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First-order transition from ferromagnetism to antiferromagnetism in Ce (Fey 9gAl .04 2:
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Magnetotransport behavior is investigated in detail across a first-order magnetic phase transition from a
ferromagnetic state to an antiferromagnetic state in a polycrystalline gefffgo), sample. The study
clearly brings out various generic features associated with a first-order transition, viz., hysteresis, phase coex-
istence, supercooling and superheating, and the presence and limits of the metastable regimes. These magne-
totransport study results exhibit and support all the interesting thermomagnetic history effects that were ob-
served in our earlier dc magnetization study on the same sample. Most notable here is th@iniiigin)
resistivity vs field curve lying outside the hysteretic “butterfly-shaped” magnetoresistivity loops obtained on
cycling the magnetic field between high enough positive and negative strengths. These findings, bearing a
one-to-one similarity with the data obtained in their magnetic countefpertdc magnetizationare ascribed
an origin due to the arresting of this first-order transition kinetics at low temperature and high magnetic field.
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[. INTRODUCTION by the maximum magnetic field.e., 5.5 T in our supercon-
ducting quantum interference device magnetonjeter a
The Ci15-Laves phase CgFeompound, which crystal- more comprehensive study of the nature of magnetic transi-
lizes in the form of a cubic Mg(:zutype structure, is an un- tion in this system. This revealed a further interesting dc
stable ferromagnet with a Curie temperatifrg~235 K. ~Magnetization behavidt* which along with some of our
Upon doping with small concentrations of metals like Co,Preliminary results for magnetotransport measurentries]
Ru, Ir, Al, Os, Re, etc., at the Fe site, the ferromagn@iid) us to clearl_y_ es'gabllsh the first-order nature of the AFM-
behavior disappears at low temperature, and the pseudobif-FM transition in the Ce(RgeAlood, alloy. The present
ary system Ce(Re ,R,), exhibits a stable antiferromagnetic paper deals with our detailed magnetotransport study on the
(AFM) phasé L below a certain temperature which we shall same sample used in Refs. 35 and 36. Although preliminary

henceforth refer to a§y,. There exists an extensive amount resu]ts of a magnetotransport Study on Ce(deRlo.0d 2 Were
of research work on this interesting magnetic system VaripupIISheOI n R_ef. 36, in this paper Wi extend our Invest-
i ation regime in the the resistivify vs T hysteresis data to

ous experimental tools have been employed to ascertain t gherH: (ii) presentp vs H hysteresis data to lowd. (iii)

true magnetic state of a Ce sublattice and the insmbimie?neasure minor hysteresis loopsgirvs T; (iv) comparep vs
related to an Fe sublattice. Studies based on NEUUO} yata obtained in zero-field cooled and field-cooled cooling
scattering; © magnetic _circular  x-ray d'Chro'S'Jﬁz histories with that recorded during field-cooled warming of
magneto-optic Kerr effect; high-energy spectroscpp@rnz-o the sample; andv) study p by following a more contrived
cluding x-ray photoemission, absorption, .L.‘ltraV'mF&Z history dependence of the external magnetic field. The
magnetic Colszpstgp scatteririg, speC|f|c28 heaf; present work shows that the CegkgAl 00, compound can
magnetl_zgtlorz,‘ - magnetotranspo?ﬁ‘ ac  pe taken as a model system where one can observe most of
susceptibility;®>* etc. were reported in pure and doped the generic features related with a first-order phase transition.
CeFe alloys. While these studies were mainly associatedye interpret all these results in the light of a first-order tran-
with the understanding of the magnetic instability in sjtion and its associated behavierg., hysteresis, phase co-
Ce(Fe «R.)2, we have recently started probing the exactexistence, supercooling and superheating, and a field-
nature of the magnetic phase transiti@iM to FM), which  gependent thermomagnetic history of magnetotransport
can be driven by high enough magnetic fig¢ld) even at  pehavioy. In addition, a comparison of the present work on
temperaturesT) much belowTy~100 K. Our preliminary  Ce(Fg ¢¢Alq 04 alloy is being made with the existing work

attempt on this front started |n|t|a”y with an ac Susceptlblllty on perovskite_type manganese oxide Compoi;]n_agat ap-
study and an investigation of the dc magnetization propriate places.

