Scalar relativis-
YNIBI 12.115 0.13

tic corrections were added for all the systems studied and
spin-orbit (SO) interactions were included using a second

method to clarify this issue. For purposes of comparison an ariational proceduré® The latter is particularly significant
oo purpos P or thef electrons and for heavy atoms such as Bi. For all the
to understand the physical reason behind the energy-gap for.

. . ystems, we have calculated the band structure with and
Qﬁgﬂrzgtgftﬁgr‘r,?"olgf,eéir\:;?yhri\;?e?:z&%agc(ﬂafg tEZ banavithout the SO corrections and find that the inclusion of SO

: interaction has a significant effect on the states near the
Ilzg’m\:ib;nae?d ecxhpall?]re:agov\:/vethce) f?eha\é'?él\%\l?gg?ns tgresg th ermi energy for a large number of systems of interest. All
energy change as 90 . the results reported in this paper include SO interaction.
of orbital interactions with the inserted Ni atoms.
The organization of the paper is as follows: In Sec. Il, we
discuss the crystal structure of these compounds and describe . RESULTS
very briefly the method we have used to calculate thg elec- A YSb, LaSh, YbSb (model systems for comparisop
tronic structure. In Sec. lll, we present our results and in Sec. ) ] ]
density approximatiorfand improvements beyond LDAn  ing Ni, let us see the nature of the electronic structure for
describing the electronic structure of systems contairiing MSP(M=Y, La, Yb) which has the NaCl structure. In Figs.

electrons. In this context, we review a recent work on a simi-2(@, 2(b), and Zc) we give their band structures and in Figs.
lar system, namely YbPtEi. 3(a), 3(b), and 3c) we give the corresponding total density

of states(TDOS), both of which suggest that all three sys-
tems are metals. Our results for YSb and LaSb agree quali-
tatively with an earlier calculatiofLDA and no spin-orbit
MNiSb compounds formed with light rare-earth elementsinteraction using a self-consistent APW procedure by
(M) crystallize with a hexagonal ZrBeSi structuf8pace Hasegawa’ In these two systems, the lowest three bands
group: P 6/mmo whereas those with Yttrium and heavy shown of Figs. 2a) and 2b) are weakly hybridized Slp-and
rare earths crystallize in the cubic MgAgAs structi®pace M-d bands, although they have predominantly Btharac-
group: F 43m. In this paper we deal with the latter structure, ter. We will for the sake of argument refer to these three
but for the sake of comparison with compounds having cubidbands as the “valence” bands. Both in our and Hasegawa's
structure we have also considered a hypothetical LaNiSloalculations, an important feature is the existence of a band
compound with cubic structure. In Table I, we give the lat-that lies just above these “valence” bands. In YSb for ex-
tice constants used in the present study. ample, it starts from thé&' point (hasI',5 symmetry, drops
The noncentrosymmetric crystal structureMNiSb (M dramatically as one moves towards Keoint (X3 symme-
=Y) is shown in Fig. 1. As discussed before, this system cartry) and then rises alongW. A detailed analysis of the or-
be viewed as a rock-salt structure arrangementiaind Sb  bital character reveals that this band is primarily of ¥ 4
atoms with Ni atoms occupying the center of cubes formedharacter and is a characteristic feature in the NaCl crystal
by four M and four Sbh atoms. Actually, there are two suchstructure typ€. Because this band comes down appreciably
cube-center positions which the Ni atoms can occupy, but imand falls below the top of the valence band, which is atlthe
the MNiSb compounds only one of the cube-center positiongoint, the system behaves like a semimetal with pockets of
(also forming an fcc latticeis occupied by the Ni atoms. On holes around thé& point and pockets of electrons around the
the other hand, in metallic Heusler compoumd8li,Sb, all X point. In LaSb and LuSknot shown in the figure the
cube-center positions are occupied by Ni atoms and the sygresence of emptiorbitals above the Fermi level and com-
tem recovers the center of inversibinin both these systems pletely filledf levels below the Fermi level, respectively, do
each Ni atom bonds with fouM and four Sb nearest- not change this basic semimetallic behavior. However, there
neighbor atoms. We will later argue that Ni plays a veryis some reordering of energy levels near ¥hpoint resulting
important role in the final band structure of these systems. from weakf-p andf-d hybridization. On the other hand, in
Electronic structures were calculated using self-consistentbSb [Fig. 2(c)], the Ybf levels lie at the Fermi level and
full-potential linearized augmented plane-wayeAPW) hybridize strongly with the S band. At the same time the
method? within density-functional theory (DFT) using the  Yb d bands get pushed above the Fermi energy.
generalized gradient approximatiofGGA) of Perdew, Before discussing the results for systems with Ni, we
Burke, and Ernzerhdt for the exchange and correlation po- would like to make two points. Our calculated density of

