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a b s t r a c t

Using the X-ray powder diffraction technique at various temperatures and applied magnetic fields, we
have studied the magnetostructural properties of Ce(Fe0.95Si0.05)2. The X-ray diffraction data establish
quantitative relationships between bulk magnetization and the evolution of structurally distinct phases
with magnetic field and temperature, and confirm the distinct features of a first-order phase transition
such as supercooling and superheating, metastability, and phase co-existence of different structural
polymorphs. We observe the lattice volume mismatch across the structural phase transition, which
appears to be the cause for the step behavior of the magnetization isotherms at low temperatures. The
present study shows that the lattice distortion has to be treated explicitly, like spin, along with the effects
of lattice–spin coupling to account for the magnetization behavior of this system. This structure template
can resolve the issue of kinetics in this material as observed in different time scale measurements and
with different experimental protocols.

© 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The occurrence of a structural transformation along with a
magnetic phase transition observed in some materials leads to
interesting physics and underlies many unusual properties [1–5].
Anomalous behaviors of magnetization and resistivity obtained in
certain manganites and a few intermetallics have been attributed
to the field-induced magnetostructural transitions [1–9]. The
martensitic scenario which arises from the first-order structural
distortion has been recently established in different classes
of compounds [6–9]. Distinct features of the first-order phase
transition have been illustrated by probing the magnetism of such
materials by using both bulk techniques [10] and microscopic
(local) probes [11].
Magnetic and structural phase coexistence and the metasta-

bility of magnetic phases across the transition have been experi-
mentally investigated in a few CeFe2-based compounds [11]. Sharp
metamagnetic steps in the magnetization isotherms associated
with structural changes were observed in different classes of ma-
terials, and they have attracted a lot of attention because of the
universality of this phenomenon [12–14]. Based on magnetostric-
tion and neutron diffraction studies, it was proposed that the step
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behavior seen in the low-temperature magnetization isotherms
is linked to the catastrophic relief of strain built up during the
first-order magnetostructural phase transition in which the mag-
netic state changes fromantiferromagnetic (AFM) to ferromagnetic
(FM) [15]. Themartensitic strains are a result of the lattice volume
mismatch between the two different crystallographic structures
corresponding to the AFM and FM phases. However, no systematic
studies of bothmagnetization and crystal structure as a function of
magnetic field and temperature have been reported to date in any
of the doped CeFe2 compounds.
Anomalous behavior in doped CeFe2 compounds has attracted

the attention of many researchers for a long time [16–18]. Certain
substitutions such as Ru, Re, Ga and Si are known to stabilize the
fluctuating low-temperature antiferromagnetism of CeFe2 [19].
The high-temperature ferromagnetic (FM) phase is known to
change to a low-temperature antiferromagnetic (AFM) phase on
cooling. This is accompanied by a crystallographic distortion
from a cubic to a rhombohedral structure [16,20]. The magnetic
phase transition and co-existence of magnetic phases have been
studied by different experimental means. It has been found
that the features associated with the martensitic scenario in the
manganites and the intermetallic compounds such as Gd5Ge4 and
doped CeFe2 have many similarities [8,9]. Recently, Ahn et al. have
shown from their theoretical model that the micrometer-scale
multiphase co-existence is self-organized and originates from the
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intrinsic lattice degrees of freedom rather than the charge density
in phase-separated manganites [1]. Therefore, it is important to
analyze the structural variation with field and temperature in
order to establish the origin of the distinct features such as
phase co-existence, supercooling and superheating, and jumps in
magnetization and resistivity, in intermetallic compounds. Doped
CeFe2 compounds offer an ideal avenue for such a study.
Recently, we have found that Ga substitution stabilizes the

AFM state in CeFe2 and gives rise to the above-mentioned features
associated with a first-order transition [9]. Similar martensitic
behavior has been found in Si-doped compounds as well [21]. In
this work, we have investigated the magnetostructural evolution
in the Ce(Fe0.95Si0.05)2 system using an in situ X-ray powder
diffraction study at various temperatures and magnetic fields
across the FM–AFM phase transition.

