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Polycrystalline samples of iron and rare earth germanates, RFeGe,0O; (R = Y, Pr, Dy,
Tm, and Yb), have been prepared. Depending on the size of R, they present two different
monoclinic crystal structures, described either in space group P2;/c (no. 14) for R =Pror in
P2:/m (no. 11) for the smaller rare earths R =Y, Dy, Tm, and Yb. The results of crystal
structure refinements from room-temperature high-resolution neutron powder diffraction
(NPD) data are given. Magnetization measurements between 350 and 1.6 K reveal the
existence of one maximum, at 3 or 38 K for the praseodymium or yttrium germanate,
respectively, and two separate anomalies for the remaining materials, which appear at T,
and T, (T2 < Ty), where T; =~ 40 K and T, = 24, 6, and 5 K, for R = Dy, Tm, and Yb,
respectively, indicating transitions to antiferromagnetically (AF) ordered states. Judging
from low-temperature NPD data, three-dimensional (3D) AF ordering is established for all
compounds, with simultaneous ordering of the R3" and (or) Fe3* (R = Y) sublattices, at 3 K
in PrFeGe,07, 38 K in YFeGe,0O7, and at Ty = T; for the remaining compounds. The ordered
magnetic structure of PriFeGe,O; can be described in terms of the propagation vector k =
[}2, 15, 0] and a model that consists of ferromagnetic coupling of the magnetic moments of
Fe*t and Pr3* along the —FeOs—PrOy—FeOs— chains in the c direction, whereas along the
two other axes, the moments show AF coupling. For the R =Y, Dy, Tm, and Yb compounds,
the propagation vector of the magnetic structures is k = [0, 0, 0]. In each case, the magnetic
structure consists of a ferromagnetic arrangement of all R®* and (or) Fe®* (R = Y) magnetic
moments within one ac plane, whereas the corresponding moments in up and down adjacent

1995

planes are oppositely aligned, leading to 3D AF coupling along the b direction.

Introduction

Germanates of the form RMGe,O7 in which R repre-
sents trivalent rare earth elements and M represents
the trivalent metals Al, Ga, and Fe constitute an
interesting host among single-centered self-activated
laser materials.~2 Those with M = Al or Ga and R =
La—Dywere found*®to present the monoclinic NdAIGe,0-
structure (space group P2;/c). Studies of optical absorp-
tion, luminescence, and stimulated emission for Nd3+,5
as well as studies on crystal-field effects in RGaGe,07
for R = Pr3* and Nd3*,%7 have been carried out. In the
iron family, depending on the size of R, phase formation
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corresponds to the mentioned® monoclinic type, I, for
the larger R cations, i.e., those from La to Gd, and to
the YFeGe,O7 structure type, Il, described by the
authors® in the space group P2;/m (no. 11), for the
smaller rare earth elements including Y and those from
Tb to Yb. These structures present important differ-
ences, and the precise determination of their crystal
data is the first step in developing a confident under-
standing of d—f interactions, mainly dealing with optical
and magnetic features. Some results concerning mag-
netic properties have been previously reported,®1° in-
cluding the determination of the magnetic structures
for a few compounds with the YFeGe,O; structure
type.811 In contrast, for iron and larger-R-containing
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germanates, the nature of the low-temperature ordered
phase has not yet been described.

The aim of this article is therefore to characterize the
microscopic magnetic behavior of RFeGe,O; compounds,
where R = Pr, Y, Dy, Tm, and Yb. Their syntheses and
the refinement of their crystal structures, as well as low-
temperature neutron diffraction studies, were under-
taken to investigate the nature of the anomalies dis-
played by magnetic measurements. The magnetic
structure of low-temperature phases is established, and
finally, the relationship between crystal structure and
magnetic order, as well as the role played by the identity
of R, is discussed for the two kinds of materials.

Experimental Section

Preparation of Samples. RFeGe,0; samples (R =Y, Pr,
Dy, Tm, and Yb) were prepared as polycrystalline powder
materials by solid-state reaction from analytical-grade mix-
tures of the stoichiometrically required amounts of FezO,,
GeO,, and PrsO1;1 or R203, with a slight excess of the germa-
nium oxide to counteract losses, especially as a vitrified
product. Zirconia LECO 528-018 crucibles were employed.
Samples were ground and heated in air to final temperatures
between 1200 and 1250 °C, with higher temperatures being
used for the heavier-R compounds, for two weeks with inter-
mediate regrinding. Standard X-ray powder diffraction analy-
sis indicated that the final samples were well-crystallized and
appeared, within the limits of the technique, to be free of other
crystalline phases.

Crystal and Magnetic Structure Refinements. Neutron
powder diffraction (NPD) patterns were collected on the D1B
and D2B powder diffractometers at the ILL-Grenoble, using
wavelengths of 2.524 and 1.595 A, respectively. About 8 g of
sample contained in a cylindrical vanadium can was used in
each case. The high flux and medium resolution of D1B were
employed to study the thermal evolution of these materials in
the temperature ranges 1.6—50 K for R =Y, Dy, Tm, and Yb
and 1.6—20 K for R = Pr, with the vanadium can being held
in a liquid helium cryostat. The diffraction patterns were
typically collected every 1 K (0.5 K for PrFeGe.0O7) in the
angular range 5° < 26 < 85° in steps of 0.2° 26. For the Dy-
containing material, a concentric double-walled can was used
to minimize the high absorption cross-section of Dy and, hence,
of the material. To obtain more accurate data, the lowest-
temperature pattern consisted of the integration of several
measured patterns at 1.6 K. The high-resolution D2B diffrac-
tometer was used to obtain more extensive and accurate data
at room temperature over the large angular range 5° < 26 <
155° in steps of 0.05° 26.

