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Giant relaxation in magnetization of metastablessupercooledd states in CesRu0.95Nd0.05d2 alloy in the vortex
solid-solid transition regime is reported. The metastable states were prepared by cooling the alloy sample from
a temperature well above theTC, in the presence of different magnetic fields. This was followed by an
isothermal field change to set up a critical state in the entire bulk of the sample. Relaxation in magnetization
was measured isothermally in this critical state. Through such a choice of experimental protocol, the relaxation
in magnetization contributed by supercooled states is clearly distinguished. Variation of the relaxation rates
with respect to the fields applied for producing the field-cooled states is explained in terms of supercooling of
the disordered vortex phase.
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I. INTRODUCTION

To establish the first order nature of a phase transition,
one needs to measure discontinuities in entropy and volume
sor magnetizationd, and show that these discontinuities are
related through the Clausius-Clapeyron relation. It often be-
comes difficult, experimentally, to estimate a small entropy
discontinuity ssmall latent heatd and even to distinguish it
from a peak in specific heat.1 In such cases the characteristic
feature of hysteresis, associated with supercooling and/or
superheating,2 is used to identify a first order transition.3 In
our earlier studies on the C 15 Laves phase superconductor
CeRu2, we have used the existence of supercooled states to
argue that the onset of peak effectsPEd was associated with
a first order transitionsFOTd in vortex matterffrom one kind
of squasiorderedd vortex solid phase to another kind ofsdis-
orderedd solid phaseg.3,4 This became necessary because pin-
ning of vortices in hard superconductors results in producing
variation in local magnetic fields across the sample volume.
This in turn broadens the transition and smudges out discon-
tinuities in magnetization and entropy. Supercooling was ob-
served across this transition in CeRu2 both by decreasing
field H and by decreasing temperatureT.5 Standard phenom-
enology of FOT was used to study metastability in different
samples under different paths in theH-T space and under
different extents of supercooling.6,7 Measurements on CeRu2
have supported the prediction that supercooling by reducing
H reduces the effective free energy barrier seen by the meta-
stable state, and supercooling is best achieved by reducingT
in constantH, i.e., by field cooling. Signatures of supercool-
ing across a FOT in vortex matter have also been reported in
various other superconductors such as YBCO,8,9 NbSe2,

10

BSCCO,11 Nb,12 V3Si,13,14 etc. Measurements on V3Si sRef.
13d have also supported the expectation15 that a more deeply
supercooled state is unstable to a smaller fluctuation.

In a parallel effort, we have been studying first order an-
tiferromagnetic to ferromagnetic transition in doped CeFe2
alloys.16–18 This transition is broadened by the inherent mi-
croscopic random quenched disorder associated with doping.
Supercooling and superheating were used to identify this
field and the temperature-induced transition as first order.16

In consonance with the idea that a more deeply supercooled

state is more susceptible to energy fluctuations, one expects
to see enhanced relaxation as one approaches the limits of
metastabilityssupercooling and superheatingd in a FOT. Such
a giant relaxation was recently observed in doped CeFe2
sRef. 18d near the limits of both supercooling and superheat-
ing. Having already established the phenomenon of super-
cooling of vortex matter in CeRu2, we now investigate in this
paper whether we can see enhanced relaxation in this system
of vortex matter as we move further below the equilibrium
transition linefTCsHdg in the H-T space.

It has been pointed out that supercooling of vortex matter
is best achieved by the protocol of field cooling.5,6 Again, it
is known that hard superconductors show temporal relax-
ation whenever an isothermal field change is made. Such
relaxation is due to the Lorentz force that acts on the vortices
as a result of the field change. It has been shown that the
relaxation rate in the absence of a Lorentz force, as in a
field-cooledsFCd state, is more than one order of magnitude
smaller than when a full critical state is established.19 The
measurement process in a superconducting quantum interfer-
ence devicesSQUIDd magnetometersused for the present
measurementsd can result in the creation of a partial critical
state, and the resulting relaxation might give rise to unknown
complication if the relaxation in the FC state is intrinsically
small. To eliminate such uncertainty, we measure relaxation
always in the full critical state, which is created by applying
a suitable isothermal field changesgreater than the field for
full penetrationd after field cooling. If the vortex state created
by field cooling is an equilibriumsstabled state, then the ob-
served relaxation would be due to the usual Anderson flux
creep. If the FC state is a supercooled state, however, then
the relaxation resulting from this metastability should add on
to that due to flux creep. In our measurements, we observe a
large enhancement of relaxation inM near the PE regime.
From our analysis we detect the enhancement in relaxation
contributed by the metastability of FC states.We also obtain a
clear demarcation regarding theH limits within which meta-
stability ssupercoolingd is observed.

