Available online at www.sciencedirect.com

sclsncs@mnsc-ro SOLID lso'lif;«';';oEF
CHEMISTRY
ACADEMIC
PRESS Journal of Solid State Chemistry 172 (2003) 451-457

http://elsevier.com/locate/ jssc

Synthesis, structure and magnetic properties of the S = 1/2,
one-dimensional antiferromagnet, YsRe,Oq,
Lisheng Chi, J.F. Britten, and J.E. Greedan™

Department of Chemistry & Brockhouse Institute for Materials Research, McMaster University, 1280 Main Street West, Hamilton, Ont.,
Canada L8S 4M1

Received 27 August 2002; accepted 14 December 2002

Abstract

Single crystals of YsRe»O;, have been grown, and the crystal structure has been determined by X-ray diffraction. This compound
crystallizes in space group C2/m with cell dimensions of a = 12.4081(10)A b = 5.6604(5) A, ¢ =7.4951(6) A, B=107.837(3)°,
Z = 2. The final refinement led to R1 = 0.0238, WR2 = 0.0459 for 1053 observed reflections with F >40(F). Edge-sharing ReOg
octahedra form infinite linear [ReO,045], chains along the b direction with alternating short and long Re-Re distances. Three
crystallographically independent yttrium atoms surround O2 to form OY, tetrahedra, which share edges and corners in the ab plane
to form a two-dimensional YsO4 network which separates the [ReO,04p], magnetic chains. This compound is therefore
isostructural with the series LnsRe,O1, Ln=Gd—Lu, which have been known since 1969. The average Re oxidation state is +4.5 in
the chains and a reasonable, if qualitative MO scheme results in one unpaired electron per Re dimer. Consistent with this, magnetic
susceptibility data can be fitted to the one-dimensional antiferromagnetic Heisenberg model with S = 1/2 and parameters J"" /k =
—89(1)K, g = 2.15(4) and y(TIP)=5(1) x 10~* emu/mol. There is no sign of long-range magnetic order down to 2 K. These results

are contrasted with those for the isostructural YsMo,0,.
© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Low-dimensional solids possess a high anisotropy in
the spatial distribution of chemical bonds which results
in a large anisotropy in a certain physical properties.
In such systems either exact or very accurate numerical
models for physical properties, especially magnetism,
exist and thus in recent years, low-dimensional materials
have been of great interest to physicists and chemists. A
variety of novel physical phenomena have been found in
low-dimensional inorganic transition metal oxides, such
as the spin-Peierls instability for GeCuOj[1] charge-
density-wave in quasi-one-dimensional Kq3;MoO; [2],
high-T, cuprates with quasi-two-dimensional structural
and electronic properties [3], and spinon—holon separa-
tion for SrCuO, [4]. These phenomena reflect the rich
and complex nature of the correlated electrons in these
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systems, most of which are based on transition elements
of the 3d series.

Oxides of the 4d and 5d elements also exhibit low-
dimensional structural features. Among these are the
fluorite-related compounds La; MO, where M =Ru, Os
or Mo which show one-dimensional magnetic correla-
tions due to linear chains of corner-sharing MOs
octahedra [5,6]. Other possibilities are Re-based oxides,
LnsRe;O;,, Ln=Gd-Lu,Y, which have been known
since 1969 [7-11]. In these materials Re—O octahedral
units are connected by sharing common trans edges
to form infinite [ReO,04),], chains which are separated
by rare-earth atoms. The intrachain Re—Re distances
alternate between short and long suggesting the forma-
tion of Re,O,, dimers. As the Re oxidation state is +4.5
there will be one unpaired electron per Re, dimer. In the
two materials for which magnetic studies exist to date,
the large magnetic moments of Tb and Ho mask the
magnetism due to the Re chains and the data are
available over a limited temperature range [7]. In
this work a compound containing a non-magnetic
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rare-earth, Ys;Re,O;,, was studied to investigate the
magnetic properties of the Re chains. Here, the
synthesis, crystal structure, and magnetic properties of
YsRe,Oq, are reported.

