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We report on ac-susceptibility and heat-capacity measurements of the superconductor PrOs,Sb;, in magnetic
fields. The resulting phase diagram reveals two distinguishable superconducting phases with transitions at the
upper critical field B, and a slightly lower field sz. Between B:z and 0.7 ><Bj2 the ac-susceptibility data
shows a region with enhanced pinning properties characterized by an extended peak effect. The heat-capacity
data reveal an extremely strongly coupled superconductivity with a considerable contribution of heavy quasi-
particles. This unusual strong-coupling behavior originates in a sharp increase of the superfluid density at 7.
The decrease of the discontinuity of the specific heat at 7. and the corresponding pronounced increase of the
Ginzburg-Landau-Maki parameter «, indicate that the superconductivity is most probably not Pauli limited in

a large temperature range.
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I. INTRODUCTION

The proximity of many Ce- and U-based heavy-fermion
(HF) superconductors to magnetic order has led to the as-
sumption that HF superconductivity is mediated by magnetic
fluctuations. Extraordinary properties as line or point nodes
of the superconducting gap and multiple superconducting
phases support this assumption. The filled skutterudite com-
pound PrOs,Sby,, the first Pr-based HF superconductor,'
opens up the possibility of another, yet unknown, pairing
mechanism. In contrast to Ce- and U-based HF systems the
Pr3* ions of PrOs,Sb,, have a nonmagnetic ground state and
the heavy quasiparticles are not formed by the Kondo effect
but presumably by excitations of the low-lying crystal elec-
tric field 4f2 levels, first described by White and Fulde? to
explain the mass enhancement of elemental Pr.

An increasing amount of experimental data demonstrates
the unconventional character of the superconductivity in
PrOs,Sb;,. Among others, these are the existence of at least
two superconducting phases,>* indication of point nodes in
the superconductive gap,>® the possible breaking of the time
reversal symmetry in the superconducting state,””8 and an
unconventional strong-coupling superconductivity as evi-
denced by Sb-NQR measurements.’ Finally, the contribution
of heavy quasiparticles to the superconducting condensate is
confirmed by the large specific-heat jump at 7, in contrast to
the isostructural reference compounds LaOsSb;, and
PrRu,Sb;,, which are both conventional superconductors be-
low 1 K.!%!l In addition, the temperature dependence of the
upper critical field B., shows a positive curvature near
T.(B=0). Together with the rapid restoration of the normal
thermal conductivity in small magnetic fields this might
point to multiband superconductivity.'>!3 The occurrence of
two distinct transitions has been discussed as evidence for
superconductivity arising in two Josephson-coupled bands.'*

Despite the increasing number of experimental and theo-
retical studies the essential properties of PrOs,Sb,, are still
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controversial and far from being understood. A double tran-
sition was observed not only in thermodynamic bulk mea-
surements as specific heat!1215:16 and thermal expansion,’
but also in ac-susceptibility*!>!% and  resistivity
measurements'? where in the latter two the very onset of
superconductivity should disguise the observation of any
other superconductive transitions. The strikingly similar
magnetic field dependence of the transitions, has cast doubts
on their intrinsic origin. Consequently, sample inhomogene-
ities due to impurities or stress have been proposed as pos-
sible explanations, but they could not explain the surprising
consistency between an increasing number of measurements
on samples of different origin.!3*1214-20 Even more, at very
small magnetic fields, deep in the superconducting state, re-
cent high-precision magnetization studies revealed a pro-
nounced enhancement of the lower critical field, possibly
indicating a further superconducting phase, which, however,
has to be verified by other thermodynamic bulk
measurements.*

An intrinsic origin of multiple superconductive phases
implies an additional symmetry breaking with a lower sym-
metry of the superconducting gap resulting from a multicom-
ponent order parameter. In the only other known multiphase
superconductors, UPt; and possibly U,_,Th,Be;; (0.01 <x
<0.035), as well as in the multiphase superfluid *He, the
energy gap in the different superconducting phases shows
different symmetries. Up to now, in PrOs,Sb;, only angle-
resolved magnetothermal transport studies have yielded
strong evidence for the existence of two distinct phases by
distinguishing two dissimilar gap structures.® The phase dia-
gram, however, deviates from all other published data.