II. EXPERIMENTS

In the present measurements we have used a
CesRu0.95Nd0.05d2 sample that has been used in our earlier
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measurements.3,4,20This sample has been used as a represen-
tative of the CeRu2 family in many of our earlier measure-
ments as well, since in the pure sample the PE region en-
compasses both paramagnetic and diamagnetic regimes over
a small change in applied magnetic field, and SQUID mea-
surements involving such a small variation in applied field
can lead to uncertainties in the crossover regime. In the pres-
ently used sample, the PE region which possesses all the
characteristics observed in pure CeRu2 sRefs. 3 and 4d is
confined to the paramagnetic regime alone. dc magnetization
measurements were performed atT=4.5 K andT=5 K using
a Quantum Design MPMS-5 SQUID magnetometer with a
scan length of 2 cm. For relaxation studiessat T=4.5 K and
T=5 Kd in the disordered state under various extents of su-
percooling the field H was applied atT=10 K, well above
TCs=6.8 Kd, and the temperature was lowered monotonically
to 4.5 K or 5 K, thus following pathA indicated in Fig. 1.
sSee the figure caption for details.d For H values lying within
the schematicHCsTd andH*sTd lines in Fig. 1, this prepares
the initial supercooled state with lower values ofH, giving
states that are more deeply supercooled. We waited for
1800 ssto exclude any creep in the superconducting magnetd
after the temperature was stable at 4.5 K or 5 K and then
applied a field changeh of either sign. The typical values of
h s20–60 Oed were selected in such a way that they are
greater than the fields for full penetration at all values ofH
studied,20 and thus a critical state was set up in the entire
bulk of the sample.21,22 Relaxation of magnetization was
measured in this critical state for various values of H and for

both signs ofh at eachH. M was measured at 100-s intervals
for ,50 min for each value ofH sfor T=4.5 K andT=5 Kd
to get a complete idea of the field dependence of relaxation
in M in the PE regime of CesRu0.95Nd0.05d2.

III. RESULTS

We show in Fig. 2 the isothermalM-H scan at 4.5 K,
highlighting the PE regime in the inserted panel. ThisM-H
scan was started from a zero field-cooled5 sZFCd state. One
can estimate theJC of the superconductor from the difference
in the values ofM betweenH-decreasing andH-increasing
envelopes. We plot this difference asDMZFC againstH in
Fig. 3sbd. DMZFC shows a peak at 29.3 kOe in the PE re-
gime, atT=4.5 K. In Fig. 3sad we have shown the values of
M in the critical state created at 4.5 K after field cooling. The
isothermalsstarting from ZFCd M-H curve is also shown
along with it, for comparison. The difference in theM values
for the two signs ofh provides a measure ofJC in the FC
state. Following Steingartet al.23 we define20 the enhance-
ment factorsed due to field cooling asesHd=ffDMFCsHd-
DMZFCsHdg /DMZFCsHdg, whereDMFC is the difference inM
values between the critical states created by +ve and −ve
field jerks. fSee Fig. 3sad and 4.g e for 4.5 K is plotted
against H in Fig. 3scd, and it shows a peak at 19 kOe. Quali-
tatively similar results were obtained forT=5 K as well.
Figure 4 shows the values ofM in the critical state created at
5 K after field cooling. The isothermalM-H curve at the
same temperature in the PE regime is also shown in Fig. 4.
At T=5 K, the field variations ofDMZFC ande show peaks,
respectively, at 22.5 kOe, and 17.5 kOe.20 The DMZFC vs H
and e vs H graphs forT=5 K are not shown here for con-
ciseness.

