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Pyrochlores of the type R,Mn,0, have been prepared and characterized where R is Dy, Ho, Er, Tm,
Yb, Lu, or Y. All are semiconductors with activation energies ranging from 0.37 to 0.51 eV, which
correlate very well with the electronegativity of R. Structural refinements on Er,Mn,0; and Y,Mn,0,
confirm the pyrochlore structure and the stoichiometry. Highly anisotropic thermal motion is found for
the rare-earth cation, consistent with its very unusual environment. These R,Mn,0; pyrochlores all
possess magnetic ordering temperatures in the range 20 to 40 K. The susceptibility data above T.
indicate dominant ferromagnetic interactions, i.e., positive Weiss constants. The field dependence
data below T are also suggestive of ferromagnetism. Nonetheless, the magnetic behavior is complex,

and there may be no spontaneous moments in the absence of an applied field.

Introduction

A large number of complex oxides with
the formula A,M,0; crystallize with py-
rochlore-type structure (Fd3m, Z = 8)
where A is a 2+ or 3+ ion and M is a 5+
or 4+ ion, respectively (/, 2). In the pyro-
chlore structure, A cations are coordi-
nated to eight oxygen ions whereas M cat-
ions are coordinated to six oxygen ions in
a nearly octahedral environment. Many of
the pyrochlores known are of the type
A3*M4%*0;. This is due to the fact that a
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large number of A** and M** cations have
suitable ionic radii for the formation of the
pyrochlore structure. High-pressure tech-
niques have been used to stabilize the
pyrochlore structure when the radius of
M** falls below 0.58 A (3-5).

Brisse (6) attempted to synthesize a
Yb,Mn,O; pyrochlore phase by reacting
MnO; and Yb,O; at 1500 psi oxygen pres-
sure but was not successful. Fujinaka et
al. (5) reported the formation of Y,Mn,0;
and TI,Mn,0; pyrochlores at 1000°C under
40 to 60 kbar pressure. In this paper, we
report the synthesis and characterization of
R;Mn,0; compounds obtained under hy-
drothermal conditions. Single crystals of
Y,>Mn,0; and Er,Mn,0, were grown, and
their structures were refined. Magnetic and
electrical properties are also reported.



Experimental

Synthesis

The rare-earth oxides were all of at least
99.9% purity; NaClO; and NaOH were
reagent grade. MnQ, was puratronic grade
from Johnson & Matthey.

Two or three grams of MnO; and R,0;
in a 2:1 molar ratio were first mixed
thoroughly for a half-hour in an agate

martar and laoaded into a oold tube (?_ln dia
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X 5-in. length). Then, 0.2 g each of NaClO,
and NaOH were added to the tube along
with 3 ml of H,O. The tube was sealed
and heated to 500°C for 10 hr under 3 kbar
pressure and cooled to room temperature at
the rate of 10°C/hr. The resulting solid was
washed with water to remove NaCl and any
unreacted NaClO;. Crystals suitable for
single crystal X-ray diffraction studies were
grown by using KMnO,4 and R,0; as start-
ing materials.

X-Ray Powder Diffraction

Powder X-ray diffraction data were
obtained with a Guinier-Hégg type focus-

ing Caul\-ra ‘dSqu \/uxx(al radiation and Si (a

= 5.4305 A) as an internal standard. Cell
dimensions were refined by least squares
and are given in Table 1.

