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Results of isothermal magnetization and magnetic relaxation measurements are presented probing the nature
of the magnetic-field-induced magnetostructural transition in the intermetallic compow@eGdhis transi-
tion shows the characteristics of a disorder-influenced first order transition including distinct metastable be-
havior. Below approximately 21 K, the transition from the magnetic-field-induced ferromagnetic state back to
the antiferromagnetic state shows additional interesting features. Similarities with other classes of magnetic
systems exhibiting magnetostructural transitions are pointed out.

DOI: 10.1103/PhysRevB.70.214421 PACS nunier75.30.Kz

[. INTRODUCTION of this structural transition were earlier observed in
magnetostrictioh and electrical resistivify experiments as
The intermetallic compound G@e, is drawing much at-  well.

tention in connection with the giant magnetocaloric effect, The magnetostructural AFM-FM transition is a subject of
giant magnetoresistance, and colossal magnetostriction diguch scrutiny at least in two other classes of magnetic sys-
covered in this and other members of thes(=i, ,Gg) fam-  tems,  namely, = manganites  showing  colossal
ily of materials? It orders antiferromagnetically aly  magnetoresistan® (CMR) and pseudobinary alloys of the
~130 K2 and in magnetic fields lower than 10 kOe, the an-C15-Laves phase ferromagnet CgEe' the similarity of
tiferromagnetic order is sustained at least down to 2-  these systems to GBe, has been pointed out recentl{?
der applied magnetic fields exceeding 10 k@ee precise Just as in Ggse, the AFM-FM transition in the two former
field value is temperature dependerdsGe, shows an in-  systems is first order in nature. Metastability is a character-
teresting antiferromagnetiCAFM) to ferromagnetic(FM) istic feature associated with the AFM-FM transition both in
transition that could be driven by both temperat(f¢ and CMR manganite’s and in the doped CeFalloys!* Magne-
magnetic field(H), and a detailedd-T phase diagram for tization relaxation experimerts along with micro-Hall
Gd;Ge, has been obtained through a series of magnetizatioprobe imaging studié revealed important aspects of phase
and heat capacity measuremehtshas been suggested that nucleation and growth across the disorder-influenced first or-
the initial AFM state at the lowest temperatutbelow  der AFM-FM transition in doped CeFalloys. The influence
~10 K), labeled as AFM-2, is different from the higher- of intrinsic quenched-in statistical disorder on a first order
temperature AFM state betweer?1 and=130 K (Ref. 5. phase transition in genetélis a subject of current theoretical
This latter AFM state is marked as AFM-1. The field-inducedinterest?!” With much evidence pointing to the first order
AFM-1 to FM transition is reversible in nature; the systemnature of the magnetostructural AFM-FM transifiohin
reverts back to the AFM-1 state on reductiontbfrom the  GdsGe, it will now be interesting to investigate the character
FM state. The AFM-1 to FM transition fiel(H,,) increases of this transition in more detail. Here we present results of
with the increase i beginning from=10 kOe at=21 K. isothermal magnetization and magnetic relaxation measure-
The field-induced AFM-2 to FM transition, on the other ments in polycrystalline Gf5e, highlighting the metastabil-
hand, is irreversible in nature. The AFM-2 state is lost afterity of phases across the AFM-FM phase transition.
the virgin field cycle, and is recovered only after heating the
sample above 21 K and subsequent coolidg. associated Il. EXPERIMENT
with the AFM-2 to FM transition decreases with the increase
in T and reaches=10 kOe at=8.6 K. The reported tempera-  Various samples of Ggbe, obtained from different
ture independence ¢y, between 8.6 and 21 K is attributed sources have been used in the present study. However, for
to the possible phase coexistence of the AFM-1 and AFM-2he sake of clarity we shall present results obtained with a
phases in this temperature regiféligh-resolution x-ray particularly well characterized sample. The details of prepa-
powder diffraction experiments performénl situ under ap- ration and characterization of this sample can be found in
plied H up to 35 kOe have shown that the AFM-FM transi- Ref. 2 and samples of the same batch were used earlier for
tion in GdGe, is coupled to a martensiticlike structural tran- various other measuremerit$.dc magnetizatiodM) mea-
sition in which the lowH—-low T Sm;Ge,-type structure surements were performed Bt5,15, and 25 K using a su-
transforms to a GgBi,-type orthorhombic structufeHints  perconducting quantum interference deWi8QUID) magne-
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tometer(Quantum Design MPMSy5with a scan length of 200 _'-""'W-‘é'-’d-’&'d-’ S Al S AR S AT LA G A
4 cm. The AFM-FM transition in Gg5e, could be driven by i —8—Virginat5K

