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First-order transition from ferromagnetism to antiferromagnetism in Ce „Fe0.96Al0.04…2:
A magnetotransport study

Kanwal Jeet Singh, Sujeet Chaudhary,* M. K. Chattopadhyay, M. A. Manekar, S. B. Roy, and P. Chaddah
Low Temperature Physics Laboratory, Centre for Advanced Technology, Indore 452 013, India

~Received 23 August 2001; revised manuscript received 4 October 2001; published 13 February 2002!

Magnetotransport behavior is investigated in detail across a first-order magnetic phase transition from a
ferromagnetic state to an antiferromagnetic state in a polycrystalline Ce(Fe0.96Al0.04)2 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 the initial~or virgin!
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 counterpart~i.e., dc magnetization!, are ascribed
an origin due to the arresting of this first-order transition kinetics at low temperature and high magnetic field.

DOI: 10.1103/PhysRevB.65.094419 PACS number~s!: 75.30.Kz, 64.60.My, 75.60.2d, 75.90.1w
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I. INTRODUCTION

The C15-Laves phase CeFe2 compound, which crystal-
lizes in the form of a cubic MgCu2-type structure, is an un
stable ferromagnet with a Curie temperatureTC'235 K.
Upon doping with small concentrations of metals like C
Ru, Ir, Al, Os, Re, etc., at the Fe site, the ferromagnetic~FM!
behavior disappears at low temperature, and the pseudo
ary system Ce(Fe12xRx)2 exhibits a stable antiferromagnet
~AFM! phase1–11below a certain temperature which we sh
henceforth refer to asTN . There exists an extensive amou
of research work on this interesting magnetic system. V
ous experimental tools have been employed to ascertain
true magnetic state of a Ce sublattice and the instabili
related to an Fe sublattice. Studies based on neu
scattering,12–14 magnetic circular x-ray dichroism,15–17

magneto-optic Kerr effect,18 high-energy spectroscopy~in-
cluding x-ray photoemission, absorption, ultraviolet!,19,20

magnetic Compton scattering,21 specific heat,22

magnetization,8–11,23,24 magnetotransport,25–28 ac
susceptibility,29–32 etc. were reported in pure and dope
CeFe2 alloys. While these studies were mainly associa
with the understanding of the magnetic instability
Ce(Fe12xRx)2, we have recently started probing the exa
nature of the magnetic phase transition~AFM to FM!, which
can be driven by high enough magnetic field~H! even at
temperatures~T! much belowTN'100 K. Our preliminary
attempt on this front started initially with an ac susceptibil
study33 and an investigation of the dc magnetizati
behavior34 in Ru- and Ir-doped CeFe2 alloys, namely, poly-
crystalline Ce(Fe0.95Ir0.05)2 and Ce(Fe0.93Ru0.07)2 samples. In
these studies~based primarily on arguments of hysteresis a
phase coexistence! the AFM-to-FM transition is found to be
of first order in nature. Due to the very narrow hystere
regime in these Ru- and Ir-doped CeFe2 alloys, we decided
to investigate the Ce(Fe0.96Al0.04)2 alloy wherein the AFM-
to-FM transition is relatively gradual;6,7 this sample also pro
vided us with a distinctly widerH-T phase space@permitted
0163-1829/2002/65~9!/094419~8!/$20.00 65 0944
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by the maximum magnetic field~i.e., 5.5 T! in our supercon-
ducting quantum interference device magnetometer# for a
more comprehensive study of the nature of magnetic tra
tion in this system. This revealed a further interesting
magnetization behavior35,36 which along with some of our
preliminary results for magnetotransport measurements,36 led
us to clearly establish the first-order nature of the AF
to-FM transition in the Ce(Fe0.96Al0.04)2 alloy. The present
paper deals with our detailed magnetotransport study on
same sample used in Refs. 35 and 36. Although prelimin
results of a magnetotransport study on Ce(Fe0.96Al0.04)2 were
published in Ref. 36, in this paper we~i! extend our investi-
gation regime in the the resistivityr vs T hysteresis data to
higherH; ~ii ! presentr vs H hysteresis data to lowerT; ~iii !
measure minor hysteresis loops inr vs T; ~iv! comparer vs
T data obtained in zero-field cooled and field-cooled cool
histories with that recorded during field-cooled warming
the sample; and~v! study r by following a more contrived
history dependence of the external magnetic field. T
present work shows that the Ce(Fe0.96Al0.04)2 compound can
be taken as a model system where one can observe mo
the generic features related with a first-order phase transit
We interpret all these results in the light of a first-order tra
sition and its associated behavior~e.g., hysteresis, phase co
existence, supercooling and superheating, and a fi
dependent thermomagnetic history of magnetotrans
behavior!. In addition, a comparison of the present work
Ce(Fe0.96Al0.04)2 alloy is being made with the existing wor
on perovskite-type manganese oxide compounds37–39 at ap-
propriate places.

