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Magnetic-martensitic transition of Tb5Si2Ge2 studied with neutron powder diffraction

L. Morellon,1,* C. Ritter,2 C. Magen,1 P. A. Algarabel,1 and M. R. Ibarra1
1Departamento de Fı´sica de la Materia Condensada and Instituto de Ciencia de Materiales de Arago´n,
Universidad de Zaragoza and Consejo Superior de Investigaciones Cientı´ficas, 50009 Zaragoza, Spain

2Institut Laue-Langevin, Boıˆte Postale 156, 38042 Grenoble Ce´dex 9, France
~Received 4 February 2003; published 29 July 2003!

The effect of the application of an external magnetic field in the paramagnetic phase of the giant magneto-
caloric compound Tb5Si2Ge2 has been studied by means of macroscopic~magnetostriction and magnetoresis-
tance! and microscopic neutron powder diffraction experiments. As a main result, we have discovered the
existence of a ferromagnetic monoclinic phase in these intriguing 5:4 compounds. Long-range ferromagnetism
sets in within the monoclinic structure on cooling down before the structural transformation into the ortho-
rhombic phase takes place. Our results may shed some light into understanding the complex coupling between
crystallographic and magnetic degrees of freedom and the mechanisms that trigger the field-induced processes
in the Tb5(SixGe12x)4 compounds.

DOI: 10.1103/PhysRevB.68.024417 PACS number~s!: 75.25.1z, 75.30.Kz, 75.50.Cc
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I. INTRODUCTION

Gd5(SixGe12x)4 is a unique class of materials whe
many important properties and exotic behavior have b
recently discovered.1 The giant magnetocaloric effect,2,3

strong magnetoelastic effects,4,5 giant magnetoresistance,6,7

unusual Hall effect,8 and spontaneous generation of voltag9

can be emphasized as the most relevant. This intriguing p
nomenology has been associated with the intrinsically l
ered crystallographic structure combined with a magne
martensitic first-order phase transformation.10 The coupled
magnetic-crystallographic transition can be induced rev
ibly by the change of external parameters such as temp
ture, an external magnetic field, or hydrostatic pressure1–5

Therefore, these alloys are attractive for their potential ap
cations in magnetic refrigeration and/or as magnetostric
and magnetoresistive transducers.

5:4 pseudobinary compounds with other rare earths
being actively investigated,11–13 and quite recently, a new
Gd5(SiSn)4 system has also been shown to exist a
characterized.14 In particular, a great deal of effort has bee
devoted to the Tb5(SixGe12x)4 series.15–19 In a previous
work,19 we reported the complex magnetic and crystal
graphic temperature-composition phase diagram
Tb5(SixGe12x)4 . The use of neutron diffraction experimen
was indispensable to fully characterize the different crys
lographic and magnetic phases as a function of tempera
Alloys with intermediate compositions 0.4<x<0.6 present a
monoclinic (M ) structure at room temperature~space group
P1121 /a). On cooling down, these materials exhibit a firs
order crystallographic-magnetic transformation (TC) to an
orthorhombic@O(I), space groupPnma] canted ferromag-
netic structure~FM!: see details in Ref. 19. The aim of th
paper is to study the possibility to induce reversibly th
magnetostructural transition by applying an external m
netic field aboveTC>110 K. Magnetostriction and magne
toresistance measurements in Tb5Si2Ge2 suggest that, unlike
the Gd5(SixGe12x)4 alloys, the field-inducedM→O(I) tran-
sition is not complete even at temperatures close to~and
above! TC. To investigate this point further, new high
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intensity and high-resolution neutron diffraction experime
both in zero and in an applied magnetic field have be
carried out. This technique has allowed us to discover
existence of a novel monoclinic and ferromagnetic ph
(M -FM! in zero field that sets in before~on cooling the
sample! the M→O(I) structural transformation. This dem
onstrates that, in Tb5(SixGe12x)4 , the structural and mag
netic transitions are not fully coupled, the interplay betwe
crystallographic and magnetic degrees of freedom be
more complex than previously thought. The behavior un
field will be discussed.

II. EXPERIMENT

The Tb5Si2Ge2 alloy has been synthesized by arc meltin
Details on the material preparation and its characteriza
can be found elsewhere.19

Linear thermal expansion (D l / l ) measurements were pe
formed using the strain-gauge technique. The electrical re
tivity ~r! experiments were done with a conventional fou
probe method ~excitation dc current of 5 mA!.
Magnetostriction and magnetoresistance experiments w
performed in a superconducting coil producing steady m
netic fields of up to 120 kOe.