TABLE 1

CELL DIMENSIONS, DENSITIES, AND ELECTRICAL
DATA FOR A;Mn,0; COMPOUNDS

Nensgity
Densit! y

(g/ml)

ag _ p (ohm-cm) E,
Compound (A) Obs.  Calc. 300 K (eV)
Dy;Mn,07 9.929 73 7.42 1 % 108 0.37
Ho,Mny04 9.905 7.5 7.54 § x 107 0.45
Er;Mn,0; 9.869 76  7.68 3 x 107 0.47
TmMn,07 9.847 — 7.78 2 x 107 0.48
YbyMn;07 9.830 79  7.94 — —
Lu;Mny07 9.815 — 8.03 2 x 108 0.51
Y>Mny0; 9.90t 54 547 3% 108 0.38
ThMn,04° 9.890 86  8.66 ~1 % 10 0.09

2 Data for TI;Mn0 are taken from Ref. (5) for comparison.
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TABLE II

SUMMARY OF CRYSTAL DATA, COLLECTION DATA,

AND REFINEMENT OF STRUCTURES FOR
Er-Mn. O, AND Y Mn,0-

LINNRYT7 YNNI

EryMn;0 Y MmO

Dimensions (mm) 0.08 x 0.13 x 0.13 0.10 X 0.14 x 0.14

Cell constant, a (A) 9.875(4) 9.902(1)
w{cm™Y) 399.0 287.0

Total reflections 1616 1661
Independent reflections 64 48
Data/parameters 8.1 6
Extinction factor (mm) 0.15 x 1074 0.35 x 107*
R 0.017 0.025

R, 0.021 0.027

Crystal Structure Refinements

Experimental information for single crys-
tal X-ray data collection and structural

refinement is given in Table II for the Er
The data

Ldva

and Y manganese nvrochlores
ana mangancse pyrocniores.

were collected in a 6-26 scan mode from 4
= # = 30° on an Enraf Nonius CAD4
diffractometer using MoK, radiation and a
graphite monochromator. The data were
treated for Lorentz and polarization ef-
fects, and a correction for absorption was
applied using DIFABS (7) for Er,Mn,0;
and an empirical method for Y,Mn,O,.
Rare-carth cations were refined using an-
isotropic thermal parameters. Table II1 lists
the atomic positional and thermal param-

TABLE III

PosITIONAL AND THERMAL PARAMETERS FOR THE
ATOMS OF Er,Mn,0; AND Y,Mn,0,

Bﬂ
Atom  Site x y z {A)
Er 16d 0.50 0.50 0.50 0.3(1)
Mn  16c  0.00 0.00 000  0.10)
01 8b 0.3750 0.3750 0.3750 0.3(3)
02 48f 0.3281(8) 0.1250  0.1250 0.5(1)
Y 16d  0.50 0.50 0.50 0.3(1)
Mn 16¢ 0.00 0.00 0.00 0.1(1)
01 8b 0.3750 0.3750 0.3750 0.1(3)
02 48f 0.3274(8) 0.1250  0.1250 0.2(1)

? The final anisotropic thermal parameters for the
rare-earth atoms are U = Uy, = Uy = 0.0033(3XEr),
0.0033(7)(Y), and U, = U3 = Uy = —0.0013(2)(Er),
—0.0015(5)(Y).
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TABLE IV

IMPORTANT INTERATOMIC DISTANCES (A) AND
ANGLES (DEG) FOR Er,Mn,0, AND Y,Mn,0,

Erzano7
Er -O1 2.1380(5) 2x) O2 -Mn-02 96.0(3)
Er -02 2.435(6) (6x) 02 -Mn-02 84.0(3)
Mn-02 1.908(3) (6x) Mn-02 —-Mn 132.3(4)
Mn-Mn 3.491(1)

Y:Mn,0;
Y -0l 2.1439(1) 2x) 02 -Mn-02 95.7(3)
Y -02 2.447(6) (6x) 02 -Mn-02 84.3(3)
Mn-02 1911(3) (6X) Mn-02 -Mn 132.7(5)
Mn-Mn 3.5009(3)

eters for both compounds, and important
interatomic distances and angles are given
in Table IV.

Electrical Measurements

Electrical conductivity measurements
were performed on samples in the form of
very dense pellets (formed at 600°C and 58
kbar pressure) using a Keithly 617 elec-
trometer and sputtered gold electrodes in
the temperature range 300 to 600 K.

