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Magnetic ordering of Fe and Tb in the ab initio determined FERGe, O, structure (R=Y, Tb)
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The crystal structure of RGe,0; (R=Y, Th) has been solvedb initio from x-ray powder diffraction data.
It is monoclinic, space group2;/m (No. 11), Z=4, a (A)=9.65524) and 9.63883); b (A)=8.51973) and
8.47897), ¢ (A)=6.67483) and 6.738%), B (°)=100.7612) and 100.37@), and V(A% =539.39 and
541.69, forR=Y and Tb, respectively. Precise oxygen positions were determined for the Tb compound from
a room temperature neutron diffraction profile, refined by the Rietveld method ®a13.99% using 58
parameters. The FeY@®, crystal structure contains three kinds of coordination polyhe®?a: coordinated
to seven oxygens at slightly different lengths forming a capped octahedrog digt@ted octahedra, and four
types of GeQ tetrahedra. Its most interesting feature is the existence of flattened chaR®,;qgolyhedra
linked in thec direction through pairs of Fe{dctahedra with which they share edges, forming layers running
parallel to thebc crystal plane. Magnetization measurements between 350 and 1.7 K show one peak at 38 K
for R=Y and two maxima at 42 and 20 K for the Tb compound, which could indicate transitions to antifer-
romagnetically ordered states. From low-temperature neutron diffraction data on FEE&FbGhkree-
dimensional antiferromagnetic ordering is established, both Fe and Tb sublattices getting simultaneously or-
dered atTy=42 K. The propagation vector of the magnetic structur&=q0,0,0]. At 1.7 K the magnetic
moments 3.91(7)g (FE) and 7.98(6)g (Tb®") lie ferromagnetically coupled in thac planes, which
contain TbQ-FeQ;-ThO,- chains in thec direction, forming relatively small angles with the axis. The
coupling between parallelc planes is antiferromagnetic along thedirection. This model leads to a best fit
of Rpag=3.02%. The thermal evolution of the magnetic moments suggests that beR@wK the faster
increase of the TH moments is due to the stronger Fe-Tb interactions and crystal field effects. The maximum
in x(T) at 20 K does not correspond then to any phase transition, but is caused by the exchange interaction
with the ordered iron subsystefif§0163-182608)00910-2

. INTRODUCTION FeRGe,0; germanates constsbf broad, unresolved reflec-
tions, and moreover the presence giG4,0; (Ref. 6 as a
Single-centered crystals such as cubic garnets, orthorhonsecond phase in the case of Fe¥Ggwas detected. Then,
bic aluminates, or tetragonal and monoclinic fluorides, whersince the existence of a new phase related to the optically
activated with trivalent lanthanidé®®" constitute the focus interesting latter-mentioned family seems to be established,
of laser-crystal physics. The possibility of introducifj™ the precise determination of its crystal structure is the first
activators into single-centered hosts up to full substitution ostep for a confident understanding off interactions,
all cations opens new opportunites for obtaining the soMmainly dealing with magnetic and optical properties. In fact,
called self-activated crystals. The spectroscopic study of sédlthough two alternative models have been propdseex-
ries of such compounds is not only of great interest for thePlain the two characteristi€y, and Ty, Neel temperatures

crystal field theory oR3* ions, but also provides important (Tn2<Tni) observed from magnetic and lgsbauer mea-
surements on this series of iron and smaller lanthanide ger-

information concerning numerous applied optical effects.
The family of germanate$/RG&0,, in which M and R manates, the absence of knowledge on the crystal structure
y 4 did not allow one to ascertain its magnetic behavior.

represent trivalent metals, Al, Ga, or Fe, an_d rare-earth ions, In the present work the synthesis of pureRGE,0;,
respectively, supplement the above-mentioned classes =Y and Th, was undertaken in order to determine their

sm%lze-centered compounds. Those with Al or G&La, crystal structures, to investigate the nature of the anomalies
Dy, were found in the early 1980s to present a monoclinicyenounced by the magnetic measurements, and to establish
AINdGe,0; structure type, space group2;/c. Detailed  the magnetic structure of the low-temperature ordered phase

were carried out for these Nt-containing compounds. This paper reports the results of this study.
In the iron family and depending on the size Rf the
phase formation corresponds to the mentidriédmono- Il. EXPERIMENT

clinic type for the largeiR cations(La-Gd) and to another
unkown and low-symmetry structuréor the smallerY and
Tb-Yb) rare earths. The observed x-ray diffraction patterns FeRGe,0; (R=Y, Tb) were prepared as polycrystalline
for polycrystalline samples of yttrium and heavy rare earthpowder materials by solid state reaction from analytical