Il. CRYSTAL STRUCTURE AND METHOD
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FIG. 3. Total density of states of YS@), LaSb (b), YbSb

FIG. 2. Band structure of YSka), LaSb(b), YbSb(c). o ) .
&) () © (bottom). The position of the Fermi energy is at zero energy.

states(per formula unit at the Fermi energy using GGA for 4(d): (3, 2, 3), and Sb in 4): (3, £, 1) Wycoff positions. The
YSb and LaSb are 0.19 states/eV and 0.12 states/eV, respgsosition of 4c): (3, 3, 3) is empty. The band structures for
tively (see Fig. 3 These are about a factor of 2.5-3 smalleryNiSh, LuNiSb and LaNiSkboth cubic and hexagonadre
than earlier LDA results of HasegawaA detail comparison given in Figs. 4a), 4(b), 4(c), and 4d), respectively. As can
between results obtained with LDA and GGivith and  be seen in all four cases, most of thed\bands lie below the
without SO interactionsand the importance of electron- Fermi level (about 1 to 3 eV beloyv However the lowest
phonon contributions to the low-temperature electronic heagonduction band alongI’-X-W has appreciable Ni
capacity in these systems will be discussed in a subsequeficharacter. The Ni ¢ bands are found considerably above
publication. the Fermi level, making Ni an almosit(Ref. 10 system. In
addition, the Nid orbitals interact strongly with théM d
orbitals. In particular thé&; state at theX point in YSb gets
pushed sufficiently up and now lies above the Fermi energy.
This opens up an energy gap and makes these systems indi-
Let us now analyze the effect of inserting Ni atoms intorect narrow gap semiconductors. A similar situation also oc-
the MSb systems. As discussed befoNiSb compounds curs in the La and Lu systems. This opening of a gap was
have the MgAgAs-type structur@xcept for the case where also seen itMNiSn systems by Ogut and Rabehich con-
M=La, where we will consider both the hexagonal and atain nof electrons. Since thelevels in the La and Lu sys-
hypothetical cubic structuyevith M in 4(a): (0, 0, 0, Ni in tems lie more than 3 eV above and about 5 eV below the

B. YNiSb, LaNiSb
(both cubic and hexagonal, LuNiSb
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FIG. 4. Band structure of YNiSka), cubic LaNiSh(b), hexagonal LaNiSld), LuNiSb. The Nid bands are explicitly shown i) and

lie roughly in the same range in other three systems.

Fermi level, respectively, the p hybridization does not sig-
nificantly affect the band structure in the neighborhood of the
Fermi level. Thus, the origin of the gap formation in MNiSb
(M #Yb) compounds must be due to the insertion of dNi
orbitals, as in the case of MNiSn, although the particular
details may differ somewhat. This point will be discussed
more extensively later in the paper.

As has been pointed out in the introduction, MNiSb com-
pounds with light rare-earth elements actually form in a hex-
agonal structure. We have, therefore; carried out a calcula-
tion of the electronic structure of hexagonal LaN{Sbe Fig.
4(d)]. As can be seen from the band structure, this system is
a metal and its band structure differs significantly from the
corresponding cubic system. A rather noticeable feature in
the hexagonal compound is that the partly emfgvels (at
~1.5 eV) come closer to the Fermi energy.