2. Experimental details

Polycrystalline Ce(Fe0.95Si0.05)2 compound was prepared by
methods reported elsewhere [21]. The temperature (10–295K) and
field (0–40 kOe) dependent X-ray powder diffraction (XRD) data
were collected using a Rigaku TTRAX powder diffractometer with
Mo Kα radiation [22]. In view of the strong oxidation tendency
of Ce(Fe0.95Si0.05)2, the fine powder (<25 µm) of the sample
was prepared in a glove box. The powder was then mixed with
GE varnish and dried in air for 4 days in order to solidify the
specimen and prevent the rotation of individual particles by the
magnetic field. To reduce the surface roughness and preferred
orientation, a flat surface was created using a 400 grit sandpaper.
Multiple sets of diffraction data were collected in step scanning
mode (0.5–2 s/step), with a 0.01◦ step of 2θ over the range 9◦ ≤
2θ ≤ 45◦. Each data set was analyzed by Rietveld refinement
to determine the unit cell dimensions and phase contents, when
two different crystallographic phases coexisted in certain field
and temperature regimes. The temperature and field dependencies
of magnetization data have been collected in zero field cooling
(ZFC), field cooled cooling (FCC) and field cooled warming (FCW)
protocols using a vibrating sample magnetometer attached to a
commercial PPMS (Quantum Design).

3. Results and discussions

Fig. 1 shows the temperature variation of magnetization data in
ZFC, FCC and FCWmodes of Ce(Fe0.95Si0.05)2 in 200 Oe and 40 kOe
magnetic fields. As reported earlier,with Si substitution, the fluctu-
ating low-temperature antiferromagnetic ground state in undoped
CeFe2 gets stabilized [21]. The compound shows a paramagnetic
(PM)–ferromagnetic (FM) transition during heating/cooling at the
Curie temperature (TC ) of 184 K. During cooling it undergoes an
FM–AFM transition at TN = 87 K. On warming, the AFM–FM tran-
sition occurs at 90 K. The thermal hysteresis observed between the
cooling and warming data across the AFM–FM transition region is
in agreementwith earlier reports on Ru-doped CeFe2 and indicates
the first-order nature of the transition [11]. As a consequence of the
first-order transition, it has been found that a fraction of the high-
temperature structural/magnetic phase gets supercooled to tem-
peratures below TN , thereby causing the coexistence of the high-
and low-temperature phases [11]. It can be seen from Fig. 1 that
the bifurcation between the FCC and ZFCmagnetization data at the
AFM–FM transition region increases remarkably when the field is
increased to 40 kOe. This is due to the fact that the higher applied
field enhances the supercooling of the FM component below TN .
The magnetization data strongly indicate the possibility of magne-
tostructural coupling at the AFM–FM transition. Therefore, it is im-
portant to investigate the evolution of the structural phases with
Fig. 1. Temperature variation of magnetization in ZFC, FCC and FCW modes in
Ce(Fe0.95Si0.05)2 at H = 0.2 kOe and 40 kOe.

Fig. 2. Temperature variation of the normalized lattice parameters in Ce(Fe0.95
Si0.05)2 during cooling and heating in zero magnetic field. The inset shows the
variation of the unit cell volume with temperature.

temperature in various applied fields, with different measurement
protocols.
The temperature dependent X-ray powder diffraction data

reveal that Ce(Fe0.95Si0.05)2 possesses a cubic Laves phase structure
at room temperature, and the cubic structure is preserved down
to 90 K during cooling. On further cooling, the compound
exhibits a structural transformation from the cubic structure
to a rhombohedral structure at 85 K, and the rhombohedral
structure is retained down to 10 K. Fig. 2 shows the temperature
variation of the normalized lattice parameters obtained from the
Rietveld refinement of X-ray diffraction data collected at various
temperatures during cooling and heating modes in zero field. The
lattice parameters of the rhombohedral phase were calculated by
Rietveld refinement using the hexagonal setting of the R3m space
group symmetry. The calculated arh. and crh. parameters were
modified (arh. was multiplied by