The Rietveld method was used to refine the crystal and
magnetic structures. All of the data were analyzed with the
program WinPLOTR.*? A pseudo-Voigt function was chosen
to generate the line shape of the diffraction peaks. The
background was fitted to a polynomial refinable function.
Crystal structures of the RFeGe,O; materials for R =Y, Dy,
Tm, and Yb at room temperature were refined taking as
starting parameters those previously obtained for TbFeGe,O-.8
Crystal data at room temperature of PrFeGe,O7 were those
previously reported.’® D1B diffraction patterns taken at
increasing temperatures were refined sequentially, with the
starting parameters for each pattern being those resulting
from the preceding refinement one at lower temperature. The
atomic coordinates for all atoms were fixed to the values
obtained with the high-resolution pattern in these variable-
temperature refinements.

Magnetic Measurements. A SQUID magnetometer (Quan-
tum Design) operating from 350 to 1.7 K at 100 Oe was used

(12) Roisnel, T.; Rodriguez Carvajal, J. WinPLOTR Program for
Rietveld Refinement and Pattern Matching Analysis; Laboratoire Léon
Brillouin, CEA-CNRS, Centre d’Etudes de Saclay: Gif-sur-Yvette,
France, 1999.
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to carry out dc magnetic susceptibility measurements. Dia-
magnetic corrections®® for the magnetic susceptibilities were
taken into account.

Crystal Structures in RFeGe,07

Phase formation in the RFeGe,0O; family depends on
the size of R. The structure corresponds to the mono-
clinic type P2,/c,4>10 |, for the larger R cations, i.e., those
from La to Gd, and the YFeGe,O7 structure type, IlI,
described by the authors?® in the space group P2:/m (no.
11), for the smaller rare earth elements including Y and
those from Tb to Yb. The two structural types present
important differences when their coordination polyhe-
dra, especially those of R and iron cations, and the
connectivities between all of the atoms are compared.
In 1-RFeGe;O7, chains of edge-sharing flexed ROg-
tricapped trigonal prisms lie along the a axis, being
linked alternately through an edge or a corner of
isolated distorted FeOs trigonal bipyramids in the c
direction, and the two kinds of GeO, tetrahedra are
associated by corner sharing to form diortho Ge,O7
groups along the [001] direction. Il —RFeGe,0- contains
three kinds of coordination polyhedra: distorted FeOg
octahedra joined in pairs by edge sharing, RO7-capped
octahedra, and four kinds of Ge atoms exhibiting the
usual tetrahedral coordination, also associated by shar-
ing corners to form isolated diortho Ge,O; groups.
Layers made up of flattened chains of RO; polyhedra
along the b axis and pairs of FeOg, which link these
chains in the c direction, run parallel to the bc crystal
plane. Ge;O7 units are not connected in either the a or
b direction, but they play a bridging role between
parallel RO;- and FeOg-containing layers. Figure 1a and
b illustrates the mentioned details of these structures.

Table 1 summarizes the structural parameters for
RFeGe,0O7 (R =Y, Dy, Tm, and Yb) from NPD data
collected at room temperature on D2B. Lattice param-
eters for PrFeGe,0,° are also included in this table as
they represent the starting point for the analysis of the
low-temperature magnetic structure. The current final
refined positional and displacement parameters are
given in Table 2, and Table 3 lists the main interatomic
distances. Figure 2 shows observed and calculated room-
temperature NPD profiles for TmFeGe,O7, which was
chosen as a representative example of the 11-RFeGe, 0~
compounds.

Magnetic Susceptibility Measurements

Figure 3 shows the variation with temperature of the
molar magnetic susceptibility, ym, for PrFeGe,O7. A
clear maximum appears at very low temperature, 3.2
K, that is related to the transition to an AF ordered
state of the magnetic cations. For temperatures from
50 K to room temperature, a Curie—Weiss law is
observed, such that ymt = 47.8(7) + 0.697(4)T mol-emu~?!
(r = 0.999), with ©; = —69 K and uer = 3.4 ug. A
comparison with the magnetic behavior of an isostruc-
tural compound for which only the magnetic subsystem
of Fed" cations exists can be established with the
previously measured y vs T data for LaFeGe,07.1° This
plot presents a slight deviation from linearity over the

(13) Boudreaux, E. A.; Mulay, L. N. Theory and Applications of
Molecular Paramagnetism; Wiley: New York, 1976; pp 494—495.
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Figure 1. (a) Projection onto the ac plane of the I-RFeGe,Oy structure. Large (gray) and small (dark gray) polyhedra correspond
to ROs-tricapped trigonal prisms and FeOs trigonal bipyramids, respectively. (b) Projection of the crystal structure of I11-RFeGe,O-
onto the bc plane, depicting the RO7 (gray) chains along the b axis linked in the c direction through pairs of FeOs (dark gray)
octahedra. Connectivity between R and Fe polyhedra is shown, in each case, by a ball-and-stick representation. In both cases, the

positions of Ge atoms are omitted.