2. Experimental
2.1. Synthesis

The single crystals of YsRe,O;, were obtained,
serendipitiously, from an attempt to synthesize YsRes
MnOs. Y,0;3 (Reaction, 99.9%), ReO; (Rhenium
alloys), Re (Rhenium alloys) and MnO (Alfa Aesar,
99.5%) were mixed with the ratio 5:5:1:2, ground,
pressed into a pellet which was loaded in a Pt crucible
and sealed in an evacuated silica tube that was kept
at 1050°C for 2 days, then cooled to room temperature
at the rate of 12°C/m. Many black, needle-shaped
crystals of YsRe,O1, formed on the surface of the pellet.

A powder sample of YsRe,Op, was prepared from
Y,03, ReO3 and Re according to the reaction:

5Y,054+5ReO3+Re—>2YsRe,Oys.

A 1g sample was prepared from stoichiometric
quantities of Y,O3, ReO3 and Re which were weighed,
mixed, ground, pressed into pellets and sealed in an
evacuated silica tube, which was heated in a muffle
furnace at 1050°C for several days with intermittent
grinding. The black product was checked for phase
purity by Guinier-Hagg camera X-ray data.

2.2. Structure determination

A needle-shaped crystal with approximate dimensions
of 0.02 x 0.03 x 0.5mm was chosen for data collection,
which was carried out at room temperature on a Bruker
P4 CCD diffractometer with the aid of rotating anode
graphite-monochromated MoKo radiation. A least-
squares refinement of the secttings of 944 centered
reflections in the range of 6.8°<20<71.7° were
consistent with a centered monoclinic cell with the
dimensions of a=12.4081(10) A, b= 5.6604(5) A,
¢ =17.4951(6) A and p = 107.837(3)°.

Diffraction data were collected with ¢ and w scans
in the range of 5.7°<20<72.6°. The program SAINT
[12] was used for data reduction, including integration
and Lorentz and polarization corrections. The program
SADABS [13] was used for empirical absorption
corrections. The systematic absences (h+k =2n+/
for hkl) for 6150 reflections and good agreement
among the Friedel pairs suggested the centrosymmetric
monoclinic space group C2/m. The successful structure
refinement confirmed this assignment.

The structure solution and refinement of the title
compound were performed with the SHELXTL 5.03

software package [14,15]. Direct methods were applied
to reveal four heavy atom positions, one of which was
assigned to Re and three to Y atoms. A subsequent
difference Fourier synthesis revealed four other inde-
pendent peaks, which were easily assigned to O atoms
on basis of the distances from peaks to Re and Y atoms.
The refinement of all positions with isotropic thermal
parameters led to R1 = 3.35%. The anisotropic refine-
ment converged at R1 = 3.17%. Nonetheless, several
rather large residual peaks were present in the difference
map in the Rel, Y3 layer at approximately x = 0. At
this stage the possibilities of both twinning and partial
disorder were considered. While twinning had been
observed in crystals of other members of the series
[7,10,11], examination of the data showed no evidence of
C-centering violations in this case. A partial disorder
mechanism [11] proved more successful. A shift of
(0,0,0.5) in the Rel, Y3, O3, O4 layer with an
occupancy of 2.27(8)% accounted for the observed
density. The final refinement led to R1 = 2.38% for 1053
reflections with F>40(Fy), wR2=4.59%, and S =
1.081. The Ull of O3 (~0.014) is remarkably higher
than U22 (~0.005) and U33 (~0.004), indicating that
O3 prefers displacement along the a direction. The
highest residual peak and the deepest hole are 2.106/1&3
(2.01 A from Y2) and -3.05¢/A%0.71A from Rel).
Details on the structure refinement parameters are
reported in Table 1. The final atomic coordinates and
selected bond distances are listed in Tables 2 and 3,
respectively. Further details of the crystal structure
investigation can be obtained from the Fachinfroma-
tionszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany (fax: (49) 7247-808-666; e-mail:
crysdata@fiz.karlsruhe.de) on quoting the depository
number CSD-412720.

2.3. Magnetic susceptibility measurement

Magnetic susceptibility measurements were per-
formed on a powder sample in a gelatin capsule
container using a Quantum Design MPMS SQUID
magnetometer in a temperature range from 5 to 350K
with an applied field of 10000e. The data were
corrected for diamagnetic core contributions of
—2.6 x 10~*emu/mol.

3. Results and discussion
3.1. Crystal structure

The crystal structure of YsRe>Oj, is isotypic with
HosRe>O, [7] except for slightly disordered Rel, Y3,
O3 and O4 atoms. Although the space group of
DysRe,0y; [10,11] was determined to be P2;/m from
a twinned crystal, this was later assigned as B2/m from
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a twinned crystal of HosRe,O,. Here the structure is
described in the standard setting, C2/m.