Magnetic Measurements

The magnetic susceptibility data were
collected over the range 1.8-325 K using a
Faraday balance. Samples were suspended
on a 1-mm quartz rod from the arm of a
Cahn 2000 electrobalance. The sample con-
tainer (4.2 X 10 mm) was fashioned from
high-purity Spectrosil quartz. An electro-
magnet (Walker Scientific) supplied vari-
able fields up to 22.5 kG. The magnetic field
gradient was calibrated using HgCo(SCN);,
as a standard and varied by less than 1% in
the area of the sample container. Tempera-
ture was controlled with a digital tempera-
ture controller (Oxford Instruments 3120)
using a Au/Fe versus chromel/P thermo-
couple. A calibrated silicon diode resis-
tance thermometer was used to measure
the sample temperature, independently of
the controlling thermocouple, over the
entire temperature range. The Cahn bal-

ance was operated on the 100-mg scale, on
which a sensitivity under ideal conditions
of 0.001 mg can be achieved. Under normal
operating conditions, the sensitivity is the
larger of 0.02 mg or 0.1% of the force be-
ing measured. A typical error estimate in
the measurement of the susceptibilities re-
ported in this paper is 0.5%. The suscepti-
bilities have been corrected for the intrinsic
diamagnetism of the sample container and
the diamagnetism of the electronic cores of
the constituent atoms.

Results

Synthesis

Single-phase R,Mn,0; compounds were
obtained for R = Dy-Lu and Y under the
preparative conditions empioyed (3 kbar).
The compounds were black in color and
generally formed as small, octahedral crys-
tals. Powder X-ray diffraction patterns of
all the compounds could be indexed as
face-centered cubic cells; cell edges and
densities are given in Table 1. A plot of the
radius of R** (8) and unit cell parameter
showed linear behavior as expected (Fig. 1).

All the pyrochlore products prepared
with NaClO; were analyzed for Na and Cl,
and none of them showed the presence of
these elements above the detection limits of
the analysis.
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Fic. 1. Cell edge of R,Mn,0; vs radius of R**.
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Structure

The pyrochlore structure of composition
R,Mn,05 is built of MnOg octahedra with
each corner of the octahedron being shared
with another MnOg unit. However, instead
of forming linear chains, as in the perov-
skite structure, the octahedra are linked
in a zig-zag pattern along the chains in the
(110) directions with a Mn—O-Mn bond
angle of 132.5°. These Mn-O chains con-
nect to the RO;g polyhedra by the sharing of
edges.

In the MnO; octahedron (Fig. 2a), all six
Mn-O bonds are equivalent. The Mn-O
bond lengths for Y,Mn,0; and Er,Mn,0,
are essentially identical, 1.910 A. This
length compares very well with the sum of
jonic radii (8) for six-coordinate Mn** and
four-coordinate 0%, 1.91 A. The site sym-
metry of the MnOg ‘‘octahedron’ is actu-
ally 3m (Ds,); thus, the octahedron distorts
so that O-Mn-0 bond angles of 96 and 84°
are observed. Figure 2b shows the atomic
arrangement of an ErOg polyhedron. Two
O1 atoms cap opposite triangular faces of a
flattened trigonal antiprism of O2 atoms.
The site symmetry is 3m (Dsz). The R atom
lies on a threefold axis, and its thermal
ellipsoid is an ellipsoid of rotation where
the unique axis is the threefold axis. There-

. (P 02

02 O 02

fore, the ellipsoid may be elongated or
compressed along this axis. Thermal ellip-
soids for both the Er and Y compounds
were found to be very compressed along
the threefold axis. The rms displacement is
~0.02 A along the axis, and ~0.07 A per-
pendicular to the axis. This mode of vibra-
tion is physically reasonable because there
are two very short R—O bonds along the
threefold axis that restrict thermal motion
in this direction. Similar behavior has been
previously noted for the pyrochlore struc-
ture (9).

