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Magnetic and structural phase diagram of Tb5„SixGe1Àx…4
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The different magnetic and crystallographic structures in the series of Tb5(SixGe12x)4 compounds have been
studied by means of macroscopic~ac magnetic susceptibility, linear thermal expansion, and resistivity! and
microscopic neutron powder diffraction experiments. As a result, the magnetic-crystallographic temperature-
composition phase diagram has been determined over the whole temperature range~2–300 K!. We have
described in detail the origin of the low-temperature magnetic transitions in pure Tb5Ge4 and Tb5Si4 alloys.
Compounds withx50.4, 0.5, and 0.6 present a monoclinic (P1121 /a) structure at room temperature. On
cooling down, these materials exhibit a first-order crystallographic-magnetic transformation to an orthorhombic
~Pnma! canted-ferromagnetic structure. These results constitute an experimental evidence of the strong cou-
pling between crystallographic and magnetic degrees of freedom in the Tb5(SixGe12x)4 compounds.

DOI: 10.1103/PhysRevB.65.094405 PACS number~s!: 75.25.1z, 75.30.Kz, 75.50.Cc
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I. INTRODUCTION

The intimate relationship between crystallography a
magnetism has made the Gd5(SixGe12x)4 pseudobinary al-
loys a unique system where an intriguing and unusual beh
ior has been found.1–8 The discovery of the giant magneto
caloric effect ~MCE! in the composition rangex<0.51,2

triggered a subsequent active research of the crysta
graphic, magnetic, and transport properties of these exc
materials. In the composition range 0.24<x<0.5, the MCE
is related to a first-order structural phase transition from
high-temperature monoclinic~paramagnetic! to a low-
temperature orthorhombic~ferromagnetic! structure.3,4 The
alloys withx<0.2 experience on cooling a similar first-ord
magnetostructural transformation between two differ
orthorhombic states.5 In both cases, these transitions can
induced reversibly by applying an external magnetic fie
resulting in strong magnetoelastic3,5 and giant
magnetoresistive6,7 effects. Therefore, this family of com
pounds is attractive for its potential applications as magn
refrigerants and/or magnetostrictive and magnetoresis
transducers. Recently, other exciting electrical effects h
been reported.8

The physical properties of the other lanthanide 5:4 co
pounds have been explored to a much less extent. Som
cent results have been reported by Gschneidneret al.9 on the
R5(SixGe12x)4 pseudobinary system withR5La, Lu, Nd,
and Dy. In this contribution we will focus on th
Tb5(SixGe12x)4 series. The structural and magnetic prop
ties of the parent compounds Tb5Si4 and Tb5Ge4 were re-
ported over 30 years ago.10 Tb5Si4 orders ferromagnetically
at TC>225 K, and the basic physical properties, i.e., mag
tization, susceptibility, specific heat, and resistivity, can
found elsewhere.11,12 Tb5Ge4 orders in a complex canted
antiferromagnetic structure13 at TN>91 K. In a previous
contribution14 we reported on the magnetocaloric effect
Tb5(SixGe12x)4 with x50.0, 0.5, and 1.0, as determine
0163-1829/2002/65~9!/094405~10!/$20.00 65 0944
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from magnetization measurements in magnetic fields up
12 T. We found a previously unreported magnetic transit
in Tb5Ge4 below the Ne´el temperature and a first-order par
magnetic to ferromagnetic transition in Tb5(Si0.5Ge0.5)4 .
Furthermore, Spichkinet al.12 also discovered a magneti
transition in Tb5Si4 below TC that they associated with
spin reorientation transformation that could be related to
romagnetic or noncollinear ordering of the Tb magnetic m
ments located in different crystallographic sites. Roo
temperature crystal structure and magnetothermal prope
of some Tb5(SixGe12x)4 alloys with x>0.5 have recently
been reported by Huanget al.15

Despite the enormous current interest in the 5:4 co
pounds, the precise magnetic structures of these intrigu
compounds remain largely unknown. To our knowledge,
comprehensive neutron diffraction study has been car
out, with the few exceptions of theR5Ge4 alloys with R
5Tb,13 Ho,16 and Nd.17 We should note that it is not possibl
for us to investigate the most interesting and best stud
Gd5(SixGe12x)4 system due to the huge neutron absorpt
cross section of Gd. The aim of this work is to perform
neutron powder diffraction study of the Tb5(SixGe12x)4 se-
ries as a function of both temperature and composition. A
main result, the magnetic and structural phase diagram
been determined.