behavio?* in Ru- and Ir-doped Cekealloys, namely, poly-
crystalline Ce(Fgqdrggs 2 and Ce(FgodRUp 07)» Samples. In
these studietbased primarily on arguments of hysteresis and
phase coexistengéhe AFM-to-FM transition is found to be The Ce(FgosAlgor, alloy sample employed in the

of first order in nature. Due to the very narrow hystereticpresent magnetotransport study belongs to the same batch of
regime in these Ru- and Ir-doped CgReloys, we decided samples used earlier in the study of bulk magnetic and trans-
to investigate the Ce(ggsAlg 00, alloy wherein the AFM-  port propertie$ and neutron measurementsDetails of the
to-FM transition is relatively gradudl’ this sample also pro- sample preparation and characterization can be found in Ref.
vided us with a distinctly wideH-T phase spacipermitted 6. A commercial cryostaiOxford Instruments Inc., UKwith

Il. EXPERIMENT
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FIG. 1. Resistivity vs temperature plot for a Ceglg#\lg 042 T&) T(K)
sample recorded during the initial coolirtfilled square symbo)s FIG. 2. Effect of magnetic field on the vs T plots for a
from above 290 K to 4.5 K, and subsequent warming cyolgen Y

square symbojs The inset shows a temperature dependence of dg’ if)ll:s%gvﬁl ogﬁé?(?;?qles;eu?r;dzsmuEgles::(é;f(f:e(rggé:qﬁia:nuéimseyr:fro-
magnetization on the same sample recorded in a field of 2.0 mT. bols) and FCW(filled triangle symbols () 0.7 T, (b) 1.5 T, (c) 2.5
a maximum magnetic field of 16 T, was used for carrying outT’ and(d) 4.0°T.
the four-probe resistivity measurement as a function of tem- ) )
perature and magnetic field applied transverse to the mea- ("€ p VS T plot at about 200 K, the rise of is observed
suring current. The isofielg vs T data were recorded with below about 84 K due to a second magnetic phase transition
the following different protocols. from FM- to AFM-ordered states. This second transition is
(1) Zero-field cooling(ZFC): The sample was first cooled Completed at about 35 Kwhile cooling, below which the
from aboveT down to lowest temperature of measurement/€Sistivity once again decreases with a decrease in tempera-
in zero field, then subjected to a magnetic field, ag@)  ture. For comparison, in the inset of Fig. 1 we present a dc
data were recorded during warming of the sample. magnetizatiorM vs T plot for the same sample in a 2-mT
(2) Field-cooled cooling(FCC): The sample was sub- magnetic field. The three magnetic phases marked as PM,
jected to the desired magnetic-field strength aboverigs ~ FM, and AFM in differentT regimes complement our present
and thep(T) data were recorded while cooling the sample. results for the resistivity measurement. During the thermal
(3) Field-cooled warmingFCW): The resistivity of the cycI.|n.g (i.e., warming and cpolm)g the resistivity behavior
sample was measured as a functionTaluring warming of ~ €xhibited a distinct hysteresis across the FM-to-AFM transi-
the sample which was earlier field cooled to the lowest in-lion (see the main panel of Fig).1 o
vestigated temperature. In Figs. Za-2(d), p vs T plots for magnetic-field
strengths of 0.7, 1.5, 2.5, and 4.0 T, respectively, are shown
Il RESULTS for the three different histories of application of magnetic

field, e.g., ZFC, FCC, and FCWp(vs T plots in ZFC and
Figure 1 shows th& dependence of the resistivity for the FCC protocols for other fields; 0.5, 2.0, and 3.0 T can be

Ce(Fg oAlg 0l sample in the absence of magnetic field, found in Fig. 4 of Ref. 3B As is evident from Figs. @&)—
recorded during the initial cooling cycle starting from 290 K 2(d), the resistivity plots for all three protocols—ZFC, FCC,
as well as during the subsequent warming cycle. During theand FCW—are strongly affected by the strength of the ap-
initial decrease in the temperature, while the paramagnetiplied magnetic field across the FM-AFM transition. Note that
(PM) to FM transition is reflected in the change of slope inboth the onset and completion of AFM-FM transitions are
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shifted to lower temperatures in the presence of a magnetic 2 15 AR AaAE T e
field. This shift is again found to be strongly field dependent. r
Compared to a value 0£93 K for the completion of the
AFM-FM transition while warming the sample in the ab-
sence of fieldsee Fig. ], the same transition is completed 2.10 i
only by ~46 K when a magnetic field of 4 T is appli¢see - , N
Fig. 2(d)]. The magnetic field has another interesting effect [ Envelope