While in PrOs,Sb;, all investigations have so far ruled out
line nodes, evidence for point nodes is provided by penetra-
tion depth’ and thermal conductivity measurements.® Tunnel-
ing spectroscopy,?! Sb-NQR,’ and uSR studies,??? are com-
patible with an isotropic or nearly isotropic energy gap.
Usually, the low-temperature behavior of the heat capacity

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.73.104503

GRUBE et al.

provides a simple test for nodes. In PrOs,Sb,,, however, the
first excited crystal electric field (CEF) level of the 4f% Pr
states is nearly degenerate with the ground state, with an
energy difference accidentally close to the superconductive
gap. Therefore, both states are altered considerably by mag-
netic fields, making a separation rather difficult. In addition,
the formation of heavy quasiparticles in the normal state is
masked by the large CEF contribution and nearly all
estimates of large effective masses are so far deduced
from superconducting properties as the discontinuity of
the specific heat or the initial slope of the upper critical
field dB,/dT|g_o.>*

The situation is further complicated by the extraordinary
crystal structure of PrOs,Sby,. Its cubic unit cell with space

group T)(Im3) comprises stiff Os,Sb, cages filled with
loosely bounded Pr** ions. The Pr’* ions exhibit anharmonic,
rattling oscillations, most probably around off-center
positions.?* The resulting interaction between the Pr’* ions
and the CEF of the Os,Sb;, cages might lead to a consider-
ably broadening of the CEF excitation spectrum and even
influence the superconductivity.

In order to clarify the phase diagram and to shed further
light on the unusual normal and superconducting properties
of PrOs,Sby, we have performed heat-capacity and ac-
susceptibility measurements on this compound.

II. SAMPLE PREPARATION AND QUALITY

All specific-heat and ac-susceptibility measurements were
carried out on the same sample A unless stated otherwise.
The cuboid-shaped single crystal of approximately 1X1
% 0.5 mm® with a mass of 2.19 mg was grown from high-
purity starting elements in a Sb flux. After the separation of
the flux, excess Sb was removed from the sample surface by
etching the crystals with diluted aqua regia.”> The sample
surface was studied by XPS microprobe analysis revealing a
stoichiometric composition with small islands of Sb and Sb
oxide (within the experimental resolution of 1 at. %), the lat-
ter having possibly been formed during the exposure of the
sample to air. A single-crystal x-ray diffraction analysis of
the sample was performed using a four-circle diffractometer
and Mo Ka radiation. The subsequent structure refinement
with the aid of the SHELXS programm agrees with the val-
ues published by Ho et al.?® and demonstrates a nearly com-
plete occupation of the Pr site (see Table I).

In order to estimate the amount of diamagnetic Sb inclu-
sions we chose five similar single crystals of the same batch
with a total mass of =5 mg, being large enough to allow an
x-ray powder diffraction study. The resulting diffraction pat-
tern could be described by approximately 70% stoichio-
metric PrOs,Sby, and 30% elemental antimony while Sb ox-
ide was below the detection in the bulk. A small unidentified
phase was witnessed by an additional peak. We measured the
dc magnetization of the five powdered samples with a Quan-
tum Design SQUID magnetometer at B=5.5 T. The tempera-
ture range was extended up to 400 K to reach the free-ion
412 state of the Pr’* ions. The obtained inverse susceptibility
chl (Xac=pMoM/B) shows a linear temperature dependence
above 30 K indicating standard Curie-Weiss behavior. A lin-
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TABLE I. Single crystal x-ray diffraction data and structure re-
finements of the PrOs,Sby, samples A and B. The crystal structure
belongs to the space group Im3. U,, is the thermal displacement
factor. The occupancy (occ.) of the Os site was set to 1.