A. Preparation of the samples
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grade mixtures of F©,, GeQ, and Y,O; or Th,0; at molar TABLE |I. Lattice parameters and discrepancy factors for
ratios Fe:GeR=1:2:1, although a slight defect of the = FeRG&O; R=Y, Tb, space grouf2,/m (No. 11, Z=4.

oxide under the stoichiometric required amounts was used in b b be ie
order to counteract the losses of Ge@specially as a vitri- A o™ o™ To™
fied product. Samples were ground and heated in air tQatice parameters

1150 °C for 5 days to 2 weeks with intermediate regrindingsa (A) 9.65524) 9.63888) 9.63773) 9.597%7)
Standard x-ray powder diffraction analysis indicated that fi-, A) 8.51973) 8.47847) 8.47942) 8.43459)
nal samples were well crystallized and appeared completely (A) 6.67463) 6.73835) 6.73832) 6.72168)
free of other phases. B(°)  100.7612) 100.3774) 100.3812) 100.2739)
o V (A% 539.39 541.69 541.65 535.39
B. X-ray structure determination Reliability factors(%)

X-ray powder diffraction(XRPD) was obtained using R, 8.51 10.9 3.57 2.62
a Siemens Kiristalloflex 810 generator, K radiation  Reyy 9.81 9.95 2.42 1.29
(A=1.540 598 A, and a computer-controlled D-500 goniom- 2 1.29 1.98 3.60 7.00
eter equipped with a graphite monochromator. The data foRg,,g, 6.64 8.56 5.90 3.57
the ab initio structure determination as well as for the Ri- Rrcryst 5.79 5.72 3.99 3.39
etveld refinements were collected at room temperature, oveg, .. 2.34

an angular range of #20<95°, scanning in steps of 0.025°
and a counting time of 10 s each step. Independently’From x-ray diffraction data.
d-spacing measurements were made at a scanning rate Wtoom temperature.
0.1° 29 min™1, using tungstena=3.165 24(4) A, as an in- °From D2B-ILL neutron diffraction data.
ternal standard. dFrom D1B-ILL neutron diffraction data.
After being sure that all the reflections matched with®1.67 K.
those of the new pure FeY@®,; compound, that is, with no
traces of any kind of possible competitive phases, the unipeutron diffraction, were analyzed with the program
cell was “autoindexed” using the programreor’ The FULLPROFR® A pseudo-Voigt function was chosen to generate
higher figure of merit solution was found to be a monoclinicthe line shape of the diffraction peaks. For the D2B patterns
cell, a~9.63 A, b~8.47 A, c=6.73 A, andB~100°. The the background was estimated from cubic splines interpola-
observed systematic absences suggested the existencetioh between points corresponding to regions devoid of
only one 2 axis along theb direction, and in consequence Bragg reflections. For the D1B patterns the background was
two possible space grougd2; and P2,/m. The unit cell fitted to a polinomial refinable function. These patterns were
dimensions were refined, and after a careful optimization ofefined sequentially, taking as starting parameters of each
the appropriate profile parameters, #63,J2 and o (|F opd?) pattern those resulting from the refinement of the preceding
were extracted from the x-ray data using the progranPne. In all cases the shifts in the atomic parameters on the
FULLPROF® final refinement cycle were zero up to the four decimal place.
From thesdF {2 values, the structure was solved in the The magnetic form factors for Pb and Fé" were calcu-
P2,/m space groupNo. 11) by direct methods with the lated from Ref. 10.
program siRPOW.91° After thoughtful geometric consider-
ations, the 11 atoms of the unit cell were located through the D. Magnetic measurements
27 more intense peaks of the best-calculated electron-density
map, which contains the 127 reflections and phases deter-
mined by the program. The same procedure was followed fo
the isostructural Th compound, leading to similar results.