Neutron diffraction experiments were carried out on t
high-resolution powder diffractometer D2B (l51.596 Å
and 2.398 Å! and the high-intensity powder diffractomete
D1B (l52.52 Å), both at the ILL, Grenoble. Diffraction
patterns were collected between 2u55° and 165°~D2B! at
selected temperatures ranging from 85 to 120 K and in m
netic fields up to 50 kOe. The data were analyzed using
Rietveld refinement programFULLPROF20 which allows a si-
multaneous refinement of structural and magnetic profile

III. RESULTS AND DISCUSSION

Linear thermal expansion experiments revealed a la
anomaly atTC, D l / l >0.2%, associated with the first-orde
structural transformation from the high-temperatureM to the
low-temperatureO(I) phase.19 The results have been repro
©2003 The American Physical Society17-1
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FIG. 1. Linear thermal expansion (D l / l ) as a
function of temperature of Tb5Si2Ge2 : zero-field
run ~s!, cooling run in a magnetic field of 120
kOe ~m!, and zero-field heating run after remov
of the field at low temperatures~D!. The anoma-
lous contribution toD l / l aboveTC has been in-
dicated with a striped pattern.
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duced in Fig. 1~open circles!. In a second run, the samp
was cooled from room temperature in a magnetic field of 1
kOe ~block triangles!. The field was removed at low tem
peratures (>23 K), a small>0.02% magnetostrictive effec
being seen, and the sample was then allowed to warm u
room temperature~open triangles!. Both heating curves in
zero field coincide reasonably well. Contrary to the case
Gd5(SixGe12x)4 where a positive shift of theD l / l curve with
increasing field was simply observed along the tempera
axis,4 a more complex behavior is seen in Tb5Si2Ge2 . The
departure of the expected behavior has been marked in F
with a striped pattern. This points to a more complex m
netic and/or crystallographic behavior aboveTC than previ-
ously reported. At this point it was thus unclear whether
M→O(I) transition could be induced by an isothermal a
plication of a magnetic field aboveTC. In order to check this
point, we carried out magnetostriction isotherms along
parallel (l i) and perpendicular (l') directions to the applied
magnetic field, the results being shown in Fig. 2~a!. As a
major difference with the magnetoelastic behavior of the
alloys4,5,21 wherel i'l' , in the case of Tb5Si2Ge2 a huge
anisotropic effect is seen, i.e.,l i@l' . Therefore, we can
calculate the volume~v! and anisotropic magnetostrictio
(l t) as v5l i12l' and l t5l i22l' the thermal depen
dence at the maximum applied field of 120 kOe is display
in Fig. 2~b!. It is noteworthy that the maximum volume ma
netostriction amounts tov ~105 K, 120 kOe! >20.14%
whereas the spontaneous volume expansion taken from
1 can be estimated asDV/V53D l / l >20.6%. In addition,
this value falls down quite rapidly on increasing the tempe
ture: see Fig. 2~b!. The shape of the isotherms is also intrig
ing, a huge hysteresis and no clear metamagnetic beha
being observed: just a smooth change in slope is dete
around 90–100 K in our available range of magnetic fiel
From the observed behavior we can anticipate that so
structural transition might be taken place, but that the tra
formation is probably incomplete and takes place ove
more extended magnetic field range than in similar
alloys.4,5,21In addition, the huge anisotropic effectl t ~100 K,
120 kOe! >20.12% points to an active role of the high
anisotropic Tb31 ions.
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FIG. 2. ~a! Magnetostriction isotherms of Tb5Si2Ge2 along the
parallel (l i) and perpendicular (l') directions to the applied mag-
netic field at some selected temperatures.~b! Temperature depen-
dence of the volume (v5l i12l') and anisotropic (l t5l i2l')
magnetostriction at the maximum applied field of 120 kOe. Line
are guides to the eye.
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In order to make our case stronger, we also c
ried out magnetoresistance isothermsDr/r(H)5@r(H)
2r(0)#/r(0) in the whole temperature range. We display
Fig. 3~a! some selected temperatures and the evolution of
maximum magnetoresistance ratioDr/r ~120 kOe! together
with the spontaneous resistivity data from Ref. 19 in F
3~b!. A huge drop is seen atTC in the resistivity data,
Dr/r>230%, but in agreement with the previously di
cussed magnetostriction results, the maximum magnetor
tance ratio only amounts toDr/r ~110 K, 120 kOe!
>214%, the hysteresis is abnormally large, and no cl
metamagnetic transition is observed. A change in the t
perature dependence of the magnetoresistance ratio is
served below'60 K @Fig. 3~b!# together with a change in
slope in the resistivity data. We can associate this effect w
the spin reorientation transition observed at t
temperature.19