in the low-temperature AFM state. Above a certain value of 2 ()5 Cooling Curve ' 5
H (i.e., 0.5 T), the FCC resistivity stays below the ZFC re-
sistivity at low temperature&@lso see Fig. 4 of Ref. 36At —_
any temperature, this difference of resistivity is field depen- E2 L
dent, increasing with the applied magnetic field. Further- c .00
more, starting at 4.5 K, the FCW data overlap with the FCC
data up to some field-dependent temperature. Above this &
temperature, the FCW curve continues to figecontrast to T/l 05 [
the falling FCC curvg until it merges with the ZFC curve at  ~°
some slightly highefT. Thus thep vs T curves under the
FCC and FCW protocols show a downturn at different tem- i
peratures. It should be noted here that above the merger poir 1,90
of FCW and ZFCp(T) curves, thep(T) curve of the FCC [
protocol lies distinctly below that recorded in the FCW pro-
tocol. We stress here that the FCW protocol is basically a

.\ Curve

minor hysteresis loop of the second kitas described in the 1.85 I i

next paragraphinitiated from the lowest investigated tem- b Liviini Lovuiaeen Livssrnsn, Levusrnii

perature. 20 40 60 80 100
Figure 3 shows the results obtained across what are calle

the “minor hysteresis loops{MHL's) in the absence of ex- T (K)

ternal magnetic field. Two kinds of MHL's are recorded. In
the first kind, the sample is initially warmed from sufficiently ~ FIG. 3. The minor hysteresis loops for a Ce{b#lg 0
low temperatures, and then from a predetermined temperaample initiated from the envelope warming curigpen square
ture the sample is cooled back. The MHL initiated at 44.5 Ksymbolg at 44.5 K(filled up-triangle symbols and from the enve-
from the warming cycldFig. 3) is an example of this kind. lope cooling curveopen up-triangle symbolst 60 K (cross sym-
In the second kind, the sample is initially cooldtbm well ~ bols), 75 K (open down-triangle symbaglsand 84 K(filled square
aboveTc) up to a predetermined temperature, and then i$ymbols. Refer to the text for more details.
warmed. The MHL’s inititated on the cooling curve at 60, 75, )
and 84 K in Fig. 3 are examples of this kind. It can be clearlyfield was reduced isothermally from 2.5 to 0.7these two
seen that the two MHL's initiated near the onset and compleSteps are indicated as path | in the inset of Fig.Fer the
tion of the AFM-FM transition, respectively at 44.5 and 84 K Purpose of comparison, the(T) plots for FCC and FCW
are reversible. However, the MHL's initiated from the cool- Protocols at 0.7 T(corresponding to cooling and warming
ing curve at 60 and 75 K followed an altogether differentalong the path i, as indicated in the inset of Fig.a5e also
from 4.5 K, and were henceforth referred to as envelopd0 @ 0.7-T field at 4.5 K, the resistivity value showed a jump
warming curve. (as indicated by a vertical arrow from point mark&dt 4.5
The isothermap vs H data were also recorded at various K in Fig. 5) to a value(marked as poinB in Fig. 5 which
we show thep vs H data for the lowest temperatufiee., 2  Of the conventional ZFC, FCC, or FCW measurement proto-
K) and at 100 K, respectively. Within our accuracy of mea-c0ls forH=0.7 T. However, upon a subsequent warming of
surements, the vs H plots for T=100 K were found to be the samplg,'thg resistivity was'found to increase as shown in
linear right from 0 T. As pointed out previousi§the p(H) Fig. 5, unt|l_|t finally merged with the vs T curve at 0.7 T,
behavior at lower temperatures is quite interesting. A smalforresponding to the FCW protocol.
rise in p with initial increase oH (within the AFM regime
along the virgin curve is observed only at Z e Fig. 49)]. IV. DISCUSSION
Finally, in Fig. 5 we present the results of resistivity mea-
surements in a 0.7-T magnetic field during a warming cycle
starting from a 4.5-K temperature point, which is approached
using an altogether different protocol. In this protocol, the Based on the vs T data, we first argue that with increase
final state(i.e., 4.5 K and 0.7 Tis prepared following two in temperature and/or field, the low-temperature low-field
steps. The first step involved the FCC protocol in 2.5 T fromAFM phase transforms to a FM phase through a first-order
aboveT. to 4.5 K. Subsequent to this, in a second step, theransition(FOT). The first indication of a FOT comes in the