C. YbNiSb

The Yb atom has one hole in tfighell and the compound
is most likely a mixed valence heavy-fermion systehtere,
we are interested to see how well one can apply staratard
initio band-structure calculations based on density-functional
theory to obtain a realistic description of the electronic struc-
ture near the Fermi energy. Similar attempts have been made
successfully by Runget al. for the mixed valence systems
CeRuySi,. 8 Of course one has to be careful in comparing the
results of band calculationgvithin DFT) with experiments
for systems where thtlevels lie at the Fermi energy. This
point will be discussed later in the paper.
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FIG. 5. Band structure of YbNiSb withoga) and with(b) spin-
The only published electronic structure calculation fororbit interaction. Thef levels split by about 1.25 eV.
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YbNiSb of which we are aware of is by Solarét al* and it : — R\
was carried out at the scalar relativistic level within LDA </ —

using LMTO-ASA. Unfortunately, their result differs consid- ]

erably from that of the closely related system, YbPtBi, ob- -7.05 AT & X7 K

tained by McMullen and Roy.Also the calculated band

structure in Ref. 4 appears strange with several flat portions. FIG. 7. Band structure of YbNiAga), YNiSb (b), and YNiBi

We, therefore, decided to redo the calculations for YbNisH©- The indirect gap is seen to decrease as one goes from As to Bi.

using a different method, namely full potential LAPW and

using GGA, which improves over LDA by incorporating gra- Yb f character. In comparison, the corresponding numbers

dient corrections and is expected to be better for systemgor YbPtBi are 4.5 states/eV and 60%, respectively.

where the narrow levels come close to the Fermi energy. should be emphasized that if we do not include the SO in-
In Figs. 5a) and §b) we give the band structure of teraction,N(eg) reduces to about 6.9 states/eV and the

YbNiSb without and with SO interaction and in Figg§ab character also gets reduced to 61%. Therefore, SO interac-

and @b) we give the corresponding total density of statestion should play an important role on the low-energy prop-

TDOS. The SO interaction is quite strong for thievels and  erties(the linear term in the heat capacity and the transport

the splitting betweeris;, andf,, levels is about 1.25 eV, in  propertie$ of the system. To ascertain whether or not the

agreement with the calculations on YbPfBin YbSb, we difference in our results and those of Solaekial* are due

found that there was a stronigp hybridization near the to the two different methodd. MTO-ASA and FP-LAPW

Fermi level although the majority of tiidevels were below and two different approximationd.DA and GGA), we cal-

the Fermi level. Insertion of Ni in the latticéto form  culated the band structure of YbPtBi using our procedure and

YbNiSb) places the Nid bands below thélevels, which get  our results agree rather well with those of McMullen and

pushed up in energy. As a result, there is a partial chargRoy,” who have used LMTO-ASA and LDA.

flow from the Yb f levels into the Sbp bands. Ybf levels

become partially occupied and YbNiSb acquires a heavy fer- )

mion character much like YbPtBi. The DOS shows a sub- D. YNiPn (Pn=~As, Sb, B)

stantial f character at the Fermi energy. The TDOS at the In Figs. 1a), 7(b), and 7c) we give the band structures of

Fermi level,N(eg), is 12.6 states/eV of which 77% is of YNiAs, YNiSb, and YNiBi to illustrate the effect of chang-

=
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FIG. 8. Comparison of different angular characters pad hybridization between the parent compounds Z(®rand (b) and YSh(c)
and(d). The size of the circles is a measure of the angular characters. Figayes8 &c) give thep characters of Sn and Sb and Fig&)8
and &d) give thed characters of Zr and Y, respectively.

