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The electrical properties as well as the static and the dynamic magnetic behavior of Y~C13 and YC13 
were investigated with the help of powder DC susceptibility and magic angle spinning NMR measure- 
ments. Y2C13 is a semiconductor with a band gap of 0.85 eV, and is diamagnetic above 100 K. The 89y 
resonance in Y2C1 s exhibits considerable paramagnetic chemical shifts, + 762 ppm and + 506 ppm, 
which are distinctly different for the two Y lattice sites, and contrast the shift of -230 ppm for 
anhydrous YC13. These features are related to metal-metal bonding in Y2C13. �9 1992 Academic Press, Inc. 

Introduction 

The s tochiomet r ic  c o m p o u n d  Gd2C13 was  
the first example  to show a rare earth (RE) 
metal  in an oxidat ion  state be low + 2 ( " ses -  
qu ich lo r ide" )  (1-3). Fur ther  synthesis  and 
charac ter iza t ion  identified the c o m p o u n d s  
TbzX 3 (X = CI, Br), GdzBr3, and also the 
nonmagne t i c  YzC13 (4). The  high metal  con-  
tent  o f  the R E  sesquihalides p roduces  a new 
crysta l  s t ructure  type  which  is ve ry  aniso- 
t ropic  as it conta ins  parallel chains o f  t rans-  
edge sharing metal  oc t ahedra  that  are em- 
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bedded  in and charge  ba lanced  by  the halo- 
gen a tom env i ronmen t  (Fig. 1). 

A single metal  o c t a h e d r a  chain itself (Fig. 
2) can be cons t ruc t ed  via a t ransedge  " c o n -  
densa t i on"  o f  R E  6 oc tahedra l  c lusters  into 
an (ideally) infinite chain  s t ructure  (Fig. 
2) (5). 

The  metal  oc t ahed ra  chains are separa ted  
f rom one ano ther  by  in tervening ha logen 
a toms:  Chains  o f  ha logen  a toms  along [010] 
o f  the monocl in ic  cell br idge the apices o f  
the oc t ahed ra  thus forming sheets  o f  oc tahe-  
dra  chains parallel to (201) which  are  sepa- 
rated f rom neighboring ones  by  double  lay- 
ers o f  halogen a toms  capping the t r iangular  
faces  o f  the metal  oc tahedra .  

A clear  h ie ra rchy  for  the m e t a l - m e t a l  dis- 
0022-4596/92 $3.00 
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FIG. 1. Structure of Y2C13 projected down [010] of 
the monoclinic cell. Full circles: Y atoms; open circles: 
C1 atoms. 

tances within and between neighboring oc- 
tahedra chains is found in the RE2X 3 struc- 
ture. For  example, in Y2C13, which is the 
object of our investigation, distances be- 
tween metal atoms in neighboring chains are 
greater than 443.1 pm, while distances be- 
tween metal atoms in the same octahedra 
chain are less than 369.4 pm (6). Most sig- 
nificantly, the octahedra are distinctly com- 
pressed along the shared edge and this 
Y 1 - Y I '  distance of 326.6 pm is the shortest 
metal -metal  distance observed in YzC13. 

The main question in the field of these 
metal-rich RE halides concerns the special 
role of those electrons which are not neces- 
sary to satisfy the valence of the halide ions. 
In the case of the lanthanoids localization 
into the 4fshell  could be ruled out since high 
temperature susceptibility measurements,  
as for GdzC13, proved that the magnetic mo- 

FIG. 2. Chain of trans edgc sharing metal octahedra 
extracted from the structure of Y2C13 . 1 and 1' label the 
metal atoms in a shared edge. 

ment per Gd atom corresponds to that of 
a half-filled 4f 7 configuration, as is usually 
found for Gd and all its compounds (7). 

The formation of meta l -metal  bonds was 
considered very likely in view of  the short 
metal -metal  distances within an octahedral  
chain. However ,  the early assumption that 
the electrons are delocalized in a one-dimen- 
sional band with good metallic conductivi ty 
along the chains could not be confirmed. 
Instead of this, it was shown by photoelec- 
tron spectroscopy and conductivi ty studies 
that Gd2CI 3 and Tb2C13 are semiconductors 
with bandgaps of about 1 eV (8). 