Sample A Sample B
a (A) 9.301(4) 9.306(4)
Pr in 2a (0,0,0)
Uy =Un=Us; (A?) 0.0386(10) 0.0384(7)
occ. 0.98(2) 0.98(2)
Os in 8¢
Up1=Uxp=Us; (A?) 0.0046(2) 0.0041(1)
Sb in 24g (0,y,z)
y (A) 0.15599(5) 0.15611(4)
z (A) 0.34037(6) 0.34028(5)
U, (AY) 0.0043(3) 0.0038(2)
Uy, (A?) 0.0059(3) 0.0059(2)
Uss (A?) 0.0079(3) 0.0077(2)
occ. 0.99(2) 1.0(2)

ear fit to the data in the range 30 K=<7<400 K gives a
Curie-Weiss temperature of Ocyw=—-8.6+1 K and an effec-
tive moment of ,ug?p)=3.15 +0.02 pg pointing to a signifi-
cantly smaller Sb content of 12+6%. Thus, the magnetiza-
tion studies seem to underestimate the excess Sb content
although the origin of this discrepancy is not known. Return-
ing to sample A, the dc magnetization measurement yields
Ocw=-135+05K and pP=344+0.02 pp. With the
same discrepancy between x-ray and magnetization measure-
ment, sample A may contain 12%—15% excess Sb.

All measured transition temperatures and critical fields of
sample A show excellent agreement with measurements on
other samples and with most of the published data. In con-
trast to this concurrent behavior, heat-capacity measurements
demonstrate a strong sample dependence.

Specific-heat measurements performed on sample A
(2.19 mg) and another very small sample B (0.58 mg) of the
same batch are shown as C/T versus T in Fig. 1. At
T>1.0 K, the data agree with each other and with other
reported measurements in their overall 7 dependence, but
differ strongly in their absolute values (see inset of Fig. 1).
The data of sample A are 14%, 16%, and 33+5% smaller
than the data reported by Aoki et al.,'> Measson et al.,'> and
the data points of sample B, respectively. The discontinuity
at T, tends to show a better resolved double transition in
samples with higher C/T values. If data are scaled by a T
independent factor r (see caption to Fig. 1), they fall on top
of each other between 10 K and 1 K. Below 1.0 K, however,
the upturn in the heat capacity varies from sample to sample
but seems to be smaller in samples with enhanced specific
heat.

This suggests that the differences might be due to varying
amounts of Sb inclusions. While this trend is consistent with
varying Sb content, the upturn in C cannot be explained by
Sb exclusively, because the contribution of the nuclear hy-
perfine contribution to C of pure Sb is two orders in magni-
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FIG. 1. The measured specific heat divided by temperature,
C/T, at zero-magnetic field of two different samples of the same
batch. For comparison the calculated Schottky contributions are
shown for the crystalline electric field transitions: doublet-triplet
(I'5-T's) and singlet-triplet (I';-T" 52) equivalent to I';-I's in a fully
symmetric cubic system), together with C/T of LaOs,Sb;, (Ref.
25). The inset shows the following C/T measurements multiplied
by a factor r to fit the data of sample B: sample A (r=1.33) and
measurements from Vollmer et al. (Ref. 3) (r=1.29), Measson et al.
(Ref. 12) (r=1.1), and Aoki et al. (Ref. 15) (r=1.16).

tude smaller. On the other hand, any stress in the crystals or
any off-center position of the Pr’* ion that breaks the cubic
site symmetry could give rise to an increased hyperfine con-
tribution of the Pr3* ions.

The mass of sample B is too small to allow a reasonable
determination of its Sb content with a dc magnetization mea-
surement. An x-ray diffraction study and subsequent struc-
ture refinement, however, could not reveal any striking dif-
ferences to sample A at room temperature (see Table I).

As the magnetic moment of sample B falls below the
resolution limit of our ac susceptometer we performed all
measurements on the same sample A. In the following, all
quantities extracted from specific-heat measurements of
sample A will be given, as measured, followed by the 33%
higher values in parentheses to show the probable range of
these quantities (assuming the “worst case” of maximal ex-
cess Sb content).

III. EXPERIMENTAL METHODS

The ac susceptibility y was measured with a miniature
susceptometer, comprised of a primary coil surrounding a
balanced pair of secondary coils. Typical excitation fields
were smaller than B,.<0.05 mT at a frequency of 234 Hz.
The small signal of the empty susceptometer was essentially
featureless in the entire measured temperature and magnetic
field range of 20 mK=<T7=<4 K and B=<2 T, respectively.

The specific heat C was measured by means of a conven-
tional heat-pulse technique using a Physical Property Mea-
surement System (PPMS) from Quantum Design. Data were
taken as a function of temperature as low as 0.35 K and
magnetic field as high as 14 T. The magnetic-field dependent
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addenda were measured separately at the identical fields and
subtracted from the measurements. The relative resolution of
the measurements was better than 0.5% with an absolute
accuracy of 1%. Our data agree with those taken with a
homebuilt system in a dilution cryostat in previous studies in
the range of overlap.’

