
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 69, 020407~R! ~2004!
Field-induced magnetization steps in intermetallic compounds and manganese oxides:
The martensitic scenario
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Field-induced magnetization jumps with similar characteristics are observed at low temperature for the
intermetallic germanide Gd5Ge4 and the mixed-valent manganite Pr0.6Ca0.4Mn0.96Ga0.04O3. We report that the
field location—and even the existence—of these jumps depends critically on the magnetic field sweep rate used
to record the data. It is proposed that, for both compounds, the martensitic character of their antiferromagnetic-
to-ferromagnetic transitions is at the origin of the magnetization steps.
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The Gd5(SixGe12x)4 pseudobinary system has attract
growing interest in recent years1–9 owing to the wealth of
interesting physical properties it displays including a gia
magnetocaloric effect1 and a colossal magnetostriction2

These striking phenomena are related to a strong inter
between the magnetic and structural features in this sys
These compounds have a layered structure made up of
nanometric slabs connected via covalentlike bonds.7 The de-
gree of interslab connectivity not only depends onx but also
on the magnetic state. For instance, withx50, the slabs are
completely interconnected in the ferromagnetic~FM! state,
whereas all the bonds are broken in both the antiferrom
netic ~AF! and paramagnetic~P! states.6

Recently, Levinet al.8 have reported an intriguing phe
nomenon for Gd5Ge4. After zero-field cooling~ZFC!, the
field-increasing branch ofM (H) curves recorded at lowT
exhibit an extremely sharp, irreversible magnetization step
has been proposed that this behavior is related to the stro
anisotropic exchange interactions present in this mate
One should note, however, that the observation of such s
steps in polycrystalline samples is quite unusual for conv
tional metamagnetic transitions.

Interestingly, similar magnetization steps were recen
observed for mixed-valent manganese oxides with the g
eral formula Pr12xCaxMn12yM yO3 ~with x;0.5, y;0.05,
and where M is a cation used to destabilize the M
sublattice!.10–12The Mn-site substitutions weaken the robu
CE-type AF ordering of the parent compoun
Pr12xCaxMnO3 (x;0.5), and favor the development of
phase separation between FM and AF domains. Owing to
collective orbital ordering~OO! accompanying the AF spin
ordering, the unit cell of the AF phase is strongly distort
with respect to that of the FM phase. Therefore, as a m
netic field is applied, competition develops between the m
netic energy promoting the development of the FM ph
and the elastic energy associated with the strains create
the AF/FM interfaces, which tends to block th
transformation.13 The martensitic nature of this transform
tion has led us to propose that the magnetization step co
sponds to a burstlike growth of the FM component when
driving force overcomes the energy barriers associated
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the strains. Remarkably, it turns out that Gd5Ge4 is also a
system in which FM and AF domains can coexist, and
transformation between these two phases has a pronou
martensitic character.6,8 This is due to the collective shea
movement of the slabs at the AF/FM transition which pr
duces a considerable distortion of the unit cell. For t
closely related Gd5(Si0.1Ge0.9)4 compound, Morellonet al.3

reported that the cell parametera decreases by 1.6%, whileb
andc increase by 0.7% and 0.3%, respectively, at the AF/F
transition~Pnmaspace group for both phases!.

This set of features has prompted us to undertake a
cise comparative study between Gd5Ge4 and a Mn-site-
substituted manganite, with a particular focus on the infl
ence of the magnetic field sweep rate on the field-indu
transformations. Our goal was to further investigate the si
larity of the magnetization steps in these two systems and
relevance of the martensitic scenario to both of them.