II. EXPERIMENT

The Ce(Fe0.96Al0.04)2 alloy sample employed in the
present magnetotransport study belongs to the same bat
samples used earlier in the study of bulk magnetic and tra
port properties6 and neutron measurements.12 Details of the
sample preparation and characterization can be found in
6. A commercial cryostat~Oxford Instruments Inc., UK! with
©2002 The American Physical Society19-1
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a maximum magnetic field of 16 T, was used for carrying o
the four-probe resistivity measurement as a function of te
perature and magnetic fieldH applied transverse to the me
suring current. The isofieldr vs T data were recorded with
the following different protocols.

~1! Zero-field cooling~ZFC!: The sample was first coole
from aboveTC down to lowest temperature of measureme
in zero field, then subjected to a magnetic field, andr(T)
data were recorded during warming of the sample.

~2! Field-cooled cooling~FCC!: The sample was sub
jected to the desired magnetic-field strength above itsTC ,
and ther(T) data were recorded while cooling the sampl

~3! Field-cooled warming~FCW!: The resistivity of the
sample was measured as a function ofT during warming of
the sample which was earlier field cooled to the lowest
vestigated temperature.

III. RESULTS

Figure 1 shows theT dependence of the resistivity for th
Ce(Fe0.96Al0.04)2 sample in the absence of magnetic fie
recorded during the initial cooling cycle starting from 290
as well as during the subsequent warming cycle. During
initial decrease in the temperature, while the paramagn
~PM! to FM transition is reflected in the change of slope

FIG. 1. Resistivity vs temperature plot for a Ce(Fe0.96Al0.04)2

sample recorded during the initial cooling~filled square symbols!
from above 290 K to 4.5 K, and subsequent warming cycle~open
square symbols!. The inset shows a temperature dependence o
magnetization on the same sample recorded in a field of 2.0 m
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the r vs T plot at about 200 K, the rise ofr is observed
below about 84 K due to a second magnetic phase trans
from FM- to AFM-ordered states. This second transition
completed at about 35 K~while cooling!, below which the
resistivity once again decreases with a decrease in temp
ture. For comparison, in the inset of Fig. 1 we present a
magnetizationM vs T plot for the same sample in a 2-m
magnetic field. The three magnetic phases marked as
FM, and AFM in differentT regimes complement our prese
results for the resistivity measurement. During the therm
cycling ~i.e., warming and cooling!, the resistivity behavior
exhibited a distinct hysteresis across the FM-to-AFM tran
tion ~see the main panel of Fig. 1!.

In Figs. 2~a!–2~d!, r vs T plots for magnetic-field
strengths of 0.7, 1.5, 2.5, and 4.0 T, respectively, are sho
for the three different histories of application of magne
field, e.g., ZFC, FCC, and FCW (r vs T plots in ZFC and
FCC protocols for other fields; 0.5, 2.0, and 3.0 T can
found in Fig. 4 of Ref. 36!. As is evident from Figs. 2~a!–
2~d!, the resistivity plots for all three protocols—ZFC, FCC
and FCW—are strongly affected by the strength of the
plied magnetic field across the FM-AFM transition. Note th
both the onset and completion of AFM-FM transitions a