ing the pnictogen atom on the energy gap. Clearly, the relacharacter being proportional to the size of the circles. The
tivistic effects increase in going from As to Bi. In addition to band labeled 2 starts out with Snp character at th& point

the increase in spin orbit splitting we find that the Pn valenceand changes over to Zd character at th& point. The band

s band comes down towards the Fermi level and in Bi com4abeled 2 shows just the opposite behavior. Clearly, there is
pounds it strongly perturbs the lowest conduction bandyidence of strong dependenp-d hybridization between
(along thel'X direction). The net effect is a decrease in the {he pands labeled 2 and fshown in Fig. 8a) and the cor-

indirect band gap in going from As to Bi. The ca_lculated responding bands in Fig.(®] as pointed out by Ogut and
band gaps are 0.53, 0.25, and 0.13 eV, respectij@te Rabe. In contrast, in YSfsee Figs. &) and (d)] this p-d

Table 1 where the band gaps for all the systems studied iIFﬁybridization is very weak. Thus, a stropgd hybridization

this paper are given need not be a prerequisite for the energy gap formation in
these ternary systems. In fact as discussed belowd Igi-
E. Origin of the gap formation bitals play a crucial role.

Finally, we would like to discuss the similarities and dif-  In ZrNiSn, the Ni d orbitals do two things. The hybrid-
ferences in the origin of the energy gap formation in ZrNiSnized Sn p-Zr d band with a large dispersiaiband labeled
and YNiSh. These two systems are ideal for comparison bel in Fig. 8a), which starts from thd™ point with I';, sym-
cause(Zr, Y) and(Sn, Sh are neighboring pairs in the peri- metry at~0.5 eV and goes te-—2.5 eV at theX point with
odic table. In particular, we are interested in exploring theX,, symmetry in ZrSn hybridizes strongly with Nid orbit-
significance of(i) Zr (Y) d and Sn(Sb p hybridization, als and becomes tHewest conductiotband(alongI'X with
and(ii) the Ni d orbitals on the electronic structure near the X3 symmetry at thexX point) in ZrNiSn [band labeled 1 in
Fermi energy. Ogut and Rabbkave pointed out the impor- Fig. 9a)]. In addition, the strongly hybridized Sp-zr d
tant role played by-d hybridization along thé'X direction  band(band labeled 2 in Fig.(®), which starts from~0.0 eV
on the energy gap formation in ZrNiSn. They argued that theat I" and goes to~0.1 eV atX) gets slightly modified. The
strong k-dependent hybridization between 2, and dy,  energy of this band at th¥ point drops below that at thE
and Snp andp, along (001) direction was one of the two point by about~0.5 eV[band labeled 2 in Fig.(®)]. The net
reasons behind the gap formation at the Fermi energy. leffect is the formation of an indirect gap semiconductor with
Figs. 8§a) and &b) we give the results of our FLAPW— a gap of 0.50 eV, which agrees very well with the previous
GGA calculations for the host system ZrSn. They show thecalculation!® The situation is completely different in
Sn p (@) and Zr d charactergb), the strengths of the orbital YNiSb. The lowest Y d band, which has a large downward
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FIG. 9. Comparison of different angular characters between Zrkagrb), and(c) and YNiSb(d), (e), and(f). The size of the circles
is a measure of the strength of the angular character. Figgapad 9d) give thep characters of Sn and Sb, FiggbPand 9c) give the
d characters of Zr and Y, respectively, and Fig&)@nd 9e) give thed character of Ni.