IV. SPECIFIC HEAT

In Fig. 1 the low-temperature specific heat divided by
temperature C/T is plotted as a function of T at zero mag-
netic field. The comparison with the heat capacity of the
reference compound LaOs,Sb;, shows that in the tempera-
ture range displayed, C/T of PrOs,Sb;, is mainly produced
by the 42 states of the Prt3.

The C/T data are dominated by a broad peak at T=2 K.
Recent neutron-scattering studies have determined the CEF
splitting of the ninefold degenerate 4f? state of the Pr** ions.
We thus identify this peak as a Schottky anomaly caused by
a singlet-triplet transition between the lowest CEF levels,
roughly, T',(0)-T?(7.8 K)-T'{"(135 K)-T'53(205 K).*** In a
quantitative analysis, our specific-heat measurements and, to
our knowledge, all published heat-capacity data appear to
contradict this level scheme. Although the position of the
anomaly agrees with the energy difference to the first excited
level, the smaller height of the measured peak points to a
transition with a clearly reduced entropy. The C/T data of
sample A are more than 60% below the expected values and
C/T of sample B more than 20+5% (see Fig. 1). The
specific-heat data in zero magnetic field seem to favor the
originally proposed CEF level splitting with a doublet as
ground state and a triplet as a first excited level, approxi-
mately I'5(0)-I'5(8.2 K)-I",(133.5 K)-I';(320 K) (Refs. 1, 3,
and 10) (see the dashed line in Fig. 1).

On the other hand, specific-heat measurements in applied
magnetic fields clearly support a singlet ground state because
states with higher degrees of freedom should split in mag-
netic fields. Even nonmagnetic, non-Kramers doublets, as I';,
exhibit a higher-order magnetic-field dependence due to the
Van Vleck susceptibility as illustrated by the calculated CEF
level schemes of PrOs,Sb,,.>!° The splitting leads inevitably
to a large Schottky anomaly, moving to higher temperatures
with growing field. Neither our measurements nor published
studies could reveal such anomalies.>!3

Again the discrepancy between measured and theoreti-
cally expected CEF contribution to C is too large to be ex-
plained by antimony inclusions exclusively. Apart from any
impurity phases, lattice distortions due to stress, off-center
positions of the Pr’* ions, the rattling modes, the hybridiza-
tion of the 4f2 states with the conduction band, and, finally,
any interaction between the 4f> moments could alter the CEF
splitting, broaden the Schottky anomaly and shift entropy to
higher temperatures.

The transition to superconductivity is clearly visible as a
large, broadened mean-field discontinuity superimposed on
the Schottky anomaly. In small magnetic fields the disconti-
nuity is rapidly suppressed and shifted to lower temperatures
until it vanishes for B>2 T (see Fig. 2). With a slightly
weaker field dependence, the Schottky peak also moves to
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FIG. 2. The specific-heat coefficient C/T measured at several
constant magnetic fields as a function of 7. The Schottky anomaly
at T=2 K shows a smaller field dependence than the discontinuity
at the superconducting transition temperature. In the inset the zero-
field data are depicted together with measurements at B=1.0 T and
1.5 T which could serve approximately as a normal conducting
background for the zero-field specific heat.

lower temperatures, indicating the magnetic-field induced
splitting of the first excited CEF triplet.