Fig. 1 presents the crystal structure of YsRe,O;,. The
dominant structure feature consists of one-dimensional
chains of edge-shared magnetic Re octahedra, which are
separated by non-magnetic Y and O atoms. As shown in
Fig. 2, the rhenium atom is coordinated by six oxygen
atoms with irregular octahedral geometry. Re-O dis-
tances range between 1.946(3) and 2.079(3)/0% with an

Table 1
Crystal data of YsRe,Op,

Chemical formula YsRe,045
Fw 1008.95

Crystal size (mm?)
Crystal shape
Crystal system
Space group
Lattice constants

Cell volume (A3)
VA

Pecalc (g/cm3)

F (000)

p (mm")

Scan mode

Radiation wavelength (A)
Range of data collection

Range of hk!

0.02 % 0.03x0.5
Needle
Monoclinic

C2/m

a =12.4081(10) A
b =5.6604(5) A

¢ =7.4951(6) A

B =107.837(3)°
501.11(7)

2

6.687

882

5272

¢, w

0.71073
5.7°<20<72.6°

—19<h<20, -9<k<7,

average value of 1.998 A. Within the chain, two ReOg
octahedra are connected by sharing an O3;—O; edge and
with an Re—Re bond of 2.4466(5)A to form dimeric
Re>O; units, which are connected to other such dimers
by sharing O4-O4 edges with the resultant Re-Re
separation of 3.2138(5) A. The Re—Re-Re intrachain
angle is 180.0°. Thus, these octahedra form infinite
linear chains of composition [Re0,045], through
sharing common edges with alternating short and long
Re—Re distances. The rhenium atoms in YsRe,O;, have
an average oxidation state of +4.5. The shorter Re—Re
distance is comparable to those in LasResO;9 (Re—Re:
2.42 A) [16] with Re oxidation state +4.33, HosRe,O»
(Re—Re: 2.436 A) [17] with Re oxidation state +4.5 and
Nd4Re>O;; (Re—Re: 2.42 A) [18] with Re oxidation state
+5.0. It has been noted that the relationship between
bond length and nominal bond order in multiple bonded
Re dimers in oxides is decidedly non-linear [19]. A bond
valence calculation, carried out using the program
ValList, [20] shows that the calculated oxidation states
for Rel, Y1, Y2 and Y3 are 4.18, 3.01, 2.91, 3.05,
respectively, and are in good agreement with the formal
oxidation states of +4.5 and + 3, respectively, within
10% error. The calculated valences for O1, O2, O3 and
O4 are 1.88, 193, 2.7 and 1.93, respectively. The
unusually large valence for O3 might indicate n-bonding
interactions between O3 and Re, because O3 adopts
a distorted trigonal-planar coordination with sp?

—-1l</<12
Tot.al mea;ure.d reflections ?552 Table 3
8;;;2356:11:;:3?;18 (I>20(Iy)) 10(5)3 Selected bond distances (A) for YsRe O,
Extinction coefficient 0.0018(1) Rel-02 1.946(3) x 2 Y2-02 2.428(3) x 2
Variable parameters 59 Rel-03 1.969(4) x 2 Y1-02 2.2793) x 2
R1 0.0238 Rel-04 2.079(3) x 2 Y1-0O1 2.292(3) x 2
wR2 0.0490 Rel-Rel 2.4466(5) Y1-04 2.317(4)
S (Goodness-of-fit) 1.086 Rel-Rel 3.2138(5) Y1-02 2.458(3) x 2
The highest and lowest residues (e/A3) 2.10, —3.05 Y2-0Ol1 2.281(3) x 2 Y3-03 2.205(5) x 2
RI =S || — |Fl/ S B 2({;8‘1‘ g;é%g; x 2 Y3-01 2.305(3) x 4
WR2 = 1/[s*(F2) + (0.0216P)* + 3.80P] where P = (F2 4 2F2)/3. :
Table 2
Atomic coordinates and displacement parameters for YsRe,O;»
Atom X y z Occupancy (%) Ueq (Az)
Rel 0 0.21612(4) 0 97.73(8) 0.00308(7)
Y1 0.31373(5) 0 0.17336(8) 100 0.00544(11)
Y2 0.30447(5) 0 0.64140(8) 100 0.00482(11)
Y3 0 0 0.5 97.73(8) 0.00495(15)
o1 0.3464(3) 0.2489(5) 0.4255(4) 100 0.0055(5)
02 0.1638(3) 0.2528(5) 0.0825(4) 100 0.0060(5)
03 0.0006(4) 0 0.7945(7) 97.73(8) 0.0069(8)
04 0.0010(4) 0.5 0.1766(6) 97.73(8) 0.0049(8)
RelA 0 0.208(1) 0.5 2.27 0.00308
Y34 0 0 0 2.27 0.00495
034 —0.01(2) 0 0.29(3) 2.27 0.0069
044 0.01(2) 0.5 0.70(3) 2.27 0.0049