c

FIG. 2. Effect of magnetic field on ther vs T plots for a
Ce(Fe0.96Al0.04)2 sample recorded under different measurement p
tocols, viz. ZFC~open square symbols!, FCC ~open triangle sym-
bols! and FCW~filled triangle symbols!: ~a! 0.7 T, ~b! 1.5 T, ~c! 2.5
T, and~d! 4.0 T.
9-2
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FIRST-ORDER TRANSITION FROM FERROMAGNETISM . . . PHYSICAL REVIEW B65 094419
shifted to lower temperatures in the presence of a magn
field. This shift is again found to be strongly field depende
Compared to a value of'93 K for the completion of the
AFM-FM transition while warming the sample in the a
sence of field~see Fig. 1!, the same transition is complete
only by '46 K when a magnetic field of 4 T is applied@see
Fig. 2~d!#. The magnetic field has another interesting eff
in the low-temperature AFM state. Above a certain value
H ~i.e., 0.5 T!, the FCC resistivity stays below the ZFC r
sistivity at low temperatures~also see Fig. 4 of Ref. 36!. At
any temperature, this difference of resistivity is field depe
dent, increasing with the applied magnetic field. Furth
more, starting at 4.5 K, the FCW data overlap with the FC
data up to some field-dependent temperature. Above
temperature, the FCW curve continues to rise~in contrast to
the falling FCC curve!, until it merges with the ZFC curve a
some slightly higherT. Thus ther vs T curves under the
FCC and FCW protocols show a downturn at different te
peratures. It should be noted here that above the merger p
of FCW and ZFC-r(T) curves, ther(T) curve of the FCC
protocol lies distinctly below that recorded in the FCW pr
tocol. We stress here that the FCW protocol is basicall
minor hysteresis loop of the second kind~as described in the
next paragraph! initiated from the lowest investigated tem
perature.

Figure 3 shows the results obtained across what are ca
the ‘‘minor hysteresis loops’’~MHL’s ! in the absence of ex
ternal magnetic field. Two kinds of MHL’s are recorded.
the first kind, the sample is initially warmed from sufficient
low temperatures, and then from a predetermined temp
ture the sample is cooled back. The MHL initiated at 44.5
from the warming cycle~Fig. 3! is an example of this kind
In the second kind, the sample is initially cooled~from well
aboveTC) up to a predetermined temperature, and then
warmed. The MHL’s inititated on the cooling curve at 60, 7
and 84 K in Fig. 3 are examples of this kind. It can be clea
seen that the two MHL’s initiated near the onset and comp
tion of the AFM-FM transition, respectively at 44.5 and 84
are reversible. However, the MHL’s initiated from the coo
ing curve at 60 and 75 K followed an altogether differe
path. They finally merged with the warming curve~initiated
from 4.5 K, and were henceforth referred to as envelo
warming curve!.

The isothermalr vs H data were also recorded at vario
temperatures ranging from 2 to 120 K. In Figs. 4~a! and 4~b!,
we show ther vs H data for the lowest temperature~i.e., 2
K! and at 100 K, respectively. Within our accuracy of me
surements, ther vs H plots for T>100 K were found to be
linear right from 0 T. As pointed out previously,36 the r(H)
behavior at lower temperatures is quite interesting. A sm
rise in r with initial increase ofH ~within the AFM regime!
along the virgin curve is observed only at 2 K@see Fig. 4~a!#.

Finally, in Fig. 5 we present the results of resistivity me
surements in a 0.7-T magnetic field during a warming cy
starting from a 4.5-K temperature point, which is approach
using an altogether different protocol. In this protocol, t
final state~i.e., 4.5 K and 0.7 T! is prepared following two
steps. The first step involved the FCC protocol in 2.5 T fro
aboveTC to 4.5 K. Subsequent to this, in a second step,
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field was reduced isothermally from 2.5 to 0.7 T~these two
steps are indicated as path I in the inset of Fig. 5!. For the
purpose of comparison, ther(T) plots for FCC and FCW
protocols at 0.7 T~corresponding to cooling and warmin
along the path II, as indicated in the inset of Fig. 5! are also
shown in Fig. 5. With the initial reduction of field from a 2.5
to a 0.7-T field at 4.5 K, the resistivity value showed a jum
~as indicated by a vertical arrow from point markedA at 4.5
K in Fig. 5! to a value~marked as pointB in Fig. 5! which
was smaller than ther ~4.5 K, 0.7 T! value recorded in any
of the conventional ZFC, FCC, or FCW measurement pro
cols forH50.7 T. However, upon a subsequent warming
the sample, the resistivity was found to increase as show
Fig. 5, until it finally merged with ther vs T curve at 0.7 T,
corresponding to the FCW protocol.