—O— H decreasing
—4A— H increasing

both temperature and magnetic field. Isothermal field varia- 150 L /'/
tion experiments were preferred in the present work so thatz i 'l
thermal fluctuations would have the same magnitude acros: 1
the entire phase transition regime. The isotheriiat scans £ 100 | 4
were started from the zero-field-cool¢dFC) state. The < [ 4
magnetic field was then raised from 0 to 50 kOe, and cycledE [
between +50 kOe. The ZFC states were achieved by cooling ~ %° .‘f
the sample in a zero magnetic field from a temperature well [ A f > 15 20 1
aboveTy~130 K. The initialM-H curve obtained after ZFC 0 [d.m-m-u-8"

and then increasingl from 0 to 50 kOe is termed the virgin 0
curve, and those in the subsequent field cycling betweer(a) H (kOe)
+50 kOe are labeled the envelope curves. The sample use 54y prrrrrrrre R RRRRR A7 nsncRanAPNATArRNAGREARS AT
here had irregular shape, and we have checked the effect ¢ f 6@’1@% ]
demagnetization assuming the sample to be a sphere and ¢ X 1
ellipsoid. The differences between the applied fields and the 150 |-
internal fields in both cases were less than 2 kOe, and thisg
does not lead to any qualitative change in the obtained re->
sults. IsothermaM versus time(t) measurements were car-
ried out keeping the field constant at variddisalues on the
virgin and envelope curves. At eaghthe target values for 50 |
the magnetization relaxation measurements were reache
starting from a ZFC state. To keep the field sweep rate con- ]
stant for all targetH values, we changedi in steps of T Liveiias S Lisiiiiess 1
500 Oe with a pause time of 1 s at each stépwas mea-
sured immediately after reaching the targetafter pausing
for 1 s to stabilize the electronigsubsequent measurements
of M to obtain theM vst data were carried out at approxi-
mately 2 min interval for 50 min while keeping and H