II. EXPERIMENT

Polycrystalline samples of composition Tb5(SixGe12x)4
~x51.0, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, and 0.0! have been
synthesized by arc melting of 99.9 wt % pure Tb and 99.99
wt % pure Si and Ge~all elements purchased from Alfa Ae
sar! under a high-purity argon atmosphere. Weight los
during melting were negligible, and therefore the initial com
position was assumed unchanged. The quality of the as-
samples was checked by room-temperature x-ray diffrac
and scanning electron microscopy. The x-ray patterns c
©2002 The American Physical Society05-1
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RITTER, MORELLON, ALGARABEL, MAGEN, AND IBARRA PHYSICAL REVIEW B 65 094405
firm the presence of an orthorhombic main phase~Pnma! for
the compounds with compositionsx51.0, 0.8, 0.7, 0.3, 0.2
and 0.0. The Tb5(SixGe12x)4 alloys withx50.6, 0.5, and 0.4
crystallize in the monoclinic (P1121 /a) symmetry. The lat-
ter is similar to that found in some compositions
R5(SixGe12x)4 with R5Gd,1,3,4 Nd,9 and Dy.9 Minor
amounts of secondary 5:3 and 1:1 phases have been det
in all samples except forx50.0. X-ray Rietveld refinement
yield values of;5% ~5:3! and ;10% ~1:1!, these being
roughly constant~variations,1%! with x. Neutron Rietveld
fits in the paramagnetic phase (T5250 K) and inx51.0, 0.6,
and 0.5 ~see below! are in perfect agreement. No furthe
thermal treatment has been carried out.

The ac magnetic susceptibility was measured us
a commercial~Quantum Design! superconducting quantum
interference device ~SQUID! magnetometer with an
excitation field of 1 Oe~peak value! at a frequency of
10 Hz.

Linear thermal expansion measurements were perfor
using the strain-gauge technique. The electrical resisti
experiments were done with a conventional four-pro
method~excitation dc current of 5 mA!.

Neutron diffraction experiments were carried out inx
51.0, 0.6, 0.5, and 0.0 on the high-resolution powd
diffractometer D2B (l51.596 Å) and the high-intensity
powder diffractometer D1B (l52.52 Å), both at the
ILL, Grenoble. Diffraction patterns were collected betwe
2u55° and 165°~D2B! at selected temperatures rangi
from 2 to 300 K. The data were analyzed using t
Rietveld refinement programFULLPROF,18 which allows
the simultaneous refinement of structural and magn
profiles.

III. RESULTS FROM MACROSCOPIC MEASUREMENTS

ac initial magnetic susceptibility measurements have b
carried out for all the Tb5(SixGe12x)4 alloys as a function of
temperature between 5 and 300 K. The results for some
lected compositions (x51.0,0.5,0.0) can be seen in Fig. 1.

FIG. 1. ac magnetic susceptibility of some select
Tb5(SixGe12x)4 alloys ~x51.0, 0.5, and 0! as a function of tem-
perature. The arrow signals an additional magnetic transition
Tb5Ge4 .
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all samples except the Ge-rich ones~x50.3, 0.2, andx
50.0! a large peaklike anomaly signals the onset of m
netic order~ferromagnetism!. The macroscopic ferro- or an
tiferromagnetic behavior below the ordering transitions w
clearly established in the pure compounds~see the Introduc-
tion! and has been checked in all our samples by magne
tion measurements~not reported here!. Furthermore, a sec
ond low-temperature anomaly has been detected belowTC .
Our results for Tb5Si4 are in perfect agreement with thos
reported recently.12 In the monoclinic range of composition
~x50.4, 0.5, and 0.6! the paramagnetic to ferromagnet
transition is of first order with a thermal hysteresis of'5 K
~the measurement shown in Fig. 1 has been recorded u
increasing temperature!. In the Ge-rich alloys~see, e.g.,x
50.0 in Fig. 1! a smaller peak indicates the antiferroma
netic order. At lower temperatures~'62 K! a change in slope
is clearly visible~marked with an arrow in Fig. 1!, suggest-
ing a further change in the magnetic structure. Anomalies
the magnetocaloric effect at these low temperature tra
tions have been found in Tb5Ge4 ~Ref. 14! and in x51.0,
0.75, and 0.5~Ref. 15!. It is worth noting that an unusua
behavior in the magnetocaloric effect has also been repo
in the Dy5Ge4-based solid-solution region o
Dy5(SixGe12x)4 ,19 suggesting a similar phenomenolog
From the anomalies in the ac susceptibility we can deli
preliminary phase boundaries in the temperatu
composition phase diagram. The different regions follow
similar pattern as that of the Gd5(SixGe12x)4 system2,5 with
intermediate values of the ordering temperatures betw
those of theR5Gd andR5Dy series,9 as expected from the
different de Gennes factor@(gJ21)2J(J11)# of the specific
R ion.

The magnetocaloric effect in Tb5(Si0.5Ge0.5)4 is signifi-
cantly larger than in the parent compounds~21.8 J/kg K in
DH55 T, Ref. 6!, suggesting that the first-order para-
ferromagnetic transition is associated with a structural tra
formation as in Gd5(SixGe12x)4 .3–5 To further investigate
this possibility, linear thermal expansion (D l / l ) and resistiv-
ity ~r! measurements were performed as a function of te
perature in thex50.5 alloy, the results being displayed
Fig. 2. Large anomalies are observed atTC , D l / l >0.2% and

in

FIG. 2. Linear thermal expansion (D l / l ) and zero-field resistiv-
ity ~r! of Tb5(Si0.5Ge0.5)4 as a function of temperature.
5-2
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FIG. 3. Neutron diffraction pattern of Tb5Ge4

at 2 K ~D2B!. Dots are experimental data, and th
lines show the calculated profile and residua
The fit excluding the high-intensity low-angl
magnetic reflection is shown in the inset up
80°.
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Dr/r>30%, the hysteresis emphasizes the first-order c
acter of the transition. A similar behavior in both linear the
mal expansion and resistivity has been observed in
Gd5(SixGe12x)4 system,3,5–7pointing to an analogous phys
cal origin of the first-order transitions observed in the mon
clinic alloys.