In order to analyze the superconductive part of C/T,
C,/T, usually the specific heat in the normal state and the
magnetic-field dependent CEF contributions have to be sub-
tracted. For PrOs,Sb;,, two such analyses have so far been
published: Vollmer et al.® used a CEF level scheme with a
doublet I'; ground state and Frederick et al.'! additionally a
modified level scheme with a singlet I'; ground state. De-
pending on the CEF ground state used, the data differ from
one another and exhibit different normal-state contributions.
These analyses are hampered by the sample dependence of C
and its deviation from the expected CEF behavior. Another
possibility for determining C,/T relies on the fact that the
position of the Schottky anomaly varies comparatively
slowly with increasing field, so that at moderate fields, where
the superconductivity is not completely suppressed, the
normal-state heat capacity could serve as background at
T>T.B>0) (see Fig. 2). The inset of Fig. 2 demonstrates
that at least down to 7= 1.5 K, the C/T measurement at B
=1.0 T represents, to a good approximation, the normal-state
background C,,/T. At lower T and/or for B> 1.0 T, however,
the change of the Schottky anomaly is too large to warrant a
reliable construction of C,/T. Here, the normal-state C/T
data below 7. were obtained by assuming a scaling of the
Schottky anomaly with 7/B as expected. In addition for the
lowest temperatures between 0.5 K and 0.7 K the contribu-
tion of the hyperfine coupling has to be substracted which
was modelled with 772, The resulting differences C,/T
—C,/T are displayed in Fig. 3. The curves shown in Fig. 3
exhibit a double transition as two rounded jumps at 7, and Ti
(T:< T.) followed by a very sharp decrease of C,/T—C,/T
towards lower 7. With increasing field both transitions are
pushed to lower 7" while the discontinuities are reduced and
broadened.

In Fig. 4 the zero-field C,/T—-C, /T data are plotted down
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FIG. 3. Typical differences between the superconductive and
normal-state specific heat divided by temperature in constant mag-
netic fields. The normal-state contribution has been subtracted as
described in the text. The discontinuity exhibits the double transi-
tion as two rounded jumps at 7, and Tz (with T,> Tz). With increas-
ing magnetic field the transitions are shifted to lower 7" with rapidly
diminishing discontinuities.

to 0.5 K. As mentioned before, the uncertanity in construct-
ing C,/T increases with decreasing temperature. The error
bars in Fig. 4 represent two possible limits of the background
construction. The lower limit is given by taking the normal-
state part of C/T at B>1 T without any scaling. Due to the
field-dependent shift of the Schottky anomaly to lower tem-
peratures this leads to an overestimation of the background.
For the upper limit the normal-state part of C/T are shifted to
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FIG. 4. The difference between superconductive and normal-
state specific heat divided by temperature. The construction of C,,/T
and the meaning of the error bars is described in the text. For
comparison model calculations are shown that display the weak-
and strong-coupling behavior of a conventional, isotropic supercon-
ductor with different gap ratios a=A(0)/kgT, (for details see text).
The data are best described by extremely strong-coupling supercon-
ductivity. The inset shows the normalized superfluid density derived
from penetration depth measurements from Chia et al. (Ref. 5)
(circles) together with the corresponding model calculations. The
pronounced increase of py(T)/ps(0) below T< T: ~1.75 K is appar-
ently reflected in the sharp decrease of C,/T towards lower 7.
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the zero-field position of the Schottky anomaly. In this case
the background is underestimated because the broadening of
the Schottky anomaly with temperature is not taken into ac-
count. Despite the uncertainties at higher fields and lower
temperatures, the integration of the zero-field C,/T-C,/T
data yields the expected entropy balance, S,(T,)=S,(T,), if
the data are linearly extrapolated from the lowest measured
temperature to 7— 0. Hence the entropy consideration pro-
vides an independent cross-check of our analysis.

The rapid decrease of C,/T—C,/T at T<T, shown in Fig.
4 is a characteristic feature of strong-coupling superconduc-
tivity. In the BCS weak-coupling limit, C,/T—-C,/T becomes
zero at approximately 0.5-7, while the depicted data exhibit
the zero crossing at 0.7+0.05-7,. In the former attempts to
extract C,/T, published by Vollmer et al.’ and Frederick et
al.,'"! C,/T crosses C,/T between 0.6-T,. and 0.7-T.,.

In order to demonstrate the uniqueness of this behavior,
we fit our data with the so-called a-model. Padamsee et al.>
who developed the model, assumed that superconductive
properties which are mainly influenced by the size of the gap
and the quasiparticle-state occupancy could be approximated
by simply using the temperature dependence of the weak-
coupling BCS gap. The size of the gap is a freely adjustable
parameter a=A(0)/kgT,, where A(0) is the (Fermi-surface
averaged) gap at T=0. In our case the only other free param-
eter is the normal-state electronic specific heat, represented
by the Sommerfeld coefficient 7y, because the not fully un-
derstood CEF contributions prevent us from determining y
directly. The specific heat is calculated by differentiating the
entropy