All atoms were refined anisotropically. The minor components were given the temperature factors of their counterparts. Ugq=1/32;2;(U%aaa,.)).
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Fig. 2. A section of an infinite chain of ReO,04/, edge-sharing octahedra in YsRe>O,,, along the b direction with alternating short (2.4467 A)

and long (3.2137 A) Re—Re distances.

hybridization and can provide a lone p orbital to
interact with rhenium in a 7 bonding mode.

There are three -crystallographically independent
yttrium atoms in YsRe;Op,. Both Y1 and Y2 are
coordinated by seven oxygen atoms with mono-capped
trigonal prismatic geometry, shown in Fig. 3. The Y3
atom is octahedrally coordinated by six oxygen atoms.
Y-O bond distances vary from 2.280(3) to 2.457(3) A
with a mean value 2.339 A for Y1, 2.281(3)-2.428(3)A
with a mean value 2.349A for Y2, and 2.205(5)—
2.305(3)A with a mean value 2.272 A for Y3. Thus, as
expected, the average Y—O distances decrease with
decreasing coordination number of the central Y atom.
The O1, O2, O4 atoms are tetrahedrally coordinated

while O3 shows trigonal-planar coordination. Two Y2,
one Y1 and one Y3 atoms coordinate to O1 to form a
distorted OY, tetrahedron which is connected to three
other OY, tetrahedra by edge sharing and one OYy,
tetrahedron by corner sharing to form a double
tetrahedral chain along the b direction. These chains
are linked through the common corner O4 to construct a
two-dimensional YsO4 network on the ab plane (Fig. 4).
Therefore, the structure of YsRe,O;, can also be
described as consisting of infinite chains of sharing-edge
ReOy, separated by a two-dimensional YsO4 tedrahe-
dral framework as represented in Fig. 5.

The oxidation state +4.5 for rhenium indicates that
2.5 electrons on each Re atom (or 5 electrons per Re,
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Fig. 3. Coordination environments of the yttrium atoms in YsRe,O5. (a) Y2, (b) Y1, and (¢) Y3. The Y-O distances are indicated.

a

Fig. 4. The Y504 network formed by edge and corner sharing of
OY, tetrahedra in the ab plane.

group) are not involved in Re—O bonds. It is reasonable
to assign four of these to bonding orbitals to form a
Re=Re double bond with one ¢ bond and one = bond,
[21] which leaves one electron in an orthogonal = orbital
which may be bonding or non-bonding.

This unique electron is likely to be localized within the
Re>Oq¢ unit. It is unlikely to be delocalized along the
chain due to the long Re—Re interdimer distance of
3.2138 A. For example, the Re-Re separation in the
element is 2.75A. It has been conjectured that the
structure of the Re chain in the related Ln,ReO5 phases
and also, presumably in the LnsRe,O, series, is a result
of a Peierls distortion which sets in at a very high
temperature [19]. So the unpaired electron should
localize within the Re,O;y unit and the compound
should behave as a semiconductor with a local moment
appropriate to S = 1/2 per formula unit. This can be
confirmed by magnetic measurements.

The same structural type has been found in
YsMo,01,, [22] where infinite chains consist of
edge-sharing MoQOg octahedra with alternating short
and long Mo—-Mo distances and comparisons will be
made.

Fig. 5. A view of the crystal structure of YsReO, in full polyhedral
representation showing the separation of the ReO,0y)> chains by the
Y50, layers.

