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Observation of the peak effect in the superconductor CgRh,Sn;
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The peak effect in single crystals of the superconductojRBaSn;; has been investigated by dc magneti-
zation, ac susceptibility, electrical resistivity, and critical current measurements in applied magnetic fields. The
transition from a weakly pinned region to a strongly pinned region is mapped out H-thghase diagram.

The results on the superconducting stannidesRbaSn,; and Yb;Rh,Sn, 5, are found to be similar to that
obtained on some heavy fermion and intermediate valence supercond[8@#&3-18207)06737-4

I. INTRODUCTION the superconductors have to be in the clean litsitg (ii)
the superconductors are stongly Pauli limitéid; the tem-

CazRh,Sn,5 is a superconductor, with @, of ~8.2 K perature range over which the state exists is restricted to
and belongs to the family of compounds that exhibit a wideT<0.55T..'® Although the heavy fermion superconductors
variety of properties.Some members of this family of stan- were originally put forward as the most likely candidates for
nides, exhibit magnetism and the co-existence of supercorithe existence and observation of the FFLO state, it is now
ductivity and magnetism. G&®h,Sn;; crystallizes in the clear that they do not entirely satisfy all the criteria in all
Phase-l structuréprimitive cubig and has the same crystal cases, the temperature range stipulated(iin is much
structure as YBRh,Sn;3.2 While YbzRh,Sn;; is some-  smaller than that observed.
times known to adopt slightly different structural modifica- Recently, there have been attempts at explaining the ex-
tions of the Phase-I structure due to disorder between the Sating experimental evidence in the heavy fermion supercon-
and the Yb sites, CiRh,Sn,;; does not suffer from any such ductors as an indication of the existence of a new state called
disorder, always adpoting the Phase-I structure. the generalized FFLQGFFLO) state. The theoretical frame-

In a recent papetwe have reported the observation of thework for the GFFLO state was put forward by Tachiki
“peak effect” in single crystals of the related compound et al1®!"and is a more realistic version of the FFLO model.
Yb sRh,Sn,3, through dc magnetization and resistivity mea- In a few recent publication*°the first-order transition seen
surements. An irreversible peak in the magnetization wadetween a weakly pinned state to a strongly pinned state in
observed belowH,. This “peak effect” in magnetization the heavy fermion superconductors has been interpreted in
has also been observed by Sagbal® previously in terms of the GFFLO model, which may allow for a wider
Yb3Rh,Sn,5. Our study also revealed anomalies in resis-temperature region tham<0.55T; over which this effect
tance measurements in a magnetic field and from these r&ay be observed. In most of these compounds, including the
sults, it was possible to map out a region of enhanced pinsuperconducting stannides in the present study, the anoma-
ning in the mixed state of Yf{Rh,Sn;;. The results lies and the transition to a different pinning region persists in
obtained by us for YBRh,Sn;; strongly resemble those ob- temperature up td@ as high as 09 .
tained for CeRy (see for instance, Onukeétal’). The CeRuy, is known to be a strongly intermediate valence
“anomalous peak effect” has been observed earlier insuperconductor, while Yb in Y{Rh,Sn,;is thought to be in
CeRuw,, heavy fermion superconductors such as WHd, the divalent state and is therefore not expected to be a va-
CeC02,7 and superconductors such as Nbg'é The peak lence fluctuating systeﬁ?.The similarities in the properties
effect exhibited by these compounds, is different from theof CeRw, and YbyRh,Sn 3 would warrant a study of an
peak effect exhibited by conventional dirty type-Il analogous compound and we have chosen the nonmagnetic
superconductor®1?The observations of the hysteretic peak superconductor, G#&h,Sn, 3 which is identical in all other
in the magnetization, and a wide variety of magnetotransrespects to the Yb compound, for a comparative study. We
port, magnetocaloric, and elastic constant measurements frave carried out an exhaustive study of single-crystal
the heavy fermion and intermediate valence compounds haveasRh,Sn;3, by performing dc magnetization, ac sus-
led to a discussion of whether there is sufficient experimentateptibility in a magnetic field, resistance measurements,
evidence pointing to the existence of the FFLO state in thesgnd critical current measurements in a magnetic field. All
materials. The FFLO state was proposed by Fulde and Ferréhiese measurements show anomalies in the mixed state
and Larkin and Ovchinnikov independentf** The FFLO  which can be related to the peak effect. The results ob-
state is a partially polarized state that forms at high magnetitained on CgRh,Sny; are similar to those obtained on
fields, the transition from the ordinary superconductingYbs;Rh,Sny; crystals which in turn strongly resemble those
mixed state to this state being of first order. The superconavailable in the literature for CeBuas we have shown in
ducting order parameter is spatially modulated in this stateour recent papet.From our comparative study of the two
The FFLO state has been looked for in vain among the constannides, CgRh,Sn;; and Yb;Rh,Sn,3, we conclude that
ventional superconductors. The conditions laid down for theexcept for a few subtle differences in the nature of the mag-
existence and observation of the FFLO state are stringignt: netization anomalies observed, the two compounds exhibit
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H (kOe) FIG. 2. Real part of the ac susceptibility'() as a function of
applied dc magnetic field at different temperatures. For increasing
FIG. 1. Magnetization as a funtion of applied magnetic field atas well as decreasing fields, the curves are reversible at all tempera-
different temperatures for a single crystal of &,Sn;5. The ar-  tyres. Only some of the data points are shown in each curve for
rows indicate the direction of the field variatiod* is the field at clarity. All the curves are normalized with respect to jHevalue at
which the onset of the peak in magnetization occurs. zero field. The field at which the onset of the peak occurs agrees
well with the H* values obtained from th& vs H curves(see Fig.
very similar properties. The features in the magnetization, ag).
susceptibility, and resistivity measurements observed in the
mixed state of the superconducting stannides, are in generroadly similar to that seen by us in ¥Bh,Sny;,* with a

