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For a number of lanthanide halides the unusual composition M,X, (M = La,Ce,Pr; X = Br,I) has been 
achieved and confirmed by X-ray structures. Pr,X5 was found to be weakly semiconducting (Pr,Br, , 
3800 0 cm; PrzIs, 1600 R . cm at room temperature). An extended Hiickel calculation of the band 
structure shows two narrow low-lying d bands, half occupied by two electrons per Pr,X,,, unit cell. 
These electrons may be considered localized as Mott insulating states. A detailed consideration of the 
paradoxical electric and magnetic properties of these materials is presented. The stabilizing effect of 

. 
a hydrogen atom for the hypothetlcal H,Pr,Br5 (x 5 1) IS dlscussed. o WI Academic press, IK. 

Introduction 

Diiodides are known almost for the whole 
lanthanide series. The electron configura- 
tion of LaI,,CeI,,PrI, (five phases) (I) and 
GdI, seems to bef”-‘d’, and LaI, has been 
reported to be metallic (2). The f”d” + 
f’-ldl configuration crossover (3) occurs at 
the beginning of each half-period of the rare 
earth metals, where the&band is the highest 
in energy. 

The diiodides that follow, such as NdI, 
and TmI,, remain do insulators. We note 
her that the border line of the interconfigu- 
ration crossover (interconfiguration fluctu- 
ation, 1CF) occurs between PrI, (f2d’) and 
NdI, (f4do). 

Pr,Br, and Pr,I, (4-7) are obtained as 
bronze-colored rods with metallic luster, iso- 
structural with La,X, and Ce,Xt (X = Br,I). 
Consistent with what is known of their corre- 
sponding diiodides, two extra electrons of 
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pr,x,o * 2e- may be considered to occupy d 
states. The structures of Pr,Br, and Pr$, have 
been confirmed and their physical properties 
have been studied in detail (9). Unexpectedly, 
the 5d’ Pr,Br, and Pr,I, are semiconductors, 
or almost insulators, with a room temperature 
bulk resistivity of 3800 fi * cm and 1600 R . 
cm, respectively. 

The electronic situation in the d1 com- 
pounds RE,XS obviously differs much from 
the parent d’ REX, (X = Br,I) (9) halides. 
Our intention is to explore the anom- 
alous electronic behavior of Pr,Br, through 
electronic structure calculations using the 
extended Hiickel (20) approach. 

The Structure of Pr,Br, (RE,X,: RE = 
La,Ce,Pr; X = Br,I) 

Pr,Br, crystallizes monoclinic (P2,lm, 
Z = 2, a = 778.76(8)pm, b = 416.57(5)pm, 
c = 1333.5(2)pm, /3 = 90.993(g)“) (5, 8), 
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FIG. 1. Perspective view of the Pr2BrS structure along 
the b-axis. 

forming the layered structure shown in Fig. 
1. The metal atoms form zig-zag layers 
which may be considered as derived from a 
hexagonal layer. The shortest metal-metal 
distances are obtained along the b repeat 
(416.6 pm), and between the two crystallo- 
graphically distinct Pr atoms (421.0 pm). 
These separations are still well above the 
interatomic distance in Pr metal (365 pm), 
but only slightly longer than in the trans- 
edge-sharing octahedral P&Z (Z = Co, 
Ru,Os) cluster (391.0-404.1 pm) (II). The 
inversion-related Pr counterparts in each 
layer are separated by 489.0 and 494.2 pm, 
respectively. Metal bromide distances range 
from 295.7 to 313.1 pm, except for the 
longer Pr2-Br5 bridge (345.9 pm) between 
adjacent layers. This gives Pr2 a higher co- 
ordination number (CN = 8) compared with 
Prl (CN = 7). The Pr atoms exhibit dis- 
torted monocapped (Prl) and bicapped (Pr2) 
trigonal prismatic Br coordination spheres. 
The average Pr2-Br distance is 308 pm; 
Prl-Br, 300 pm. 

Electronic Structure 

The coordination environment around the 
two Pr atoms is mono- or bicapped trigonal 

prismatic. For c/a ratios bigger than one, 
the expected d orbital splitting in a trigonal 
prism is (d,,, 4~~2) below d,z below (d,,, 
d,,). This is shown at left in Fig. 2, for a 
model PrBr, cluster (c/a ratio approxi- 
mately 1.2). For c/a ratios smaller than one, 
the dz2 orbitals are below the (dx,, dx2+) 
levels. Stabilization of the dz2 level relative 
to the (d,, , dxzvy2) states is also obtained by 
introducing face-capping ligands. One or 
two capping ligands, however, break the de- 
generacy of the e sets, destabilize some or- 
bitals, and introduce substantial mixing. 
Figure 2 also shows the corresponding lev- 
els for PrBr, and PrBr, model clusters, with 
geometries modeled after the Pr,Br, struc- 
ture. The lowest (dg, d,,) level would be a 
pure dZz state, were a third face-capping li- 
gand introduced and geometrical adjust- 
ment made to reach a D,, geometry. In each 
case we have chosen the z-axis along the 
approximate C, prism axis. 