A superconducting quantum interference de\is®UID)
agnetometefQuantum Desighoperating from 350 to 1.7

at 5000 Oe was used to perform the dc magnetic measure-
ments. Diamagnetic correctidigor the magnetic suscepti-

_ _ bilities were taken into account.
C. Crystal and magnetic structure refinements

Neutron powder diffractiofNPD) patterns were collected ll. CRYSTAL STRUCTURE OF Fe RGe,0,, R=Y, Th
on the D1B and D2B powder diffractometers, at the Institut ’ ’

Laue-Langevin of Grenoble, using wavelenghts of 2.52 and Table | summarizes the structural parameters for
1.595 A, respectively. About 10 g of sample contained in aFeYGeO; and FeTbGgD,, determined from x-ray and D2B
cylindrical vanadium can and held in a liquid helium cryostatcollected data, at room temperature. Figure 1 shows the ob-
were employed in both experiments. The high flux and meserved and calculated XRPD profile for FeY/Gg, whereas
dium resolution of D1B were used to study the thermal evoFig. 2 presents the corresponding NPD profile for
lution of the samples, in the temperature range 1.7-85 KFeThGegO;. The final refined positional and thermal param-
The diffraction patterns were collected eydrK in 5 minin  eters are given in Table Il, and Table Il consists of the main
the angular range 15°226<85°. The high resolution of D2B interatomic distances and angles for the Tb compound.
was used to obtain extensive and accurate structural data &RPD patterns for bottiR=Y and Tb compounds are also
FeTbGeO; at room temperature, over a large angular angleavailable!?
10°<260<155°, in steps of 0.05°. The FeYGgO; structure type (ll-FeRGE;) contains
The Rietveld method was used to refine the crystal andhree kind of coordination polyhedra: The oxygen coordina-
magnetic structures. All the data, from X-ray as well as fromtion polyhedra of F& are distorted octahedra joined in pairs
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TABLE Il. Final refined positional and thermal parameters from

3000 | NDP (D2B) at room temperature for FeThg®,.
) x/a ylb Zc B (A?)
S 20001
g : Th 0.754313) 0.588(5) 0.756520) 0.877173)
= Gel) 0.529312) 0.75 0.057914) 0.43542)
2 Ge2) 05513100 0.25 0.497812)  0.43542)
g 1001 Ge3) 0952211 0.25 0.030613)  0.43542)
- Ge4) 0.025%13) 0.25 0.5378L3) 0.43542)
ol Fel) 0.747212) 0.44893) 0.2455817) 0.73258)
o(1) 0.641511) 0.419411) 0.466917) 0.57631)
02 0.882517) 0.25 0.348222) 0.57631)
0 0(3) 0.941712 0.25 0.758018) 0.57631)
Scattering angle 26 (deg) 04) 0.579111) 0.25 0.758118) 0.57631)
o ) 0O(5) 0.867910) 0.065811) 0.039816) 0.57631)
FIG. 1. Observedcrossey calculated(solid line), and differ- 0(6) 0.120418)  0.25 0.150@4)  0.57631)

ence(at the bottomx-ray powder diffraction profiles for FeYG@,

at room temperature. Vertical marks correspond to the position 09(7) 0132312)  0.079311)  0.547217)  0.57G31)
the allowed Bragg reflections for the crystallographic structure. o8 0.378018)  0.25 0.353®4)  0.57631)
0(9) 0.621518) 0.25 0.139723) 0.57631)

by edge sharing®®* ions are coordinated to seven oxygens,O(10) ~ 0.640213)  0.592412)  0.047917)  0.57631)

the R-O distances all being of slightly different lengths; the

four kind of Ge atoms exhibit the usual tetrahedral coordina-

tion, and they are associated by sharing corners forming is@ inside a pair of octahedra or 5.1@ A between two of

lated G€1)Ge(2)O; or G43)Geg4)0O, diorthogroups, joined  these groups, respectively.

through @4) or O(3), respectively. Figure 3 shows a view of  Flattened chains 0RO, polyhedra are linked in the

the three polyhedra in the unit cell. direction through pairs of FeQoctahedra with which they
The results of the planarity stutfyfor the Tb compound  ghare edges forming layers running parallel toliecrystal

show that the shape of the Th@olyhedron is more close 0 hane as is represented in Fig. 5. Along thaxis the inter-

a Cs, capped octahedron than to @, capped trigonal oiqjic distances for the Tb compound are two short

prism. In fact, four oxygen atoms (D), O(6), O(7), and Th-Fe distances 3.393 and 3.5142) A, and those corre-
O(10) form a plane with a maximun dev_iation of 09 A, sponding to Tb-Th .ar?? Fe-Fe ére%??&é’ij and 6.738819)
the Tb atom being located very near this plane. On the con . respectively, whereas between the layers they are in the

trary, because it is not possible to find any plane constituted
by five oxygens, the arrangement as a pentagonal bipyram@lnges 5.29@)-6.9112), 5.3542)-6.8841), and 4.80&2)-

must be discarded for the Th@olyhedron. .9491) A, for Tb-Tb, Fe-Fe, and Tb-Fe, regpectively.