According to LCAO band structure calcu- 
lations for a [Gd4C14]~ chain, the bandgap is 
the result of  an avoided crossing of metal d 
bands having identical symmetry  character- 
istics. Three d bands that are strongly 
metal-metal  bonding along the shared 
M 1 - M I '  edge (Fig. 2) are split off from the 
block of the rest by a gap of about 0.7 eV 
(9). The surplus of three metal d valence 
electrons exactly fulfills the requirement  to 
completely fill the three low-lying 
metal -metal  bonding bands and semicon- 
ducting behavior results. Meta l -meta l  
bonding to the apical metal atoms or along 
the chains is less pronounced.  In terms of  
these band structure calculations the alter- 
native description of the crystal structure as 
a ladder sequence of  strongly bonded 
G d - G d  dimers capped by the more distant 
apical Gd atoms bears some justification (2). 

We have performed 89y NMR on Y2C13 
and the parent compound YC13 and deter- 
mined the isotropic chemical shifts using 
magic angle spinning (MAS) to improve the 
accuracy by removal of the anisotropic con- 
tributions (10). Chemical shifts originating 
from magnetic shielding due to the internal 
electronic currents can provide valuable, in 
particular, site sensitive, information about 
the electronic distribution and chemical 
bonding in a compound (12). 

The magnetic susceptibility as a bulk 
quantity, which is sensitive to the chemical 
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bonding, was measured in Y2C13 and com- 
pared to YCI 3 . Finally, the temperature de- 
pendence of the electrical resistivity of 
Y2C13 was determined to see whether Y2C13, 
like Gd2CI3, exhibits a localized electronic 
system. 

Experimental 

Sample Preparation 

YC13 was prepared from Y203 (99.99%, 
Universal Matthey) by reaction with NH4CI 
(p.a. Merck) (13) and purified by two dis- 
tillations in tantalum crucibles under high 
vacuum. Coarse crystalline powder of Y2C13 
was synthesized from stoichiometric mix- 
tures of the chipped metals (metal purity 
99.99%, from Johnson Matthey) and the tri- 
chloride YCI 3 following a method described 
in detail previously (6). Y2CI 3 are moisture 
sensitive and all handling of the samples was 
done under dried inert gas atmospheres. 

Electrical Conductivity 

The resistance of Y2C13 was determined 
on an in situ pressed pellet with a two point 
electrometer method. The press was made 
from a STENNAN cylinder and stainless 
steel pistons and heated in a temperature 
regulated tube furnace which was attached 
to an argon glove box. 

Magnetic Susceptibility 

The susceptibilities of powder samples 
with typical masses of 100 mg were deter- 
mined with a SQUID magnetometer. The 
samples were contained in carefully dried 
gelatin capsules the susceptibilities of which 
were measured in separate runs and cor- 
rected for. 

For fixed temperatures the susceptibili- 
ties were taken in external magnetic fields 
ranging from 1 to 5 T. Honda-Owen plots 
were performed to correct for ferromagnetic 
impurities (14). Finally, a Xmol versus 1/T 
plot according to (1) and the extrapolation T 
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FIG. 3. Resistance of a pressed powder pellet of Y2CI 3 
as function of the inverse temperature. 

~c allowed an estimate of the contribution 
arising from spurious paramagnetic impu- 
rities, 

Xmol = C/T + X0" (1) 

Nuclear Magnetic Resonance 

NMR was measured with a Bruker MSL 
400 spectrometer at room temperature in a 
magnetic field of about 9.4 T corresponding 
to a resonance frequency of about 19.6 MHz 
for the 89y nuclei (y/2zr : 2.086 MHz/T). 
The moisture sensitive samples were filled 
in sealed plexiglas capsules which were con- 
tained in 7 mm diameter zirconium oxide 
spinners. Five thousand free induction de- 
cays (FID) after pulses of 5 tzsec (-rr/6) 
with a repetition time of I0 sec were ac- 
quired. MAS frequencies were between 3 
and 4 kHz. The low resonance frequency for 
89y even in this high magnetic field means 
ringing causes corruption of the early part 
of the FID and - 5 0  txsec was removed prior 
to Fourier transformation. The resonance 
fields were referenced against the resonance 
of 89y in a 1 M YCI 3 aqueous solution 
standard. 