Table 1. Lattice Parameters and Reliability Factors for
RFeGe;07, R =Y, Pr, Dy, Tm, and Yb, from Neutron
Diffraction Data (D2B ILL) at Room Temperature

Ya Prb Dy2 Tm2 Yba
lattice parameters
a(A) 9.6544(3) 7.2422(7) 9.6400(5) 9.6557(4) 9.6672(4)
b (A) 8.5207(2) 6.6361(6) 8.4753(4) 8.5444(4) 8.5558(3)
c(A) 6.6737(2) 12.986(1) 6.7122(3) 6.6336(3) 6.6253(3)
B () 100.741(2) 117.13(5) 100.515(3) 101.125(4) 101.321(3)
V (A3) 539.37(3) 555.44(1) 539.19(5) 537.00(4) 537.32(4)
no. of 1148 679 1144 1147 1146
reflections
Ruwp 6.11 2.66 6.61 7.39 8.56
Rexp 1.17 1.12 6.23 2.22 2.37
Reragg 5.83 3.19 6.33 9.75 10.9
R 4.03 1.99 3.86 6.88 7.37

a Space group P2:/m (no. 11). P Space group P2;/c (no. 14); data
from ref 10.

whole measured range, with a magnetic moment be-
coming smaller as the temperature decreases and no
maximum being observed at low temperature.

A qualitative difference is observed when the plot of
PrFeGe,0y7 is compared with the curves for 11-RFeGe,0;
compounds. With the exception of the yttrium ger-
manate, for which only one maximum in ym(T) occurs
at 38 K,2 the data collected at lower temperatures reveal
the presence of two different anomalies in the variation
of ym (more visible in the derivative of the product yn T
with respect to T), which can be attributed to transitions
to AF ordered states. In each case, apart from clear
peaks at T, = 24, 6, and 5 K for R = Dy, Tm, and Yb,
respectively, there is another maximum, at higher
temperature T4, consisting of a smaller peak around 40
K in all cases. Up ~60 to room temperature, Curie—

Weiss behavior is followed for these compounds, such
that yn! = 0.943(11) + 0.06951(5)T, 16.3(4) +
0.324(3)T, and 77(1) + 0.678(8)T mol-emu?! (r =
0.9999, 0.998, and 0.996, respectively), with paramag-
netic Curie temperatures ©, = —13.6, —50, and —114
K and effective magnetic moments uess = 10.8, 5.0, and
3.5 ug for R = Dy, Tm, and Yb materials, respectively.
Figures 4 and 5 display the temperature dependence of
xm for R = Tm and Yb compounds.

Magnetic Ordering In RFeGe,0O

The evolution of the NPD patterns for PrFeGe;07, in
the range of 26 scattering angle from 10° to 87° and
temperatures from 1.5 to 4 K is presented in Figure 6.
A series of not very strong extra peaks appears below 3
K, the temperature that corresponds to the observed
maximum in the ym vs T curve. The newly observed
peaks provide an indication of the three-dimensional
(3D) AF order of the Pr3* and Fe®* networks at very
low temperature. In the lowest-temperature NPD pat-
tern of PrFeGe,07, all observed peaks can be indexed
within a commensurate lattice with unit cell parameters
a’'=2a,b' =2b,c =c,and ' =S, where a, b, ¢, and
are the parameters of the crystallographic unit cell. In
contrast, a careful analysis and comparison of collected
data for isostructural LaFeGe,0O; at temperatures be-
tweenl.6 and 20 K did not reveal any signs of magnetic
Bragg reflections associated with the ordering of the
Fe3t magnetic moments.

The evolution from 1.6 to ~75 K of the NPD patterns
of 11-RFeGe,0O; compounds, for 10—85° in 20, shows
in each case a series of extra peaks appearing below 40
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Table 2. Final Refined Positional and Thermal Parameters from NPD at Room Temperature for RFeGe,O7, R =Y, Dy,

Tm, and Yb?2
xla y/b zlc B (A?) x/a y/b zlc B (A?)
R=Y R =Dy
R 0.755(1) 0.5459(4) 0.7501(2) 0.68(8) 0.743(1) 0.5382(4) 0.749(1) 0.35(8)
Gel 0.525(1) 0.75 0.055(2) 0.52(6) 0.526(2) 0.75 0.043(4) 0.4(1)
Ge2 0.554(1) 0.25 0.491(1) 0.52(6) 0.549(2) 0.25 0.463(2) 0.4(1)
Ge3 0.948(1) 0.25 0.033(1) 0.52(6) 0.948(2) 0.25 —0.001(2) 0.4(1)
Ged 0.033(1) 0.25 0.547(2) 0.52(6) 0.029(2) 0.25 0.553(4) 0.4(1)
Fe 0.749(1) 0.4503(4) 0.250(1) 0.84(6) 0.750(2) 0.4465(7) 0.253(3) 0.6(1)
o1 0.647(1) 0.418(1) 0.484(1) 0.92(4) 0.633(2) 0.433(2) 0.457(3) 0.63(8)
02 0.886(2) 0.25 0.346(3) 0.92(4) 0.879(4) 0.25 0.358(5) 0.63(8)
03 0.946(1) 0.25 0.748(2) 0.92(4) 0.933(3) 0.25 0.736(3) 0.63(8)
04 0.5849(6) 0.25 0.754(2) 0.92(4) 0.560(3) 0.25 0.734(3) 0.63(8)
05 0.861(1) 0.067(1) 0.038(1) 0.92(4) 0.861(2) 0.082(2) 0.025(3) 0.63(8)
06 0.124(2) 0.25 0.158(2) 0.92(4) 0.125(3) 0.25 0.141(5) 0.63(8)
o7 0.137(1) 0.076(1) 0.553(1) 0.92(4) 0.146(2) 0.092(2) 0.544(3) 0.63(8)
08 0.382(2) 0.25 0.361(2) 0.92(4) 0.387(3) 0.25 0.350(4) 0.63(8)
09 0.617(2) 0.25 0.147(2) 0.92(4) 0.621(4) 0.25 0.149(5) 0.63(8)
010 0.634(1) 0.5990(9) 0.044(1) 0.92(4) 0.629(2) 0.582(2) 0.045(3) 0.63(8)
R=Tm R=Yb