Nevertheless, the Tb5(SixGe12x)4 system presents sever
differences when compared with Gd5(SixGe12x)4 .5 The
first-order magnetostructural transition in the Ge-ri
Gd5(SixGe12x)4 alloys withx<0.2 ~see details in Ref. 5! has
disappeared in the Tb compounds and is also absent in
Dy series.19 Therefore, the presence of a magnetostructu
transition seems limited to the intermediate composit
range. In addition, a new phase boundary, missing in the
system, is now present at low temperatures in
Tb5(SixGe12x)4 phase diagram.A priori, a change in the
crystallographic structure at this low-temperature transit
line cannot be ruled out.

IV. RESULTS FROM NEUTRON
DIFFRACTION EXPERIMENTS

In order to get a deeper insight into the behavior of th
complex compounds, a precise knowledge of both crysta
graphic and magnetic structure as a function of tempera
is required. With that aim, we have performed neutron d
fraction experiments in the compounds with concentrati
x50.0, 0.5, 0.6, and 1.0, representatives of the different
gions in the tentative phase diagram as determined f
macroscopic measurements.

A. Tb5Ge4

High-resolution neutron diffraction spectra were collect
on D2B at selected temperaturesT5250, 85, and 2 K. As an
illustrative example, the neutron diffraction pattern
Tb5Ge4 at 2 K is shown in Fig. 3. A high-intensity asymme
ric low-angle magnetic peak is clearly observed. We carr
out the refinements with and without this reflection, the d
ferences in the refined parameters being within the error
09440
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~larger error bars were obtained for the lattice constant
included!. We excluded this peak in the final refinement: s
the inset of Fig. 3~for clarity only data up to 80° have bee
plotted, but in the fit the whole angular range 2u
510° – 160° is relevant!. The Rietveld-refined lattice param
eters, fractional atomic coordinates, and Tb magnetic m
ments are listed in Table I. We have confirmed that this co
pound crystallizes in thePnma orthorhombic space group
and that the atomic arrangement is the same as in the
morphic Sm5Ge4 ~Ref. 20! and Gd5Ge4 ~Ref. 21! com-
pounds. Both space group and precise atomic arrangem
remain unaltered upon cooling down to 2 K.

The magnetic refinement at 2 K leads to a complex
canted-antiferromagnetic structure which is schematic
depicted in Fig. 4~a!. The magnetic moments are essentia
confined to the~a,c! plane, the main antiferromagnetic ax
being along thec direction. The Tb1 ions~at 4c: see Table I!
form an almost collinear sublattice, the angle with thec axis
is about 10°. The Tb2 and Tb3~at 8d: see Table I! canting
angles with respect toc are larger, 23° and 31°, respectivel
Our results are in very good agreement with a previous n
tron diffraction study.13 Following the notation in Ref. 13
this corresponds to thePnm8a magnetic space group
with GxAz and LxPyRz magnetic modes for the 4c
and 8d Tb positions, respectively. The relative signs
the different magnetic moments for the relevant magne
modes in this work are reproduced in Table II. Th
refined components of the magnetic moments for all of
studied compounds can be found in Table III. The 85
data have been refined using the same magnetic struc
model. Nevertheless, the magnetic structure is now alm
collinear, the Tb1, Tb2, and Tb3 ions making canting ang
with respect toc of 0°, 7°, and 27°, respectively~angles with
respect to an arbitrary direction can be obtained from
data in Table III!. This structure is depicted in Fig. 4~b!. The
projection in the~a,c! plane has also been included to em
phasize the canting of the Tb3 ions. Therefore, we can c
firm the existence of a spin reorientation transition (TSR) on
cooling from the structure shown in Fig. 4~b! to that in
Fig. 4~a!.
5-3
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RITTER, MORELLON, ALGARABEL, MAGEN, AND IBARRA PHYSICAL REVIEW B 65 094405
In order to determineTSR more precisely, we have pe
formed a continuous scan over the range 2–100 K on
high-intensity D1B instrument. In Figs. 5~a! and 5~b! we
display the temperature dependence of the intensity of
~010! and (102)1(201) lines. From the thermal evolution o
the ~010! intensity, the disappearance of the antiferroma
netic order atTN can be clearly noticed: see Fig. 5~a!. The
intensity of this purely magnetic superstructure line only d
pends on the component of the magnetic moments alonc,
and therefore,TSR cannot be detected. In contrast, the ma
netic moment components alonga andb do contribute to the
intensity of the (102)1(201) lines, and as can be seen
Fig. 5~b!, TSR is clearly detected at'55 K, in very good
agreement with the anomalies seen in the ac susceptib
~see Fig. 1! and the MCE.14

B. Tb5Si4

No previous information is available in the magne
structures as a function of temperature of the rest of

TABLE I. Space group, lattice parameters, unit-cell volum
fractional atomic coordinates, Tb magnetic moments, and reliab
factors~as defined in Ref. 18! of Tb5Ge4 at 250, 85, and 2 K, as
refined from D2B neutron diffraction data. Numbers in parenthe
indicate standard deviation of the last digit.