constant. descendingd envelope curves at the same temperature does
not exhibit any relaxation within our experimental resolution
IIl. RESULTS AND DISCUSSION for any value ofH [see Fig. 20)]. The situation ai’ =25 K,
however, is quite different, wher®l shows marked relax-
We show in Fig. 1 the isothermd-H curves obtained at ation both on the virginM-H curve betweenH=12 and
5 and 25 K, with theM-H curve forT=15 K shown in the 20 kOe[see Fig. 8], and on the descendirg-envelope
inset panel of Fig. (). For the sake of conciseness, the curve betweemd=11 and 7 kOdsee Fig. 8)]. We note that
M-H data will be shown only in the first quadrant, noting at any of these temperatur@sz., 5, 25 K), no relaxation in
that the forward envelope curve is obtained after reaching/ is observed on the virgin curve in the regime whete
-50 kOe. The near linear rise & with increasingH, ob- <Hy, i.e., in the AFM state, and also in the field regime well
served in the low-field regime of the virgiM-H curves inside the FM state. Similar marked metastability in the
[Figs. Xa@) and 1b)], is as expected in an antiferromagnet. AFM-FM transition region of CMR manganitésand doped
The deviation from this linear behavior at an applied fieldCeFg alloys'* was considered to be a characteristic feature
Hu (=13 kOe afT=5 K, =9 kOe at 15 K, and=14 kOe at  of a first order phase transition. Within this framewokk,
25 K) marks the onset of the AFM-FM transition. Beyond denotes the onset of a disorder-influenced first order phase
Hy, the magnetization rises rapidly until it saturates upontransition process. The transformatigbecause of energy
reaching the FM state. AT=5 K, the virginM-H curve is  fluctuations of the superheated AFM phase to the stable FM
found to lie totally outside the envelopé-H curves, and the phase gives rise to relaxation M. The transition from FM
ascending- and the descending-field legs of the envelop@ AFM in the descendingt cycle is also expected to show
curve are found to overlap. At 15 and 25 K, the envelopeevidence of metastability, i.e., supercooling. Presence of
curve exhibits a hysteretic opening up. The virgin curve atiarge relaxation provides such evidence across the FM to
15 K still lies outside the envelope, while at 25 K the virgin AFM transition in GdGe, at T=25 K; see Fig. ®). It is
curve nearly coincides with the ascendiddeg of the enve-  worth noting here thatl is an intensive thermodynamic vari-
lope curve. able and within the phenomenology of first order phase tran-
Figure 2 presents normalized versus time(t) plots at  sition, the generalized notations of supercooling and super-
T=5K for different H values on the virgin and the heating are used without losing generality while exploring
descendindd envelope curve. Strong relaxation effectdMn  the H-T phase spac®
are found betweeR =10 and 27.5 kOe on the virgin curve at At T=5 K, on reducingH from the field-induced FM
T=5 K [see Fig. 2a)]. But M on both the ascending- and state, the magnetization of Gae, starts decreasing rapidly

A; —m— VirginatT=25K | ]

* —O— H decreasing
—&— H increasing

g 100 | c[
o [ |
= i

&

FIG. 1. Isothermal variatiogstarting from the ZFC stafef the
magnetization of Ggse, with applied magnetic field.
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sured in different constant magnetic fiel@a), in the virginH cycle

FIG. 2. Normalized magnetization vs tini® for GasGe, mea-  and(b) in the descendingit cycle atT=25 K. For eactH, My is the
sured in different constant magnetic fiel@s) in the virginH cycle value of the magnetization recorded when the relaxation measure-

and(b) in the descending#t cycle atT=5 K. For eactH, M is the ments were started, i.e., 1 s after the taigetalue was reached.

value of the magnetization recorded when the relaxation measure- . . . .
ments were started, i.e., 1 s after the taigetalue was reached. versible nature of this AFM-2 to FM transition will have to

wait for the knowledge of the differences between the
from its saturation value at around 10 kOe. This reduction oAFM-1 and AFM-2 phases, which is lacking at this moment.
M on the descendingtenvelope curve can be interpreted in Such behavior of the virgin magnetization curve lying out-
terms of the normal domain reorientation in a ferromagnetside the envelopes in a first order AFM-FM transition was
There is hardly any remanencetat 0 indicating the ferro-  also reported in an Al-doped Cefalloy.*! It was postulated
magnetic state to be fairly soft. Our measurements detect niat at sufficiently lowT, the displacive motion of atoms
relaxation inM in this entire field regimésee Fig. 2b)], and  involved in the structural distortion that was associated with
we accordingly infer that there is no supercoolimgetasta- the FM-AFM transition in the Al-doped CekFeample can
bility ) of the FM phase at=5 K. These results, along with slow down or even become arrested, as in the case of the
those reported earli€r/ suggest that the FM to AFM transi- transition from a supercooled liquid to a glass, where the
tion does not take place at all in the descendihgycle at  characteristic time for structural relaxation becomes larger
this temperature. Thus, starting from a ZFC virgin state athan experimental time scal®.The high temperature—high