R 0.753(2) 0.5519(8) 0.755(3) 1.1(2) 0.7547(9) 0.5498(5) 0.744(1) 0.68(8)
Gel 0.525(2) 0.75 0.055(2) 0.60(8) 0.524(1) 0.75 0.060(2) 0.62(7)
Ge2 0.552(2) 0.25 0.473(2) 0.60(8) 0.555(1) 0.25 0.495(2) 0.62(7)
Ge3 0.947(2) 0.25 0.004(2) 0.60(8) 0.948(1) 0.25 0.032(2) 0.62(7)
Ged 0.033(2) 0.25 0.549(3) 0.60(8) 0.035(1) 0.25 0.539(2) 0.62(7)
Fe 0.752(1) 0.4524(6) 0.246(2) 0.6(1) 0.747(1) 0.4508(7) 0.258(2) 0.6(1)
o1 0.644(2) 0.407(1) 0.489(2) 1.26(7) 0.647(1) 0.433(1) 0.465(2) 0.97(6)
02 0.878(2) 0.25 0.331(3) 1.26(7) 0.876(2) 0.25 0.346(3) 0.97(6)
03 0.955(2) 0.25 0.742(3) 1.26(7) 0.966(1) 0.25 0.769(3) 0.97(6)
04 0.590(2) 0.25 0.761(3) 1.26(7) 0.578(2) 0.25 0.767(2) 0.97(6)
05 0.852(2) 0.062(1) 0.033(2) 1.26(7) 0.856(1) 0.095(2) 0.008(2) 0.97(6)
06 0.111(3) 0.25 0.139(3) 1.26(7) 0.120(2) 0.25 0.140(3) 0.97(6)
o7 0.141(2) 0.077(2) 0.546(3) 1.26(7) 0.146(1) 0.097(2) 0.541(2) 0.97(6)
o8 0.373(2) 0.25 0.346(3) 1.26(7) 0.393(2) 0.25 0.357(3) 0.97(6)
09 0.611(2) 0.25 0.136(3) 1.26(7) 0.615(2) 0.25 0.170(3) 0.97(6)
010 0.635(2) 0.597(2) 0.049(3) 1.26(7) 0.629(1) 0.573(1) 0.058(2) 0.97(6)

a |sotropic displacement parameters for Ge and O atoms were constrained to the same values in all compounds.

K. These peaks correspond to transitions to 3D AF
ordered states of 4f3" and (or) Fe3" (R = Y) subcells in
the studied materials. The intensities of the magnetic
reflections grow regularly to reach the maximum at 1.6
K, this maximum getting less intense from the Dy to
the Yb compound. Figures 7 and 8 depict the evolution
with temperature of the NPD patterns for TmFeGe,O7
and YbFeGe,0y, respectively. Below ~40 K, all observed
Bragg peaks can be indexed within a commensurate
lattice with approximately the same unit cell param-
eters as the crystallographic one. Because “pure mag-
netic” reflections are those indexed to OkO (where OkO
for k =2n + 1 is an extinction condition for P2;/m), some
ordering of the magnetic moments perpendicular to the
b axis can be initially surmised.4

Group Theory Analyses for PrFeGe,O7; and
II-RFeGe,0O7, with R =Y, Dy, Tm, and Yb

The nuclear unit cell of PrEeGe,0O contains four Pr3*
and four Fe®* cations, located at the general positions
de, (X, Y, 2), (=%, ¥y + s, Yy — 2), (=X, =y, —2), and (x, />
—v, z+ 1/,), related by the symmetry operations of the
space group P2;/c. The magnetic structure can be
described by considering the magnetic moments of these
atoms, and the remaining ones can be deduced by means
of the ty Bravais translation vector, according to mj, =
mj.e~ 27k, Because of the above-indicated relationship

(14) Bacon, G. E. Neutron Diffraction; Oxford University Press:
New York, 1975.

between the unit cell parameters of the magnetic and
nuclear lattices, this low-temperature 3D long-range-
ordered magnetic structure can be described in terms
of a single propagation vector k = [Y/5, /5, 0].

Possible magnetic structures compatible with the
crystal symmetry can be obtained from group-theory
analysis.’>All possible forms of ordering of the magnetic
moments are determined through the base functions of
the irreducible representations of the wave vector group
Gk, which contains only those symmetry operations of
the high-temperature space-group (T > Ty) that leave
the propagation vector invariant or transform it into an
equivalent vector.