IV. DISCUSSION

A. First-order AFM-to-FM transition and the associated
hysteresis

Based on ther vs T data, we first argue that with increas
in temperature and/or field, the low-temperature low-fie
AFM phase transforms to a FM phase through a first-or
transition~FOT!. The first indication of a FOT comes in th

FIG. 3. The minor hysteresis loops for a Ce(Fe0.96Al0.04)2

sample initiated from the envelope warming curve~open square
symbols! at 44.5 K~filled up-triangle symbols!, and from the enve-
lope cooling curve~open up-triangle symbols! at 60 K ~cross sym-
bols!, 75 K ~open down-triangle symbols!, and 84 K~filled square
symbols!. Refer to the text for more details.
9-3
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KANWAL JEET SINGH et al. PHYSICAL REVIEW B 65 094419
form of a hysteresis in the resistivity, which is observed
both temperature~Figs. 1 and 2! and field cyclings@Fig.
4~a!#. During the cooling of the sample, the onset of the r
of resistivity starts with the nucleation of the AFM phase
'84 K ~Fig. 1!. This upturn in resistivity basically occur
due to the appearance of magnetic superzones at the on
the FM-AFM transition6,7 ~i.e., atTN). Further cooling con-
verts more and more of the sample from a FM state to
AFM state, with the result that the entire sample transfor
into an AFM state below about 35 K. During the warmin
cycle, the decrease in resistivity at the transition is sligh
delayed compared to the cooling cycle, and starts at aro
48 K. This decrease ofr(T) across the transition is agai
associated with more and more of the sample being c
verted into a FM state. Within the hysteretic resistivity r
gime, the difference in resistivity values at any temperat
is associated with the relative fraction of coexisting phas
@i.e., at any temperature within the hystereticr(T) regime,
this fraction has a different value for the cooling and war
ing cycles.#

FIG. 4. The isothermalr vs H plots for a Ce(Fe0.96Al0.04)2

sample recorded at~a! 2 K and ~b! 100 K. The three different
histories ofH andT in the r vs T behavior~at 2 K!, i.e., the virgin
resistivity curve ~starting from H50 after initially cooling the
sample to the desired temperature in zero field!, the envelope
H-decreasing resistivity curve, and the envelopeH-increasing resis-
tivity curve are shown by the filled triangle, the open square,
the open triangle, respectively. See the text for details.
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It is to be emphasized here that the transition from AF
to-FM state during the warming cycle becomes complete
distinctly higher temperature ('93 K) than the onset of the
FM-to-AFM transition ('84 K) during a cooling cycle.
Similar to this, the onset of the AFM-to-FM transition durin
a warming cycle takes place at a relatively higher tempe
ture ~i.e., '48 K) compared to the completion of th
FM-to-AFM transition at'35 K during the cooling cycle.
The difference in the two temperatures at both ends of
hysteretic regime is an indication that the FM-to-AFM tra
sition in the present investigations of Ce(Fe0.96Al0.04)2 is first
order in nature. As we shall see below, the effect of
applied field is to affect these various transition temperatu
and the magnitude of thermal hysteresis in the resistiv
~Fig. 2!.

We wish to state here that the FM-to-AFM transition
the present case of a Ce(Fe0.96Al0.04)2 sample is quite broad
on a temperature axis in comparison to the relatively sh

d

FIG. 5. The r vs T plot ~filled down-triangle! for a
Ce(Fe0.96Al0.04)2 sample recorded during a heating cycle initiat
from a starting point~0.7 T, 4.5 K! represented as pointB in the
main panel following path I~shown in the inset!. Path I involved
two steps. While the first step~basically a FCC protocol in 2.5 T! is
shown by filled circle symbols, the second step involving the i
thermal field reduction from 2.5 T to 0.7 T, is shown by an arro
~from point A to point B in the main panel of the figure!. For the
purpose of comparison, ther vs T plots recorded for ZFC~open
square symbols!, FCC ~filled square symbols!, and FCW~open up-
triangle symbols! protocols forH50.7 T are also shown in the
figure.
9-4
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FM-to-AFM transition observed in single-crystal mangane
oxide perovskite samples.37–39 The broadening of a first
order transition with the disorder in the sample was predic
theoretically40 in 1979, and very recently a magneto-op
imaging study on the vortex matter of a single-crystal B
2212 sample showed how the disorder leads to a distribu
of transition temperatures and/or fields across the solid
liquid melting transition, which leads to heterogeneo
nucleation across the transition.41 We believe that a similar
distribution of transition temperatures and/or fields exists
the present case of a polycrystalline sample
Ce(Fe0.96Al0.04)2. Accordingly, the transition from one mag
netic phase to another magnetic phase in the present wor
Ce(Fe0.96Al0.04)2 should be designated here by a band,
stead of a transition line onH-T phase space.