SI(yT,) =— 6a/772fw [fIn(f) + (1 = HIn(1 — f)JdE, (1)
0

according to C,/T-C,/T=y(d(S/(yT.))/dt—1). The
quasiparticle-state occupancy is given by f
=[exp(a/t-|E*+A(1)?)+1]7! and t=T/T,. For the tempera-
ture dependence of the gap &(T)=A(T)/A(0), we used the
values tabulated by Muehlschlegel.! Due to the difference
C,/T-C,/T, the gap ratio « determines the zero point of the
calculated curve, while y controls the height of the disconti-
nuity. We fitted the data with a single transition and two
independent transitions. The latter reflects the behavior of
either an inhomogeneous sample comprised of two fractions
with different 7.’s or a two-band superconductor with two
completely independent bands and different 7,’s. A scenario
in which the two phases depend on each other, i.e., a second
symmetry breaking due to a multicomponent order param-
eter, are beyond the capabilities of this simple model. As
both discontinuities are approximately of the same size and
behave similarly in magnetic fields, we choose equal gap
ratios and Sommerfeld coefficients. Both approaches, with
the single and the double transitions, lead to the same results.
Figure 4 shows the fits in which the two transitions are mod-
elled. The calculations in the weak-coupling limit deviate
considerably from the observed behavior. The pronounced
shape of the discontinuity and the zero-crossing point at high
temperatures are best described by an extremely strong-

PHYSICAL REVIEW B 73, 104503 (2006)

TABLE II. Summary of the @-model analysis of the supercondc-
tive part of our zero-field specific heat measurement and published
C, data of PrOs,Sby,. I'} and I'5 correspond to a background sub-
straction assuming a singlet or doublet CEF state, respectively. Due
to the uncertainity of the extraction of C, at low temperatures, we
fitted the a-model only to data points above 1.2 K. In this fit, the
linear specific heat coefficient v is determined by the height of the
discontinuity (any varying excess Sb content is not taken into
account).

Specific heat data a=A(0)/kgT, v (Jmol™' K2
This work (see Fig. 4)  3.7+0.2 0.20+0.05
Vollmer et al.* 2.6+0.2(T'5) 0.35+0.05
Frederick ef al.® 3.1+£0.2(")) 0.26+0.05
Frederick ef al.® 3.6+0.2(T'3) 0.21+0.05

4Reference 3.
bReference 11.

coupling scenario with a gap ratio of «=3.7+0.2 (BCS: «
=1.76) (Ref. 32) and a total Sommerfeld coefficient of y
=0.2+0.05(0.27+0.07) J K2 mol~". The normalized
specific-heat jump amounts to AC/(yT,)=5=1(6.7x1.3)
(BCS: AC/(yT,)=1.43).3%? Usually, HF superconductors are
not in the extreme strong-coupling regime. The only excep-
tion which is comparable to PrOs,Sb, is CeColns with a
specific heat jump of AC/(yT,)=4.5 and a gap ratio of «
=4.43, that even exceeds our value.>>3* The lower value of y
as compared to previous analysis is supported by measure-
ments of the upper critical field (see the end of this section).
The obtained values of the a-model analysis of our measure-
ments and literature data are listed in Table II.

The specific heat is closely related to the temperature de-
pendence of the superfluid density p,(T). Therefore, to verify
this extraordinary behavior of C, we used again the simple
assumption of the a-model and calculated py(7) according to
Bouquet et al.3>%

p=1—2afmf(1—f)dE. (2)
0

The inset of Fig. 4 shows the penetration depth data reported
by Chia et al.’ p(T)/p,(0)=\(0)?/\(T)?> and the calcula-
tions of the a-model assuming the same gap ratios as in

TABLE III. Summary of the published superconductive gap ra-
tios and gap anisotropy of PrOs,Sb,.

Experiment a=A(0)/kgT. Gap function

Tunneling spectroscopy? 1.7 Nearly isotropic

uSRP 2.1 Nearly isotropic
NT)¢ 2.6 Point nodes
Sb-NQR¢ 2.7 Isotropic

4Reference 21.
PReference 22.
“Reference 5.
dReference 9.
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FIG. 5. (a) The specific heat divided by T as a function of the
magnetic field B. (b) C/T at T=0.51 K in fields up to B<6 T. Note
the strongly field-dependent normal-state background up to the on-
set of the field induced phase at Bo~5 T. (c) Enlarged section of
(b) with the discontinuities at B:z and B,, that have almost
vanished.