For PrFeGe,07, the symmetry operations to be con-
sidered are {E, C5, I, ¢}, representing identity, a binary
axis along b, inversion, and a glide plane, respectively.
The transformation properties of the components of the
magnetic moments under the symmetry operations of
the group Gi (Czn) associated with P2;/c define a
reducible representation I' made up of four matrices
whose traces are 12, 0, 0, and 0 for the four symmetry
elements. Table 4 gives the characters of the irreducible
representations I'V of Gy, and Table 5 lists the transfor-
mation rules of the magnetic moment components under
the symmetry operations. The irreducible representa-
tions contained in T (for Pr3*and Fe®*) are, in both cases,
3Agy + 3By + 3A, + 3By. Because only vectors belonging
to the same representation for the two kind of atoms,

(15) Bertaut, E. F. Acta Crystallogr. A 1968, 24, 217.
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Table 3. Main Interatomic Distances (A) in RFeGe,0O7, R
=Y, Dy, Tm, and Yb?2

Y Dy Tm Yb

R-0(1) 2.18(1) 2.24(2) 2.26(2) 2.18(1)
R—0(4) 3.008(9) 3.01(2) 3.04(1) 3.10(1)
R—0O(5) 2.22(1) 2.23(2) 2.12(2) 2.21(1)
R—0(6) 2.12(1) 2.25(2) 2.13(2) 2.15(1)
R—0(7) 2.46(1) 2.45(2) 2.44(2) 2.31(2)
R—0(8) 2.22(1) 2.22(2) 2.19(2) 2.25(1)
R—0(10) 2.49(1) 2.47(2) 2.47(2) 2.61(2)
Fe—0(1) 2.01(1) 1.93(3) 2.10(2) 1.83(2)
Fe—0(2) 2.18(1) 2.12(3) 2.18(2) 2.14(2)
Fe—0O(5) 1.94(1) 2.04(3) 1.89(2) 2.16(2)
Fe—0O(7) 1.89(1) 1.97(3) 1.91(2) 1.97(2)
Fe—0(9) 2.16(1) 2.12(3) 2.14(2) 2.15(2)
Fe—0(10) 2.04(1) 2.01(3) 1.99(2) 1.88(2)
Ge(1)—0(4) 1.80(1) 1.84(3) 1.86(2) 1.65(2)
Ge(1)—0(9) 1.74(2) 1.73(4) 1.77(3) 1.82(3)
Ge(1)—0O(10) x2  1.68(1) 1.74(2) 1.66(2) 1.83(1)
Ge(2)—0(1) x2 1.70(1) 1.75(2) 1.62(2) 1.83(1)
Ge(2)—0(4) 1.72(1) 1.80(3) 1.85(2) 1.77(2)
Ge(2)—0(8) 1.73(2) 1.60(3) 1.70(3) 1.65(2)
Ge(3)—0(3) 1.89(1) 1.75(2) 1.77(2) 1.79(2)
Ge(3)—0(5) x2 1.77(1) 1.68(2) 1.82(1) 1.59(2)
Ge(3)—0(6) 1.75(2) 1.79(3) 1.72(3) 1.68(3)
Ge(4)—0(2) 1.76(2) 1.76(4) 1.78(3) 1.79(3)
Ge(4)—0(3) 1.71(2) 1.66(3) 1.54(2) 1.78(2)
Ge(4)—0O(7) x2 1.79(1) 1.76(2) 1.82(2) 1.70(2)
R-R, b 3.478(5) 3.590(5) 3.398(8) 3.425(6)

5.042(5) 4.885(5) 5.147(9) 5.131(6)
Fe—Fe, b 3.413(4) 3.331(8) 3.433(7) 3.435(8)

5.108(4) 5.144(8) 5.112(7) 5.121(8)
R—Fe, c 3.43(1) 3.43(2) 3.54(2) 3.32(1)

3.44(1) 3.46(2) 3.31(2) 3.52(1)

a Intercationic distances (A) in PrFeGe,07 are Pr—Pr = 4.039(22);
Fe—Fe = 5.203(9); Pr—Fe = 3.452(14), 3.499(13), 5.041(14),
5.441(14).
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Figure 2. Observed, calculated, and difference neutron dif-
fraction (D2B, ILL) profiles of TmFeGe,O; at room tempera-

ture. The vertical marks correspond to the positions of the
allowed Bragg reflections for the crystallographic structure.

Pr3*tand Fe3*, can be coupled, to a first approximation,!®
four possibilities for the ordering of the magnetic
moments of the two magnetic cells must be considered,
each one defined by six free parameters, three for each
magnetic lattice. These possible arrangements were
analyzed by means of the basis functions obtained
through the projection operator

lp(;) = ZXV(CJ)CJma
]

where 11’&”) is the basis function, y,(C;) is the character
of the irreducible representation v corresponding to the
Cj operation, and m, is the o (a0 = X, y, z) component of
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Figure 3. Temperature dependence of the molar magnetic
susceptibility ym for PrFeGe,O7. The inset shows the derivative
of the product y,T with the temperature, d(ymT)/dT.
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Figure 4. Temperature dependence of the molar magnetic
susceptibility ym for TmFeGe,O;. The inset shows the deriva-
tive of the product y,T with the temperature, d(ymT)/dT.
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Figure 5. Temperature dependence of the molar magnetic
susceptibility ym for YbFeGe,O;. The inset shows the derivative
of the product ymT with the temperature, d(ymT)/dT.

a given magnetic moment. Corresponding sets of basis
vectors for the four irreducible representations, for Pr3+*
as well as for Fe3", are indicated in Table 6. Finally,
the two potential kinds of coupling between the two
types of magnetic cations, ferromagnetic (F) or antifer-
romagnetic (AF), must be also considered.