5 K, once the metamagnetic transition takes place, the sysnagnetic field FM phase is then frozen in. Accordingly it can
tem remains trapped in the FM phase. The initial AFM statebe conjectured here that in the presence of a displacive struc-
cannot be recovered in any subsequent isothermal field cytural transition(see Refs. 1 and 6 for more details on the
cling. Since the system remains in the FM state, its magnemechanism of the magnetic-field-induced structural transi-
tization is higher than that in the AFM state. Hence, thetion in GdGey), the kinetics of the first order magnetic tran-
virgin M-H curve lies well below the envelope curves. This sition in GdGe, is arrested in the low regime, thus pro-
behavior perhaps can be linked to the different AFM groundviding a second plausible explanation for the persistence of
state AFM-2 below 10 K. This would imply that the field- the magnetic-field-induced FM state belewlO K.

induced transition from the AFM-2 to the FM state is quali- The magnetic response in the descendihgycle atT
tatively different from the AFM-1 to FM transition taking =15 K is intermediate between a fully arrested first order
place in the temperature region above 21 K. This assumptiophase transition af=5 K and a completed first order phase
gains some support from the different nature of the temperaransition atT=25 K. This is in accord with the earlier
ture dependence ofH(T) in these two temperature studies>’ In the descending# cycle atT=15 K, there is a
regimes> However, a complete understanding of the irre-rapid decrease i in the field regime 6>H> 2 kOe[Fig.
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fraction behaves as a stable phase within our present experi-
mental time of 3000 s. Across the AFM to FM transition in
the virgin sample, as well as the ascendihgycle, how-
ever, the characteristic large relaxation associated with the
first order phase transition process is observed=al5 K
[see Fig. 4a@)]. At 11 kOe on the ascendind- envelope
s ] curve the relaxation is well below that at the same field along
= /_‘:'_11 kOe (On the virgin curve) ] the virgin curve, since there was no frozen fraction of the FM
1.04 —&— 11 kOe (On H increasing envelope curve}] . L
1 state in the virgin cycle.
iook T i _r,,o/"' ] It is important to note that the magngtiq relaxation across
' / o 000" ¢ ] the AFM to FM transition along the virgiM-H curve is
e ad ] much larger in magnitude at 5 K than that at 25 K. This
(a) 100 Bl S EE— S I = clearly indicates that energy fluctuations of athermal origin
1.00 Fa ™ AARANRAL ASARAMAN SAARARRAAL ARARSAL ] play an important role in the phase transition process. The
. L -$l¢l¢)-0-0-0-0-0-0-0-0-0-0-0-0-0-0-C . . . . S . .
A ; magnetic relaxat|qn in Gebe, does not exhibit a quanthmlc

098  @v S oeteeeeee 7 dependence on timén contrast with the relaxation results

0.96 \ L . E reported for doped CeFkalloyst4). The time dependence of

004f & N, haay, 3 magnetization for a polycrystalline @8e, in a 17 kOe mag-

0.92 ’\ V~v\ E netic field atT=4.3 K (the magnetic field was just under the
gc’ 0.00 E "f AN 3 critical H=18 kOe required to trigger a rapid AFM to FM
=R ; On Hdeareasing#, | VY Yvgy 3 transformation in the bulkwas also reported in Ref. 4. How-

T F—o—6Kkoe M SN .~ Vev-y E ever, unlike the majority of the data depicted in Figs. 2 and 3,

0.86 ;'I“Oe A E the results reported in Ref. 4 show no steplike behavior, and

0.84 —+;‘t8§ T=15K *’\ E the magnetization was smoothly but nonmonotonically in-

0.82 F—e—2k0e L L G creasing over a 50 h period. The steplike behavior observed

0 10 20 30 40 50 here for someM(t) curves at 5 K and for the majority at
(b) t (minutes) 25 K may be related to minuscule temperature fluctuations