Note the expected ligand field pat- 
tern-three orbitals below two in the six- 

PrBrG Pr(l)Br, Pr(2)Br, 

-I $,Ildxz 

z,dy 
I 

dyz& 

FIG. 2. Schematic d-block splitting diagram for a 
PrBr, trigonal prism (with c/a = 1.2) and the Pr( l)Br, 
and Pr(2)Brs subunits of the Pr2Br, structure. d orbitals 
which contribute more than 15% to each orbital are 
listed. In each case the z-axis coincides with the pseu- 
do-C3 axis of the trigonal prism. 
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FIG. 3. Band structure for Pr,Br5 (r = O,O,O; X = 
a*/2,0,0; Y = O,b*/2,0; Z = O,O,c*/2). Two electrons 
occupy the two low-lying bands. 

coordinate structure, two below three in the 
seven-coordinate one, and only one non- 
bonding level in the eight-coordinate 
geometry. 

In the extended structure we could expect 
similar electronic features, because the Pr 
atoms are relatively far from each other. 
Any interaction between the Pr atoms, how- 
ever, will affect the local ligand field splitting 
and thereby introduce additional orbital 
mixing. 

Critical to our analysis are the lowest d 
bands of Pr, to be occupied by a total of two 
electrons, With four Pr atoms in the unit 
cell, two eight-coordinate and two seven- 
coordinate, we would expect six low-lying 
d bands. In fact the band structure of the 
three-dimensional material (Fig. 3) shows 
only two such low-lying bands per unit cell. 
In an attempt to trace the origins of the split- 
ting off of two bands, we calculate a two- 
dimensional Pr,Br,2 slab, as well as one- 
dimensional chains containing separately 

Prl and Pr2 in their respective Br environ- 
ments, and a one-dimensional Pr,Br,, con- 
taining both Prl and Pr2. There is some 
small Pr-Pr interaction lowering one band 
per Pr,Br, unit in energy. This occurs first 
in the case of the one-dimensional Pr,Br, 
double chain. This splitting is significant 
even in a molecular dimer model, Pr,Br,,, 
reflecting that not only metal interactions 
of Prl-Pr2 pairs, but also of metal atoms 
stacked along the b-axis introduce orbital 
mixing. The composition of the low-lying 
isolated band in the one-dimensional double 
chain is 59% Prl, 33% Pr2, with most of the 
electron density occupying the Prl d,z 
(19%), d,, (14%), d,, (13%), dxy (ll%), and 
the Pr2 dxy (20%) and d,z (11%) orbitals (the 
d,z orbitals in this chain, as well as in the 
extended structure, are parallel to [OlOJ). 

In the band structure of Fig. 3 there may 
be seen some degeneracies at special points 
in the Brillouin zone, for instance at Y, due 
to the 2, screw axis along b. 

The bonding in the extended structure 
was analyzed with the aid of densities of 
states (DOS) (10) and crystal orbital overlap 
populations (COOP) (10). Figure 4 shows 
the contribution of Pr to the total DOS. The 
Pr-Br bonding comes mainly from Pr 5d and 
Br 4p interactions in the main Br 4p band 
between - 12 and - 15 eV, some from Br 4s 
interactions at around - 23 eV. Due to this 
interaction the original d-block of the metal 
part of the lattice, centered between - 6 and 
-9 eV, is raised and splits into two. The 
lower, narrow block, located around -8.0 
eV, is mainly Pr dz2 with admixture of d,, 
and dx2-g orbitals. We have already dis- 
cussed the origin of these important bands. 
They are localized on Prl (61%) and Pr2 
(31%) and their orbital contributions are: d,, 
(24%), d,z (20%), dx2cy2 (7%) and dxzcy2 
(16%), dzz (7%), dxy (6%). Note the resem- 
blance of this composition to that of a model 
dimer discussed above. 

How many electrons are to be put into 
these bands? If we assume 2felectrons for 



ANOMALOUS ELECTRONIC BEHAVIOR IN Pr,X, (X = Br,I) 17 

6 -13 

................. 

zi 

t 

.................... 