Each ROg unit is linked to six other ROg
units by the sharing of oxygen atoms O]l.
These oxygen atoms are bonded to four R
atoms and possess 43m (T,) symmetry.
Oxygen atoms O2 are ‘‘tetrahedrally”
bonded to two R and two Mn atoms, but
their site symmetry is actually mm (Cs,).

Thermal Stability

In order to test the thermal stability of
R,;Mn,0; pyrochlores, all of them were
heated in air to various temperatures in a
thermogravimetric balance. All the pyro-
chlores were stable up to 800°C, and the
weight loss corresponds to loss of one oxy-
gen atom. X-ray powder diffraction pat-
terns of the R,Mn,0; compounds obtained
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FiG. 2. (a) An ORTEP drawing of an MnOg octahedron in Er,Mn,0;. (b) An ErQys polyhedron
showing the anisotropic thermal ellipsoid of Er compressed along the threefold axis which includes the

01 atoms.
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after heating at 900°C in air showed the
presence of only LnMnO; perovskites.

Electrical Properties

Electrical measurements indicate that all
R>Mn,0; pyrochlores are semiconducting.
The activation energies and the room tem-
perature resistivities are given in Table 1.

Magnetic Properties

All the R,Mn,0; pyrochlores exhibit
ferromagnetic behavior with Curie tem-
peratures of 20 to 40 K. The results are
summarized in Table V and Figs. 3 and 4.

Discussion

Despite the widespread occurrence of the
pyrochlore structure, the magnetic proper-
ties of compounds with this structure have
not been extensively investigated. The
magnetic interactions in the pyrochlore
structure are very interesting due to the
arrangement of the cations. The M cations
can be viewed as clustered into tetrahedral
units which share corners to form infinite,
intersecting chains. This cation arrange-
ment makes it impossible for the nearest-
neighbor spins to be aligned antiparallel to
one another throughout the chains. The

TABLE V
SUMMARY OF MAGNETIC PROPERTIES
7] T,
Hr ,u'calca Heobs (K) (K)
Y,Mn,0, 0 5.4 54 50+10 20x5
LU2Mn207 0 5.4 4.9 70 = 10 235
Yb;Mn,0; 4.5 8.3 76 41 3 355
TmMn,0;, 7.6 120 104 56+ 8 305
Er;Mn,0, 96 146 133 40=*x 5 35=%5
HoMn,0; 106 159 144 33+ 5 37=%5
Dy,Mn;0; 106 159 144 43+ 2 40=5
TI,Mn,0;* 0 5.4 50 167 2 117

@ e = V2uk + 2ud,, Where uy, = 3.8.
b Data for TI,Mn,0, are taken from Ref. (5) except
for 8 which was determined in this study.
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FiG. 3. Inverse magnetic susceptibility vs tempera-
ture for R,Mn,0; pyrochlores, R = Lu, Y, Tm, Er, and
Ho (top to bottom).

antiferromagnetic interaction between any
two adjacent cations is frustrated by the
presence of the other cations making up
the tetrahedron. This magnetic frustra-
tion results in spin glass or ferromagnetic
behavior in some pyrochlore compounds
(10).

Studies of ferromagnetic R,Mo,0; py-
rochlores have suggested that the ferromag-
netism in these phases is directly re-
lated to their metallic behavior (/7). The
proposed magnetic coupling is through the
conduction mechanism, the conduction
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FiG. 4. Field dependence of molar susceptibility for
Er,Mn,0,, H, = 5.3, 11.4, 15.9, 18.4, 19.5 kG (top to
bottom).
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band being formed of delocalized Mo 4d
electrons. The magnetic ordering tempera-
ture was found to increase with an increase
in conductivity as expected for this cou-
pling mechanism. The existence of ferro-
magnetic behavior in the R,Mn,0; and
R,V,0; (12-15) pyrochlores which are
semiconducting indicates that metallic be-
havior is not a necessary condition for fer-
romagnetism. Neutron diffraction stud-
ies are underway to elucidate the magnetic
structure of Y,Mn,0;.