To confirm the presumed existence of an incomplete
smooth field-induced structural transition, we decided to p
form high-resolution neutron powder diffraction experimen

FIG. 3. ~a! Magnetoresistance ratioDr/r as a function of the
applied magnetic field at some selected temperatures in thT
590– 140 K range.~b! Temperature dependence of the magneto
sistance of Tb5Si2Ge2 at the maximum applied field of 120 kOe~h!
and zero-field electrical resistivity~r!. Lines are guides to the eye
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in an applied magnetic field~D2B! as the most relevant too
to probe simultaneously both changes in the crystallograp
and magnetic structure. Since the strongest effects are
fined close toTC ~Figs. 2 and 3! and the maximum field in
our experimental setup was 50 kOe, we first carried ou
detailed thermal scan on the high-intensity D1B diffrac
meter in the reduced 80–125 K range in order to locate
actly the transition temperatures. Unexpectedly, we disc
ered a magnetic phase that was overlooked in previ
experiments.19 This is shown in a contour plot@see Fig. 4~a!#
in a selected angular range. The marked diffraction peaks
of pure magnetic origin coming from theM , O(I), or both

- FIG. 4. ~a! Neutron diffraction contour plot of Tb5Si2Ge2 in a
selected angular and temperature range as recorded in the
intensity D1B diffractometer. The diffraction peaks marked are
pure magnetic origin coming from theM , O(I), or both @M
1O(I) # crystallographic structures.~b! Temperature dependence o
the intensity of selectedO(I) ~h! and M1O(I) ~j! diffraction
peaks as determined from D1B data. The newly discoveredM -FM
phase has been indicated with a striped pattern. A single ver
line marks the onset of long-range FM and the double vertical li
the M↔O(I) structural transformation. This experiment was pe
formed on cooling the sample.
7-3
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@M1O(I) # crystallographic structures. It is easily seen th
magnetism in theM phase sets in at about 114 K before w
have any noticeable amount ofO(I) phase. The structura
M→O(I) transformation and the accompanying upcomi
magnetic peaks start at a lower temperature>105 K. We
must underline that this experiment was performed coo
the sample. In Fig. 4~b! we display the thermal evolution o
the integrated intensity of a purely magneticO(I) peak
~open squares! together with that of another reflection with
strong magnetic contribution from theM phase ~block
squares!. The double vertical lines delimit the structur
M↔O(I) transformation and the single vertical line th
onset of long-range ferromagnetism. The new monoclin
ferromagnetic phase has been marked~striped pattern!.
In order to determine the magnetic structure of theM -FM
phase, we carried out Rietveld refinement of a spectr
at 108 K, i.e., at a temperature where noO(I) phase was
present @see Fig. 4~b!#. Our fit revealed the structure t
be mainly ferromagnetic along thea axis, with a small
canting ('10° averaged over the different Tb sites! along
the b axis.

We believe that the discovery of long-range ferroma
netism in the monoclinicP1121 /a crystallographic structure
is an extremely relevant piece of information that sho
be taken into account in any theoretical approach of
behavior of the 5:4 system. All three crystallograph
structures present in the 5:4 alloys@M , O(I), O(II)]
~Ref. 22! are composed of identical two-dimension
subnanometer-thick layers~slabs! interconnected via
partially covalent interslabX-X bonds (X5Si,Ge). In the
O(I) structure, all the slabs are interconnected byX-X
bonds; half of these bonds are broken in theM structure and
none remain in the O(II) structure. The magnetic
crystallographic transition involves breaking and reformi
of specific covalentX-X bonds,10 and the low-temperature
ground state for all compositions 0,x<1 is always FM
with all the slabs being interconnected, i.e., with theO(I)
structure.5,10,19 Our results demonstrate that theM structure
with half of the interslab bonds still intact can support lon
range ferromagnetism, at least in the Tb5(SixGe12x)4 com-
pounds.