A. First-order AFM-to-FM transition and the associated
hysteresis
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FIG. 5. The p vs T plot (filled down-triangle for a

H (T) Ce(Fg oiAlp 09> Sample recorded during a heating cycle initiated
from a starting poin{0.7 T, 4.5 K represented as poif& in the
FIG. 4. The isothermap vs H plots for a Ce(FgoAlood2  main panel following path [shown in the inset Path | involved
sample recorded ag) 2 K and (b) 100 K. The three different two steps. While the first stefpasically a FCC protocol in 2.5)Ts
histories ofH andT in the p vs T behavior(at 2 K), i.e., the virgin  shown by filled circle symbols, the second step involving the iso-
resistivity curve (starting fromH=0 after initially cooling the  thermal field reduction from 2.5 T to 0.7 T, is shown by an arrow
sample to the desired temperature in zero fielthe envelope (from point A to pointB in the main panel of the figuyeFor the
H-decreasing resistivity curve, and the envelépicreasing resis-  purpose of comparison, the vs T plots recorded for ZFGopen
tivity curve are shown by the filled triangle, the open square, andsquare symbojs FCC (filled square symbo)sand FCW(open up-
the open triangle, respectively. See the text for details. triangle symbols protocols forH=0.7 T are also shown in the

form of a hysteresis in the resistivity, which is observed atf'gure'

both temperaturdFigs. 1 and 2 and field cyclings[Fig.

4(a)]. During the cooling of the sample, the onset of the rise It is to be emphasized here that the transition from AFM-
of resistivity starts with the nucleation of the AFM phase atto-FM state during the warming cycle becomes complete at a
~84 K (Fig. 1). This upturn in resistivity basically occurs distinctly higher temperature{93 K) than the onset of the
due to the appearance of magnetic superzones at the onsetfd¥l-to-AFM transition (=84 K) during a cooling cycle.
the FM-AFM transitiofi” (i.e., atTy). Further cooling con-  Similar to this, the onset of the AFM-to-FM transition during
verts more and more of the sample from a FM state to a@ warming cycle takes place at a relatively higher tempera-
AFM state, with the result that the entire sample transformgure (i.e., ~48 K) compared to the completion of the
into an AFM state below about 35 K. During the warming FM-to-AFM transition at~35 K during the cooling cycle.
cycle, the decrease in resistivity at the transition is slightlyThe difference in the two temperatures at both ends of the
delayed compared to the cooling cycle, and starts at arounialysteretic regime is an indication that the FM-to-AFM tran-
48 K. This decrease gf(T) across the transition is again sition in the present investigations of CeggAl g 04> is first
associated with more and more of the sample being comerder in nature. As we shall see below, the effect of the
verted into a FM state. Within the hysteretic resistivity re-applied field is to affect these various transition temperatures
gime, the difference in resistivity values at any temperatureand the magnitude of thermal hysteresis in the resistivity
is associated with the relative fraction of coexisting phases(Fig. 2).