√
2, and crh. was divided by

√
3)

in order to be directly compared with the high-temperature cubic
lattice parameter. The unit cell volume was also normalized: V =
Vrh. × 4/3. During warming, the reverse transformation from the
rhombohedral to cubic structure occurs at 90 K.
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Fig. 3. The left panel shows the temperature variation of the normalized lattice
parameter in ZFC and FCC modes at H = 40 kOe. The right panel shows
the concentrations of phases with different crystal structures as a function of
temperature.

The structural transition temperature during cooling (heating)
coincides with the magnetic transition temperature from the FM
(AFM) phase to the AFM (FM) phase. Therefore, the temperature
dependent X-ray data reveal that in theAFMphase Ce(Fe0.95Si0.05)2
possesses a rhombohedral structure,whereas in the FMand the PM
phases it possesses a cubic structure. The thermal irreversibility
associated with the structural phase transformation may arise
due to limitations on the nucleation and growth of one phase
at the expense of the other during the structural transformation
because of the lattice strain build-up. From Figs. 1 and 2, it is clear
that the cubic (FM)–rhombohedral (AFM) transition during cooling
occurs at a lower temperature compared to the rhombohedral
(AFM)–cubic (FM) transition during warming as a result of
superheating and supercooling effect [23]. It may be noted from
the inset of Fig. 2 that the temperature variation of unit cell
volume associated with the magnetostructural transition shows a
discontinuity, and the unit cell volume of the rhombohedral phase
is higher compared to that of the cubic phase.
In order to further understand the magnetostructural proper-

ties of Ce(Fe0.95Si0.05)2, we have also studied the temperature de-
pendence of the crystal structure using X-ray powder diffraction in
an applied magnetic field (H) of 40 kOe under ZFC and FCC proto-
cols, and the results are shown in Fig. 3. We note that in the ZFC
mode, in the 10–35 K temperature range, the compound is fully in
the rhombohedral structure. However, phase co-existence is ob-
served across the rhombohedral to cubic phase transition region.
Furthermore, it may be noted that while 40 kOe field is insuffi-
cient to cause the rhombohedral to cubic transformation at low
temperatures in the ZFC protocol, in the FCC protocol the cubic
phase coexists with the rhombohedral phase over a large tempera-
ture span. This phase coexistence is attributed to the supercooling
effect, which facilitates the formation of the FM phase at the ex-
pense of the AFMphasewith increase in the applied field.We recall
here that theM–T data (see Fig. 1) show that under the ZFC proto-
col, at low temperatures, the magnetization of Ce(Fe0.95Si0.05)2 is
substantially lower compared to the magnetization under the FCC
protocol, which indicates the presence of the high-temperature
ferromagnetic phase at low temperatures under the FCC proto-
col. This observation corroborates the X-ray results and indicates
that in Ce(Fe0.95Si0.05)2 themagnetismand structure are intimately
coupled.
Fig. 4 shows the field dependence of magnetization of

Ce(Fe0.95Si0.05)2. Similar observations have been reported for other
Fig. 4. Magnetization isotherms of Ce(Fe0.95Si0.05)2 at 30, 50, 70 and 90 K. The
sample was zero field cooled from above its TC between successive measurements.
The inset shows the magnetization isotherm taken at 3 K for increasing and
decreasing fields.