similar to those observed in the heavy fermion and intermecouple of differences(a) the magnetization recorded while
diate valence superconductors. the field is being reduced shows a few irregular jumps in the

irreversible region. These are probably due to flux jumps,
they are seen consistently only for reversing fields at all the
temperatures at which the magnetization is recordadthe
Single crystals of CgRh,Sn;;were grown by the tin flux magnetization curves show a larger reversibility for fields
method?? dc magnetization measurements were performedbelow H* than that seen in YBRh,Sn;s.
using a superconducting quantum interference device In order to further investigate this anomaly in magnetiza-
(SQUID) magnetometefQuantum Design, USA A scan  tion, ac susceptibility measurements were carried out as a
length of 2 cm was employed in all the magnetization meafunction of temperature as well as applied dc magnetic field.
surements in order to minimize any artefacts arising from thé’he sample was initially cooled in zero field to the required
inhomogeneity of the magnetic field due to the movement ofemperature ang¢’ was measured for increasing and de-
the sample. The ac susceptibility was measured using an iwreasing magnetic field values. The magnetic-field variation
duction method with a driving field dfi ,.= 2 Oe(parallel to  of the real part of the ac susceptibility () is shown in Fig.
the dc magnetic fieldand a frequency of 113 Hz. A four- 2 for various temperatures. As the dc magnetic field is in-
probe dc method was employed for measuring the electricalreasedy’ shows a monotonic decrease up to a field value
resistance on a small piece of the crystal, with dimensions ofl*. As the field value is increased furthey, shows a sud-
0.23x 0.48x3.08 mnt. The measuring currents were be- den increase, goes through a maximum, and then decreases
tween 1 and 100 mA, where 1 mA corresponds to a currends H, is approached. The field valués* are almost the
density ofJ = 0.9 A cm?. The current was applied perpen- same as those where the peak is observed in the dc magne-
dicular to the direction of the applied magnetic field. Thetization data. The peak positions i’ were found to be
critical current values|() were obtained from-V charac- independent of the magnitude of the ac field, as well as the
teristics at a certain temperature and magnetic field using thigequency. Also, the curves were almost reversible for in-

Il. EXPERIMENTAL DETAILS

criteria of the appearance of AV across the sample. creasing and decreasing fields. The peaksyincould be
traced up to 7.3 K{0.9T;) from the lowest temperatures
lll. RESULTS AND DISCUSSION (1.7 K'in our measuremernts

In order to investigate whether the anomalies occurring in

Figure 1 shows the variation of the magnetization as ahe dc magnetization and ac susceptibility are related to in-
function of magnetic field at different temperatures for acreased pinningas is the case for superconductors exhibit-
single crystal of CaRh,Sn 3 with aT. of 8.2 K. The sample ing the classical peak effectelectrical resistance as a func-
was initially cooled down to the required temperature in zerdtion of field and temperature as well as theV
magnetic field and the magnetization was recorded for incharacteristics were measured. Figure 3 shows the tempera-
creasing as well as decreasing magnetic fields. The magnetiire variation of the electrical resistance for different applied
zation curves clearly indicate a sudden increase of magnetmagnetic fields for a fixed measuring curreht; 100 mA.
zation at a certain magnetic fiekd* before the upper critical For zero applied magnetic field, the superconducting transi-
field Hc, is reached. As the field is decreased from welltion is observed as the resistance dropping to zero and stay-
aboveH,, the magnetization curves are irreversible, untiling at zero down to the lowest temperature measured. As the
the fieldH* is reached and thereafter reversible down to lowfield is increased, a small but measurable rise in the resis-
fields. This irreversible peak observed is typical of supercontance is observed for a certain range of magnetic fields, after
ductors showing the classical peak effect due to the suddethe onset of the superconducting transition, before reaching
increase in the current density beld#,. This feature is the R=0 state. This sudden increase in the resistance is ob-
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applied magnetic fields for a measuring current of 100 mA. For /T
certain field values, the resistance shows an anomalous rise in the ¢
superconducting state. FIG. 5. H-T phase diagram for G&h,Sn, obtained from dc