[i.e., at any temperature within the hysteretiCl) regime, We wish to state here that the FM-to-AFM transition in
this fraction has a different value for the cooling and warm-the present case of a Ce@ggAl 04> Sample is quite broad
ing cycles] on a temperature axis in comparison to the relatively sharp
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FM-to-AFM transition observed in single-crystal manganesesharp contrast to that along the envelope warming cycle,
oxide perovskite sampléé=>° The broadening of a first- where the sample contains a finite fraction of an AFM phase
order transition with the disorder in the sample was predictedwhich is yet to transform into a FM stateeven for T
theoretically® in 1979, and very recently a magneto-optic >84 K, as indicated by the vs T plot for 84 K<T
imaging study on the vortex matter of a single-crystal Bi-<93 K (Fig. 3). We note here that a clear coexistence of FM
2212 sample showed how the disorder leads to a distributioand AFM phases was also observed in zero-field neutron
of transition temperatures and/or fields across the solid-tomeasuremeft in a substantiall regime below the onset of
liguid melting transition, which leads to heterogeneousthe phase transition in Ce(FgAl,), samples with 0.&x
nucleation across the transiti6hWe believe that a similar <0.08.
distribution of transition temperatures and/or fields exists in
the present case of a polycrystalline sample of
Ce(F@ g6l g 04 2. Accordingly, the transition from one mag-
netic phase to another magnetic phase in the present work on The p vs H plots forT=100 K exhibited a typical ferro-
Ce(FegosAlp 092 should be designated here by a band, in-magnetic response, i.e., a negative magnetoresistance which
stead of a transition line oH-T phase space. increases in magnitude with field right frofh= 0. However,
at lower temperatures, thevs H plots in the virgin envelope
as well as the field-increasing envelope cycle showed a field-
B. Minor hysteresis loops and phase coexistence induced AFM-to-FM transition, commonly referred to as a
The study of minor hysteresis lodBsvas recently recog- “Metamagnetic transition,” resulting from spin flipping in
nized as an important experimental technique to study thée AFM phase at high enough fielfsThe decrease of re-
phenomenon of phase coexistence across a FOT in moféstivity due to the onset of ferromagnetismHi,(T) con-
detai|?’3v35v43v440ur magnetotransport resu(ﬂtgig_ 3 pro\/ide tinues(due to conversion of more and more of the antifer-
support in favor of phase coexistence across the foregoingPPhase into a ferrophasentil it reaches some higher field,
AFM-to-FM transition. Consider the MHL’s that were initi- after which the resistivity decreases linearly with the field,
ated well inside the hysteretic regime. They showed a stronjldicating the usual negative magnetoresistanecél) be-
irreversible behavior. For example, the MHL initiated on ahavior of the fully transformed high-field FM state of the
cooling cycle at 60 K, during its cours@e., while warm-  entire sample. We note here that the positive magnetoresis-
ing), did not come reversibly along thgT) of the cooling  tance behaviofi.e., p increasing with an increase i) of
curve due to the already transformed AFM phase at 60 Kthe AFM state is distinctly observed only in the low-
Instead, a slight increase in resistivity withis observed temperaturep vs H plot recorded at 2 KFig. 4@]. This
along this initial course of the MHL due to the temperaturepositive sign of magnetoresistance in an AFM state is con-
dependence of transformed AFM phase, akin to (&) sistent with the previous repotfson Fe-Mn-Cr ternary al-
behavior in the low-temperature AFM regime below 35 K. loys.
Upon further warming along the MHL, this increasing resis- Along the H-decreasing envelope branch ofpavs H
tivity behavior changes back to a decreasing resistivity becurve (for T<80 K), the entire sample remains in the form
havior due to more and more AFM-to-FM conversion, with of a high-field FM phase down to relatively lower-field val-
the result that the MHL finally merges with the envelopeues compared to those along either the virgin curve or the
warming cycle at about 70 K. The evidence @ phase H-increasing envelope curve. This is expected across a first-
coexistence andb) the hysteresis due to the different frac- order transitiof” as a sign of metastable behavior dugdp
tions of FM and AFM phases is clearly obvious from the facta supercooling of the high-field FM phase below the transi-
that the resistivity of the sample measured at any temperdion field, and(b) a superheating of the low-field AFM phase
ture, within the irreversible portion of a MHL, is drastically above the transition field, when the field is cycled across a
different than that recorded along either the envelope coolingfansition field(i.e., theH, line or, more precisely, thél,
or warming cycle at the same temperature. band. Further, one expects that for some valueHobelow
On the other hand, the reversible behavior of a MHL,Hn(T) the resistivity behavior of the sample should once
initiated from a warming cycle at 44.5 Ka temperature at again become AFM-like. However, the results of Fi¢a)4f
which a distinct thermal hysteresis in resistivity exists be-this work and Fig. 2 of Ref. 36 clearly show that this is not
tween the envelope cooling and warming cyglés due to  the case with Ce(RgeAlg 04, This is so because resistivity
the fact that the onset of nucleation of a FM state does no2long theH-decreasing envelope curve is anomalous, since,
take place until 44.5 K during the warming cycle. Thus,on cycling the field back t¢1=0, the resistivity value cor-
while the sample is purely in an AFM state up to 44.5 K responding to the low-field stable AFM phdse., that of an
during the warming cycle, a finite fraction of the sample H-increasing envelope curvéin the case ofT>10 K)
continues to remain ferromagnetic up to 35 K while cooling.and/or virgin curve(in the case off<10 K)] is not com-
With the same argument, the MHL initiated from the cooling pletely restored, with the result that an “open hysteresis
cycle at 84 K, which took an overlapping course along theloop” is obtained. A similar behavior was found in a virgin
envelope cooling cycle, indicates the absence of any AFMurve initiated in the negativid direction forT<10 K (Ref.
phase at or above 84 K during the initial cooling cycle. This36). This indicates that the FM phase persists in some finite
state of the samplg.e., fully FM) at 84 K during the cooling quantity even at zero field after being cycled frant 5 Or
cycle (as well as along the MHL under consideratios in —Hnax- It is recalled here that although similar open hys-