The presence of theM -FM phase might also have a stron
impact on the effect of a magnetic field when applied abo
the structural transformation. We have carried out hig
resolution~D2B! neutron diffraction experiments at select
temperatures (T5100, 105, 110, 115, and 120 K! and
in fields of up to 50 kOe. The fits are complicated due
the number of different crystallographic and magnetic pha
involved. The main simplification made in the fits wa
to consider the magnetic moment values in the orthorhom
O(I) phase independent of the applied magnetic fi
and temperature. This is plausible since the order
temperatures of the Si-rich Tb5(SixGe12x)4 alloys with
a room-temperatureO(I) structure are much higher. Neve
theless, we confirmed our assumption by comparing
magnetic moment values at 85 K@100% O(I) phase#,
8.53(9)mB , 7.81(7)mB , and 8.08(7)mB ~for Tb1, Tb2,
and Tb3! ~see Table V in Ref. 19! with those at 105 K and
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in 50 kOe, the results coinciding within the experimen
error. As a main outcome of our fits, we show in Fig. 5~a!
the percentage of theO(I) phase at the selected temperatur
as a function of applied magnetic field. Our results dem
strate that the magnetic-field-inducedM→O(I) transforma-
tion indeed takes place, but the field effect is high
inefficient. Even at temperatures right atTC such as 105
K @note we just have'6% of theO(I) phase in zero field#,
a field of 50 kOe is only able to induce'50% of the
structural change. On increasing the temperature, the
centage of inducedO(I) phase in 50 kOe decreases expone
tially, amounting to less than 10% at temperatures alre
in the M -PM phase, i.e.,T>115 K. Another important
observation from our neutron diffraction results is nonunifo

FIG. 5. ~a! Magnetic-field dependence of the percentage ofO(I)
phase at selected temperatures as determined from Rietveld re
ments of high-resolution D2B data.~b! Evolution of the Tb mag-
netic moments at sites 3A and 3B~see Ref. 19 for details! at se-
lected temperatures of 110 K (M -FM! and 120 K (M -PM! as a
function of the applied magnetic field.
7-4
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mity of the values of the ferromagnetic moments
the monoclinic phase over the different Tb ions in t
unit cell. For instance, at 110 K and zero field, the fit yie
values of 4.0(3)mB , 1.2(3)mB , 4.2(3)mB , 1.2(3)mB , and
3.6(3)mB for the Tb1, Tb2A, Tb2B, Tb3A, and Tb3B sites
The definition and precise atomic coordinates c
be consulted in Ref. 19. It is interesting to note that
ferromagnetic moments at the Tb2A and Tb3A positio
are much smaller than the rest. These ions are preci
the ones closer to theX-X broken bonds and, therefore
the absence of covalentX-X bonds should favor a decreas
in the local exchange interaction producing magne
frustration.10,23,24 In Fig. 5~b! we display the magnetic-field
dependence of the selected Tb3A and Tb3B ions at
selected temperatures, 110 K (M -FM phase! and 120 K
(M -PM phase!, where the differences between these si
is clearly seen. In theM -FM phase the behavior is a
expected for a ferromagnet: the moment values incre
slowly with field. An interesting effect is also seen at 120
in the M -PM phase. A field of 20 kOe is sufficient to induc
long-range ferromagnetism in this alloy, and therefore
field-induced M -PM→M -FM transition is taking place
concomitant with the structuralM→O(I) transformation
@Fig. 5~a!#. We must underline that this anisotropy do
not exist between the Tb magnetic moments at differ
sites in theO(I) phase ~see moment values in Ref. 19!.
Unluckily, neutron diffraction studies in Gd5(SixGe12x)4
are not feasible due to the huge neutron absorption c
section of Gd and the prohibitively expensive price of
suitable isotope. Therefore, our result so far cannot
generalized to other 5:4 systems. Neutron diffraction exp
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IV. SUMMARY

In summary, we have carried out magnetoelastic a
magnetoresistance measurements of Tb5Si2Ge2 . Our results
suggest that the magnetic-martensitic transition in t
system cannot be induced completely above the transi
temperature by isothermal application of an exter
magnetic field. Neutron powder diffraction experimen
were performed to investigate further this intriguing beha
ior. We have discovered that long-range ferromagnet
sets in the monoclinicP1121 /a structure on cooling down
before the structural transformation into the orthorhom
Pnma takes place. ThisM -FM magnetic structure is mostly
collinear along thea axis with partially frustrated Tb mag
netic moments at sites close to broken covalentX-X bonds.
Neutron data have confirmed that the field-inducedM
→O(I) structural transformation does take place but is
complete even at temperatures close toTC. Our results point
to the existence of two structural and magnetic pha
@M -FM andO(I)-FM# in Tb5Si2Ge2 close in energy around
105 K. Since both phases are ferromagnetic, the app
magnetic field is quite inefficient in producing a transitio
between them.
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