We find from the isothermalM-H scan following ZFC
fFig. 3sadg that the extent of the PE regime atT=4.5 K is

FIG. 1. Schematic depicting the extent of metastable regime.
Supercooling smetastabilityd could be observed in the region
bounded byHCsTd andH*sTd lines. The four inserted curves show
the variation of free energysalong they axisd with order parameter
salong thex axisd, following Landau’s theory,sRef. 24d at different
positions in theH-T plane. The equilibrium situation at the first
order transition lineHCsTd is represented by the topmost curvesad.
The inserted curvesbd represents the limit of supercoolingH*sTd.
Curves scd and sdd depict the extents of supercooling at the end
points of the arrow heads, while the dashed lines show the path
traversed to prepare the supercooled state.

FIG. 2. IsothermalsT=4.5 Kd variation sstarting from the ZFC
stated of magnetization with the applied magnetic field in the peak
effect regime.
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from 23 to 36 kOe approximately. Within the field limit 29 to
36 kOe in the PE regime, theJC obtained in the isothermal
sfollowing ZFCd scan is nearly equal to theJC obtained in
the critical state prepared over the FC state. But below
29 kOe magnetic field, atT=4.5 K, the FC critical stateJC
registers an enhancement compared to the isothermal ZFC
JC. Similarly, the extent of PE atT=5 K is from 18 to
26 kOe.sSee Fig. 4 and Ref. 20.d And within the field limit
22.5 to 26 kOe in the PE regime, theJC obtained in the
isothermalsfollowing ZFCd scan is nearly equal to theJC
obtained in the critical state prepared over the FC state; be-
low 22.5 kOe magnetic field, atT=5 K, however, the FC
critical stateJC is greater in magnitude compared to the iso-
thermal ZFCJC. We can thus state thatJC in the FC critical
state is greater than the isothermal ZFCJC below the field at
which DMZFC exhibits a peak.fSee Fig. 3sbd and Ref. 20.g In
fact, we observe thatJC in the FC critical state exhibits a
rapid enhancement compared to the isothermalJC at H val-
ues that are well outside the PE regimesobtained in the iso-
thermalH scand both for T=4.5 K andT=5 K.

We now present our relaxation results. Figure 5 shows a
few representative curves obtained at 5 K.sSee the figure
caption for details.d In our experiments, relaxation in magne-
tization sfor T=4.5 K andT=5 Kd is found to be very small
in the FC state as compared to that obtained in the critical
state prepared by both +ve and −ve field jerks. sAll the
curves are not shown here for clarity and conciseness.d This

is in consonance with Ref. 19. Magnetization is found to
vary logarithmically with timestd in the critical states, as
well as in the FC states. In view of the uncertaintiesspointed
out in the Introductiond involved in the relaxation results in
FC state, we would concentrate only in theM vs t data
obtained in the full critical state created over the FC states.
Relaxation inM shows considerable variation with varying
H. To obtain the complete picture regarding theH depen-
dence of relaxation inM, we need to calculate the rates at
which M varies with respect to time for all values ofH. For
the FC states that are stable, relaxation inM in the mixed
state of a superconductor is expected due to Anderson creep.
Such a creep would be governed bykBT/U0, whereU0 is the
pinning potential.21 In the understanding of Anderson creep,
magnetization varies logarithmically with time, and this de-
cay rate is also proportional to the magnetization of the criti-
cal state. The relevant relaxation rate is thus

S=
1

DM

dM

dsln td
, s1d

whereDM is the hysteresis in the isothermalM-H curve, and
is proportional to the isothermalJC sor U0d. Hence, we cal-
culate the relaxation ratessfor each value ofH and for either
signs ofh at eachHd as

SsHd =
1

DMZFCsHd
dM

dsln td
, s2d

wheredM /dsln td is a function of bothH andh, but is inde-
pendent ofh once h is large enough to establish the full
critical state. We plotSsHd with respect toH in Fig. 6 both
for T=4.5 K andT=5 K. ThedM /dsln td values are actually
negative for −ve h. But here, for clarity, we plot the magni-
tudes only. It is worthwhile to add here that the relaxation
rates plotted in Fig. 6 are actually average values calculated