dispersion going fronl” to X [band labeled 1 in Fig.(8)] the effective mass of the states near the bottom of the con-
strongly hybridizes with a Nd band and somewhat weakly duction band and find that it is about 2-3 timeg, the
with Sb p band. This hybridization pushes the conductionfree-electron mass. We have calculated the effective masses
band bottom at th& point above the valence band top at theassociated with the conduction-band minimuat the X
I' point [see band labeled 1 in Fig(®]. The net result is a point) and find it to be highly anisotropic. Along th¥I’
formation of an indirect narrow gap semiconductor, but indirection the effective mass is aboutri, whereas along
this case the gap is 0.28 eV, about a factor of two smallethe two other orthogonal directions, it is neanty . Thus, we
than that in the isoelectronic compound ZrNiSn. In spite ofexpect that the average transport mass will be about
the basic differences in the nature of bonding, the energy10)*°m,, which is consistent with Uheet al’s finding.
band structure in the neighborhood of the Fermi energy ighis might explain why the observed room-temperature elec-
remarkably similar in ZrNiSn and YNiSb. There are, how- tronlike thermoelectric coefficient in ZrNiSn is larg® A
ever, quantitative differences in the dispersion of the top okimilar situation also occurs in YNiSb where the heavy elec-
the valence band along tH&X andT'L directions between tron mass along th¥I" direction is a factor of two larger. If
these two systems, which should reflect in their transporYNiSb can be doped type, it should also show a large
properties. negative thermopower at room temperature. We find that the
Recently Uheret al?® have studied the transport proper- effective hole masses in ZrNiSn are large which suggests
ties of ZrNiSn and related compounds. They have estimatethat p-doped ZrNiSn should show large positive ther-
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mopower at room temperature. In contrast, the hole effectivenay not however be enough and to get a proper description
masses in YNiSb are not as large and therefore hole-dopeaf the physics of the system one has to incorporate correc-
YNiSb should not show large thermopower at room temperations beyond LDA and GGA arising from strong electron-
ture. electron interactions in narrow band systems. In a recent let-
ter, Oppeneet al® discussed the Fermi-level pinning of the
IV. SUMMARY AND DISCUSSION so-called massive electron state in YbPtBi. As discussed
) o above, LDA calculations of McMullan and Rbgave a nar-

In summary, present FP-LAPW calculations within DFT (o f peak in the DOS near the Fermi energy. However, the
and generalized gradient corrections yield the f_ollowmg ré-calculated DOS at the Fermi energy was an order of magni-
sults: When the levels of the rare-earth atoms lie far away yyde too small to explain the huge linear heat capacity seen
from_ the Fermi level, the systems are indirect narrow-gagn this system at low temperatufe Oppeneret al. argued
semiconductors. Examples are the La, Lu, and Y cOMhgt the strong intrasite correlations associated with fthe
pounds. The origin of the gap can be identified primarilystates of the Yb atom were not handled properly within LDA
with the interaction between the Ni orbitals and thed  anq its generalization to the magnetic systems, LSDA. They
orbitals of Y and rare-earth atoms, somewhat different from;sed 3 LSDA-U approack instead, and found that most of
the origin of the gap formation in ZrNiSn systemSwhere the f component of the DOS got pushed down by abdut
crucial role. The Nid levels lie mainly below the Fermi near the Fermi level. In fact, the Fermi energy was pinned to
level but push the conduction bartahich becomes a hy-  this very narrowf band. The net result was an increase in the
bridized Y-d and Ni-d) along thel'X direction so that there  pQOS at the Fermi level and a corresponding increase in the
is a gap between the top of the valence béad") and the  cajculated linear heat capacity at low temperature by a factor
bottom of the conduction barf@t X). In contrast to the pre- of 56 compared to the original LDA calculations. We ex-
vious calculation$,we do not find anyM valences character  pect that in YbNiSb a similar situation might arise and affect
below the Fermi energy. The calculated effective masses ags properties at low temperatures. However, the width of this
sociated with the lowest conduction band are quite large anflarrow correlation-induced peak can be strongly temperature
are consistent with the transport measurements in ZrRiSn. gependent. We want to understand the physical ramifications

For the Yb system, thé levels come very close to the of the LDA+U or LSDA+U calculations critically before

Fermi energy and there is strong-p) hybridization. The  applying this theory to the YbNiSb system.
band structure is qualitatively similar to that of YbPtBrhe

density of states near the Fermi level is quite large due to the

f-level contribution. The adequacy of LDA in describin_g_ nar- ACKNOWLEDGMENTS
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