RO, polyhedra are connected alternately by either a ver- Although G&1)Ge(2)O; and Ge3)Ge(4)0; diorthogroups
tex or an edge into chains along theaxis, Fig. 4. For are not connected neither in theor b directions, they play
R=Tb, the closest Tb-Th distances within these chains ar& Pridging role between parallel ThCand Fe@-containing
3.5956) and 4.88%6) A for polyhedra joined by and edge or _sheets, as Fig. 5 and the insets show. In a more d_etalled way,
by a corner, respectively. In the same direction only isolatedn G&(1)O;, the common vertex with GB)O,, O(4), is also
pairs of associated Fectahedra exist, as can be seen inshared with Tb@ and Q9) constitutes a common vertex of

the same figure, and the shortest distances Fe-Fe arg#.3730ne FeQ pair, both polyhedra situated in the above layer,
whereas the two remaining corners are partake®0y and
FeQ; in the sheet down; G8)O, shares two vertexes(D

and Q1’) with common corners to Tb{and FeQ octahedra
1500 - in the layer up, which is connected to the next layer through
its remaining vertex @), shared with aRO; polyhedron;
0O(6) of Geg3)0O, belongs to two edge-sharirig0;, in the
layer above, and the two remaining vertexes are shared with
L common corners taRO; and FeQ of the adjacent plane.

‘ 3 Ge4)0O, shares @7) and Q7’) with common vertexes to

155‘ g ! ‘ y i1 » RO, and FeQ of onebc layer and its remaining vertex(@)
LTI URL IR Bl A A with a common corner to one double Regdoup of the sheet
W A : . down. It must be noted that G3O(4) is the only of these
ok four kind of tetrahedra having a shared edgd)dD(4) with

10 30 5 70 %0 10 130 150 another polyhedroiRO,.
In this [I-FeRGe,0; structure(R=Y, Th-Lu), each of the

oxygen atoms is coordinated to three cations, giving rise to a
FIG. 2. Observed, calculated, and difference neutron diffractionather compact packing, as the cell volume per oxygen atom,
(D2B, ILL) profiles of FeTbGsD, at room temperature. A3 atom !, 19.266) and 19.384) for R=Y, Tb, indicates.

1000

>

500

Intensity (arb. units)

Scattering angle 20 (deg)
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TABLE lll. Main interatomic distance¢A) and angleq°) in
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FeTbGegO,.

Th-O(1) 2.28911) Ge1)-0(4) 1.7602) @

Th-O(4) 2.97019 Ge1)-0(9) 1.7862) S

Tb-O(5) 2.20510 Ge(1)-0(10) 1.72q16)x2

Th-O(6) 2.19422) Ge2)-0(1) 1.70816)x2 M

Tb-O(7) 2.5137) Ge(2)-0(4) 1.7391)

Tb-O(8) 2.25121) Ge(2)-0(8) 1.7692) y@

Tb-0(10) 2.4608) Ge(3)-0(3) 1.81462) (B

Fe-Q(1) 1.9698) G&3)-0(5) 1.76716)x2 @

Fe-Q2) 2.16719 Geg3)-0(6) 1.67516)

Fe-Q5) 1.9678) Ge4)-0(2) 1.6982)

Fe-Q7) 1.98613) Ge(4)-0(3) 1.8191)

Fe-Q9) 212319  Ge4)-0O(7) 1.77116)x2 at

Fe-Q10) 1.95514)

01-Tb-Q4) 57.24) 0(2)-Fe-Q5) 77.25) b

O1-Th-O5)  130.49) 0O(2)-Fe-A7) 88.1(5) FIG. 3. View of the three kinds of polyhedra present in the unit
O1-Tb-Q6) 139.26) 0O(2)-Fe-Q9) 76.37) cell of the FeYGgO; structure type. Light, medium, and dark filled
01-Tb-Q7) 64.93) 0O(2)-Fe-Q10 156.44) spheres represent Th, Fe, and Ge, respectively; large spheres are O
01-Th-Q8) 85.24) O(7)-Fe-Q5) 100.75) atoms.