,*,,;~,.: ..~;:.::.w . . 
...... ..% .. 

5 -15 

WC 
.......................... iv. .. 

-17 

-19 

-2 I 

-23 

-251 

DOS- 

FIG. 4. DOS (density of states) projection. Contribu- 
tion of Pr (5d, 6s, 6.~) to the total DOS. The Fermi level 
for the low-spin arrangement is indicated by an arrow. 

each Pr, this would make 8felectrons per 
four Pr atoms. In the (Pr,Br,), unit cell we 
are left with 10 electrons per four Pr, which 
leads to 2 electrons per four Pr to be put into 
the d band. Thus the group of two low-lying 
bands, with room for 4 electrons, would be 
half occupied. 

We have to point out that there is no evi- 
dence for a mixed valence state (4p Pr3+, 
4f’ Pr*+) in Pr,Br, from the crystal struc- 
ture, nor from XANES studies (8). The 4f 
states were included in the calculation (not 
shown in the DOS). Their interactions with 
other orbitals were negligible, so that 28 f 
bands remained within an energy range of 
0.17 eV (located at about - 10 eV). 

We would expect metal-metal bonding 
to be limited, due to the small number of 
electrons in these states. Nevertheless, 
there is some metal-metal interaction, indi- 
cated by the COOP curves (Fig. 5), and pres- 
aged by the level splitting pattern discussed 

above. The integration of all metal-metal 
interactions up to the fermi level reveals 
two positive overlap populations, namely 
between Prl and Prl in the direction of the 
b-axis (0.024) and between Prl and Pr2 
(0.036). The latter are consistent with the 
shorter metal contacts. However, the re- 
maining short contact between Pr2 and Pr2, 
parallel to the b-axis, is characterized by a 
slightly antibonding ( -0.013) overlap popu- 
lation. If we take these bond indices seri- 
ously, this changes the simplified picture of 
metal ribbons running along b (Fig. 6b) 
(based on the shorter Pr-Pr contacts) to- 
ward a model of corner sharing metal trian- 
gles along b (Fig. 6~). It is clear that these 
metal-metal overlap populations are small 
on an absolute scale, but as we have noted 
before, they introduce significant orbital 
mixing. 

Returning to the two low-lying d bands, 
we note that their dispersions are not large 
and their splitting always small, maximally 
0.13 eV. Thus high-spin or low-spin electron 
arrangements may not differ much energeti- 
cally (A < 5 kT). Both cases, however, 

-Antibonding Bonding - 

FIG. 5. COOP (crystal orbital overlap population) 
curves of the metal-metal interactions in Pr2Br5. 
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FIG. 6. (a) Perspective (101) projection of a section 
of one layer in the Pr,Br, structure. (b) Metal part of 
the layer only. Metal-metal distances less than 430 pm 
are outlined. (c) Metal part of the layer only. All posi- 
tive overlap populations are outlined. 

should represent metallic states, unless 
electrons are localized. 

Electron Localization 

One basic argument for localized states 
is the appearance of large lattice spacings 
between atoms. For a widely spaced sys- 
tem, as for a collection of quasi-isolated 
atoms, electrons should be assigned to lat- 
tice sites. A clearly insulating state is the 
result. The metal-metal distances obtained 
in Pr,Br, are no shorter than 417 pm. Only if 
the metal-metal distances were sufficiently 

short would increased d interactions lead to 
a broadening of the d-block, which, in the 
extreme, could then reach the f bands. 

In Pr,Br, the d-block dispersion is due 
mainly to the ligand field splitting, with two 
narrow bands containing two electrons split 
off. The perturbation that can induce a high- 
spin state is the Coulomb repulsion. This, 
however, cannot be evaluated from a one- 
electron picture of the type used in the ex- 
tended Htickel approach. Taking elec- 
tron-electron interactions such as the on- 
site electron repulsion into consideration 
the situation becomes different. If the band- 
width gap is sufficiently small compared to 
the on-site electron repulsion the high-spin 
state becomes more stable and electrons are 
localized on lattice sites. These states are 
insulating in nature or show weak thermally 
activated electron hopping. But electron 
hopping from one site to another leads to a 
situation where two electrons reside on a 
single site, thereby causing on-site re- 
pulsion. 

Such insulating states resulting from par- 
tially filled bands are referred to as 
Mott-Hubbard localized states (22). 

In contrast, a low-spin situation should lead 
to a metallic state. This is not observed in the 
conductivity experiment, nor indicated by the 
magnetic data. The susceptibilities of Pr,Br, 
and PrJ, exhibit paramagnetic behavior be- 
low 300 K (3.47 BM, 3.30 BM per Pr3’), 
consistent with values for Pr3+ (3.58 BM) 
(13), and antiferromagnetic ordering at TN = 
50 K and TN = 37 K, respectively. 