B. Minor hysteresis loops and phase coexistence

The study of minor hysteresis loops42 was recently recog-
nized as an important experimental technique to study
phenomenon of phase coexistence across a FOT in m
detail.33,35,43,44Our magnetotransport results~Fig. 3! provide
support in favor of phase coexistence across the foreg
AFM-to-FM transition. Consider the MHL’s that were initi
ated well inside the hysteretic regime. They showed a str
irreversible behavior. For example, the MHL initiated on
cooling cycle at 60 K, during its course~i.e., while warm-
ing!, did not come reversibly along ther(T) of the cooling
curve due to the already transformed AFM phase at 60
Instead, a slight increase in resistivity withT is observed
along this initial course of the MHL due to the temperatu
dependence of transformed AFM phase, akin to ther(T)
behavior in the low-temperature AFM regime below 35
Upon further warming along the MHL, this increasing res
tivity behavior changes back to a decreasing resistivity
havior due to more and more AFM-to-FM conversion, w
the result that the MHL finally merges with the envelo
warming cycle at about 70 K. The evidence of~a! phase
coexistence and~b! the hysteresis due to the different fra
tions of FM and AFM phases is clearly obvious from the fa
that the resistivity of the sample measured at any temp
ture, within the irreversible portion of a MHL, is drastical
different than that recorded along either the envelope coo
or warming cycle at the same temperature.

On the other hand, the reversible behavior of a MH
initiated from a warming cycle at 44.5 K~a temperature a
which a distinct thermal hysteresis in resistivity exists b
tween the envelope cooling and warming cycles!, is due to
the fact that the onset of nucleation of a FM state does
take place until 44.5 K during the warming cycle. Thu
while the sample is purely in an AFM state up to 44.5
during the warming cycle, a finite fraction of the samp
continues to remain ferromagnetic up to 35 K while coolin
With the same argument, the MHL initiated from the cooli
cycle at 84 K, which took an overlapping course along
envelope cooling cycle, indicates the absence of any A
phase at or above 84 K during the initial cooling cycle. Th
state of the sample~i.e., fully FM! at 84 K during the cooling
cycle ~as well as along the MHL under consideration! is in
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sharp contrast to that along the envelope warming cy
where the sample contains a finite fraction of an AFM pha
~which is yet to transform into a FM state! even for T
.84 K, as indicated by ther vs T plot for 84 K,T
,93 K ~Fig. 3!. We note here that a clear coexistence of F
and AFM phases was also observed in zero-field neu
measurement12 in a substantialT regime below the onset o
the phase transition in Ce(Fe12xAl x)2 samples with 0.2<x
<0.08.

C. Metamagnetic transition and associated metastabilities

Ther vs H plots forT>100 K exhibited a typical ferro-
magnetic response, i.e., a negative magnetoresistance w
increases in magnitude with field right fromH50. However,
at lower temperatures, ther vs H plots in the virgin envelope
as well as the field-increasing envelope cycle showed a fi
induced AFM-to-FM transition, commonly referred to as
‘‘metamagnetic transition,’’ resulting from spin flipping in
the AFM phase at high enough fields.45 The decrease of re
sistivity due to the onset of ferromagnetism atHm(T) con-
tinues ~due to conversion of more and more of the antife
rophase into a ferrophase! until it reaches some higher field
after which the resistivity decreases linearly with the fie
indicating the usual negative magnetoresistance (}H) be-
havior of the fully transformed high-field FM state of th
entire sample. We note here that the positive magnetore
tance behavior~i.e., r increasing with an increase inH) of
the AFM state is distinctly observed only in the low
temperaturer vs H plot recorded at 2 K@Fig. 4~a!#. This
positive sign of magnetoresistance in an AFM state is c
sistent with the previous reports46 on Fe-Mn-Cr ternary al-
loys.

