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Field-induced magnetization jumps with similar characteristics are observed at low temperature for the
intermetallic germanide Ge, and the mixed-valent manganite,RCa, sMng oeGay 0LO3. 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 Gd(Si,Ge, )4 pseudobinary system has attractedthe strains. Remarkably, it turns out that (G is also a
growing interest in recent years owing to the wealth of system in which FM and AF domains can coexist, and the
interesting physical properties it displays including a gianttransformation between these two phases has a pronounced
magnetocaloric effettand a colossal magnetostrictibn. martensitic characté® This is due to the collective shear
These striking phenomena are related to a strong interplajpovement of the slabs at the AF/FM transition which pro-
between the magnetic and structural features in this systerfUCeS a considerable distortion of the unit cell. For the

H 3
These compounds have a layered structure made up of suBeSely related Gg(Si; ;Ge, 94 compound, Morelloret al:

nanometric slabs connected via covalentlike bohtlse de- repor‘ged that the cell parameedecreases _by 1.6%, white
gree of interslab connectivity not only dependsxdnut also andc increase by 0.7% and 0.3%, respectively, at the AF/FM

on the magnetic state. For instance, with 0, the slabs are transition(Pnmaspace group for both phases

. . This set of features has prompted us to undertake a pre-
completely interconnected in the ferromagndfd/) state, cise comparative study between (@i, and a Mn-site-

Whgreas all the bonds are_broken in both the ant'ferromags'ubstituted manganite, with a particular focus on the influ-
netic (AF) and pa}ramagsnen(P) states’ o ence of the magnetic field sweep rate on the field-induced
Recently, Levinet al” have reported an intriguing phe- yansformations. Our goal was to further investigate the simi-
nomenon for GglGe,. After zero-field cooling(ZFC), the |arity of the magnetization steps in these two systems and the
field-increasing branch o (H) curves recorded at oW relevance of the martensitic scenario to both of them.
exhibit an extremely sharp, irreversible magnetization step. It The GdGe, sample was prepared by arc melting a sto-
has been proposed that this behavior is related to the strongighiometric mixture of 99.9 wt% pure Gd and 99.99 wt %
anisotropic exchange interactions present in this materiapure Ge. The synthesis was carried out under a high-purity
One should note, however, that the observation of such shagrgon atmosphere, turning the sample several times to ensure
steps in polycrystalline samples is quite unusual for convena good homogeneity. The Gd/Ge ratio was checked by en-
tional metamagnetic transitions. ergy dispersive spectroscogDS) to be equal to the nomi-
Interestingly, similar magnetization steps were recentlynal composition to within the accuracy of this technique. No
observed for mixed-valent manganese oxides with the gerimpurities were detected by x-ray powder diffraction, which
eral formula Py_,CaMn;_ M0 (with x~0.5, y~0.05,  showed that the system has an orthorhombic structure at
and whereM is a cation used to destabilize the Mn room temperaturéPnmaspace groupwith lattice param-
sublattice.’~12The Mn-site substitutions weaken the robustetersfa=7.68(1) A, b=14.80(1) A, ancc=7.77(1) A] in
CE-type AF ordering of the parent compound line with the literaturé. The manganite chosen to compare
Pr,_,CaMnO; (x~0.5), and favor the development of a with GdsGe, is P ¢Cay qMng oGap 003, hereafter denoted
phase separation between FM and AF domains. Owing to thas [PrCa4(Ga4%. This compound exhibits a phase separa-
collective orbital orderingOO) accompanying the AF spin tion similar to that of GgGe, and it is less sensitive to
ordering, the unit cell of the AF phase is strongly distortedtraining effects than most of the manganitésA
with respect to that of the FM phase. Therefore, as a mad-PrCa4QGa4% ceramic sample was synthesized by solid-
netic field is applied, competition develops between the magstate reaction according to a process described previ-
netic energy promoting the development of the FM phas®usly’® It also has a room-temperatufenma orthorhom-
and the elastic energy associated with the strains created hic structure witha=5.42933) A, b=7.64434) A, and
the AF/FM interfaces, which tends to block the c=5.4097(3) A. Magnetic measurements were carried out
transformatiort> The martensitic nature of this transforma- using a superconducting quantum interference device
tion has led us to propose that the magnetization step corré SQUID) magnetometer and a vibrating sample magnetome-
sponds to a burstlike growth of the FM component when theer (VSM). All the M(H) curves were recorded after the
driving force overcomes the energy barriers associated witsamples were ZFC from the paramagnetic state at 300 K.
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FIG. 1. dc magnetization curves recorded for;Gd, (main ) ) )
pane) and Pg ¢{Cay Mno oGa 005 (insed in a field of 1.2 T. The FIG. 2. Magnetic hystere3|§ loops recorded with a SQUID mag-
open and solid symbols correspond to the zero-field-cooled angetometer after zero-field cooling: at 2 K for £k, (main panel