A detailed development of the group theory analysis
for germanates with the 11-RFeGe,O7 structure type
can be found elsewhere.? Ferromagnetic (Fx = Myre +
mMyr, Fz = Mzre + Myr) or antiferromagnetic (Ax = Myre
— Myr, A; = Mzre — MzR) couplings, derived from the By
irreducible representation of Fe3* and R3* magnetic
networks, are the only two distributions of magnetic
moments to be considered for this group of materials.
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Figure 6. Evolution between 1.6 and 4 K of the neutron
powder diffraction patterns of PrFeGe;0s.
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Figure 7. Evolution between 1.6 and 50 K of the neutron
powder diffraction patterns of TmFeGe,O-

Magnetic Structure Refinements

In the analysis of the low-temperature NPD data, a
two-phase refinement for every temperature was per-
formed. In each case, the crystal structure was refined
taking as starting parameters those obtained at room
temperature with high-resolution data. The magnetic
structure was refined as an independent phase for
which only magnetic atoms were defined. The scale and
displacement parameters were constrained for both the
nuclear and magnetic structures.

An independent long-range magnetic order for the
network of Fe3* cations in I-RFeGe,0O7 compounds can
be discarded as long as the measurements performed
on the La compound hold, i.e., the absence of both one
clear maximum in the y vs T plot and magnetic
reflections in the 1.6 K pattern of LaFeGe;Oy. In fact,
the failure to observe any magnetic signal is not
surprising for a structure where isolated FeOs trigonal
bipyramids are arranged between chains of LaOg poly-
hedra. Because a single transition temperature was
observed from NPD as well as in magnetic susceptibility
data for PrFeGe,07, the analysis of its low temperature

Cascales et al.
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Figure 8. Evolution between 1.6 and 75 K of the neutron
powder diffraction patterns of YbFeGe,O-;

Table 4. Character of the Irreducible Representations of
Gk for PrFeGe,Oy

E Cy i c
Ag 1 1 1 1
By 1 -1 1 -1
Ay 1 1 -1 -1
By 1 -1 -1 1

Table 5. Transformation Properties of the Components of
the Magnetic Moments of Pr3* and Fe3" under the
Symmetry Operations of G

E C, i C
X 1 -1 1 -1
y 1 1 1 1
z 1 -1 1 -1

pattern was started with a consideration of the order
of the magnetic moments exclusively on the rare earth
sites. However, experimental data at the lowest tem-
perature can be satisfactorily fitted only if the magnetic
moments in Fe3" sites also become ordered. The best
adjustment corresponds to the model given by the I'S
(Ay) representation, which establishes the collinear
arrangement of x and z components of the magnetic
moments of cations of the two pairs (1) and (4) as well
as (2) and (3) (Pr3* or Fe3"), with the two pairs being
oppositely aligned with each other in the ac plane but
with the y component of the magnetic moments for (1)
and (2) as well as for (3) and (4) cations being aligned
for each pair and antiparallel between the two pairs.
Moreover, the best model implies the ferromagnetic
coupling between the two kinds of magnetic cells, i.e.,
the components of the magnetic moments of Prl and
Fel are collinear. The final refinement therefore pro-
vides a 3D AF ordered magnetic structure consisting of
ferromagnetic coupling of Pr3* and Fe®t magnetic
moments in each chain lying along the c¢ direction and
the corresponding moments in the next parallel chain
in the b direction being oppositely aligned, as imposed
by the propagation vector. The arrangement of the
magnetic moments of —PrOg—FeOs—PrOg— chains par-
allel to c¢ is reversed for every fourth one of these
consecutive chains along the a direction.

In Figure 9, the observed and final fit patterns for
PrFeGe,O; at 1.6 K are represented. Tables 7 and 8
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Table 6. Basis Vectors of the Pr3* and Fe®" Sublattices of PrFeGe,O for the Four Irreducible Representations of Gk
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X

y

4

It Ag My — Mok + M3x — Max
I2 Bg My + Moy + M3y + May
F3 Au Mix — Max — M3y + Max
r4 Bu Miy + Mox — M3x — Max
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Figure 9. Neutron diffraction pattern of PrFeGe,0O; (D1B,
ILL) at 1.6 K. The solid line is the calculated profile, and the
vertical marks correspond to the positions of the Bragg
reflections for the crystallographic (first row) and magnetic

(second row) structures. The difference curve is plotted at the
bottom of the figure.
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Table 7. Lattice Parameters and Discrepancy Factors for
FeRGe;O7, R =Y, Pr, Dy, Tm, and Yb, from D1B—ILL
Neutron Diffraction Data at 1.6 K

Y Pr Dy Tm Yb
lattice
parameters
a(A) 9.616(2) 14.434 (2) 9.602(1) 9.642(2) 9.635(1)
b (A) 8.481(2) 13.235 (1) 8.423(1) 8.547(2) 8.528(1)
cA) 6.652(1) 12.963 (1) 6.7013(1) 6.6366(9) 6.6074(8)
() 100.698(9) 117.17(1) 100.39(1) 101.121(9) 101.352(8)
V (A3) 533.0(2) 533.1(1) 536.7(1) 532.3(1)
no. of 210 810 179 198 189
reflections
reliability factors
22 30.7 11.1 5.90 62.9 10.1
Rexp 2.01 2.30 2.77 1.58 3.42
Reragg 5.33 3.51 3.03 6.69 5.11
R¢ 4.52 2.08 2.61 5.36 4.59
Rmag 10.6 6.98 2.00 3.87 8.96

provide a summary of the refined structural parameters
and magnetic moments at 1.6 K, respectively. The
magnetic moments are written in the Cartesian com-
ponents My, My, and M, allowed by the magnetic
structure, as well as in spherical coordinates, with ¢
and ¢ being the angles of M with respect to the x and z
axes, respectively. The values of the ordered magnetic
moments M, 2.9(2) for Pr3+ and 3.1(3) for Fe3*, are lower
than those expected for free ions, 3.2 and 5.9 ug for Pr3*
and high-spin Fe3", respectively. Actually, the magnetic
peaks in 1.6 K NPD spectra might have not yet reached
their maximum intensities, and therefore, the reduction
in M is not surprising, i.e., these values correspond to
unsaturated magnetic moments.