C. Metamagnetic transition and associated metastabilities
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teresis loops were also reported for N8, MnO; (Ref. (below which one should see the reversible response of the
37), the hysteresis loops in case ofyB8r, sMnO; did not  stable AFM phasgis suppressetoward lower temperatuye
display any such open hysteresis lo@tef. 38. even faster in comparison to thE** (H) band, and the

At lower temperatures, the anomalous open hysteresimetastable regimiexisting between the lower limiting value
loop in thep(H) behavior is manifested in the form of an- of the T*(H) band and the upper limiting value of the
other anomaly below 10 K, in that the virgin resistivity curve T** (H) bandg thus widens with a decrease Thor with an
lies outside the butterfly-shapdenvelopg hysteresis loop increase irH. This is further supported from the isotherrpal
[see, e.g., Fig. @, the resistivity along the virgip(H)  vs H data, where the hysteretic field regime drastically in-
curve remains(up to Hy, or so distinctly above both the creased at low temperaturffBig. 4(a)]. Based onT depen-
envelope H-increasing as well adi-decreasingp vs H  dence of resistivity in differents fields, a phase diagram using

curved. In the case of magnetization measurements, thigne midpoints ofT* (H) and T** (H) bands was shown in
anomaly is observed in the form of a virgM(H) curve g, preliminary worl®

lying outside the butterflyenvelope hysteresis loop>2®We

, ) Along the FCW curve, the resistivity rising past this
come back to this anomalous result belbly, a little later.

Wi f h . based on th merger point of FCW and FCC curves exhibits the superheat-
€ are unaware ot any stich comparison based on the res'i?fg of the low-temperature AFM phase. The FCW curve fi-

tivity measurements in all t_hree protocdi., along the vir- nally merges with the ZFC curve at a temperature where the
gin curve, the field-increasing envelope curve, and the field-

decreasing envelope cuivexists for either Ngl-St, MnOs, supercooledmetastable FM phase formed during the FCC

B protocol vanishes. Above this field-dependent merger tem-
Ndo 265y 25510 MNO; and/or Pg St MNnO; (Refs. 37-39 perature of FCW and ZFC resistivities, the sample comprises

of three fractions;(1) a stable transformed/nucleated FM
D. Limits of metastability: Effect of magnetic field on the phase,(2) a superheated metastable AFM phase, @)da
temperature dependence of the resistivity stable AFM phase which has not yet transformed in a FM
It is important here to recall that there exists a limit of Phase because of the distribution in fhgs in the sample.
metastabilit§”*® below (above the first-order transition line !t IS now quite evident that the present study fT)
[in our case, théd,(T) or Ty(H) line], up to which one can under different h_|stor|es of applied magnetic fi¢le., ZFC,
supercool(superheatthe high- (low-) field phase. Outside FCC, and FCWin Ce(Fe.oeAlo0d2 has an edge over pre-
these two boundglesignated a&* (H) for supercooling and  Vious work on NgSioMnO3z, Ndy 255Mp 25510.sMNO3
T** (H) for superheatinfon either side of the transition and/or PgsSksMnOs, where resistivity data were compared
line, no metastable behavior, and hence no superheatifR!ly during a FCC history with a FCW ‘FW‘;, - , _
and/or supercooling, can be observé®ecall that, like From the thermomagnetic irreversibility increasing with
Ty(H), as stated earlier, these two boun@(H) and the field, as observed in th:35(,13% _magnetlzatlon data of the
T** (H) should be represented by the bands in the prese@Me Ce(FueAlood sample™™ it was argued that the
case of a polycrystalline Ce(5gAl 00, samplel. It is also hystgresus in the magnetization vs field was entirely due to
known that the metastable région widens with increfatee the first-order nature of the magnetic transition rather than
creasg of field (temperaturg The natural question at this 2/1Sing due to pinning of the domains formed in the FM
moment is the following: do we see such features of a Foptate. All the results of the present magnetotransport study

in the presenp(H,T) data of a Ce(FgyeAlg0), Sample? are i_n excell_ergsagr_ee_ment with those observed ir_1 dc magne-