O1-Tb-Q10) 123.44) 0(9)-Fe-Q5) 95.005)

04-Tb-Q(5) 82.1(6) 0O(9)-Fe-Q7) 154.86) IV. MAGNETIC PROPERTIES

04-Tb-06)  163.11) 0(9)-Fe-Q10) 93.85) Figures 6 and 7 show the variation with temperature of
04-Tb-Q7)  116.15) O(10)-Fe-Q5) 82.34) the magnetic susceptibility for FERGe,O;, R=Y, Th. For
04-Tb-Q8)  111.14) O(10-Fe-07)  107.69) the Y compound a clear maximum is observed at 38 K,
04-Tb-q10)  79.44) O(4)-Ge(1)-0(9)  91.0332) which indicates a transition to an antiferromagnetically or-
O6-Tb-Q5)  85.25) O(4)-Ge(1)-0(10)  118.47)x2 dered state for the & sublattice. At temperatures aboVg
06-Tb-Q7)  79.74) 0(9)-Ge(1)-0(10)  113.57)x2 the evolution of the magnetic susceptibility presents a Curie-
06-Tb-Q8)  72.07) 0(10-Ge(1)-0(10) 102.06) Weiss behaviory 1=9537(20}+98.18(9) Tgemu?, r
O7-Tb-Q5)  122.14) O(1)-Ge(2-0(1)  114.46) =0.9999, with a large paramagnetic Curie temperatige
08-Thb-Q5)  140.26) 0(1)-Ge2)-0(4)  97.35)%x2 =-97.1(2) K and an effective magnetic momept
08-Th-Q7)  85.65) O(1)-Ge(2)-0(8)  112.98)x2 =5.8(1)ug, Which is very close to that of high-spin ¥e
010-Tb-Q5) 66.94) O(4)-Ge(2)-0(8)  120.4961) (5.9u5).

010-Th-O6) 85.45) 0(5)-Ge(3)-0(3) 95.35)x2 The curve for FeThG£; presents a broad maximun from
010-Th-Q7) 161.19) 0O(5)-Ge(3)-0(5)  124.35) 43 to 31 K, also attributed to tridimensional antiferromag-
010-Tb-Q8) 78.94) 0(5)-G&(3)-0(6)  113.29)x2 netic ordering in both F& and T sublattices. These data
O1-Fe-Q2) 91.35) 0(6)-Ge(3)-0(3)  110.9621) reveal the presence of two different anomalies in the thermal
O1-Fe-G5)  168.19) 0(2)-Ge4)-0(3)  101.4492) evolution of the susceptibility, at 42 and 20 K, visible in the
O1-Fe-Q7)  81.64) 0(2)-Ge(4)-0(7)  114.68)x2

O1-Fe-Q9) 79.1(5) 0O(3)-Ge(4)-0O(7) 108.16)x2

O1-Fe-Q10) 108.35) O(7)-Ge(4)-0O(7)  109.45)

N 2

B
‘X“‘\A“‘é"‘\
Lo Lo 3

A4
%)

These values can be compared with other values for differ-
ently packed germanates, e.g., monoclinic CyB&Og
(Ref. 14 and triclinic CuYbhGe0;,,1° 20.65) and 20.72),
respectively, and with those corresponding to REe,0,
(R=La, Pr, Nd, Gd,* which range between 202 and
19.209) A® atom ..

Although with a unigue stoichiometry, both I- and
lI-FeRGe,0;, present important differences when their coor-
dination polyhedra, especially those of the rare-earth and
iron cations, are compared. () presents tricapped trigonal
prismsROg and isolated trigonal bipyramids FeQll) con- b
tainsRO; capped octahedra and isolated, edge-sharing, FeO

\
(4

pairs, whereas there are two and four different types of Se0 F!G- 4. Projection in thédc plane of the FeYG£, structure,
tetrahedra fofl) and(ll) structures, respectively.

depicting theRO; chains along thé axis linked in thec direction
through the pairs of FeQ
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' Geh

Ge3

FIG. 5. Complete view of the FeYG®; structure type showing
the parallel layers resulting from the association in bleeplane of

o
chains ofRO;-capped octahedra and isolated pairs of edge-sharing 4 @

FeQ,; octahedra linked through @@, diorthogroups. Inset&) and
(b) display details of connectivities of GBGe&2)0O; and
Ge(3)Ge4)0;, respectively.

d(xT)/dT vs T curve. At higher temperatures the suscepti-
bility also obeys a Curie-Weiss lawy 1=231(6)
+34.47(2) T g emu?, r=0.9999, withd-= —6.9(2) K and
ter=10.5(1)up -

V. MAGNETIC ORDERING IN FeTbGe ,0;

The evolution of the NPD patterns for FeTh@e in a
range for the 2 scattering angle from 5° to 85° and tempera-

x (10%emu g™

400

FIG. 6. Magnetic susceptibility(T) for FeYGeO;. The inset
shows the dependence of the derivative with respect to the tempera-
ture of the producT.

extra peaks appears below 45 K, corresponding to the three-
dimensional antiferromagnetic ordering of the sample. The

intensities of the magnetic reflections grow regularly to reach

a maximun at 1.67 K.