250 K 85 K 2 K

Space group Pnma Pnma Pnma
a ~Å! 7.6373~3! 7.6308~3! 7.6303~3!

b ~Å! 14.6997~6! 14.6738~6! 14.6809~5!

c ~Å! 7.7159~3! 7.6994~3! 7.6934~3!

V ~Å3! 866.24~6! 862.12~6! 861.81~6!

Tb1 (4c):x 0.2890~9! 0.288~1! 0.2864~9!

y 1
4

1
4

1
4

z 0.0018~7! 20.0002~9! 0.000~1!

Tb2 (8d):x 0.9741~5! 0.9709~6! 0.9670~5!

y 0.1012~2! 0.1017~3! 0.1016~3!

z 0.8221~5! 0.8220~7! 0.8236~7!

Tb3 (8d):x 0.1229~5! 0.1185~6! 0.1161~5!

y 0.1169~2! 0.1158~3! 0.1155~2!

z 0.3368~5! 0.3386~7! 0.3357~7!

Ge1 (4c):x 0.9161~7! 0.9114~8! 0.9101~9!

y 1
4

1
4

1
4

z 0.1142~7! 0.1123~8! 0.1123~9!

Ge2 (4c):x 0.1700~6! 0.1686~7! 0.1672~8!

y 1
4

1
4

1
4

z 0.6361~7! 0.6360~8! 0.6355~9!

Ge3 (8d):x 0.2200~5! 0.2222~6! 0.2235~7!

y 0.9562~2! 0.9561~3! 0.9560~3!

z 0.5316~5! 0.5274~6! 0.5265~6!

mTb1 (mB) 4.57~9! 8.5~1!

mTb2 (mB) 3.1~1! 7.7~1!

mTb3 (mB) 3.7~1! 8.7~1!

Rp /Rwp ~%! 3.8/4.6 4.5/5.9 6.0/8.0
RBragg ~%! 8.7 10.4 14
Rmag ~%! 5.6 6.3

x2 1.4 2.7 4.2
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Tb5(SixGe12x)4 series, including the parent alloy Tb5Si4 ,
which has been well studied by using macroscopic te
niques as mentioned before.10–12,14,15Neutron powder dif-
fraction spectra were collected on D2B at selected temp
tures of 250, 85, and 2 K. The lattice parameters, fractio
atomic coordinates, and Tb magnetic moments from
Rietveld refinements are listed in Table IV. We have co
firmed that this compound crystallizes at high temperature
the Pnma orthorhombic space group with a Gd5Si4-type

FIG. 4. Schematic representation of the magnetic structure
Tb5Ge4 at 2 K ~a! and 85 K ~b! as determined from the Rietvel
refinement of the high-resolution D2B neutron powder diffracti
data. The spheres represent Tb ions, and a different level of sha
is used to identify Tb1~black!, Tb2 ~medium gray!, and Tb3~light-
est gray!. The projection in the~a,c! plane has also been included
~b! to emphasize the canting of the Tb3 ions.
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TABLE II. The different magnetic modes of the nonequivalent symmetry positions 4c and 8d for the
three relevant~in this work! magnetic space groups ofPnmaassociated with the magnetic propagation vect
q50 ~Ref. 13!.

i
Position

4c

Pnm8a Pnm8a8 Pn8m8a

Gx Az Fx Cz Cx Fz

1 1 1 1 1 1 1

2 2 2 1 1 1 1

3 1 2 1 2 2 1

4 2 1 1 2 2 1

8d Lx Py Rz FBx ABy GBz GBx CBy FBz

1 1 1 1 1 1 1 1 1 1

2 2 1 1 1 2 2 2 1 1

3 2 1 2 1 2 1 1 2 1

4 1 1 2 1 1 2 2 2 1

5 2 2 2 1 1 1 1 1 1

6 1 2 2 1 2 2 2 1 1

7 1 2 1 1 2 1 1 2 1

8 2 2 1 1 1 2 2 2 1
K
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atomic arrangement21,22 as reported previously.12,15 No crys-
tallographic transformation has been detected down to 2

The magnetic structure in the ferromagnetic phase
been determined at 85 K to be a complex arrangemen
canted spins described in the magnetic space groupPnm8a8
with FxCz and FBxAByGBz magnetic modes for the 4c and
8d Tb positions, respectively~Table II!. The schematic ar-
rangement of the Tb magnetic moments is depicted in F
6~a!. The a axis is the main~easy! ferromagnetic direction.
The canting angles with respect to thea axis are, for Tb1,
Tb2, and Tb3~see Table IV!, 3°, 17°, and 4°, respectively. A
the lowest measured temperature of 2 K the magnetic struc-
ture has changed. A second strong ferromagnetic coup
develops along thec axis, and the refinement reveals that t
magnetic structure comprises a mixing of two magne
modes: Pnm8a8 with FxCz andFBxAByGBz as at 85 K and
09440
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Pn8m8a with CxFz and GBxCByFBz ~4c and 8d, respec-
tively! magnetic modes: see Tables II and III. This magne
structure is displayed in Fig. 6~b!. Due to the magnetic mode
mixing, the sets of magnetic Tb ions on 4c and 8d positions
get split into 232 (4c) and 234 (8d) subsets. Tables III
and IV list the corresponding magnetic moment values a
K for the two sets of Tb1, Tb2, and Tb3 positions. The a
eraged~over the two subsets! canting angles for Tb1, Tb2
and Tb3 with respect to thec axis are 57°, 45°, and 56°
respectively. At 2 K, the magnetic moments for Tb a
slightly larger than the 9mB expected theoretically for Tb
The magnetic ordering of the 5:3 and 1:1 impurity phases
low temperatures makes the fitting procedure complica
~the first large magnetic reflection of the 5:3 phase had to
excluded!, leading to large error bars in the determined ma
netic moment values.
ld
, V, and
TABLE III. Components of the Tb magnetic moments for all of the studied Tb5(SixGe12x)4 compounds as determined form the Rietve
refinements of the D2B neutron powder diffraction data. The corresponding crystallographic information can be found in Tables I, IV
VI.