The Gd5Ge4 sample was prepared by arc melting a s
ichiometric mixture of 99.9 wt % pure Gd and 99.99 wt
pure Ge. The synthesis was carried out under a high-pu
argon atmosphere, turning the sample several times to en
a good homogeneity. The Gd/Ge ratio was checked by
ergy dispersive spectroscopy~EDS! to be equal to the nomi-
nal composition to within the accuracy of this technique. N
impurities were detected by x-ray powder diffraction, whi
showed that the system has an orthorhombic structur
room temperature~Pnma space group! with lattice param-
eters@a57.68(1) Å, b514.80(1) Å, andc57.77(1) Å] in
line with the literature.6 The manganite chosen to compa
with Gd5Ge4 is Pr0.6Ca0.4Mn0.96Ga0.04O3, hereafter denoted
as @PrCa40#Ga4%. This compound exhibits a phase sepa
tion similar to that of Gd5Ge4, and it is less sensitive to
training effects than most of the manganites.11 A
@PrCa40#Ga4% ceramic sample was synthesized by so
state reaction according to a process described pr
ously.10 It also has a room-temperaturePnma orthorhom-
bic structure witha55.4293~3! Å, b57.6443~4! Å, and
c55.4097(3) Å. Magnetic measurements were carried
using a superconducting quantum interference dev
~SQUID! magnetometer and a vibrating sample magnetom
ter ~VSM!. All the M (H) curves were recorded after th
samples were ZFC from the paramagnetic state at 300 K
©2004 The American Physical Society07-1
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The main panel of Fig. 1 shows the ZFC and FCC~field-
cooled-cooling! dc magnetization~M! curves as a function o
temperature for Gd5Ge4. These curves were recorded in
field of 1.2 T to be comparable with those of Ref. 8. T
inset shows the same data sets for@PrCa40#Ga4%. The
M (T) curves of Gd5Ge4 exhibit the same general features
those reported by Levinet al.8: ~i! a kink atTN5127 K and
~ii ! an increase ofM at low T, which is associated with the
onset of a FM ordering. There is a pronounced hysteres
low T that points to the first-order character of this ferroma
netic transition, the inflection point on the ZFC and FC
curves being at;28 and;21 K, respectively. As in Ref. 8
one can also observe that the maximum value ofM (T) is
larger for the ZFC data than for the FCC data and that th
is a steep rise of the ZFCM (T) on the low-T side of the
peak. It should be noted that this last feature is quite unu
for standard ferromagnets in a field as large as 1.2 T. It s
gests that the onset of the FM phase is hindered when z
field-cooling this compound down to very low temperatu
In addition, note that the difference between the values of
magnetization for the ZFC and FCC curves around 20 K m
be related to the large magnetostriction present in this m
rial. A Curie-Weiss fit of the paramagnetic regime forT
.240 K gives uCW5(115.260.5) K and me f f5(7.85
60.01)mB /Gd, the latter value being close to the theoreti
expectation (me f f57.94mB /Gd). This set of parameters i
also consistent with the previous study of Gd5Ge4 which
reporteduCW;94 K andme f f;7.45mB /Gd.8 A closer look
at the data of Fig. 1 reveals some differences from
sample studied by Levinet al.,8 in particular aM (T→0)
value of the ZFC curve that is larger by;25% in our case.

The inset of Fig. 1 shows that theM (T) curves of
@PrCa40#Ga4% exhibit low-T features that are remarkab
similar to those found in Gd5Ge4. This behavior was attrib-
uted to the appearance of a FM component in this manga
while electron microscopy demonstrated the persistence
low T, of a short-range OO associated with the CE-type
phase.11 The similarity between theM (T) curves of Gd5Ge4
and @PrCa40#Ga4% in the low-T regime is consistent with
the existence, in both systems, of related ground states b
on phase separation between AF and FM domains.