For the group of iron germanates with smaller rare
earths, the first performed magnetic structure refine-
ment corresponds to YFeGe,O7, with only a magnetic
network of Fe3* cations. The best fit of the experimental
NPD data at 1.6 K, with the model provided by the By
representation, is described through the x and z com-
ponents of the magnetic moments of Fe3* cations. The

May + May + May + May
M1y — Myy + Mazy — May
May + Moy — M3y — May
Myy — Myy + Mgy — May

mi; — My, + M3z — My,
my, + msz; + ms; + Mgy,
M1z — Mgz — Mgz + My,
My, + My, — M3z — My,

magnetic structure consists of a ferromagnetic arrange-
ment of Fe3™ magnetic moments, whose directions form
a small angle with the negative direction of the c axis
within one ac plane (Table 8), while the moments in the
up and down perpendicular to b adjacent planes are
oppositely aligned, leading to 3D AF coupling along the
b direction.

For the remaining R = Dy, Tm, and Yb compounds
of this group, final refinements of the low-temperature
NPD data conduct to establish the ordered magnetic
structures, also associated with the model of the By
irreducible representation. They consist of ferromag-
netic coupling between the magnetic moments of all
Fe*t and R3®" ions within every ac plane, with the
coupling between parallel ac planes being AF along the
b direction.

In Figure 10, the observed and final refined patterns
at 1.6 K for DyFeGe;07 are presented. Tables 7 and 8
also include a summary of the refined structural pa-
rameters and magnetic moments at this temperature
for the R = Y, Dy, Tm, and Yb compounds. Higher
values found for x2 are mainly associated with the high
flux of D1B neutron diffractometer, with some hundreds
of thousands of counts experimentally collected in each
step. Because y? basically represents a summation of
the square differences between experimentally observed
and calculated counts over the whole measured 26
range,’? its final value ends up being somewhat elevated
in some cases. Still, the remaining reliability factors,
already normalized, present homogeneously lower val-
ues.

The last table indicates that the magnetic structure
is the same for the four compounds but that the
orientations of their magnetic moments are very de-
pendent on the considered rare earth. Thus, whereas
for both Y- and Yb-containing materials the magnetic
moments of the —RO;—FeOs—RO;— chains that are
parallel to ¢ can be viewed as being nearly aligned
(especially for the Yb3* network) along the negative
direction of the c axis, for TmFeGe,O7, the moments
(mainly of Fe3* cations) are turned and can be regarded
as lying closer to the a axis than to the c axis. Figure
11 shows schematic views of the disposition of these
magnetic moments on the ac and bc planes.

The Fe®" and R3" magnetic moments were also
refined from NDP data collected on D1B as a function
of temperature. Their thermal variation indicates that
3D magnetic order begins to develop simultaneously, at
Tn below ~40 K, in both networks for each compound.
In general, the magnetic moments of Fe3" increase
rapidly when the temperature decreases, and reach
their saturation values below 20 K, whereas those of
R3* increase more gradually and attain saturation only
at lower temperatures, below 10 K. The saturation
moments for Dy3*, Tm3*, and Yb3* [6.9(2), 3.5(4), and
1.3(2) us, respectively] are smaller than those expected
for the corresponding free ions, namely, 10, 7, and 4 ug.
The strong reduction is most probably caused by the
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Table 8. Magnetic Moments at 1.6 K for R3" and Fe®" in RFeGe,O7, R =Y, Pr, Dy, Tm, and Yb, in Cartesian and Spherical
Coordinates

R Fe
My/us My/ug M, /ug Mlug @l° ¢l° My/us My/up Mlus M/ug @l° ol°

Y 1.2(4) -3.2(2) 3.64(9) 161.0
Pr —2.8(3) 1.29(2) —2.0(4) 2.9(2) 155.4 255.4 -1.2(2) 2.4(2) —2.2(4) 3.1(3) 115.9 237.9
Dy -3.9(2) —6.4(2) 6.9(2) 213.9 -0.7(2) —4.8(2) 4.8(2) 188.7
Tm 2.2(3) —2.5(3) 3.5(4) 144.7 3.3(3) -1.3(3) 3.7(4) 121.5
Yb 0.8(2) —0.9(1) 1.3(2) 143.6 -0.1(2) —3.4(1) 3.4(2) 181.0
-~ 60000 T T T T T T T (a)
= - . &
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Figure 10. Observed, calculated, and difference neutron
diffraction (D1B, ILL) profiles of DyFeGe,O; at 1.6 K. The
vertical marks correspond to the positions of the allowed Bragg
reflections for the crystallographic (first row) and magnetic
(second row) structures. The difference curve is plotted at the
bottom of the figure.

population changes within the ground R3* state associ-
ated with their splitting by crystal-field effects, and,
especially for ground Dy3" (6His,) and Yb3T (3F7p),
Kramers doublets that are further split by the exchange
interaction with the ordered Fe3* subsystem.!l The
magnetic moments determined for Fe®* are also smaller
than the theoretical value of 5.9 ug (high-spin Fe3"),
probably because of covalence effects and to quantum
spin fluctuations; nevertheless, they are close to the
values obtained for the remaining trivalent rare earth
iron germanates of the family.®11 Figure 12 shows the
thermal behavior of the magnetic moment for DyFeGe,07,
which was selected because the magnetic moment of
Dy3" is the highest among the studied compounds. The
large error bars observed around the ordering temper-
ature are due to the small magnetic moments at these
temperatures when their order is not complete. Within
the temperature range between the establishing of the
order and the saturation of the Dy3* magnetic moments,
a faster increase, observed as a subtle change in the
slope of the curve, is detected around 26 K.