x T ~K!

mTb1 (mB) mTb2 (mB) mTb3 (mB)

mx my mz mx my mz mx my mz

0.0 85 0 0 4.57~9! 0.3~2! 0.2~2! 3.0~1! 1.3~2! 1.0~2! 3.3~1!

2 1.49~8! 0 8.3~1! 2.7~1! 1.5~1! 7.06~8! 4.1~1! 1.8~1! 7.49~9!

1.0 85 8.38~8! 0 0.4~1! 7.45~7! 1.25~8! 1.91~5! 8.09~7! 0.07~8! 0.62~6!

2 8.3~3! 0 4.7~2! 5.9~3! 0.5~1! 7.7~2! 7.5~2! 0.4~2! 5.2~2!

7.8~2! 0 5.9~3! 6.8~3! 4.2~1! 6.3~2! 8.8~2! 0.2~2! 5.7~2!

0.5 100 8.51~9! 0 0.8~1! 7.20~8! 1.5~1! 1.26~8! 7.63~8! 0.4~1! 0.2~1!

85 8.50~8! 0 0.7~1! 7.45~7! 1.54~8! 1.76~6! 8.04~7! 0.67~9! 0.40~8!

2 9.3~3! 0 3.7~2! 7.2~3! 0.1~1! 7.0~2! 8.7~2! 0.0~2! 5.6~2!

7.7~3! 0 5.1~3! 6.6~3! 4.3~2! 5.4~2! 8.2~2! 1.0~2! 3.7~2!

0.6 85 8.49~8! 0 0.8~1! 7.45~7! 1.1~1! 1.72~6! 7.94~7! 0.4~1! 0.44~8!
5-5
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RITTER, MORELLON, ALGARABEL, MAGEN, AND IBARRA PHYSICAL REVIEW B 65 094405
In order to follow more precisely the onset of this low
temperature magnetic transition, we show in Fig. 7 the th
mal evolution of the intensity of several selected lines
determined from D1B data. The~131! peak shows a nearly
normal, slowly increasing behavior as the magnetic mome
increase with decreasing temperature. The change in
magnetic structure is, however, evident from the tempera
dependence of the (100)1(020) magnetic line atTC8
'80 K. The decrease seen atTC8 is determined by the~100!
peak which loses its intensity as the coupling in thec direc-
tion changes from antiferromagnetic to ferromagnetic. T
~040! peak possesses no intensity coming from the antife
magnetic coupling alongc and shows no inflection atTC8 .
This reflection increases, however, still strongly belowTC8 as
the antiferromagnetic component is turning into a ferrom
netic one. Therefore, our study demonstrates that the l
temperature peak in the ac susceptibility first and rece
reported by Spichkinet al.12 ~see also Fig. 1! is indeed a
second magnetic phase transition between the structure
picted in Figs. 6~a! and 6~b!.

C. Tb5„Si0.5Ge0.5…4 and Tb5„Si0.6Ge0.4…4

As already discussed in Sec. III, the behavior ofD l / l , r
~Fig. 2!, and the large MCE~Ref. 14! of Tb5(Si0.5Ge0.5)4 in

FIG. 5. Temperature dependence of the intensity of the~010! ~a!
and (102)1(201) ~b! diffraction peaks of Tb5Ge4 as determined
from D1B data. The onset of the antiferromagnetic order (TN) and
the spin reorientation transition (TSR) have been indicated.
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the vicinity of TC suggests that this transition is similar
origin to that found in the Gd5(SixGe12x)4 alloys with 0.24
<x<0.5.3,4 To further investigate this point and to determin
the magnetic structure at low temperatures, we recorded D
neutron diffraction spectra at selected temperaturesT5250,
100, 85, and 2 K. We also measured the Tb5(Si0.6Ge0.4)4
alloy at 250 and 85 K, which behaves macroscopically sim
larly to x50.5. The refined structural and magnetic para
eters are collected in Tables V, VI, and III. At 250 K the
two compounds crystallize in theP1121 /a monoclinic space
group, the precise atomic arrangement being as in the mo
clinic Gd5(SixGe12x)4 alloys.21 Upon cooling, bothx50.5
and 0.6 alloys experience a first-order structural transition
a Pnmaorthorhombic symmetry and we have confirmed th
the atomic arrangement is identical to that found in Tb5Si4
~Sec. IV B!. At this transition, abrupt changes in the ce
parameters take place, the most dramatic change being a
the a axis. For example, from the data in Table V forx
50.5, we can estimate a change on cooling of20.99%,

TABLE IV. Space group, lattice parameters, unit-cell volum
fractional atomic coordinates, Tb magnetic moments, and reliab
factors ~as defined in Ref. 18! of Tb5Si4 at 250, 85, and 2 K, as
refined from D2B neutron diffraction data. Numbers in parenthe
indicate standard deviation of the last digit.