doped CeFe2 compounds [9,15]. We note that below TN the
compound shows a metamagnetic transition from the AFM phase
to the FM phase. Here we define the critical field HC as the field
at which the slope change occurs drastically in the magnetization
isotherms, across the metamagnetic transition (from AFM to FM).
HC is different for the increasing and decreasing field cycles.
Even more interestingly, the field hysteresis increases when the
temperature decreases, meaning that the ‘‘freezing’’ boundary
widens. The energy barrier for the FM–AFM return magnetic
transition is, probably, higher at low temperatures.
On further reducing the temperature, the M(H) isotherm

changes dramatically (see the inset of Fig. 4). At 3 K, the
magnetization shows a huge jump while transforming from the
AFM phase to the FM phase. Therefore, it is clear that large thermal
fluctuations cause a comparatively smooth transition across the
metamagnetic region at high temperatures. The irreversibility
between the field-up and field-down data is attributed to
the supercooling and superheating of the ferromagnetic phase
during field cycling. In CeFe2-based materials similar effects of
supercooling and superheating have been observed with Hall
probe measurements [11]. In the light of these observations, it is
of importance to examine how the structure transforms with the
application of the magnetic field.
Fig. 5(a) shows the field dependence of the XRD data of

Ce(Fe0.95Si0.05)2 collected at 60 K. The measurement has been
done with a field step of 5 kOe. The compound was cooled from
305 K to 60 K in zero field and the X-ray diffraction patterns were
recorded while increasing the field. In order to highlight the effect
of the magnetic field on the crystal structure, in the lower panel
of Fig. 5(a), two selected regions (27◦–28.3◦ and 31.3◦–32.8◦) are
shown in the expanded view. We note that around 27.7◦ and 32◦,
four Bragg reflections of the rhombohedral phase ((214) and (018)
for 27.7◦, and (220) and (208) for 32◦) merge into two Bragg peaks
of the cubic phase ((224) and (044), respectively) with increasing
field, which indicates the rhombohedral to cubic crystallographic
phase change.
The M–H isotherm and the calculated phase fraction of the

cubic (FM) phase with varying field at 60 K are shown in Fig. 5(b).
It is found that at 60 K the rhombohedral structure is retained
up to a field of 20 kOe. However, at 25 kOe, more than 50%
of the rhombohedral phase is converted to the cubic phase.
It is interesting to note that the ZFC M(H) of Ce(Fe0.95Si0.05)2
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Fig. 5. (a) Field variation of X-ray powder diffraction patterns of Ce(Fe0.95Si0.05)2 at 60 K. The lower panel shows the enlarged portion of two characteristic regions of the
pattern. (b) Variation of isothermal magnetization and the percentage of the cubic (FM) phase as a function of applied field at 60 K.
also shows a metamagnetic phase transition at the same field.
With further increase in field (≥30 kOe), almost all (∼95%) of
the rhombohedral phase is converted into the cubic phase; thus
our field dependent X-ray diffraction data show that in this
metamagnetic process the concentration of the cubic polymorph of
the compound is in a quantitative relationship with the evolution
of bulk magnetization.
The agreement between the growth of the net magnetization

and the percentage of the cubic (FM) phase as a function of field is
obvious. This observation serves as strong experimental evidence
for the expected coupling of lattice and spin phenomena in this
compound. Moreover, it is justified to conclude that properties
such as supercooling/superheating and phase co-existence are
associated with the structural distortion. So, we believe that
the structural distortion has to be treated explicitly as a main
contribution to the anomalous behavior of this compound, and
probably other doped CeFe2 compounds, along with its coupling
with spins. The inclusion of lattice degrees of freedom, together
with the lattice–spin coupling, can explain the universality of
the features observed in the CeFe2-based series of materials.
Such a scenario is true in the case of phase-separated perovskite
manganites, as was suggested earlier by Ahn et al. [1]. The origin
of steps in the magnetization isotherms at low temperatures
in Ce(Fe0.95Si0.05)2 can be explained with this clear picture of
structural transformation. The volume mismatch (see the inset
of Fig. 2) between the two structures, rhombohedral and cubic,
produces strains in the system. Relief of strains along with the
moment reorientation from the AFM configuration to the FM
configuration makes the system convert to its high-field stable
phase in a burst-like fashion, resulting in the steps.
The above-mentioned results help to explain another important