The comparison of the resistivity behavior recorded onfuzaﬂon studies? This is so because, the hyst_ere5|s observed
the Ce(Fgoilo0d, Sample under different protocol@FC, N the present bul!< magnetotransport behaworl cannot be re-
FCC, and FCW has turned out to be very interesting, and lated to the domain formation, since the domain size is nor-
displays almost all the above-mentioned generic features of ®@lly much greater than the mean free path of the cartfers.
first-order phase transition. We find that the magnetic field
has a very drastic effect on th®T) behavior, e.g., with
increasing magnetic field.

(@) The completion of a FM-to-AFM transition while
cooling the sampl@which marks the lower limiting value of We once again recall that in the case of a first-order tran-
a T*(H) band, and is inferred by the temperature belowsition, the free-energy barrier between the stable AFM phase
which the FCC and FCW resistivities meilge suppressed and the metastable FM phase ceases to exist just below the
much faster than the decrease in the onset of an AFM-to-FM™* (H) band, and any infinitesimal fluctuations can drive the
transition temperature while warming the samfie., the entire sample to a stable AFM phase below fRg(H)

E. Anomalous aspects of thermomagnetic history effects across
the AFM-to-FM transition

upper limiting value ofT** (H)]. line/band?” However, a few questions still remain unan-
(b) The hysteretic regime is substantially enhanced imrswered in this picture.
temperature across the transition. (1) Why is the resistivity of the sample recorded in the

(c) Most importantly, the low-temperature reversipler) FCC and FCW protocols not restored to that recorded in the
regime (with respect to the overlapping ZFC and FCdis- ZFC protocol at lower temperaturée.g., at 5 K for H
appears byH=0.7 T. =0.7 T? (We tend to believe that a similar feature would

Results(a) and (b) above clearly imply that with the in- appear in the case of resistivity behavior inN¥8r, sMnO;
crease irH, the lower limit of metastability, th&* (H) band  and PgsSrsMnOs.) In our magnetization studies on the
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same Ce(FRgosAl 0,00, sample®>>Cthis anomaly is reflected compared to field cooling in 0.7 T to 4.5e., path Il in the

in the observation that the FC magnetization cu#€°(T)  inset of Fig. 3, the kinetics of the FM-to-AFM transition

lie above theMZFE(T). experienced relatively more hindrance when the sample was
(2) Why does the virginp vs H curve lie outside the field cooled to the same 4.5-K, 0.7-T point, but following

envelope butterflyp(H) loop at lower temperaturesT path I.

<10 K? It is to be noted here that results obtained following path-I
(3) Why is the full AFM resistivity not distinctly restored experimental protocolFig. 5 are similar to the results of
at H=0 on the envelopél-decreasing vs H curve? magnetic annealing effect reported in the Cr-doped mangan-

It once again should be remembered that the structurate crystals of Ng:Ca gMn; _,Cr, 03 [see Fig. 2b) of Ref.
transition in a Ce(Fe ,Aly), system for 0.2x<0.08 from  50]. [We believe that the value of magnetization5aK in
cubic to_ rhombohedral accompanies the AFM/FMthejr sample at the annealing field of Ahich is not shown
transition'? We now argue that every structural transition is i, Ref. 50] would be much larger than the value obtained
characterized by a characteristic relaxation time, which inufiar field was reduced to 0.5 T at 5[Kee Fig. ?) of Ref.