FIG. 1. dc magnetization curves recorded for Gd5Ge4 ~main
panel! and Pr0.6Ca0.4Mn0.96Ga0.04O3 ~inset! in a field of 1.2 T. The
open and solid symbols correspond to the zero-field-cooled
field-cooled-cooling modes, respectively. Arrows and labels on
main panel denote the Ne´el temperature (TN;127 K) and Curie
temperature (TC;25 K) of Gd5Ge4.
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The main panel of Fig. 2 shows aM (H) curve recorded
for Gd5Ge4 at 2 K after ZFC. For the field-increasing branc
there is a dramatic step in the magnetization between 2
and 2.50 T. This jump is followed by a plateau, then
smooth tail, before finally reachingMsat536.6mB /f.u. at 5
T. This saturation value corresponds to 7.3mB /Gd, in good
agreement with Ref. 8. The field-decreasing branch is alm
flat down to;1 T before going to zero. Increasing the fie
once again produces a curve superimposed on the revers
of the first loop, demonstrating the complete irreversibility
the transformation at this temperature. The overall beha
displayed in the main panel of Fig. 2 is in line with th
features reported by Levinet al.8 The difference, however, is
that our sample exhibits a sizable FM component, as alre
suggested by the ZFC value ofM (T→0). In Fig. 2, this is
clearly revealed by the shape of the virgin magnetizat
curve at low fields. It is worth noting that the behavior of th
sample shown in Fig. 2 is closer to that described in Re
when it is cooled in a field of 1.2 T to assist the onset of t
FM component. We suggest that the two samples may d
on a microstructural or nanostructural level~for example,
grain size or local defects!, and this in turn may influence th
ability of the samples to accommodate the strains associ
with the martensitic~FM! phase.14–16 In addition, we note
that the sample studied here may contain a higher densit
nonmetallic impurities than the one discussed in Ref. 8,
cause of the slightly lower purity of the Gd used in its sy
thesis. A comparison of the present data with those of Re
suggests that interstitial impurities may favor the onset of
FM component by stabilizing the high-field Gd5Ge4 mag-
netic structure in zero magnetic field.

The inset of Fig. 2 shows aM (H) curve recorded for
@PrCa40#Ga4% at 3.25 K, after ZFC. This sample also e
hibits a magnetization jump and all the features found
Gd5Ge4. For both compounds, the location of the magne
zation steps in theM (H) curves depends on the temperatu
In order to obtain comparable data for each system, all
M (H) loops recorded hereafter were recorded at 2 K for
Gd5Ge4 and at 3.25 K for@PrCa40#Ga4%.

In manganites, one of the features supporting a marte
tic scenario rather than standard metamagnetism was th
fluence of the field spacing used to record theM (H) curves
by SQUID magnetometry.13 It was found that smaller field

d
e

FIG. 2. Magnetic hysteresis loops recorded with a SQUID m
netometer after zero-field cooling: at 2 K for Gd5Ge4 ~main panel!
and at 3.25 K for Pr0.6Ca0.4Mn0.96Ga0.04O3 ~inset!.
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increments can delay the magnetic instability, pushing
steps to higher field values. With SQUID measurements s
a field-spacing effect can be related to the average magn
field sweep rate. In the present study, we have used a V
which is more suited to properly address this issue, since
data can be recorded while ramping the field. For each of
compounds investigated, we have first checked the repro
ibility of the step field value for repeated measurements
ing the same magnetic field sweep rate.

Figure 3 shows enlargements of three successive Z
M (H) loops recorded on Gd5Ge4 and @PrCa40#Ga4%. One
can observe small variations from run to run in the value
the step field, which is found to be 2.7860.08 T in both
cases. Additional ZFC loops recorded in the case of Gd5Ge4
showed that the step field always lies within this range. T
difference between these data and the measurements
using a SQUID magnetometer~shown in Fig. 2! will be dis-
cussed below. Even though attention has been paid to
reproducibility of the experimental conditions in which th
VSM measurements were performed, we cannot rule out
possibility of small variations in some of the experimen
parameters~for example, the effective cooling rate or th
value of the trapped field in the superconducting coil dur
zero-field cooling!. These variations may account for the o
served scatter in the location of the step field. On the ot
hand, it should be noted that the existence of such a his
dependence may also be regarded as a training effect;
effects are often encountered for martensitic transformatio
In any event, the scatter between successive runs rem
small enough to allow a reliable investigation of the infl
ence of the magnetic field sweep rate on the magnetic s
of both Gd5Ge4 and @PrCa40#Ga4%.