FIG. 3. sad Variation of magnetization with the applied field in
the peak effect regime atT=4.5 K. Field jerks of either sign were
applied in the FC state to produce the critical state. Since the FC
states were prepared separately for each case, two sets of FC data
points were obtained. Both sets of FC data are plotted here in order
to get a measure of the experimental uncertainty involved in the
process.sbd Variation ofDMZFC with magnetic field atT=4.5 K. scd
Variation of the enhancementfactore with magnetic field atT
=4.5 K.

FIG. 4. Variation of magnetization with applied field in the peak
effect regime atT=5 K.
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after repeating the whole set of experiments three times for
each value ofH andh. The results of the relaxation experi-
ments are summarized in the following text.

s1d The curves for the two different signs ofh in Fig. 6
show very small and similar magnitudes of relaxation rates
in the high field regime both forT=4.5 K andT=5 K. S is
nearly independent of a variation ofH in this regime.

s2d As H is reduced, relaxation rates register rapid rises in
magnitude both forT=4.5 K andT=5 K for either signs of
h. The curves show a peaksat ,20 kOe forT=4.5 K and
,17.5 kOe forT=5 Kd, and then with further lowering of H
the relaxation rates once again fall back to small values that
are nearly independent of variation of H.

s3d From Fig. 6 one notices that the relaxation rates are
higher atT=4.5 K as compared toT=5 K.

s4d For both temperaturessT=4.5 K and T=5 Kd the
SsHdvs H curve for +ve h registers higher magnitudessas
compared to −ve hd for nearly the entire range ofH scanned
sexcept the high field regime studiedd.

IV. DISCUSSION

In the following text, we analyze our results on the basis
of standard phenomenology of FOT.6,7,24

s1d If the relaxation is contributed only by Anderson
creep, then it follows from Eq.s2d of Ref. 21 that the relax-
ation ratesas defined hered could only show a smooth mono-
tonic variation with the variation ofH sdepending on theH
dependence ofJCd. In Fig. 6sad we see that the relaxation
rates forHù29 kOe andHø15 kOe for T=4.5 K are al-
most independent ofH. Similarly in Fig. 6sbd we see that for
Hù23 kOe andHø12 kOe,S is nearly independent ofH.
We argue that the relaxations in M in these field regimes are
contributed by Anderson creep, but the peak inSsHd cannot
be explained by Anderson creep. In our understanding, it is
contributed by metastable FC states associated with first or-
der vortex phase transition. This statement is further justified
by the arguments that follow.

s2d For both the temperaturesT=4.5 K andT=5 K, the
H values corresponding to the peaks in relaxation rates
nearly coincide with the fields at whiche vs H curves show
their respective peaks. Againsboth for T=4.5 K and T
=5 Kd the values ofH at which the relaxation rates start
increasingssee the high field regime of theH axis of Fig. 6d
with the lowering ofH nearly tallies with theH values at
which DMZFC vs H curves show their respective peaks. We
conjecture that the fieldsH<29 kOe for T=4.5 K, andH

FIG. 5. Selected Mstd /Mst=0d vs time std results on
CesRu0.95Nd0.05d2 alloy for different constantH values. These relax-
ation measurements were performed at 5 K. For eachH value,
Mst=0d is the value of magnetizationsemu/gmd when the relax-
ation measurements are started.Mstd is the magnetizationsemu/
gmd after an intervalt. The stars represent relaxation of field-cooled
sin H=22 kOe, from 10 Kd magnetization. Open squares, open
circles, and open triangles, respectively, represent relaxation of
magnetization in the critical state obtained after field cooling the
sample from 10 K in fields 9 kOe, 18 kOe, and 22 kOe, and then
applying a field jerk of +20 Oe in each case. In the supercooled
regimessee the Sec. IVd, the positive field jerk takes the magneti-
zation to values well below theH increasing envelope magnetiza-
tion curve.M subsequently tends to return towards theshigherd FC
values through relaxation. The filled squares, filled circles, and
filled triangles, respectively, represent relaxation of magnetization
in the critical state obtained after field cooling the sample from
10 K in fields 9 kOe, 18 kOe, and 22 kOe, and then applying a field
jerk of −20 Oe in each case. In the supercooled regime, the negative
field jerk takes the magnetization to values well above theH de-
creasing envelope magnetization curve.M subsequently tends to
return towards theslowerd FC values through relaxation.