. . . _magnetization and ac susceptibility measuremeHts. the field
served for fields between 5 and 10 kOe at this measuring,y e at which the onset of the peak effect appears, is plotted from

current. For fields of 9 and 10 kOe, the resistance falls tQyoth measurements. Inset shows Hher phase diagram obtained
zero and as the temperature is lowered further, it shows g yp,rh,Sn,; [see Tomyet al. (Ref. 4] for comparison.
reentrance. These curves are reversible for increasing and
decreasing temperatures. the anomalies are observed in the resistance at different tem-
The anomalies in the resistance are seen more clearly iferatures correspond to the field$ at which the peak in the
the resistance variation as function of magnetic field at dlf-M vs H curves is seen, in the limit of zero measuring cur-
ferent temperatures, and are shown in Fig. 4Ta6.63 K. rents. This illustrates that we are sampling the same feature,
The temperatures and magnetic fields at which these anompe changes in the pinning strength over a fixed field and
lies appear are strongly dependent on the measuring curremgmperature region, in both the magnetization and resistance
The curves have been recorded for various values of theheasurements. The same holds true in our present study on
measuring current to map out the field and temperature reza;Rh,Sn,; as well. TheH* values obtained from th# vs
gion over which this anomalous increase in the resistance ipj curves correspond well with the field values obtained from
the superconducting state is observed. an extrapolation to zero current from the resistance measure-
The observation of the resistance anomalies coupled witfhents. Resistance anomalies of the type observed in these
the irreversible peak seen in the magnetization curves, f9f|e@bmpounds have been previously observed in GeRu
a change in the pinning properties at characteristic appliefipse, ?3® and by us recently in Y;Rh,Sn;3.*
fields. This field isH*, derived from the magnetization mea- Based on the magnetization, ac susceptibi”ty, and the re-
surements at different temperatures. In the resistance megistance measurements on4Bh,Sn,s, it is now possible to
surements, the field at which a resistance anomaly is firsionstruct aH-T phase diagram. This is shown in Fig. 5. The
seen for the lowest measuring current used would be the fielpi|C2 values obtained from both the dc magnetization and ac
required to bring about a movement of the qu_x lines due tosysceptibility measurements are plotted along with Hife
the Lorentz force at a given temperature. This flow of fluxyajyes obtained from each of these measurements. The inset
causes a dissipitation and is seen as a rise in the resistance dows theH-T phase diagram obtained by us from dc mag-
our previous investigation of the anomalies in the resistancgetization measurements for YRh,Snys.4 The H*-T line
in Yb3Rh,Sny3,* we have shown how the fields at which in the phase diagram therefore separates two regions: a
weakly pinned region for fields below*, where there is
easy movement of flux lines and a strongly pinned region for
fields aboveH*, where the flux lines are pinned to an ener-
getically favorable arrangement. It is only when the Lorentz
force due to the applied magnetic field overcomes the pin-
ning force in the weakly pinned regime, that there is a dissi-
pation due to the flux flow, which causes a voltage to appear
across the sample and is seen as the resistance anomaly. The
phase diagram obtained by us here for the two superconduct-
ing stannides is very similar to that reported in the literature
e for CeRu,. Both in C(?RLQ and in UPdAI 3, the H*-T line
H (kOe) extends to~0.9T, as in the present study.
A measurement of the critical current was carried out as a
FIG. 4. Resistance variation as a function of applied magnetidunction of applied magnetic fields. Figuréab shows the -
field for different measuring curents &t= 6.63 K. The appearance V characteristics measured at a fixed temperatlireS.7 K)
of the anomalous increase in resistance strongly depends on tfier various applied magnetic fields. It is seen that for a par-
measuring current, which in turn depends on the critical currenticular range of the applied magnetic field within a particular
density of the sample. temperature range, the behavior deviates from the normal
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= 40r To57K iy susceptibility than the heavy fermion and intermediate va-
20k i lence superconductors.
oL . . . The features appearing in the dc magnetization @ndre
6 8 10 12 observed in many conventional superconductors, heavy fer-
H (kOe) mion compoundge.g., UPGAI ;, CeRw, and CeCg). In