creases with decreasing temfﬁelzgrature due to a reduction in thgy y The authors of Ref. 50 explained their data on the basis
displacive motion of the atomS.A typical example is the of a random-field quenching due to Cr substitution, which

f#;eirﬁc;ﬂfdprlgi:'gttgazfsjf gagzz:;;\‘lolz 4)'25 SoaurLpﬁgrjti?;ureproduced FM mlcroembryos. Our exp_erlmen_tal results of

characteristic relaxation time at low témperature may be-m agnetptransport stud_|<§§|g. 5) are ascribed with an arrest

come much larger than the actual experimental time scal of the flrst—o_rde_r transition process at low temperature and
‘?ﬂgh magnetic field. We further point out here that we have

with the result that kinetics of the transition is hmdered.Confirmed the magnetotransport results of Fig. 5 by a dc

Within this picture, the anomalies enumeratgd above can b|"nﬁagnetizati0n measurememthich is not shown here for the
explamed as followg. When the temperature is lowered, SOMEake of concisenesfollowing similar path | as indicated in
high-temperature high-field metastable FM phase remaing . inset of Fig. 5

frozen in, resulting in the arrest of a FM-to-AFM transition In Ref. 36, the hindrance to the kinetics of the transition

at low temperature. Ip vs H cycling, due to the low tem- was indicated on thel-T phase diagram through &(,T,)

perature, a finite amount of the supercooled FM phase COMsand (see Fig. 3 of Ref. 36 The reader is referred to Fig.

tinues to exist even when_ the appl_ied field is reduced to Zero3>(c) of Ref. 36 and the related text for a more illustrative
[Note that the magnetic field also induces the structural tran-

sition in Ce(Fgodlood, (Ref. 4.] This metastable FM understanding of hindered kinetics in the present case of

phase is then carried over when the direction of field is-e(FR.eNl0.0d2

changed, and results in dfrdecreasing-increasing enve-
lope curve that lies below the virgin curve recorded in the
negative(positive) H direction. As expected, such hysteresis

loops are not seen at higher temperatured@ K). ~ Magnetotransport behavior across the first-order phase
Another piece of evidence supporting the presence of hingansition from a low-field, low-temperature antiferromag-
dered kinetics which, if not considered properly, might tempthetic state to a high-field, high-temperature ferromagnetic
one to draw false conclusions about the lower limit of meta-state has been studied in a Ce{5f\l 0,00, polycrystalline
stable behavior, comes frqm the rgsults of Fig. 5. As.d's'sample. This study on Ce(5§Al 04, clearly demonstrated
cussed above, the initial field cooling of the sample in ae various generic features of first-order phase transitions,
magnetic field of 2.5 T results in a finite fraction of a high- vz hysteresis, phase coexistence, field-dependent limits,
temperature FM phase existing at 4.5 K due to the hinderedn the existence of metastable supercooled and superheated
kinetics, as mentioned in preceding sections. Subsequent Khases across the transition boundary in a magnetic system.
this FC protocol, the isotherméile., at 4.5 K field reduction  These results of our magnetotransport study not only support
from25t00.7 T yleld_ed a resistivity value which is signifi- gy previous dc magnetization study on the same sample, but
cantly smaller than either g§(4.5 K, 0.7 T, ZFG and/or 3150 provide results extending to a relatively higher magnetic
p(4.5 K, 0.7, FCC/FCVY indicating that the metastable be- fie|g and low temperature regime on theT phase space.
havior in the sample existed at or below 4.5 K in a 0.7-Twe found some unusual magnetoresistance behatar
field. We believe this is due to the hindered kinetics becausenost interesting one of which is the virgin resistivity curve
while cooling the sample in 2.5 T a large fracti@ompared  |ying outside the envelope resistivity lopat lower tempera-
to the 0.7-T FCC state at 4.5)10f a supercooled high tem-  tres. Based on the observed magnetotransport behavior us-
perature FM phase is frozen, i.e., its transformation t0 8ng an unconventional history of application of magnetic

stable AFM phase af* (H) is arrested. As a result, the re- field, we have ascribed the origin of these unusual features to
S|St|V|ty of the Sample at 4.5 K, after the field is reduced tothe arrest of the transition at lower temperature_

0.7 T, is significantly smaller than the FCC/FCW resistivity
in 0.7 T at 4.5 K. On warming the sample, this anomalously
low resistivity of the sample at 4.5 K increases quickh
the sample gains energy in the warming progeasd the
resistivity merges at about 20 K with that of the kinetically =~ We thank R. K. Meena and Anil Chouhan for the assis-
hindered resistivity curve of 0.7 T. We thus assume thattance provided in the magnetotransport measurements.

V. CONCLUSION
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