FIG. 6. Relaxation rates of magnetization of CesRu0.95Nd0.05d2

alloy measured atsad T=4.5 K andsbd T=5 K in the critical state
ssee text for detailsd created in the PE regime.
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<22.5 kOe for T=5 K, where DMZFC is maximum, are
close to theHC for the FOTsRef. 24d between the two vortex
phases referred to earlier. The enhancement factore is neg-
ligible in this H regime. The energy barrier separating the
high field disordered vortex phase and the low field quasior-
dered vortex phase is maximum for this field. AsH is de-
creased belowHC, the energy barrier is effectively reduced.
Because of thermal fluctuations, portionssheterogeneous
nucleationd of the disordered vortex phase can then cross the
energy barrier and transform to the quasiordered phase. The
remaining fraction of the disordered phase exists in the
sample as a supercooledsmetastabled phase. Transformation
of the metastablessupercooled disordered vortex solidd phase
to the stable one contributes to relaxation inM. As H is
reduced further belowHC the disordered phase is more
deeply supercooledssee Fig. 1d, i.e., more and more fractions
of the disordered phase have thermal energies greater than
the energy barrier’s. Hence there are more and more meta-
stable to stable transformations, and as a result there is an
enhancement in the relaxation rates. This enhancement in
relaxation can go on until the limit of supercoolingH* is
reached.24 We conjecture that H* for the present
CesRu0.95Nd0.05d2 sample is close to theH value whereSsHd
or sed registers a peak. Since there is no metastable phase at
fields lower thanH* , the relaxation rates register a drop in
magnitude until they fall back to their values characteristic of
Anderson creep in the mixed state of the superconductor.

s3d The peaks in relaxation rates ande for both T
=4.5 K andT=5 K are observed in theH regime where the
signature of PE in the isothermalsstarting from ZFCd M-H
scan is not even initiated. We argue that this is a result of
supercooling. In the FC measurements the high-JC disor-
dered vortex phase is supercooled to fields much lower than
the fields at whichDMZFC registers peaks for bothT
=4.5 K andT=5 K. DMZFC drops sharply with lowering of
H in this regime,while the FCJC does not. Hence, from the
definition of e,23 it is quite obvious that the enhancement
factor would register a rise in this field regime with lowering
of H. As H is reduced belowH* , the FCJC would drop as
there is no supercooled high-JC phase left in the sample in
this field regime.

s4d In the present interpretation of the relaxation results
in terms ofHC andH* , the relaxation rates atH values below
the peak should fall abruptly. The finite width inH f,5 kOe,
both for T=4.5 K andT=5 K ssee Fig. 6dg over whichSsHd
falls with lowering of H could be because of a broadened
transition, where we see a distribution ofHC andH* over the
sample. In samples of nonzeroJC, the local fields are not
same as the appliedH. This, along with the effects of
quenched disorder25 due to alloying, might as well result in
broadened bands forHC andH* .

s5d Higher magnitudes of relaxation rates for +ve field
jerks sFig. 6d probably hint towards an asymmetry in the
transition. The asymmetry is also indicated in Fig. 5. While
we understand that this asymmetry is different from the phe-
nomenological asymmetry observed in a FOT,18 its source is
not quite clear at the moment.