_ o _ experienced by the sample during the present measurements.
FIG. 4. Normalized magnetization vs tinf® for GdsGey, mea-  wyhjle the sample in Ref. 4 was at the lowest attainable tem-

sured in different constar_lt magnetic fle!c[a) in the virgin and perature without engaging the heater, the heater was opera-
ascendingd cycle and(b) in the descendingt cycle atT=15K. jiona) in the present study for active temperature control.
e e o ooy TN, considering how he temperature of the exchange gas
value was reached T is controlled by a tempergture controlige., a hea.tgr and a

' feedback loojp and taking into account that the critical mag-
1(a) insef. This decrease d¥l, however, becomes less rapid netic field in GdGe, is strongly dependent on temperature
below 2 kOe and it gradually merges with the ascending- both at 5 and at 25 R>7we cannot rule out the possibility
envelope curve dtl=1 kOe. A large time dependenceldf  that temperature fluctuations on the order of 0.1 K trigger a
is observed in the entire field regime mentioned above, untifransformation of a relatively large fraction of a material
the merger with the ascendirtgjenvelope curve takes place even when the magnetic field is held constant. It is also in-
[see Fig. 4b)]. This relaxation inM reinforces the idea that teresting to note here that distinct steplike features are ob-
there exists a supercooléchetastablgFM state in this field served on closer inspection during an isothermal field varia-
regime, consistent with the first order nature of the FM totion of M across the AFM-FM transition af=5,15, and
AFM transition taking place in the field regime between 1025 K (see Fig. 1. We have also studied some relatively im-
and 1 kOe. We suggest that this FM to AFM transition is notpure samples. In such samples there is a marked nonlinearity
completed and a kinetic arrest of this transition process stargbserved in theM-H curve well belowH,,, which is an
around 1.5 kOe; a fraction of the FM phase remains unconindication of the presence of a ferromagnetic impurity phase.
verted in the sample even when the field is reduced to zerdn the present context, importantly, no steplike features are
Due to the presence of this arrested FM fraction, in the subebserved in eitheM(H) or M(t) in a relatively disordered
sequent ascending- cycle the envelope curve registers sample of GgGe, under the same experimental conditions.
higher magnetization values than the virgin cugthe virgin ~ The rise inM at the AFM-FM transition under both tempera-
state has only an AFM phasentil the AFM to FM transition  ture and field variation is less sharp in this sample. This
is complete. This arrested FM fraction shows a magneticsuggests that the disorder profile of the samples may also be
saturation-like character on the ascendih@nvelope curve, playing a role in the observed features across the AFM-FM
in the field regime 4—8 kOe. Note that the arrested FM phas&ansition.
is different from the supercooled or metastable FM phase, as Similar steps in theM-H curve across the metamagnetic
demonstrated by the fact that there is no relaxatioMiin  transition and the associated metastability have been reported
fields lower tharH=1 kOe in the descendinig-cycle, where recently in CMR manganites and were claimed to be an in-
the two envelope curves overlap. Even on the ascending-trinsic feature associated with the phase coexistence in such
envelope no relaxation iNl is seen up to 8 kOe, i.e., before systems independent of their polycrystalline, single crystal,
the AFM to FM transition sets in. Therefore the arrested FMor epitaxial form?° It is also claimed that the appearance of

214421-4



METASTABLE MAGNETIC RESPONSE ACROSS THE PHYSICAL REVIEW B 70, 214421(2004)

the steps depends on the nature of the magnetization The presence of strain-disorder coupling can introduce
measurement®. The stochastic nature of thd vs H steps  additional interesting features in such phase coexist&hce.

observed in Fig. 1 may reflect an avalanchelike behaviolThe kinetics of phase transition in such systems where elastic
similar to recently reported avalanchelike nucleation andorces play an important role, is expected to be different
growth of martensitic domains during the temperaturefrom that predicted by classical nucleation theory and is a
induced martensitic transition in a Single CrySta”ine CU'Mnsubject of current researéh_ln this regard, the present re-