250 K 85 K 2 K

Space group Pnma Pnma Pnma
a ~Å! 7.4076~2! 7.4013~2! 7.4031~2!

b ~Å! 14.5950~4! 14.5834~4! 14.5816~4!

c ~Å! 7.6879~2! 7.6694~2! 7.6623~2!

V ~Å3! 831.18~4! 827.80~4! 827.13~4!

Tb1 (4c):x 0.3520~6! 0.3531~4! 0.3551~4!

y 1
4

1
4

1
4

z 20.0148~6! 20.0115~3! 20.0111~4!

Tb2 (8d):x 0.0275~4! 0.0279~3! 0.0276~2!

y 0.0976~2! 0.0969~1! 0.0967~1!

z 0.8191~4! 0.8180~2! 0.8160~3!

Tb3 (8d):x 0.1822~4! 0.1810~3! 0.1825~3!

y 0.1227~2! 0.1225~1! 0.1231~1!

z 0.3216~4! 0.3228~2! 0.3216~2!

Si1 (4c):x 0.981~1! 0.979~1! 0.976~1!

y 1
4

1
4

1
4

z 0.102~1! 0.098~1! 0.098~1!

Si2 (4c):x 0.236~1! 0.239~1! 0.236~2!

y 1
4

1
4

1
4

z 0.624~1! 0.627~1! 0.623~1!

Si3 (8d):x 0.1461~9! 0.145~1! 0.147~1!

y 0.9598~4! 0.9595~4! 0.9583~5!

z 0.5263~8! 0.5255~9! 0.526~1!

mTb1 (mB) 8.39~8! 9.5~2!/9.7~2!

mTb2 (mB) 7.79~7! 9.7~2!/10.2~2!

mTb3 (mB) 8.12~7! 9.1~2!/10.5~2!

Rp /Rwp ~%! 2.8/3.4 3.6/4.4 3.8/4.9
RBragg ~%! 7.9 5.0 4.3
Rmag ~%! 5.6 3.8

x2 1.6 2.3 2.9
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FIG. 6. Schematic representation of the magnetic structure
Tb5Si4 at 85 K ~a! and 2 K ~b! as determined from the Rietvel
refinement of the high-resolution D2B neutron powder diffracti
data. The spheres represent Tb ions and a different level of sha
is used to identify Tb1~black!, Tb2 ~medium gray!, and Tb3~light-
est gray!.

FIG. 7. Temperature dependence of the intensity of some
lected diffraction peaks of Tb5Si4 as determined from D1B data
The onset of the ferromagnetic order (TC) and the second magneti
phase transition (TC8 ) have been indicated.
09440
20.16%, and10.07% alonga, b, andc, respectively. If we
correct'20.15% for the linear thermal expansion as det
mined aboveTC ~see Fig. 2!, we obtain more reliable fina
values of Da/a'20.84%, Db/b'20.01%, andDc/c'
10.22%. The volume changeDV/V'20.5% is in good
agreement with that found from our linear thermal expans
measurements, 3(D l / l )'20.6% ~Fig. 2!, taking into con-
sideration the approximations made and possible texture
fects. These values are similar to those found
Gd5(Si0.5Ge0.5)4 ~Ref. 4! and in a close composition,x
50.45 ~Ref. 3!.

The magnetic structure at 100 and 85 K inx50.5 and at
85 K in x50.6 is identical to that found in Tb5Si4 at 85 K,
i.e., Pnm8a8 with the couplings indicated in Table II: se
also Fig. 6~a!. It is interesting to note that at 100 K~only
some 10 K belowTC! in x50.5 ~Table V! the magnetic mo-

of

ing

e-

FIG. 8. Temperature dependence of the intensity of a sele
structural monoclinic (P1121 /a) diffraction peak ~d! and the
purely magnetic (100)1(020) reflection~h! of Tb5(Si0.5Ge0.5)4 ~a!
and Tb5(Si0.6Ge0.4)4 ~b! as determined from D1B data. The onset
the ferromagnetic order (TC) and the additional low-temperatur
magnetic phase transition (TC8 ) have been indicated.
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TABLE V. Space group, lattice parameters, unit-cell volume, fractional atomic coordinates, Tb ma
moments, and reliability factors~as defined in Ref. 18! of Tb5(Si0.5Ge0.5)4 at 250, 100, 85, and 2 K, as refine
from D2B neutron diffraction data. Numbers in parentheses indicate standard deviation of the last dM
50.5Si10.5Ge.

250 K 100 K 85 K 2 K

Space group P1121 /a Pnma Pnma Pnma
a ~Å! 7.5080~5! 7.4340~3! 7.4313~2! 7.4322~3!

b ~Å! 14.652~1! 14.6290~6! 14.6278~5! 14.6280~5!

c ~Å! 7.7117~5! 7.7171~3! 7.7151~3! 7.7082~3!

g ~deg! 93.042~5!