The temperature dependence of the lattice parameters is
presented in Fig. 9, which shows that the thermal expansion
in the narrow temperature range 1.67—-58 K is anisotropic.
Whereash andc are almost constang shows a clear posi-
tive dependence on temperature with a change in the slope
above~25 K.

Below 45 K all the observed Bragg peaks were indexed
within a commensurate lattice with the same unit cell param-
eters of the crystallographic one. Reflections indexedkés 0
k=2n+1, an extinction condition oP2,/m, were identi-
fied as “pure magnetic” reflectionffor example, 010, the
most intense reflection in Fig.) 8Initially this was an indi-
cation of the existence of some ordering of the magnetic
moments perpendicular to tHe axis, a supposition which
can be acceptably justified by examining the expre<Sioh
the intensity of the nonpolarized neutron beam diffracted by
a powdered sample.

6
% 8 T,=204K
st 8 2o &Wm
’m
b=
5
- =2
k- ) 5
g 3} s
@
t
Tz 2f
bl
1 L
o L ' L n L "
0 100 200 300 400

FIG. 7. Magnetic susceptibility(T) for FeTbGgO;,. In the

tures from 1.67 to 48 K is presented in Fig. 8. A series ofinset, a second anomaly appeard{iyT)dT.
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9.605
<
<
9.600
9.595
9.590 T T T T T
10 20 30 40 50 60
TK)
g 8.440
£

8.435 7

FIG. 8. Thermal evolution of the neutron diffraction patterns of

FeTbGeO;.
8.430

VI. GROUP THEORY ANALYSIS FOR FeTbGe ,0;

The chemical unit cell contains four Tb and four Fe at-
oms. Since the lattice is primitive, the magnetic structure can
be described by considering the magnetic moments of one 6.730
Tb and one Fe atom, and the remaining magnetic moments
can be deduced by means of thgBravais translation vec-
tor, according to

TK)

c(A)

6.725

my, =m; e 27w, (1)

Because the magnetic and chemical unit cells are identical, 6.720
this ordered magnetic structure can be described in terms of
a k=[0,0,0] propagation vector.

Following the method described in Ref. 17, which gives 6.715 . . ' . ‘
the possible magnetic structures compatible with the crystal 10 20 30 40 50 60
symmetry, all possible forms of ordering of the magnetic TK)
moments are determined through the base functions of the
irreducible representations of the wave vector grd@sip,
which contains only those symmetry operations of the high-
temperature space groupy ¥ Ty) which keep invariant the :g’
propagation vector or transforms it into an equivalent vector.
They are in our casgE,my,2, ,i}, representing the identity,

a mirror perpendicular to thke axis, a binary axis along,

and the inversion, respectively. Because of the axial charac- 100.25
ter of the pseudovectors of the magnetic moments, a time

reversald must be considered when the two last symmetry
operations were applied. . . . . .

Regarding the Tb sublattice, only one atom of Tb located 10 2 % 40 5 80
at general positions f4(x,y,z) generates the whole sublat- T
tice, that is, the other remaining Tb atoms, with coordinates F|G. 9. Thermal variation of thea, b, ¢, and g lattice
(x,y+1/22), (x,1/2+y,z), and K,y,z). The transformation parameters.
properties of the components of the magnetic moment under
the symmetry operations of the gro@y define a represen- In the same way, also the whole Fe sublattice results gen-
tationI" constituted by four 33 matrices, the last two mul- erated through one Fe atom i positions. Table V presents
tiplied by the time reversal operat@; which reverses all the transformation rules of the magnetic moment compo-
components of the magnetic moments, whose traces are Bents for both Tb and Fe. The characters of the representa-
—1, —1, and 3 for the four symmetry elements. Table IV tion I" of Fe are 3,—1, —1, and 3 for the four symmetry
gives the characters of the irreducible representatioris’of elements.
of Gy. Thus the irreducible representations containeB(b®*)
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TABLE IV. Character of the irreducible representations of TABLE VI. Basis vectors for the Fe and Tb sublattices.
Gy(2/m), with k=[0,0,0] of G=P2,/m.
Fe Tb
E My 2y : X y z X y z