Figure 4 shows enlargements ofM (H) loops recorded on
Gd5Ge4 and@PrCa40#Ga4% with three magnetic field swee
ratesdH/dt5Ḣ, ranging over two orders of magnitude.In
both systems, the magnetization step is found to be

FIG. 3. Enlargements of three successive hysteresis loops
corded with a VSM, after zero-field cooling in each case:~a!
Gd5Ge4 at 2 K, ~b! Pr0.6Ca0.4Mn0.96Ga0.04O3 at 3.25 K. The mag-
netic field sweep rate is 1 T/min.
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foundly affected by the value of H˙ . This result confirms that
these step fields cannot be regarded as true critical fields
metamagnetic transitions. It appears that the influence oḢ

is similar in both systems; asḢ is reduced, the smooth up
turn of M (H) starts at lower fields, whereas the step in t
magnetization is pushed to a higher field. For Gd5Ge4, this
effect is so pronounced that there is no longer a step foḢ

50.01 T/min. A similar disappearance of the step asḢ is
decreased was also observed for@PrCa40#Ga4% at 3.5 K for
0.1 T/min ~not shown!. The influence of the magnetic fiel
sweep rate on the magnetization steps is a feature that ca
accounted for within a martensitic scenario. Indeed, for i
thermal martensitic transformations, it is known that the r
of variation of the driving force~here the magnetic field! can
affect the development of the transformation. For instan
Pérez-Recheet al.17 have recently reported a significant in
fluence of the cooling ratedT/dt on the temperatures of th
peaks displayed on the acoustic emission spectra
Cu68.4Al27.8Ni3.8. In our case, the effect is found to be mo
systematic and pronounced. We suggest that using a sm
Ḣ can facilitate the progressive accommodation of the m
tensitic strains, resulting in an upward shift of the step fie
and even its disappearance. It should be noted that the
usual magnetic dynamics related to the presence of mar
sitic strains has been previously pointed out by Levinet al.8

for Gd5Ge4 on the basis of abnormally sluggish isotherm
relaxation of the magnetization in an undercritical field.

Let us now return to the comparison between the SQU
magnetometer and VSM data. According to the system
influence ofḢ shown by the VSM data, the locations of th
step field in the SQUID data point to an effective sweep r
close to or even slightly larger than 1 T/min. For the SQU
measurements of Fig. 2, the average sweep rate~including
the pause and measurements at each field! is ;0.05 T/min,
while the transitory sweep rate when charging the magne

re- FIG. 4. Enlargements of hysteresis loops recorded with a V
using different magnetic field sweep rates, after zero-field coo
in each case:~a! Gd5Ge4 at 2 K, ~b! Pr0.6Ca0.4Mn0.96Ga0.04O3 at 3.25
K.
7-3



p
am
ac
ld
he

ti
r

th
te

b
In
a
th
y

, in
ls
ced
n-
to

Ac-

f the
. In
rst-
F

C

RAPID COMMUNICATIONS

V. HARDY et al. PHYSICAL REVIEW B 69, 020407~R! ~2004!
;2 T/min. Our results suggest that~i! the average swee
rate is not a relevant parameter for characterizing the dyn
ics when the magnetic field has to be stabilized prior to e
measurement and~ii ! using a fast sweep rate for the fie
installations can play an important role in determining t
response of these martensitic systems.

The present paper demonstrates that the magnetiza
steps recently reported for Gd5Ge4 have features very simila
to those found in manganites such as@PrCa40#Ga4%, includ-
ing a huge influence of the magnetic field sweep rate on
field-induced transformations. Such a feature is inconsis
with a standard metamagnetic transition whereas it can
qualitatively accounted for within a martensitic scenario.
the case of Gd5Ge4, previous studies have already emph
sized the determining role of the martensitic strain on
magnetic properties.6,8,18Although they belong to completel
different classes of materials, both Gd5Ge4 and
s
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@PrCa40#Ga4% turn out to be phase-separated systems
which FM and AF domains having very different unit cel
can coexist. Therefore, for both systems, the field-indu
AF-to-FM transition at lowT must be regarded as a marte
sitic transformation. Such transformations are well known
be discontinuous, and they can show burstlike effects.
cordingly, we propose that the similarity of the low-T prop-
erties found in Gd5Ge4 and@PrCa40#Ga4% is not coinciden-
tal and that the magnetization steps are manifestations o
martensitic nature of the transformation in both systems
this scenario, the magnetization jump corresponds to a bu
like growth of the FM component within an essentially A
matrix.
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