Results and Discussion 

The conductivity experiments on Y2C13 
prove semiconducting behavior. The room 
temperature resistance of the pellets typi- 
cally was of the order of 108 to 10 9 ~ and 
decreased by several orders of magnitude 
on heating to 650 K. Figure 3 shows the 
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FIG. 4. Molar magnetic susceptibility of a powder 
sample of Y2C13 after correction for ferromagnetic im- 
purities. The straight line was obtained from a least- 
squares fit with parameters as given in the text. 

temperature dependence of  the resistance of 
a Y2C13 pellet in a log R versus 1 / T plot from 
which a bandgap of 0.85(5) eV was deduced. 

This result gives very similar gap values 
to those observed for pellets and single crys- 
tals of GdzC13 and Tb2CI 3 (8) and confirms 
what is implied by the structural similarities. 
Chemical bonding in Y2C13, Gd2CI3, and 
Tb2C13 is essentially the same so that conclu- 
sions obtained here should be applicable 
also to the other known sesquihalides. 

The susceptibility of the investigated sam- 
ple of  Y2C13 demonstrates that Y2CI 3 is dia- 
magnetic above about 100 K (Fig. 4). Spuri- 
ous impurities give rise to a small additional 
paramagnetic susceptibility contribution 
which follows a Curie-like temperature de- 
pendence as shown by the straight line in 
the Xmol versus 1/Tplot in Fig. 4. The extrap- 
olation T--~ ~ yields a diamagnetic suscepti- 
bility of X0 = -31(1)  • 10 -6 emu mol 1. 
The slope C of  about 25 • 10 4 emu K mol-  
corresponds to 0.7% spin S = 1 impurity 
particles per mol Y2C13 or equivalently 160 
ppm Gd (S = 27) impurity atoms per one Y 
atom. 

Similar data analysis for YCI 3 results in 
X0 = -79(1)  • 10 -6 emu mol - l  in good 
agreement with - 82 x 10 -6 emu mol -  1 one 
obtains by summing the diamagnetic incre- 
ments from the consti tuent elements: 

- 1 2  x 10 -6 emu mol - l  for  y3+ and 
- 2 3 . 4  • 10 -6 emu mo1-1 for C1- (15). 

According to this result the diamagnetic 
contribution for Y2C13 (one extra Y atom in 
addition to YC13) is estimated to Xaia = 
- 9 1  x 10 -6 emu mo1-1. The experimental  
finding thus reveals a temperature  indepen- 
dent paramagnetic contribution to the sus- 
ceptibility of  Y2C13 of  ~XTIP = + 60 • 10 -6 
emu mol-  1. 

The diamagnetic susceptibility found for 
Y2C13 clearly confirms what has been con- 
cluded for Gd2C13, that the excess valence 
electrons are not localized into inner atomic 
shells but rather are involved in the 
metal -metal  bonding (7, 20).  Unpaired elec- 
trons should show a paramagnetic Curie- 
like susceptibility which in the case of  
Gd2C13 was difficult to distinguish from the 
overwhelming paramagnetic background 
susceptibility of  the 4f  electrons. 

The NMR spectrum of  YzCI3 consists of  
two narrow resonance lines apparently orig- 
inating from 89y nuclei on the two different 
lattice sites in Y2C13 occupied by Y atoms 
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FIG. 5. 89y NMR spectra of Y2C13 and YCI 3. The 
sharp spike near - 270 ppm is an artifact caused by an 
external frequency. The shifts are referenced against 
the resonance of 89y in a 1 M aqueous solution. 
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(Fig. 5). They are shifted by + 762 ppm and 
+ 506 ppm relative to the standard aqueous 
solution of YCI 3 (16). In YC13 all Y atoms 
occupy the same lattice site and correspond- 
ingly only one line is detected at - 230 ppm. 
The resonance line of 89y in YC13 is signifi- 
cantly broader than the lines in Y2C13. 

The small gyromagnetic ratio of 89y has 
meant that few studies of the influence on 
the chemical shift of yttrium have been done 
especially in the solid state. The positive 
chemical shifts of the 89y resonances in 
Y2C13 are noteably large and come near to 
the magnitude of typical Knight shift values 
detected for metallic compounds, e.g., for 
YH2 (17). 