A 1 1 1 1

9 rta
B, 1 -1 -1 1 r2 B9 s, Sy s s Sy Sz
A, 1 -1 1 -1 9
B 1 1 -1 -1

c

netic scattering was calculated. The scale factors and thermal
andT'(Fe*") are, in both cased)\y+2B,. Following Ref.  factors were constrained for both chemical and magnetic
17, only vectors belonging to the same representation of botktructures. Moreover, in the starting step of the analysis of
sites(Th and Fé may be coupled, in a first approximation. the neutron diffraction data by the Rietveld method, the mag-
This result indicates two possibilities for the ordering of thenetic moments were considered as aligned alongthgis.
magnetic moments of both Th and Fe. These possibilities Tables | and VII show a summary of the refined structural
were analyzed by means of the basis functions obtainegarameters and magnetic moments at 1.67 K, respectively.
through the projection operator, which for an unidimensionalThe magnetic moments are written in the cartesian compo-
representation is nents allowed by the magnetic structut®,0,S,) as well as

in spherical coordinates. The Bragg discrepancy factor for

the magnetic reflections wadg, ;= 3.02. In Fig. 10 the ob-

\P(amzz Xu(CHCMy, 2) served and calculated patternsgat this temperature are repre-

sented. The magnetic structure of FeTbhGeconsists of a
whereW () is the basis functiony ,(C;) the character of the ferromagnetic arrangement of the *fband Fé* magnetic
ireducible representatiop corresponding to th€; opera- moments along all the parallel, aligned with
tion, andm,, is the « component of a given magnetic mo- ¢-TbO,-FeQ;-ThO; chains within oneac plane, whose di-
ment. The basis vectors for ¥h and Fé* sublattices, rections form relatively small angles with tre direction,
merely theS, (a=x,y,z) components of the magnetic mo- While the corresponding to adjacent up and down stacked
ments, are included in Table VI. In both cases, ]f&,(Ag) perpendicular tab planes are antiparallel, leading then to
the magnetic moments have a single component along the three-dimensional3D) antiferromagnetic coupling along the
axis, whereas for2(Bg) the moment is described by the b direction. Figure 11a shows a schematic view of the mag-
andz components, in thac plane. netic structure on thac plane containing parallel chains of
edge-sharing ThpPand FeQ polyhedra along the axis.
VII. MAGNETIC SRUCTURE REFINEMENTS Figure 11b) is the projection of the magnetic structure onto
bc planes.

The situation represented by the fils representation

must be discarded because as previously indicated it does not
correspond to the experimental da8g., which considers the VIIl. THERMAL EVOLUTION OF THE ORDERED
Tb®" and FE" magnetic moments restricted to the plane, MAGNETIC MOMENTS OF FeTbhGe ,0;

offers two possibilities of coupling between these atoms: the . .
P Ping The Fé* and TB" magnetic moments were also refined

antiferromagnetic or the ferromagnetic moda,=m i 5
g g x_ ¢ from the neutron diffraction patterns collected on D1B as a

—Mytp, Ay=Mze— My, and Fy=myege+ My, F,=Myee . . . .
+m,7,, respectively. The best fit of the experimental data alfunctlon_ of t_he tempera_tu_re. Their thermal variation is repre-
sented in Fig. 12, and it is clearly depicted that the ordering

1.67 K is obtained for th&, representation, these data being

favorably explained by the ferromagnetic coupling betweerfcMperature is_ the same in both sublattices. The tridimen-
the magnetic moments of Eeand TB™ in the ac planes. sional magnetic order begins to develop below 42 K, the

For the analysis of the low-temperature diffraction data ofmportant error bars around the ordering temperature being

FeTbGegO,, a multipattern refinement was performed. Thedggtp the small orglerleld m_?t:nent. IThetr?agnettl)c rr]noment ?jf
crystal structure was refined taking as starting parameter-g Increases graduailly with an aimost inéar behavior an
eaches its saturation value (&8 around 8 K. Inside this

those obtained for the data collected at room temperaturé. ; :
perature range a change in the slope is detected around

The magnetic structure was refined as an independent pha . X
J P P K. The Fé" moment increases rapidly and reaches a

for which only magnetic atoms were defined and only mag- .
y mag y gsaturatlon value of 39z close to 18 K.

TABLE V. Transformation properties of the components of the
magnetic moments for Fe and Th under the symmetry operations of TABLE VII. Magnetic moments for F& and TB" in

Gy. FeTlGe,O; at 1.67 K, in Cartesian and spherical coordinates
(Rmag=3.02).
E m, 2, i
Fe.Tb m, 1 1 1 1 S (us) S; (us) M (ug) 6 (%)
m, 1 1 1 1 Fet 0.8412) 3.978) 3.91(7) 12.26)
m, 1 -1 -1 1 Th* 3.2211) 7.9077) 7.986) 23.46)
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FIG. 10. Neutron diffraction pattern of FeThg&® (D1B, ILL)
at 1.67 K. The solid line is the calculated profile, and vertical marks
correspond to the position of the Bragg reflections for the crystal-
lographic (first row) and magnetic(second row structures. The
difference curve is plotted at the bottom of the figure.