The ferromagnetic behavior of the R,
Mn,O; pyrochlores appears to result from
the Mn cation arrangement. For a Mn-
O-Mn angle of 180°, superexchange in-
teractions between the cations are com-
pletely antiferromagnetic in nature (I6).
However, there are both ferromagnetic and
antiferromagnetic superexchange interac-
tions for a Mn—0O-Mn angle of 90° (17). In
the pyrochlore structure, the Mn-O-Mn
angle is ~130°. Since antiferromagnetic
interactions are generally stronger than
ferromagnetic interactions, one would ex-
pect the Mn**—O-Mn** superexchange in-
teractions in the pyrochlore structure to be
antiferromagnetic in nature. However, the
weaker ferromagnetic interactions are ob-
served to dominate, at least in the pres-
ence of an applied field, in the R,Mn,0,
pyrochlores because of the frustration of
the antiferromagnetic interaction due to
the tetrahedral arrangement of the Mn**
cations. We conclude that there are two
essential features responsible for the ferro-
magnetism in the pyrochlore structure: (1)
the tetrahedral arrangement of the M
cations and (2) the strong deviation from
linearity in the M—O-M bonds.

The Curie temperatures of the R,Mn,0-
pyrochlores varied between 20 and 40 K
and are given in Table V. No correlations
were found relating the Curie temperature
with rare-earth cation radius, rare-earth
moment, or Mn-O-Mn bond angles. The
Curie temperature for the thallium com-

pound was in agreement with that pre-
viously published (5). The observed mo-
ments for the R,Mn,0, pyrochlores basi-
cally agree with the moment calculated
assuming no magnetic interactions between
Mn and rare-earth cations above the Curie
temperature as shown in Table V.

The electrical properties (Table I) show a
trend toward lower activation energies with
increasing size of the R cation. It is likely
that the activation energies represent the
activation energy of electron hopping from
site to site within the 3d band of Mn. The
same trend has been observed for R,M,0,
pyrochlores where M is Mo, Ru, or Ir.
Since M—O distances do not change sig-
nificantly within a particular M series, the
explanation could lie in the M—O-M angle
which increases regularly (131.2 to 133.5°)
with increasing size of the R cation. How-
ever, this angle change may be too small to
be significant, and the activation energy for
Y,Mn;0-, does not follow this trend. How-
ever, a plot of E, vs Pauling’s electronega-
tivities (Fig. 5) shows a smooth curve. This
strongly suggests an inductive effect. As
the A cation becomes more electropositive,
the Mn-O bonding becomes stronger, and
the mobility of the 3d electrons increases.
Such effects are well documented. For

example, the charge transfer band in
056 T T T T T T
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1 1 1 1 1 1
121 122 123 1.24 1258 1.26 127 1.28

Pauling Electronegativity of R

Fic. 5. Activation energy from electrical resistivity
data vs the Pauling electronegativity value of R in the
R;Mn,0; series.
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AMoO, and AWO, compounds moves to
higher energies with increasing electropos-
itive character of A, indicating that the
Mo-O or W-0O bonding has become
stronger (/8). An analogous inductive effect
of A cations in perovskite series like ACrQO;
and AFeO; has been previously described
by Goodenough and Longo (19).

The electrical properties of TL,Mn,0; are
not explained by the arguments of the pre-
ceding paragraph. Since Tl is less electro-
positive than the rare earths, a higher
activation energy for Tl,Mn,0; would be
predicted. However, the 6s band of TI lies
close in energy to the 3d levels so that
mixing is anticipated. This mixing broadens
the 3d band and increases the mobility of
the 3d electrons and increases the magnetic
ordering temperature.
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