field-cooled-cooling modes, respectively. Arrows and labels on thénd at 3.25 K for RyeCay Mo 0Ga.040; (insed.
main panel denote the ‘Wetemperature Ty~127 K) and Curie
temperature Tc~ 25 K) of Gd;Gey. The main panel of Fig. 2 showsM(H) curve recorded
for Gd;Ge, at 2 K after ZFC. For the field-increasing branch,
The main panel of Fig. 1 shows the ZFC and F@i€ld-  there is a dramatic step in the magnetization between 2.25
cooled-cooling dc magnetizatioiM) curves as a function of and 2.50 T. This jump is followed by a plateau, then a
temperature for Gg5e,. These curves were recorded in a smooth tail, before finally reachinil .= 36.6ug/f.u. at 5
field of 1.2 T to be comparable with those of Ref. 8. TheT. This saturation value corresponds to Zz3Gd, in good
inset shows the same data sets f@rCa4QGa4%. The agreement with Ref. 8. The field-decreasing branch is almost
M(T) curves of GgGe, exhibit the same general features asflat down to~1 T before going to zero. Increasing the field
those reported by Leviet al®: (i) a kink atTy=127 K and  once again produces a curve superimposed on the reverse leg
(i) an increase oM at low T, which is associated with the of the first loop, demonstrating the complete irreversibility of
onset of a FM ordering. There is a pronounced hysteresis ahe transformation at this temperature. The overall behavior
low T that points to the first-order character of this ferromag-displayed in the main panel of Fig. 2 is in line with the
netic transition, the inflection point on the ZFC and FCCfeatures reported by Leviet al® The difference, however, is
curves being at-28 and~ 21 K, respectively. As in Ref. 8, that our sample exhibits a sizable FM component, as already
one can also observe that the maximum valueMdfT) is  suggested by the ZFC value Bf(T—0). In Fig. 2, this is
larger for the ZFC data than for the FCC data and that therelearly revealed by the shape of the virgin magnetization
is a steep rise of the ZF®(T) on the lowT side of the curve at low fields. It is worth noting that the behavior of the
peak. It should be noted that this last feature is quite unusuaample shown in Fig. 2 is closer to that described in Ref. 8
for standard ferromagnets in a field as large as 1.2 T. It sugwhen it is cooled in a field of 1.2 T to assist the onset of the
gests that the onset of the FM phase is hindered when zer¢-M component. We suggest that the two samples may differ
field-cooling this compound down to very low temperature.on a microstructural or nanostructural lev@ér example,
In addition, note that the difference between the values of thgrain size or local defectsand this in turn may influence the
magnetization for the ZFC and FCC curves around 20 K mability of the samples to accommodate the strains associated
be related to the large magnetostriction present in this matewith the martensitidFM) phase:*~*6 In addition, we note
rial. A Curie-Weiss fit of the paramagnetic regime for that the sample studied here may contain a higher density of
>240 K gives Ocw=(115.20.5) K and wues=(7.85 nonmetallic impurities than the one discussed in Ref. 8, be-
+0.01)ug/Gd, the latter value being close to the theoreticalcause of the slightly lower purity of the Gd used in its syn-
expectation fu.si=7.94ug/Gd). This set of parameters is thesis. A comparison of the present data with those of Ref. 8
also consistent with the previous study of &&G&, which  suggests that interstitial impurities may favor the onset of the
reportedfcy~ 94 K and uesi~7.4545/Gd.2 A closer look FM component by stabilizing the high-field G8e, mag-
at the data of Fig. 1 reveals some differences from thenetic structure in zero magnetic field.
sample studied by Levirt al.® in particular aM(T—0) The inset of Fig. 2 shows & (H) curve recorded for
value of the ZFC curve that is larger by25% in our case. [PrCa4QGa4% at 3.25 K, after ZFC. This sample also ex-
The inset of Fig. 1 shows that th®(T) curves of hibits a magnetization jump and all the features found for
[PrCa4QGa4% exhibit lowT features that are remarkably GdsGe;. For both compounds, the location of the magneti-
similar to those found in Gi5e,. This behavior was attrib- zation steps in th&l (H) curves depends on the temperature.
uted to the appearance of a FM component in this manganitdy order to obtain comparable data for each system, all the
while electron microscopy demonstrated the persistence, & (H) loops recorded hereafter were recorded2aK for
low T, of a short-range OO associated with the CE-type AFGd;Ge, and at 3.25 K fo PrCa4(Ga4%.
phase'! The similarity between th&1(T) curves of GdGe, In manganites, one of the features supporting a martensi-
and [PrCa4(QGa4% in the lowT regime is consistent with tic scenario rather than standard metamagnetism was the in-
the existence, in both systems, of related ground states bas#dence of the field spacing used to record MéH) curves
on phase separation between AF and FM domains. by SQUID magnetometr}? It was found that smaller field
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FIG. 3. Enlargements of three successive hysteresis loops re- F|G, 4. Enlargements of hysteresis loops recorded with a VSM
corded with a VSM, after zero-field cooling in each casa:  ysing different magnetic field sweep rates, after zero-field cooling