IX. DISCUSSION

In the magnetically disordered phase FeTHGe above
the Neel temperaturd =42 K, the randomly oriented mag-
netic moments of Fe and Tb give rise to an incoherent con-
tribution to the background of the neutron diffraction pat-
terns, which disappears when the magnetic ordering is
reached. This effect and the very strong intensity of the an-
tiferromagnetic Bragg peaks are related to the high value of
the magnetic moment of the ¥bions.

Both sublattices begin to present a three-dimensional or-
dering at the same temperature, 42 K, and thus only one C
irreducible representation is favored in the transition. How-
ever, in a similar way to the behavior descritfedor
R,BaNiO; compounds, other system with magnetic interac- b

tions between # and 3 ions, thed(xT)/dT vs T curve o _

reveals the presence of two separated anomaliesT,at FIG. 11. Projection of the magnetic structure ot&ch planes

- _ . . and(b) bc planes. Small and large spheres representing Fe and Tb
=42 K andT,=20 K, which could be attributed to the ex- .

. - . atoms, respectively.

istence of two different phase transitions. Nevertheless, the
analysis of the cgrrgnt neL_Jtron data indicateg that thel Ne (M=Cu, Ni),®>?° where high-resolution spectroscopy mea-
tempergture‘l’N c0|nC|d.e.s withT, .and allso co.nflrms that N0 g rements have shown that the maximum (@T), for
magnetic phase transition or spin reorientation occuik,at Er,BaNiOs, for example, which was wrongly attributed to a
Thus the main features of(T) and particularly the two 3D antiferromagnetic orderirg,does not correspond to this
separated anomalies have their origin in the Fe-Fe and Fe-T¢hase transition but it is caused by the population changes
exchanges, as can be viewed in the thermal variation of th@ithin the ground E¥" Kramers doublet split by the ex-
magnetic moments of both lattices presented in Fig. 12: Beechange interaction with the ordered nickel subsystem.

low Ty (=T,) the TB* moments become simply polarized  Finally, let us consider the two alternative modetso-
under the local effective field from ordered*femoments, posed to represent the magnetic properties of “nominal”
and the faster increase, appreciated as a subtle change in theRGe,0;, R=Y, Th-Yb, compounds, constituted mainly by
slope, of the curve of the Pbh moments belowl,~20K, is  the currently described phase. The two observed characteris-
due to the stronger Fe-Tb interactions and crystal field eftic temperatures ;=60 K and Ty,=34 K in the case of
fects on TB* ground state manifold. This kind of explana- FeTbGgO; were assigned to the magnetic ordering of Fe
tion for the disagreement between the temperature of thend T, respectively. The first of these models, which as-
broad observed maximum, supposed to be thel Mempera- sumes that the rare-earth and iron subsystems are not
ture, and the setting up of the magnetic ordering revealed bgoupled, being the antiferromagnetic structures formed such
neutron diffraction, is sustained for rare-earth cuprates anthat the resultant exchange interaction between them is zero,
nickelatesR,Cu,0s (R=Tb-Lu; Y, Sc, In, andR,BaMO;  and thus the ordering in thR** sublattice caused by the
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that no kind of magnetic order exists above 42 K, the tem
peratures attributed to the magnetic orderingRéf, 34 K
N for Tb®*, are too high for theR-R exchange interaction in
*, oxides, these temperatures being not more than a few kelvin.
S The other possibility supposes that fbx Ty; the R®* sub-
6l g lattice is in an exchange field due to tReFe interaction.
3 The R-Fe exchange interaction would be weaker than that
III for Fe-Fe, and so, wheRy,<T<Ty;, the rare-earth system
Fe* III is weakly magnetized. When the temperature falls and the
[ERxaEEE alarssp oy ) thermal energy becomes comparable withihEe exchange
HH}Iﬁ interaction energy, the magnetic ordering in the rare-earth
% iﬁ sublattice increases considerably and the magnetic suscepti-

Tb*

FEIEEFE.
8 [exzane,,

Magnetic moment (u/atom)
L

bility reaches its maximun af,. This second model could

be considered more adequate as well as the explanation for
1 the lowest maximum of the magnetic susceptibility, under-

standing that the given temperatures are not the same.
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