conventional superconductors, these peaks are explained as
arising due to a sudden increase in the critical current below
_FIG. 6. () 1-V characteristics at a particular temperature forH,, due to the flux-line lattice distorting to match pinning

different applied magnetic fields. For certain applied magneticsites. This stems from Pippard’s original explanation for the
fields thel-V curves show a deviation from the normal character-ghservation of the peak efféétand holds good for dirty
istics. Q_ne such curve is shown .in the figure fqra.fieldl of9!<(®)9. type-1l superconductors. In the heavy fermion supercon-
The critical current(c_) as a function of ma_gnenc field, is defined  §,ctor UPGAI ; and the intermediate valence supercon-
as the current at which a voltage ofidV first appears across the 4,14y CeRy, which are all classified as being in the clean
sample. The field at which the sudden risd jroccurs, agrees well limit, i.e., |>¢, the observation of the peak effect coupled
with the field H* at which the onset of the peak in tHd vs H Ly R . -

with anomalies in magnetocaloric, elastic constants, and
curves occur. . . K

dilatometric measurements have been taken as evidence for

the existence of the FFLO sta?&® or more recently, the
V characteristics. Such anomalies are observed for fields b&&FFLO staté®!’ From the results presented here for
tween 6 and 10 kOe and a typical curve of this behavior i<CagRh,Sn,; and from our earlier studyof Yb;Rh,Sn,3, it
shown in the figure for a field of 9 kOe. From thek&/ is clear that these compounds do not satisfy any of the crite-
characteristics taken at different temperatures and fields, théa put forward for the observation of the FFLO state; i.e.
critical current is extracted and plotted in FigbBfor one  they are not in the clean limit, they are not strongly Pauli
temperatureT = 5.7 K. A sharp rise in the critical current is limited, and the temperature region where the effects are
seen at~9 kOe. The field at which the sharp increase inSeen is wider thai<0.55T ;. This temperature rangd (up
critical current occurs at any given temperature, correspond® 0.9T¢) is larger than that predicted by models assuming

well with H*, the field at which the peak in the magnetiza- duasifree electron$:** It is thought possible that band-
tion occurs(see Fig. 1 structure effects and the presence of antiferromagnetic ex-

ofhange interactions could enhance the field region of the

One of the requirements for the existence of the FFL 5.26
[GFFLO state®

state is that the superconductors are strongly Pauli limite L .
b gy CazRh,Sn,3, is similar to the Yb analog in most re-

BOIh. L.J.P.dZAl 3 and CeRy appear to exhibit large Spin sus- spects, except that the Ca system appears closer to the clean
ceptibilities at low temperatures. The dc magnetic suscepti:

o . limit than the Yb compound — magnetization is more re-
bility was measured on a crystal of §Rh,Shy; and is 0 gine for fields belovi* for Ca;Rh,Sn,5. However, our

shown in Fig. 7. To ar_rive_ at the Pauli susce_ptibility, we havemean-free-path estimate for gRh,Sn,; from the normal-
subtracted the contr.|but|on due to the dlamggnetlc COre§iate resistivity is ~90 A, comparable to that of
from the observe(_j high-temperature susceptlblhty, taken a§b3Rh4Sn13, and| and ¢ are also of comparable magni-
the temperature independent pagh. An estimate of the ,qe. The crystal of CsRh,Sn;5 that was used in our ex-
contribution from the diamagnetic coféggives i, to be periments had a RRR of 10. The fact that CgRh,Sn;s
—1.3 x10"°® emulcc for CaRh,Snys. The Pauli suscepti- does not suffer from any crystallographic disorder between
bility xp=xo— Xdia= 3.29X 10~ ° emu/cc for CaRh,Sn;3.  the Sn and the Ca sites probably makes it a more ordered
This value is an order of magnitude less than those estimategystem than YRh,Sn,5.

for CeRu, (Ref. 6 (2.2 X 10~ ° emu/cg and UPGAI 5 (Ref. The anomalous pinning properties exhibited by the stan-
19) (3.2x 10~ ° emu/cg. A detailed analysis of the suscepti- nides appear to predict that the unusual peak effect seen in
bility of the stannides is underway, but from the above estithese compounds is probably more prevalent among type-II
mates, it is clear that the stannide crystal in the present insuperconductors than was previously thought to be. It is
vestigation is characterized by a significantly smaller spirhowever surprising that this family of superconductors
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should exhibit very similar characteristics to superconductorsvill reveal the distribution of the flux lines and the quality of
such as CeRy which are considered to be “exotic.” It is the flux line lattice and is to be undertaken.

still not clear whether models such as those describing the

GFFLO state need to be invoked in order to understand the
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