V ~Å3! 847.1~1! 839.25~6! 838.66~5! 838.03~5!

Tb1 (4e):x 0.324~1! Tb1 (4c):x 0.3476~6! 0.3473~5! 0.3460~5!

y 0.2466~6! y 1
4

1
4

1
4

z 0.0033~9! z 20.0099~4! 20.0104~4! 20.0093~4!

Tb2A (4e):x 20.000~1! Tb2 (8d):x 0.0202~4! 0.0205~3! 0.0210~3!

y 0.0994~5! y 0.0966~1! 0.0968~1! 0.0971~1!

z 0.179~1! z 0.8192~4! 0.8180~3! 0.8178~3!

Tb2B (4e):x 0.019~1!

y 0.4002~5!

z 0.182~1!

Tb3A (4e):x 0.359~1! Tb3 (8d):x 0.1763~4! 0.1765~3! 0.1774~3!

y 0.8820~5! y 0.1227~2! 0.1229~1! 0.1230~1!

z 0.168~1! z 0.3217~3! 0.3224~3! 0.3220~3!

Tb3B (4e):x 0.331~1!

y 0.6199~5!

z 0.176~1!

M1 (4e):x 0.953~1! M1 (4c):x 0.977~1! 0.976~1! 0.979~1!

y 0.2522~6! y 1
4

1
4

1
4

z 0.893~1! z 0.1047~9! 0.103~8! 0.1045~9!

M2 (4e):x 0.207~1! M2 (4c):x 0.227~1! 0.2274~9! 0.227~1!

y 0.2528~6! y 1
4

1
4

1
4

z 0.366~1! z 0.634~1! 0.6321~9! 0.632~1!

M3A (4e):x 0.206~1! M3 (8d):x 0.1537~9! 0.1548~8! 0.1552~8!

y 0.9581~6! y 0.9597~4! 0.9595~3! 0.9587~4!

z 0.469~1! z 0.5299~7! 0.5300~7! 0.5301~7!

M3B (4e):x 0.153~1!

y 0.5435~6!

z 0.466~1!

mTb1 (mB) 8.5~1! 8.53~9! 9.2~2!/10.0~2!

mTb2 (mB) 7.65~8! 7.81~7! 9.6~2!/10.1~2!

mTb3 (mB) 7.47~8! 8.08~7! 9.1~2!/10.3~2!

Rp /Rwp ~%! 2.6/3.2 3.6/4.4 3.5/4.4 3.7/4.6
RBragg ~%! 6.3 6.2 5.4 4.0
Rmag ~%! 5.6 4.6 3.2

x2 1.4 2.6 2.5 2.9
i
io
e

te
n-

-
-
t
ep-
and
the

o-
w-
ment values are already very high, in good agreement w
the first-order character of the magnetostructural transit
The refinement at 2 K in x50.5 leads again to the sam
mainly ferromagnetic structure as found in Tb5Si4 , Fig. 6~b!,
indicating a common structural and magnetic ground sta

In Figs. 8~a! and 8~b! we show the temperature depe
dence of the intensity of a monoclinic (P1121 /a) peak and
the purely magnetic line (100)1(020) in the range 320 K
.T.2 K for x50.5 ~a! andx50.6 ~b! ~D1B data!. As can
09440
th
n.

.

be seen in Figs. 8~a! and 8~b!, the disappearance of the in
tensity of theP1121 /a reflection, which signals the struc
tural transformation to thePnma structure, is concomitan
with the onset of the ferromagnetic order. These results r
resent complementary evidence that the crystallographic
magnetic degrees of freedom are completely coupled in
R5(SixGe12x)4 compounds that exhibit first-order magnet
structural transitions. Also, the existence of a second lo
temperature magnetic phase transition atTC8 similar to that
5-8
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found in Tb5Si4 is clearly detected. The transition temper
tures are in perfect agreement with our ac susceptibility
sults ~Sec. III, Figs. 1 and 9!.

V. DISCUSSION:
MAGNETIC-STRUCTURAL PHASE DIAGRAM

From our macroscopic~mainly ac susceptibility! and mi-
croscopic neutron diffraction experiments, we have ela

TABLE VI. Space group, lattice parameters, unit-cell volum
fractional atomic coordinates, Tb magnetic moments, and reliab
factors~as defined in Ref. 18! of Tb5(Si0.6Ge0.4)4 at 250 and 85 K,
as refined from D2B neutron diffraction data. Numbers in parent
ses indicate standard deviation of the last digit.M50.6Si10.4Ge.

250 K 85 K

Space group P1121 /a Pnma
a ~Å! 7.4980~5! 7.4253~2!

b ~Å! 14.645~1! 14.6193~4!

c ~Å! 7.7063~5! 7.7082~3!

g ~deg! 93.019~5!

V ~Å3! 845.04~9! 836.74~5!

Tb1 (4e):x 0.323~1! Tb1 (4c):x 0.3505~5!

y 0.2470~6! y 1
4

z 0.0045~9! z 20.0119~3!

Tb 2A(4e):x 0.001~1! Tb2 (8d):x 0.0238~3!

y 0.0989~5! y 0.0968~1!

z 0.180~1! z 0.8189~3!