Along the H-decreasing envelope branch of ar vs H
curve ~for T<80 K), the entire sample remains in the for
of a high-field FM phase down to relatively lower-field va
ues compared to those along either the virgin curve or
H-increasing envelope curve. This is expected across a fi
order transition47 as a sign of metastable behavior due to~a!
a supercooling of the high-field FM phase below the tran
tion field, and~b! a superheating of the low-field AFM phas
above the transition field, when the field is cycled acros
transition field~i.e., theHm line or, more precisely, theHm
band!. Further, one expects that for some value ofH below
Hm(T) the resistivity behavior of the sample should on
again become AFM-like. However, the results of Fig. 4~a! of
this work and Fig. 2 of Ref. 36 clearly show that this is n
the case with Ce(Fe0.96Al0.04)2. This is so because resistivit
along theH-decreasing envelope curve is anomalous, sin
on cycling the field back toH50, the resistivity value cor-
responding to the low-field stable AFM phase@i.e., that of an
H-increasing envelope curve~in the case ofT.10 K)
and/or virgin curve~in the case ofT<10 K)] is not com-
pletely restored, with the result that an ‘‘open hystere
loop’’ is obtained. A similar behavior was found in a virgi
curve initiated in the negativeH direction forT<10 K ~Ref.
36!. This indicates that the FM phase persists in some fin
quantity even at zero field after being cycled from1Hmax or
2Hmax. It is recalled here that although similar open hy
9-5
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KANWAL JEET SINGH et al. PHYSICAL REVIEW B 65 094419
teresis loops were also reported for Nd0.5Sr0.5MnO3 ~Ref.
37!, the hysteresis loops in case of Pr0.5Sr0.5MnO3 did not
display any such open hysteresis loop~Ref. 38!.

At lower temperatures, the anomalous open hyster
loop in ther(H) behavior is manifested in the form of an
other anomaly below 10 K, in that the virgin resistivity curv
lies outside the butterfly-shaped~envelope! hysteresis loop
@see, e.g., Fig. 4~a!, the resistivity along the virginr(H)
curve remains~up to Hm or so! distinctly above both the
envelope H-increasing as well asH-decreasingr vs H
curves#. In the case of magnetization measurements,
anomaly is observed in the form of a virginM (H) curve
lying outside the butterfly~envelope! hysteresis loop.35,36We
come back to this anomalous result belowHm a little later.
We are unaware of any such comparison based on the r
tivity measurements in all three protocols~i.e., along the vir-
gin curve, the field-increasing envelope curve, and the fie
decreasing envelope curve! exists for either Nd0.5Sr0.5MnO3,
Nd0.25Sm0.25Sr0.5MnO3 and/or Pr0.5Sr0.5MnO3 ~Refs. 37–39!.

D. Limits of metastability: Effect of magnetic field on the
temperature dependence of the resistivity

It is important here to recall that there exists a limit
metastability47,48 below ~above! the first-order transition line
@in our case, theHm(T) or TN(H) line#, up to which one can
supercool~superheat! the high- ~low-! field phase. Outside
these two bounds@designated asT* (H) for supercooling and
T** (H) for superheating# on either side of the transition
line, no metastable behavior, and hence no superhea
and/or supercooling, can be observed.@Recall that, like
TN(H), as stated earlier, these two boundsT* (H) and
T** (H) should be represented by the bands in the pre
case of a polycrystalline Ce(Fe0.96Al0.04)2 sample.#. It is also
known that the metastable region widens with increase~de-
crease! of field ~temperature!. The natural question at thi
moment is the following: do we see such features of a F
in the presentr(H,T) data of a Ce(Fe0.96Al0.04)2 sample?

The comparison of the resistivity behavior recorded
the Ce(Fe0.96Al0.04)2 sample under different protocols~ZFC,
FCC, and FCW! has turned out to be very interesting, a
displays almost all the above-mentioned generic features
first-order phase transition. We find that the magnetic fi
has a very drastic effect on ther(T) behavior, e.g., with
increasing magnetic field.

~a! The completion of a FM-to-AFM transition while
cooling the sample@which marks the lower limiting value o
a T* (H) band, and is inferred by the temperature bel
which the FCC and FCW resistivities merge# is suppressed
much faster than the decrease in the onset of an AFM-to-
transition temperature while warming the sample@i.e., the
upper limiting value ofT** (H)].

~b! The hysteretic regime is substantially enhanced
temperature across the transition.

~c! Most importantly, the low-temperature reversibler(T)
regime~with respect to the overlapping ZFC and FCC! dis-
appears byH>0.7 T.