Mott insulators are characterized by par- 
tially filled narrow levels, as obtained in the 
present band structure calculation. Further- 
more, the COOP values noted above raise the 
possibility of electron localization in triangu- 
lar interstices build up by the two crystallo- 
graphically distinct Pr atoms, forming comer- 
sharing triangles parallel to the b-axis. With 
the present electron count, one electron could 
occupy a three-center orbital of the non-bro- 
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FIG. 7. DOS of the hypothetical HPrzBrS structure. 

mide-capped praseodymium triangles. The 
bonding and thus the nature of these three- 
center orbitals may result mainly from orbital 
mixing of d,z orbitals (z along the crystallo- 
graphic b-direction) with d,, orbitals. Two 
electrons in each triangle would be sufficient 
for three-center-two-electron bonding. It 
should be noted that such semilocalized bind- 
ing in extended systems has been recently 
suggested for MO&, H,(Nb, Ta)S, and ZrS 
by Yee and Hughbanks (14). The reader is 
referred to their work to see how such a local- 
ization may be implemented. 

There is another interesting possibility 
that merits consideration. A stabilizing ef- 
fect might be obtained by introducing hydro- 
gen atoms into the non-halide-capped metal 
triangles, yielding Pr-H distances of 242 pm 
with the composition H,Pr,Br, (x 5 1). For 
this hypothetical compound the two low- 
lying d bands will be drastically lowered be- 
low the Brp-block, as shown in Fig. 7, form- 
ing the bonding Pr-H combination. The 

Pr-H antibonding (empty) combination is 
raised far above the d-block. 

Conclusion 

Compounds with d’ configuration usually 
appear to be metals or semiconductors. In- 
terestingly, both Pr,Br, and Pr,I, are insula- 
tors, which is not expected from their 5d’ 
configuration. The electronic characteris- 
tics of Mott-Hubbard insulators are influ- 
enced by intraatomic interactions and crys- 
tal-field splitting of the 3d levels. This was 
studied by us for the Pr,Br, case. As a result 
of large metal separations in the structure, 
only weak d interactions are present be- 
tween the metal atoms. With two narrow 
half-filled valence bands, both compounds 
can be viewed as Mott insulators, with some 
proximity of localized electrons in Pr trian- 
gles of the metal layer. These metal trian- 
gles, referred to as electron hosts, are all 
uncapped, of the pseudo-hexagonal layer, 
while the remaining triangles are capped by 
two bromide (iodine) atoms from above and 
below. The antiferromagnetic and paramag- 
netic properties of Pr,Br, and Pr,I, below 
and above TN are also typical of Mott insula- 
tors (14). 

The hexagonal layered structure of (Nb, 
Ta)S, (d’) takes up hydrogen to form 
H,(Nb,Ta)S, (16), where hydrogen is lo- 
cated in triangles of the hexagonal metal 
plane. A similar incorporation of hydrogen 
might be possible for Pr,Br,. 

The electronic structure of some other 
RE halides seems rather complicated, and 
distinct from the present M,X, case. 
Pr,,,PrCl, (17) may be viewed as con- 
taining some extra Pr in interstices of dis- 
torted octahedral halide coordination of 
the PrCl, lattice, which has the UCl, struc- 
ture. The compound does not show a phase 
width. Introducing partially filled d-states, 
(Pro,3)3 + , may not change, however, the 
insulating behavior, since metal-metal 
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distances are still large (441 pm). In con- 
trast, Nd,,,NdCl,‘* was reported as a 
mixed valence compound with 4f4(Nd2’) 
and 4f3(Nd3+) states. The latter usually 
can be derived by the associated reduction 
in cationic radius with increase of the for- 
mal valence from 2 + to 3 + . 

Appendix 

The extended Htickel tight-binding method 
was used (19). Hii values for Pr were obtained 
from self-consistent charge iteration on Pr,Br, 
(6s, -7.42 eV; 6p, -4.65 eV; 5d, -8.08 eV). 
Because f orbital energies and parameters 
were not available for Pr, we used the values 
of Sm, whereas the Hi; value for Pr was cho- 
sen to be - 10 eV (H,(Sm) = - 11.28 eV) 
(20) considering the trend in the RE metal 
series. DOS curves were calculated using a 
set of 54 k points for the irreducible wedge of 
the Brillouin zone. The band structure was 
calculated for all special points of the mono- 
clinic Brillouin zone. Figure 3, however, 
shows only a representative section. 
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