3.2. Magnetic properties

Fig. 6 shows the magnetic susceptibility as a function
of temperature within the range 5-350 K at an applied
field of 1000 Oe. The most prominent features of the
data are the presence of a broad, weak peak around with
a maximum near ~ 125K and a sharply increasing
susceptibility at the lowest temperatures. It is also
important to mention that, although not shown in
Fig. 6, there is no difference between the data obtained
in the field-cooled (FC) and the zero-field-cooled (ZFC)
mode. As the broad maximum is a characteristic of
short-range magnetic correlations, an attempt was made
to fit these data to an expression consisting of three



456 L. Chi et al. | Journal of Solid State Chemistry 172 (2003) 451-457

0.0030
YSReZOIZ
0.0025- Fit to S=1/2 linear chain + TIP + C/(T-6)
g =2.15(4)
= J/k =-89(1) K
© 0.0020 @ “
g TIP =5(1) x 10 emu/mol
>
E)/ 0.0015
=<
0.0010
0.0005 T

T T T T T T 1
50 100 150 200 250 300 350 400
T(K)

o -

Fig. 6. The magnetic susceptibility of YsRe,O;,. The solid squares
are the data and the solid line is a fit to a function consisting
of a one-dimensional S =1/2 Heisenberg model plus a low-
temperature Curie-Weiss term and a temperature-independent para-
magnetic term. The fitting parameters are: g =2.15(1), Jnwa/
k=-89(1)K, C=0.0122emuK/mol, 6 = —0.99(6)K and y(TIP) =
5.2(1) x 10™* emu/mol. See text for details.

terms as below
w(T) = x1p(T) + 1p(T) + 20, (1)

where y,p represents a one-dimensional Heisenberg AF
model after Bonner and Fisher and Weng [23,24], yp
models the low-temperature paramagnetic tail using
a Curie—Weiss expression and y, is a temperature-
independent contribution. The following equation [25]
was used for the y,p term:

Ng*u 0.25 4+ 0.18297x?
wWT) = 5 ( ) 3\ (2)
kT ) (1+1.5467x + 3.4443x3)

where x = |J2| /. Ji"'? being the intrachain exchange
constant, and N, ug, and k are Avogadro’s constant, the
Bohr magneton and Boltzmann’s constant, respectively.
The fit of the data of Fig. 6 to Eq. (2) by a least-squares
method yielded ¢g=2.15(4), J/k=-89(1)K, yo=
52(1) x 10~*emu/mol,  C = 1.22(1) x 10~2 emu/mol,
0 = —0.99(6) K. The effective g factor is slightly larger
than might be expected but is not unreasonable. The
intrachain exchange, J"™", represents the coupling
between the unpaired electrons localized within the
dimers along the Re chains. Regarding the Curie-Weiss
constants associated with the low-temperature data, the
Curie constant is about 3% of the value expected for
S = 1/2 electrons and the Weiss temperature is nearly
zero. These features may arise from the observed
crystallographic disorder which is of the same order of
magnitude.

As mentioned earlier, an isostructural compound,
Y sMo,0,, exists which has been characterized structu-
rally and magnetically [22]. In this material, Mo also
exhibits an average oxidation state of +4.5 which

implies that three electrons are associated with each Mo,
dimer and thus a bond order of 1.5. The published
magnetic properties of this compound differ remarkably
from those of the Re analog. First of all, nearly the
entire temperature range from ~ 10 to 300K can be fit
to a Curie-Weiss law with an effective moment of
1.70 ug, the spin-only value for one unpaired electron,
and a small Weiss temperature, 0 = —7.5 K. There is no
sign of a broad anomaly in this temperature range but
instead a maximum at lower temperatures ~6 K. In the
original paper, this maximum was assigned to long-
range antiferromagnetic order but without companion
neutron diffraction or specific heat data, this cannot be
confirmed. If the maximum is taken as a sign of short-
range correlations, as in the case of the Re compound,
then one can estimate a J"?/k~ —4K for the Mo
analog, more than 20 times smaller than the value of—
89K in the Re case. The origins of these remarkable
differences in two isostructural materials are at yet
unclear. One possibility is that the unpaired electrons
reside in different, orthogonal n-orbitals in the two
compounds. Electronic structure calculations would be
helpful here.

Finally, it is worth mentioning again that no sign of
long-range magnetic order can be detected in this
material. The evidence is primarily negative, i.e., no
divergence in the FC-ZFC susceptibility was noted
down to 2 K. It is possible that any existing ordering is
masked by the low-temperature paramagnetic tail.
Further studies, especially those of the low-temperature
heat capacity, should be carried out.
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