Results~a! and ~b! above clearly imply that with the in
crease inH, the lower limit of metastability, theT* (H) band
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~below which one should see the reversible response of
stable AFM phase!, is suppressed~toward lower temperature!
even faster in comparison to theT** (H) band, and the
metastable regime@existing between the lower limiting valu
of the T* (H) band and the upper limiting value of th
T** (H) bands# thus widens with a decrease inT or with an
increase inH. This is further supported from the isothermalr
vs H data, where the hysteretic field regime drastically
creased at low temperatures@Fig. 4~a!#. Based onT depen-
dence of resistivity in differents fields, a phase diagram us
the midpoints ofT* (H) and T** (H) bands was shown in
our preliminary work.36

Along the FCW curve, the resistivity rising past th
merger point of FCW and FCC curves exhibits the superh
ing of the low-temperature AFM phase. The FCW curve
nally merges with the ZFC curve at a temperature where
supercooled~metastable! FM phase formed during the FCC
protocol vanishes. Above this field-dependent merger te
perature of FCW and ZFC resistivities, the sample compri
of three fractions;~1! a stable transformed/nucleated F
phase,~2! a superheated metastable AFM phase, and~3! a
stable AFM phase which has not yet transformed in a F
phase because of the distribution in theTN’s in the sample.

It is now quite evident that the present study ofr(T)
under different histories of applied magnetic field~i.e., ZFC,
FCC, and FCW! in Ce(Fe0.96Al0.04)2 has an edge over pre
vious work on Nd0.5Sr0.5MnO3, Nd0.25Sm0.25Sr0.5MnO3
and/or Pr0.5Sr0.5MnO3, where resistivity data were compare
only during a FCC history with a FCW curve.37–39

From the thermomagnetic irreversibility increasing wi
the field, as observed in the dc magnetization data of
same Ce(Fe0.96Al0.04)2 sample,35,36 it was argued that the
hysteresis in the magnetization vs field was entirely due
the first-order nature of the magnetic transition rather th
arising due to pinning of the domains formed in the F
state. All the results of the present magnetotransport st
are in excellent agreement with those observed in dc mag
tization studies.35 This is so because, the hysteresis obser
in the present bulk magnetotransport behavior cannot be
lated to the domain formation, since the domain size is n
mally much greater than the mean free path of the carrier46

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

We once again recall that in the case of a first-order tr
sition, the free-energy barrier between the stable AFM ph
and the metastable FM phase ceases to exist just below
T* (H) band, and any infinitesimal fluctuations can drive t
entire sample to a stable AFM phase below theT* (H)
line/band.47 However, a few questions still remain una
swered in this picture.

~1! Why is the resistivity of the sample recorded in th
FCC and FCW protocols not restored to that recorded in
ZFC protocol at lower temperatures~e.g., at 5 K! for H
>0.7 T? ~We tend to believe that a similar feature wou
appear in the case of resistivity behavior in Nd0.5Sr0.5MnO3
and Pr0.5Sr0.5MnO3.! In our magnetization studies on th
9-6
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same Ce(Fe0.96Al0.04)2 sample,35,36 this anomaly is reflected
in the observation that the FC magnetization curveMFC(T)
lie above theMZFC(T).

~2! Why does the virginr vs H curve lie outside the
envelope butterflyr(H) loop at lower temperatures,T
<10 K?

~3! Why is the full AFM resistivity not distinctly restored
at H50 on the envelopeH-decreasingr vs H curve?

It once again should be remembered that the struct
transition in a Ce(Fe12xAl x)2 system for 0.2<x<0.08 from
cubic to rhombohedral accompanies the AFM/F
transition.12 We now argue that every structural transition
characterized by a characteristic relaxation time, which
creases with decreasing temperature due to a reduction i
displacive motion of the atoms.49 A typical example is the
supercooled liquid-to-glass transition. It is our conjectu
that in the present case of a Ce(Fe0.96Al0.04)2 sample, this
characteristic relaxation time at low temperature may
come much larger than the actual experimental time sc
with the result that kinetics of the transition is hindere
Within this picture, the anomalies enumerated above can
explained as follows. When the temperature is lowered, so
high-temperature high-field metastable FM phase rem
frozen in, resulting in the arrest of a FM-to-AFM transitio
at low temperature. Inr vs H cycling, due to the low tem-
perature, a finite amount of the supercooled FM phase c
tinues to exist even when the applied field is reduced to z
@Note that the magnetic field also induces the structural tr
sition in Ce(Fe0.96Al0.04)2 ~Ref. 4!.# This metastable FM
phase is then carried over when the direction of field
changed, and results in anH-decreasing~-increasing! enve-
lope curve that lies below the virgin curve recorded in t
negative~positive! H direction. As expected, such hysteres
loops are not seen at higher temperatures (.10 K).