feature generally seen in doped CeFe2, which is the magnetic
field sweep rate dependence of the magnetization [9]. Due to
the presence of relaxation in these materials, the magnetization
behavior is found to depend on the experimental time scale of
the measurement. It was found that the critical fields, at which
the steps occur, decrease with increase in the field sweep rate.
Furthermore, the number of steps is also dependent on the
sweep rate. So it is important to investigate the kinetics of the
magnetization process in this system. The issue of kinetics can
be addressed under the template of structural transformation. It
is to be noted here that each structural transformation possesses
a characteristic relaxation time, which becomes sluggish with
the decrease in temperature as a result of the reduction in the
displacive motion of the atoms [24]. If the experimental time scale
is not sufficient to convert a structure to its equilibrium phase at
a certain temperature and magnetic field, the structural evolution
will be slow. Due to the magnetostructural coupling, the moment
relaxation will also be slow in such a case. It has been reported
that such relaxation behavior is shown by some phase-separated
manganites [25,26] as well as doped CeFe2 [9].

4. Conclusions

To summarize, we have systematically studied the variation of
crystal structure under ZFC, FCC and FCW modes in zero and high
(40 kOe) magnetic fields in Ce(Fe0.95Si0.05)2. A temperature and
field induced structural transformation has been observed from
the XRD study. This, in conjunctionwith themagnetization results,
confirms the presence of distinct features associatedwith the first-
order phase transition such as supercooling and superheating,
metastability, and phase co-existence of different structural
polymorphs. We have also shown the lattice volume mismatch
across the structural phase transition, which is responsible for
creating the martensitic strains in the AFM–FM transition region.
Based on the present study, we conclude that lattice distortion,
like spin, has to be taken into account along with the effects of
lattice–spin coupling in order to understand the magnetization
dynamics of doped CeFe2. This structure template can resolve the
issue of kinetics in this system as observed in different time scale
measurements and with different experimental protocols.

Acknowledgements

KGS and AKN thank BRNS (DAE) for the financial assistance
for carrying out this work. The Ames Laboratory is supported by
the Office of Basic Energy Sciences, Materials Sciences Division
of the US Department of Energy under contract No. DE-AC02-
07CH11358 with Iowa State University. The authors thank Prof.
K.A. Gschneidner, Jr. for fruitful discussions.

References

[1] K.H. Ahn, T. Lookman, A.R. Bishop, Nature (London) 428 (2004) 401.
[2] V.K. Pecharsky, A.P. Holm, K.A. Gschneidner Jr., R. Rink, Phys. Rev. Lett. 91
(2003) 197204.

[3] V.K. Pecharsky, A.O. Pecharsky, Y. Mozharivskyj, K.A. Gschneidner Jr.,
G.J. Miller, Phys. Rev. Lett. 91 (2003) 207205.

[4] W. Choe, V.K. Pecharsky, A.O. Pecharsky, K.A. Gschneidner Jr., V.G. Young Jr.,
G.J. Miller, Phys. Rev. Lett. 84 (2000) 4617.

[5] Niraj K. Singh, Durga Paudyal, Ya.Mudryk, V.K. Pecharsky, K.A. Gschneidner Jr.,
Phys. Rev. B 79 (2009) 094115.



A. Haldar et al. / Solid State Communications 150 (2010) 879–883 883
[6] R. Mahendiran, A. Maignan, S. Hebert, C. Martin, M. Hervieu, B. Raveau,
J.F. Mitchell, P. Schiffer, Phys. Rev. Lett. 89 (2002) 286602.

[7] V. Hardy, S. Majumdar, M.R. Lees, D.McK. Paul, C. Yaicle, M. Hervieu, Phys. Rev.
B 70 (2004) 104423.