Tb2B (4e):x 0.022~1!

y 0.3994~5!

z 0.182~1!

Tb3A (4e):x 0.354~1! Tb3 (8d):x 0.1776~3!

y 0.8813~5! y 0.1229~1!

z 0.170~1! z 0.3224~9!

Tb3B (4e):x 0.331~1!

y 0.6200~5!

z 0.176~1!

M1(4e):x 0.951~1! M1(4c):x 0.978~1!

y 0.2517~7! y 1
4

z 0.893~1! z 0.1017~9!

M2(4e):x 0.206~1! M2(4c):x 0.231~1!

y 0.2533~7! y 1
4

z 0.363~1! z 0.6299~9!

M3A(4e):x 0.207~1! M3(8d):x 0.1545~8!

y 0.9566~7! y 0.9599~3!

z 0.470~1! z 0.5298~7!

M3B(4e):x 0.150~1!

y 0.5412~7!

z 0.468~1!

mTb1(mB) 8.52~9!

mTb2(mB) 7.72~7!

mTb3(mB) 7.97~7!

Rp /Rwp ~%! 3.1/3.9 3.9/4.9
RBragg ~%! 7.9 5.2
Rmag ~%! 5.7

x2 1.3 2.0
09440
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rated the magnetic and crystallographic temperatu
composition phase diagram of the Tb5(SixGe12x)4 materials,
Fig. 9. We should compare this with the equivalent for t
Gd5(SixGe12x)4 materials.5 As in the Gd alloys, we observe
three different crystallographic structures at room tempe
ture: O(I) ~orthorhombicPnma Gd5Si4 type!, M ~mono-
clinic P1121 /a!, and O(II) ~orthorhombicPnma Gd5Ge4
type!.5,21 Upon lowering the temperature, long-range ma
netic order sets in through a second-order transition~high-
temperature dotted line in Fig. 9! either to a complex ferro-
magnetic structure in the case of the Si-rich alloys, FM
@Fig. 6~a!#, or to an antiferromagnetic structure for the G
rich region, AFM1@Fig. 4~b!#, without changes in the crys
tallographic structure. For theM alloys, a first-order magne
tostructural transition to the FM1-O(I) state takes place
~solid line in Fig. 9!. These high-temperature transitio
boundaries correspond to those found in the Gd5(SixGe12x)4
system.5 On further cooling down, a second magnetic tran
tion without a change in the crystallographic structure ta
place in all the compounds, either via a spin reorientation
the AFM2 structure in the Ge-rich region@Fig. 4~a!# or via a
magnetic mode mixing to the FM2@Fig. 6~b!# for the rest of
the composition range~open symbols, dotted line in Fig. 9!.
This low-temperature magnetic phase boundary is absen
the Gd5(SixGe12x)4 alloys.5 The precise relationships be
tween atomic bonding, crystallographic structure, and m
netic interactions in the Gd5(SixGe12x)4 system has been
excellently reviewed in Ref. 23.

VI. SUMMARY

In summary, we have carried out a detailed study of
crystallographic and magnetic structures of t

FIG. 9. Magnetic and crystallographic temperature-composit
phase diagram of the Tb5(SixGe12x)4 materials. PM, FM1, FM2,
AFM1, and AFM2 label different magnetic phases andO(I), M,
and O(II) denote different crystallographic structures, as defin
throughout the text~see Sec. V!. The transition temperatures hav
been taken from the anomalies in the ac susceptibility data.
solid line is a first-order magnetostructural phase boundary. Dif
ent symbols are used for different phase transitions.

,
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Tb5(SixGe12x)4 system by means of macroscopic and m
croscopic techniques. From our results, the following conc
sions can be drawn.

~i! The complex magnetic and crystallograph
temperature-composition phase diagram of
Tb5(SixGe12x)4 materials has been determined~Fig. 9!. The
use of neutron diffraction experiments has been indispe
able to fully characterize the different crystallographic a
magnetic phases as a function of temperature.

~ii ! In Tb5Ge4 , we have found that the anomalies o
served in the ac susceptibility~see Fig. 1! and the anomalous
behavior in the MCE reported earlier14 have their origin in a
spin reorientation transition between the cante
antiferromagnetic structures depicted in Figs. 4~a! and 4~b!.
No structural changes have been detected down to 2 K.

~iii ! Tb5Si4 has been recently reported12 to exhibit a sec-
ond magnetic transition belowTC : see also Fig. 1. Our stud
demonstrates that there is indeed a magnetic phase trans
between the structures depicted in Figs. 6~a! and 6~b!. As in
s

J

e

s

n

y

y

V

m
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Tb5Ge4 , no structural changes have been detected down
K.

~iv! Alloys with intermediate compositions~x50.4, 0.5,
and 0.6! present a monoclinic (P1121 /a) structure at room
temperature. On cooling down, these materials exhib
first-order crystallographic-magnetic transformation to
orthorhombic@O(I) # canted ferromagnetic~FM1! structure
~see Fig. 9!. These experimental results confirm the stro
coupling between crystallographic and magnetic degree
freedom in the Tb5(SixGe12x)4 compounds. As in Tb5Si4 , a
second magnetic phase transition~FM1-FM2: see Fig. 9!
without a change in the crystallographic structure has
been found.
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