Another piece of evidence supporting the presence of
dered kinetics which, if not considered properly, might tem
one to draw false conclusions about the lower limit of me
stable behavior, comes from the results of Fig. 5. As d
cussed above, the initial field cooling of the sample in
magnetic field of 2.5 T results in a finite fraction of a hig
temperature FM phase existing at 4.5 K due to the hinde
kinetics, as mentioned in preceding sections. Subseque
this FC protocol, the isothermal~i.e., at 4.5 K! field reduction
from 2.5 to 0.7 T yielded a resistivity value which is signi
cantly smaller than either ofr(4.5 K, 0.7 T, ZFC! and/or
r(4.5 K, 0.7, FCC/FCW!, indicating that the metastable be
havior in the sample existed at or below 4.5 K in a 0.7
field. We believe this is due to the hindered kinetics becau
while cooling the sample in 2.5 T a large fraction~compared
to the 0.7-T FCC state at 4.5 K! of a supercooled high tem
perature FM phase is frozen, i.e., its transformation to
stable AFM phase atT* (H) is arrested. As a result, the re
sistivity of the sample at 4.5 K, after the field is reduced
0.7 T, is significantly smaller than the FCC/FCW resistiv
in 0.7 T at 4.5 K. On warming the sample, this anomalou
low resistivity of the sample at 4.5 K increases quickly~as
the sample gains energy in the warming process!, and the
resistivity merges at about 20 K with that of the kinetica
hindered resistivity curve of 0.7 T. We thus assume th
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compared to field cooling in 0.7 T to 4.5 K~i.e., path II in the
inset of Fig. 5!, the kinetics of the FM-to-AFM transition
experienced relatively more hindrance when the sample
field cooled to the same 4.5-K, 0.7-T point, but followin
path I.

It is to be noted here that results obtained following pat
experimental protocol~Fig. 5! are similar to the results o
magnetic annealing effect reported in the Cr-doped mang
ite crystals of Nd0.5Ca0.5Mn12yCryO3 @see Fig. 2~b! of Ref.
50#. @We believe that the value of magnetization at 5 K in
their sample at the annealing field of 7 T„which is not shown
in Ref. 50…] would be much larger than the value obtain
after field was reduced to 0.5 T at 5 K@see Fig. 2~b! of Ref.
50#.… The authors of Ref. 50 explained their data on the ba
of a random-field quenching due to Cr substitution, whi
produced FM microembryos. Our experimental results
magnetotransport studies~Fig. 5! are ascribed with an arres
of the first-order transition process at low temperature a
high magnetic field. We further point out here that we ha
confirmed the magnetotransport results of Fig. 5 by a
magnetization measurement~which is not shown here for the
sake of conciseness! following similar path I as indicated in
the inset of Fig. 5.

In Ref. 36, the hindrance to the kinetics of the transiti
was indicated on theH-T phase diagram through a (Hk ,Tk)
band ~see Fig. 3 of Ref. 36!. The reader is referred to Fig
3~c! of Ref. 36 and the related text for a more illustrativ
understanding of hindered kinetics in the present case
Ce(Fe0.96Al0.04)2.

V. CONCLUSION

Magnetotransport behavior across the first-order ph
transition from a low-field, low-temperature antiferroma
netic state to a high-field, high-temperature ferromagne
state has been studied in a Ce(Fe0.96Al0.04)2 polycrystalline
sample. This study on Ce(Fe0.96Al0.04)2 clearly demonstrated
the various generic features of first-order phase transitio
viz., hysteresis, phase coexistence, field-dependent lim
and the existence of metastable supercooled and superh
phases across the transition boundary in a magnetic sys
These results of our magnetotransport study not only sup
our previous dc magnetization study on the same sample
also provide results extending to a relatively higher magn
field and low temperature regime on theH-T phase space
We found some unusual magnetoresistance behavior~the
most interesting one of which is the virgin resistivity curv
lying outside the envelope resistivity loop! at lower tempera-
tures. Based on the observed magnetotransport behavio
ing an unconventional history of application of magne
field, we have ascribed the origin of these unusual feature
the arrest of the transition at lower temperature.
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