The giant enhancement in the relaxation rate in the
present alloy originates from the metastability of states. Such
a signature of metastability observed over the wideH re-

gime, and the facts considered in points4d in the discussion
above clearly indicate that the quasiorder to disorder transi-
tion in vortex matter in the present alloy is a disorder-
broadened FOT. This further justifies our conjecture that the
FOT in the present material is initiated through heteroge-
neous nucleation. Kaliskyet al.,26 have shown that transient
vortex states give rise to nonequilibrium order-disorder vor-
tex transition in Bi-2212 single crystals. They assumed het-
erogeneous nucleation and dynamic coexistence of stable
and unstable vortex phases,27 and that the two coexisting
phases are separated by a sharp interface that exhibits a non-
trivial front motion depending on the rate of change of the
external field, induction at the front, temperature, and anneal-
ing time.28 We argue that this annealing time and its tempera-
ture and field dependence cannot be compared with those of
the relaxation time periods of our magnetization data be-
cause of the following reasons.

sid The target fields for our relaxation experiments are
applied when the sample is in the normal statesaboveTCd.
Sufficient delay is allowedswhile field cooling and waiting
in the FC state, see Sec. IId to exclude any effect due to creep
in the magnet. A field change of 20–60 Oe is then needed to
create the full critical state. In an MPMS-5 magnetometer, in
the no-overshoot mode, this takes a couple of seconds. The
magnetometer then waits for 15 s before declaring the field
stable. The actual magnetization measurements took 27–46 s
more in the configuration used in the present experiments.
After the first magnetization measurement in each relaxation
experiment, the subsequent magnetization measurements
were taken with a pause time of 100 s—excluding the time
consumed in each magnetization measurement. The anneal-
ing times mentioned by Kaliskyet al.26,28 are much smaller
than all these time scales. Therefore, the formation of tran-
sient states, if any, was not observable in our experiments.

sii d The typical time periods of our relaxation data are
several orders of magnitude higher than the annealing time
expected according to the work done by Kalisky and her
co-workers. Annealing time in Kalisky’s work is mainly rel-
evant to theH-T regime where the system approaches the
equilibrium phase boundary. The present paper deals with
the system when the disordered phase is supercooled below
the equilibrium phase boundary in theH-T phase space.sRe-
fer to Fig. 1.d

Heterogeneous nucleation and phase coexistence in a
macroscopic scale has been shown in a 2H-NbSe2 single
crystal,29 in the PE regime, using scanning Hall probe mi-
croscopy. The ordered phase was found to nucleate and grow
in isolated regions inside the sample. Recently we have
mapped a first order magnetic transition in a doped CeFe2
alloy through the Hall imaging technique. We have actually
observed heterogeneous nucleation and phase coexistence
across the FOT, without any single sharp front separating
ordered and disordered magnetic phases. Instead of the mo-
tion of a single sharp front, what we have observed is nucle-
ation and growth of the new phase in pockets and their sub-
sequent coalescence beyond certain values of the control
variablessH ,Td.30 We also have similar Hall imaging data in
the first order magnetic transition in a Gd5Ge4 compound.
We believe that such a heterogeneous nucleation is also pos-
sible in the present Nd-doped CeRu2 alloy. The formation of
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a single sharp front and its subsequent motion across the
sample is not an absolutely essential requirement for the
FOT. Finally, we would like to state that the magnetic relax-
ation in the present sample does not have any appreciable
dependence on surface contamination. This has been explic-
itly shown in our previous work on this same sample.31

V. SUMMARY AND CONCLUSIONS

In summary, we have measured relaxation in magnetiza-
tion of metastable states in a CesRu0.95Nd0.05d2 alloy. The
metastable states were prepared by cooling the alloy sample
from a temperature well above theTC of the material, in the
presence of different magnetic fields of magnitudes in and

around the peak effect regime. This was followed by the
application of field jerks of a few tens of Oe of either sign so
as to prepare a critical state in the entire sample, over the FC
states. Based on the understanding of Anderson creep of vor-
tices in a mixed state of a superconductor, we devised a
method to separate the relaxation in magnetization due to
supercooling of the disordered vortex phase from the relax-
ation resulting from creep. We have observed a large en-
hancement of relaxation in magnetization near the field limit
of supercooling. Interesting variations of the relaxation rates
with respect to the fields applied for producing the FC states
are explained on the basis of the standard phenomenology of
first order phase transition, in terms of supercooling of the
disordered vortex phase.
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