Discussion and Conclusions

From results of ym(T) and NPD measurements on
RFeGe,0O7; compounds, it can be assumed that the
nature of the low-temperature ordered phase as well as
the mechanism for its transition from the room-tem-
perature structure is imposed by existing arrangements
of Fe and R cations in the adopted I— or I1-RFeGe;07
structure. In the first case, whereas, for LaFeGe,Oy,
only short-range magnetic fluctuations of the Fe3*
magnetic system (isolated FeOs units that connect
chains of LaOg polyhedra) are observed at around 250
K, and consequently no long-range order appears even

Figure 11. Projection of the arrangement of magnetic mo-
ments of R and Fe onto the (a) ac and (b) bc planes. The large
and small spheres represent R and Fe atoms, respectively, and
the white, black, gray, and dashed arrows correspond to Y,
Dy, Tm, and Yb compounds, respectively.

at low temperatures, in the isostructural PrFeGe,O-
material, the transition to the magnetically ordered
phase is due to Pr3*—Pr3* interactions, which take place
at very low temperatures. The magnetic order in the
Pr system would induce the ordering of the iron mo-
ments, through Pr—Fe interactions, with a simulta-
neous ordering of both the Pr3* and Fe3* sublattices and
the same propagation vector. In short, in this structure,
it is the connection between chains of magnetic rare
earth ROg-tricapped trigonal prisms through FeOs that
creates the adequate pathway for magnetic interactions
between the two kinds of magnetic cations, thus leading
to the low-temperature 3D AF ordering of the structure.
The magnetic behavior of I-RFeGe,O; compounds
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Figure 12. Temperature dependence of the ordered magnetic
moments of Fe3* and Dy3" in DyFeGe,05.
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would then be dominated by the paramagnetic rare
earth, i.e., the stronger R—R interactions. A similar
behavior was very recently observed for magnetic tri-
valent rare earth copper germanates of the stoichiom-
etry R,CuGe,04,.16

In contrast to LaFeGe,07, the low-temperature phase
of YFeGe,Oy presents 3D magnetic order. The exchange
interaction through FeOg octahedra linked in pairs, with
Fe—Fe distances of ~3.4 A, allows the existence of the
long-range 3D order. For the remaining I1—RFeGe,O;
compounds, when R is a magnetic rare earth such as
Dy, Tm, or Yb, the two magnetic lattices begin to
present 3D ordering at the same temperature, around
40 K, and thus, only one irreducible representation is
favored in the transition. However, similarly to the
behavior described!” for other systems with magnetic
interactions between 4f and 3d ions, the presence of two
separate anomalies, with one at T; ~ 40 K and the more
intense one at T, T, < T4, as revealed by ym vs T curves,

(16) Cascales, C.; Fernandez-Diaz, M. T.; Monge, M. A. Chem.
Mater. 2000, 12, 3369.

(17) Garcia Matres, E.; Garcia Mufioz, J. L.; Martinez, J. L
Rodriguez Carvajal, J. J. Magn. Magn. Mater. 1995, 149, 363.
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can be attributed to the existence of two different
magnetic phase transitions. Nevertheless, analyses of
current NPD data indicate that Ty coincides with Ty
and also that no magnetic phase transition or spin
reorientation occurs at T,. Confirming this fact, earlier
high-resolution optical absorption measurements of
transitions in the “l15,—%113, spectral region for Er3*
in isostructural ErFeGe,0;! show that the temperature
of the magnetic order transition, seen as the tempera-
ture for which Kramers doublets are split by the
internal magnetic field that originates during the
magnetic ordering of the system, absolutely coincides
with the value of Ty found from the low-temperature
NPD analysis. Moreover, the spectral shapes were found
to be identical at both T; and T, which indicates the
absence of any magnetic transition between the two
temperatures. The accordance between independent
data sustains the origin of these separate anomalies as
being based in Fe—Fe and Fe—R exchange interactions.
Below Ty (= Ti), the R3" moments become simply
polarized under the local effective field arising from
ordered Fe3" moments, and the faster increase of the
R3* moments below T, visible in Figure 12 and also
reported for ThFeGe,07,2 is due to the stronger Fe—R
interactions and crystal-field effects!! causing popula-
tion changes within the R3" ground-state manifolds. It
follows that, in contrast with I-RFeGe,O7 compounds,
R—R interactions are weaker than Fe—R interactions.
Finally, the latter interactions in 11-RFeGe,O; com-
pounds are highly anisotropic, reflecting the different
direction of the anisotropy of the corresponding rare
earth constituent. Consequently, although exhibiting
the same structure in the ordered state, described by
the same By irreducible representation, the directions
of the moments can be regarded as being either mainly
aligned along the ¢ axis (R =Y, Th,® Ho,! and Yb) or
closer to the a direction (R = Er'! and Tm).
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