[8] V. Hardy, S. Majumdar, S.J. Crowe,M.R. Lees, D.McK. Paul, L. Herve, A. Maignan,
S. Hebert, C. Martin, C. Yaicle, M. Hervieu, B. Raveau, Phys. Rev. B 69 (2004)
020407(R).

[9] A. Haldar, K.G. Suresh, A.K. Nigam, Phys. Rev. B 78 (2008) 144429.
[10] M.A. Manekar, S. Chaudhary, M.K. Chattopadhyay, K.J. Singh, S.B. Roy,

P. Chaddah, Phys. Rev. B 64 (2001) 104416.
[11] S.B. Roy, G.K. Perkins, M.K. Chattopadhyay, A.K. Nigam, K.J.S. Sokhey,

P. Chaddah, A.D. Caplin, L.F. Cohen, Phys. Rev. Lett. 92 (2004) 147203.
[12] S.B. Roy, P. Chaddah, V.K. Pecharsky Jr., K.A. Gschneidner, ActaMater. 56 (2008)

5895.
[13] K. Kumar, A.K. Pramanik, A. Banerjee, P. Chaddah, S.B. Roy, S. Park, C.L. Zhang,

S.-W. Cheong, Phys. Rev. B 73 (2006) 184435.
[14] V. Hardy, S. Majumdar, S.J. Crowe,M.R. Lees, D.McK. Paul, L. Herve, A. Maignan,

S. Hebert, C. Martin, C. Yaicle, M. Hervieu, B. Raveau, Phys. Rev. B 69 (2004)
020407(R).
[15] S.B. Roy, M.K. Chattopadhyay, P. Chaddah, Phys. Rev. B 71 (2005) 174413.
[16] S.B. Roy, B.R. Coles, J. Phys.: Condens. Matter 1 (1989) 419.
[17] O. Eriksson, L. Nordstrom,M.S.S. Brooks, B. Johansson, Phys. Rev. Lett. 60 (1988)

2523.
[18] S.J. Kennedy, B.R. Coles, J. Phys.: Condens. Matter 2 (1990) 1213.
[19] L. Paolasini, B. Ouladdiaf, N. Bernhoeft, J.-P. Sanchez, P. Vulliet, G.H. Lander,

P. Canfield, Phys. Rev. Lett. 90 (2003) 057201.
[20] K. Koyamaa, K. Fukushimaa, M. Yamadab, T. Gotob, Y. Makiharac, H. Fujiid,

K. Watanabe, Physica B 346–347 (2004) 187.
[21] A. Haldar, K.G. Suresh, A.K. Nigam, arXiv:0810.5017, 2008.
[22] A.P. Holm, V.K. Pecharsky, K.A. Gschneidner Jr., R. Rink, M.N. Jirmanus, Rev. Sci.

Instrum. 75 (2004) 1081.
[23] M.K. Chattopadhyay, S.B. Roy, A.K. Nigam, K.J.S. Sokhey, P. Chaddah, Phys. Rev.

B 68 (2003) 174404.
[24] K.J. Singh, S. Chaudhary, M.K. Chattopadhyay, M.A. Manekar, S.B. Roy,

P. Chaddah, Phys. Rev. B 65 (2002) 094419.
[25] T. Wu, J.F. Mitchell, Phys. Rev. B 69 (2004) 100405(R).
[26] V. Hardy, A. Maignan, S. Hebert, C. Yaicle, C. Martin, M. Hervieu, M.R. Lees,

G. Rowlands, D.M. Paul, B. Raveau, Phys. Rev. B 68 (2003) 220402(R).

http://arxiv.org/0810.5017

	Temperature and magnetic field induced structural transformation in Si-doped  CeFe2 : An in-field X-ray diffraction study
	Introduction
	Experimental details
	Results and discussions
	Conclusions
	Acknowledgements
	References