-Al.%* Earlier, unusual and apparently random steps have alsqits revealing metastability across the magnetostructural

been_r_epo_rted during a temperature-induced first order phasg,nsition in GdGe, provide useful experimental input to
transition in Er?2 Taken together, these many features from hese enquiries.

quite distinct types of material systems are indications o
common underlying physics associated with classic disorder-

broadened first order phase transitions. This broadening of IV. CONCLUSION

the first order phase transition can be attributed to the distri-

bution of the local transition temperature or field across the In summary, upon field variation from the initial ZFC
physical dimension of the samp{Ref. 16, giving rise to a  state the magnetic-field-induced AFM-FM transition ob-
landscape. The disorder can be frozen in to the material by served in GgGe, is accompanied by distinct metastability.
number of mechanisms. They might arise due to the influEvidence for this is presented in terms of the large magnetic
ence of intrinsic quenched-in disorder such as dislocationgelaxation at all temperatures where the field-induced AFM
vacancies, local composition, atomic configuration, etc.fo FM transition occurs. The reverse transition from the FM
grain boundarieéin the case of polycrystalline sampJeand  state to AFM state on reducinlg is also marked with the
strains. A landscape of transition fields created by the pressame kind of metastability in the temperature region above
ence of disorder has been reported for the case of melting @f1 K. Below 21 K, this FM to AFM transition process is

a vortex solid in superconducting crystéfsin the present hindered. At 5 K, the sample remains in the FM state at all
case the small temperature fluctuation described above cag|gs including zero field after it has been magnetizett at

be sufficient to induce an excursion in this transition - 55 Koe. This FM state is stable at least on the time scale of
temperature—field landscape and trigger the phase conversign, 4gnetization relaxation measurements and is sustained
process, and_he_:nce the observed steps in the isothermal fi%ﬁ subsequent field cycling between 50 kOe. At 15 K, the
and time variation measurements. The same landscape PIEM to AFM transition is initiated in the descenditycycle

ture can probably explain the nonmonotonic behavior in S A
dM/dt at various constant fields across the AFM-FM transi-bUt remains mcomplete even When the_mag_netlc_: field is re-
duced to zero. This leads to the interesting situation of phase

tion. The amount of the sample undergoing the AFM-FM .
transition at a particular field will depend on the nature of thec@€XiStence between the converted stable AFM state and the

local landscape. The same quenched-in disorder or Stramnconvgrted FM state, which i$ also stable. This p_hase coex-
also controls the actual distribution of energy barriers acrosi$tence is to be contrasted with the phase coexistence ob-
the first order phase transition and as the system evolves $erved across the AFM to FM transition in the virgin sample
passes through a sequence of metastable states. Hence Bth below and above 21 K, and across the FM to AFM
observed metastability at a particular magnetic field acrosgansition in the isothermal descendikigeycle above 21 K.

the AFM-FM transition is expected to depend on the naturéiere, one of the phases—the AFM phase during the virgin
of the landscape. Enhanced nonmonotonic behavior of theycle and the FM phase in the descendihgycle—is meta-
relaxation rate as a function &f at higherT can possibly be stable and relaxes toward the stable phase by energy fluctua-
correlated with this landscape picture and the associatetibns. The manifestation of such metastability is observed in
metastability. Apart from the higher intrinsic thermal fluctua- the form of sizable magnetic relaxation. Similarity with the
tion energykgT there is an added experimental complication.results in doped-Cekealloys'* and CMR manganité3?°

The sample heater will remain more active in temperaturdnighlights the generality of the observed behavior, and sug-
control in this highefF regime, inducing also larger extrinsic gests the possibility of disorder-influenced first order phase
temperature fluctuations. These will make the effects of landtransition as the common underlying physics. A microscopic
scape more visible in the high&rregime and possibly ex- study of phase coexistence will be quite instructive here to
plain the difference in the magnetization relaxation behaviowerify assumptions of phase coexistence and its qualitative

at 5 and 25 K. difference in varioudH-T regimes of Gg¢Ge,.
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