GdsGe, at 2 K, (b) Pro¢Cay MnoodGa 0403 at 3.25 K. The mag-  in each caseia) GdsGey at 2 K, (b) Pry {Cay Mng oG 005 at 3.25
netic field sweep rate is 1 T/min. K.

increments can delay the magnetic instability, pushing theoyngly affected by the value of. FThis result confirms that
steps to higher field values. With SQUID measurements suchese step fields cannot be regarded as true critical fields for
a_1f|eld-spacmg effect can be related to the average magnethqetamagnetic transitions. It appears that the influendd of
field sweep rate. In the present study, we have used a VSM . .~ o

o . L : IS similar in both systems; ad is reduced, the smooth up-
which is more suited to properly address this issue, since th . .

) . : turn of M(H) starts at lower fields, whereas the step in the

data can be recorded while ramping the field. For each of the

compounds investigated, we have first checked the reprodu{:T-]agneJ[Izatlon 'S pushed to a higher field. ForsGe,, this

ibility of the step field value for repeated measurements useffect is so pronounced that there is no longer a stegfor

ing the same magnetic field sweep rate. =0.01 T/min. A similar disappearance of the stepHass
Figure 3 shows enlargements of three successive zZFdecreased was also observed[ferCa4dGa4% at 3.5 K for
M(H) loops recorded on Gee, and[PrCa4dGa4%. One 0.1 T/min (not shown. The influence of the magnetic field
can observe small variations from run to run in the value ofSweep rate on the magnetization steps is a feature that can be
the step field, which is found to be 2.2®.08 T in both accounted for within a martensitic scenario. Indeed, for iso-
cases. Additional ZFC loops recorded in the case ofGagl  thermal martensitic transformations, it is known that the rate
showed that the step field always lies within this range. Thef variation of the driving forc¢here the magnetic fieJccan
difference between these data and the measurements ma@féect the development of the transformation. For instance,
using a SQUID magnetometéshown in Fig. 2 will be dis-  Peez-Recheet al” have recently reported a significant in-
cussed below. Even though attention has been paid to tHélence of the cooling rateT/dt on the temperatures of the
reproducibility of the experimental conditions in which the peaks displayed on the acoustic emission spectra of
VSM measurements were performed, we cannot rule out theUss.Al27 Nisg In our case, the effect is found to be more
possibility of small variations in some of the experimental Systematic and pronounced. We suggest that using a smaller
parametergfor example, the effective cooling rate or the H can facilitate the progressive accommodation of the mar-
value of the trapped field in the superconducting coil duringtensitic strains, resulting in an upward shift of the step field
zero-field cooling. These variations may account for the ob- and even its disappearance. It should be noted that the un-
served scatter in the location of the step field. On the otheusual magnetic dynamics related to the presence of marten-