In the limited range of diamagnetic, insu- 
lating solids investigated so far, a shift range 
of -370 ppm has already been observed (18, 
19). Hence the much larger 89y shift be- 
tween these structurally very different com- 
pounds, anhydrous YCI 3 and Y2C13 is not 
surprising. Also it has been noted that the 
linewidth in MAS NMR experiments shows 
a wide variation, with more than a tenfold 
change in yttrium aluminates of comparable 
crystallinity. This behavior was attributed 
partially to averaged dipolar interactions 
with 27A1 that depend on the size of the quad- 
rupolar interaction at the aluminium nucleus 
(19). A similar effect with the close Y-CI 
distances and the quadrupolar character of 
chlorine could be applicable for the present 
compounds. 

Generally, the chemical shift and the mag- 
netic susceptibility are tensor quantities 
which usually are split into a sum of a dia- 
magnetic part that reduces the external field 
and a paramagnetic part that enhances the 
external magnetic field. In the sense of sec- 
ond order perturbation theory the paramag- 
netic shift and susceptibility arise from a 
Van Vleck-like admixture of excited states 
into the ground state and an unquenching 
of its angular momentum. The diamagnetic 
chemical shift and the susceptibility tensor 

involves ground state wavefunctions only 
(21). 

Since the MAS NMR experiment only de- 
termines the trace of the shielding tensor 
and moreover the powder susceptibility av- 
erages the two lattice sites we do not have 
sufficient experimental information to allow 
an assignment of the resonances in Y2C13. 
In particular, anisotropies of the shift tensor 
that would allow an unambiguous assign- 
ment of the resonances to the two lattice 
sites are not available since the low sensitiv- 
ity of 89y means obtaining an adequate 
signal-to-noise ratio for the static spectra 
would require a prohibitive amount of time. 

Nevertheless, some qualitative conclu- 
sions are possible: First of all, there is the 
clear differentiation of the chemical shifts 
for the two lattice sites in Y2C13 which cor- 
roborates the band structure calculations 
predicting a different degree of metal-metal 
bonding for the two metal atom sites in the 
sesquihalides. 

Second, the strong paramagnetic chemi- 
cal shifts must be related to the additional 
metal-metal bonding states about 1 eV be- 
low the unoccupied metal d bands. These 
states are mainly associated to metal-metal 
bonding in the shared edge in the metal octa- 
hedra chain and they represent the essential 
difference compared to the band structure of 
the ordinary trichlorides. The overall energy 
splitting of the empty metal d bands and the 
filled halide p bands in the sesquihalides is 
about 5 eV and thus nearly identical to the 
ionic gap found, e.g., for LaC13 (22). 

According to Ramsey's formula the para- 
magnetic shifts depend on the mixing matrix 
elements but also are inversely proportional 
to the energy separation of the excited 
states. Consequently, the small energy gap 
between the metal-metal bonding states and 
the empty d states should promote a very 
effective admixture of empty d states and in 
this way cause strong paramagnetic shifts 
and induced paramagnetic moments for the 
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sesquihalides. Along this line, we tenta- 
tively assign the 89y resonance signal dis- 
playing the largest paramagnetic shift to 
those Y atoms located in the shared edge of 
the octahedra chain. 

The paramagnetic susceptibility obtained 
for Y2C13 after correction for the diamag- 
netic core contribution is interpreted as a 
Van Vleck contribution and taken as indica- 
tion for the presence of localized 
metal-metal bonding. Even more pro- 
nounced temperature independent para- 
magnetism induced by the admixture of ex- 
cited metal-metal bonding states is 
observed as a common property of reduced 
transition metal halides and has been inves- 
tigated in more detail for the compounds 
Nb6Ili and HNb6Ill (23). 

In summary, we have determined the 
electrical properties as well as the static and 
the dynamic magnetic behavior of Y2C13 and 
YC13 with the help of powder DC suscepti- 
bility and MAS NMR measurements. Ac- 
cording to the temperature dependence of 
the resistivity, Y2C13 is a semiconductor 
with a band gap of 0.85 eV. The magnetic 
properties of Y2C13 relative to those of YC13 
are characterized by considerable paramag- 
netic chemical shifts, significantly different 
for the two different Y lattice sites, and a 
sizeable paramagnetic contribution to the 
magnetic susceptibility. These features are 
linked to the presence of additional occu- 
pied metal-metal d bonding states in the 
band structure of Y2C13. 
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