hand, it should be noted that the existence of such a historsitic strains has been previously pointed out by Lesfiral®
dependence may also be regarded as a training effect; suébr GdsGe, on the basis of abnormally sluggish isothermal
effects are often encountered for martensitic transformationselaxation of the magnetization in an undercritical field.
In any event, the scatter between successive runs remains Let us now return to the comparison between the SQUID
small enough to allow a reliable investigation of the influ- magnetometer and VSM data. According to the systematic

ence of the magnetic field sweep rate on the magnetic staigfluence ofH shown by the VSM data, the locations of the
of both G&Ge, and[PrCa4qGa4%. step field in the SQUID data point to an effective sweep rate
Figure 4 shows enlargements ldf(H) loops recorded on  cjose to or even slightly larger than 1 T/min. For the SQUID
GdsGe, and[PrCa4QGa4% with three magnetic field sweep measurements of Fig. 2, the average sweep (iatduding
ratesdH/dt=H, ranging over two orders of magnitude.  the pause and measurements at each)figle-0.05 T/min,
both systems, the magnetization step is found to be prowhile the transitory sweep rate when charging the magnet is

020407-3



RAPID COMMUNICATIONS

V. HARDY et al. PHYSICAL REVIEW B 69, 020407R) (2004

~2 T/min. Our results suggest théb the average sweep [PrCa4dGa4% turn out to be phase-separated systems, in
rate is not a relevant parameter for characterizing the dynanwhich FM and AF domains having very different unit cells
ics when the magnetic field has to be stabilized prior to eaclean coexist. Therefore, for both systems, the field-induced
measurement angli) using a fast sweep rate for the field AF-to-FM transition at lowT must be regarded as a marten-
installations can play an important role in determining thesitic transformation. Such transformations are well known to
response of these martensitic systems. be discontinuous, and they can show burstlike effects. Ac-
The present paper demonstrates that the magnetizatiasordingly, we propose that the similarity of the Iolvprop-
steps recently reported for @@8e, have features very similar erties found in GgGe, and[PrCa4(QGa4% is not coinciden-
to those found in manganites such[RsCa4QGa4%, includ-  ta| and that the magnetization steps are manifestations of the
ing a huge influence of the magnetic field sweep rate on thgyartensitic nature of the transformation in both systems. In
field-induced transformations. Such a feature is inconsistenfg scenario, the magnetization jump corresponds to a burst-

with a standard metamagnetic transition whereas it can bg growth of the FM component within an essentially AF
qualitatively accounted for within a martensitic scenario. In o«

the case of Ggse,, previous studies have already empha-

sized the determining role of the martensitic strain on the \We acknowledge the financial support of the EPSRC
magnetic propertie3®*®Although they belong to completely (UK) for this project.
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