Fig. 4. The pronounced increase of p,(T) just below the onset
of superconductivity appears to be best described by the
same large gap ratio of 3.7. With decreasing temperature,
however, the data deviate more and more from the fit and
approach finally the reduced values of the weak-coupling
scenario. A simple explanation of this behavior are nodes in
the gap function which give rise to additionally unpaired
quasiparticles. Indeed, below 7<<0.6 K, Chia et al® demon-
strated that the best fit is given by a gap function with two
point nodes and a still strongly enhanced gap ratio of 2.6. We
want to stress that the a-model we used was developed for
conventional, isotropic superconductors. Consequently, it can
only confirm the precipitous condensation of quasiparticles,
reflected in an extremely peaked specific heat, and does not
cover the influence of nodes, multiple bands which interact
with each other, or temperature dependent quasiparticle
masses or coupling strengths.

Apart from penetration depth measurements, Sb-NQR,
and uSR investigations also point to strong-coupling super-
conductivity (see Table IIT). Tunneling spectroscopy mea-
surements, however, which probe the gap size directly, reveal
a gap of 270 ueV at T=0.19 K and a ratio of 1.7, close to
the BCS prediction. All these measurements indicate a nearly
isotropic gap with no line nodes.

Maki et al.’® and Parker et al.’” have performed model
calculations of C; which are based on gap functions with
point nodes and two phases with a two- and fourfold rotation
symmetry. A comparison shows that they are not consistent
with our measurements because they do not reproduce the
strong-coupling behavior.

Figure 5(a) shows C/T as a function of B for various
temperatures. Between 1.24 K and 0.76 K, C/T increases
roughly linear with B, with a sublinear increase for lower 7.
This increase resides on a large B and T dependent C/T
“background” up to the onset of the so-called field-induced
ordered phase® [see Fig. 5(b)] due to the Schottky anomaly.
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Therefore, although models for the field dependence of C/T
for nodal®**® and multiband*! superconductors are at hand,
we refrain from further discussion.

With decreasing 7, the specific-heat jumps AC(B.,)/T
and AC(B,,)/T are diminished and shifted to higher fields.
At the lowest temperature measured, 7=0.51 K, the discon-
tinuities have nearly disappeared [see Fig. 5(c)]. From the
data measured at 7=0.51 K, we can estimate an upper limit
of the Sommerfeld coefficient by y<(C(B.,)/T—-C(0)/T)
=0.35(0.47) J mol~2 K~2. This seems to confirm a moderate
enhanced effective mass while a strong increase of 7y at
T— 0, comparable to that of CeColns, seems to contradict
these experimental findings.

V. AC SUSCEPTIBILITY

Figure 6 shows raw data of typical differential ac-
susceptibility traces of the real (') and imaginary part (x”)
for 7=0.1 K and 2 K as a function of superimposed dc mag-
netic fields. A dominant feature around 1 T is a change of the
curvature of y’ and a broad minimum in y”, which are inde-
pendent of temperature up to 4 K. This feature is neither
present for the empty susceptometer nor in any temperature
dependent measurement of the sample at constant magnetic
field. However, its mere size as compared with contributions
of superconductivity of the sample, shown in panels (b) and
(c), suggest that it originates from an electronic interference,
e.g., resonance, of unexplained nature. For the analysis of
our data, we have taken the field sweep at 7=2.0 K as back-
ground, comprising contributions of the empty susceptom-
eter with the sample in its normal state.*?

The corrected differential susceptibilities in the supercon-
ducting state after subtraction of the background, Ay=x(T)
—x(T=2 K), are shown in Figs. 6(b) and 6(c). The real part
reflects the shielding behavior of the sample while the imagi-
nary part reveals its irreversible properties, i.e., the energy
dissipation W=MdB=wy"B% which is just the area enclosed
by the small hysteresis loop M(Bgy.+ B, cos(wt)). The irre-
versible properties originate from the flux pinning of the vor-
tice lattice. In reversible type-II superconductors with no pin-
ning centers, x"~0, and x’ represents the equilibrium
differential susceptibility x’=dM/dH.** In this case, x' is
positive between B, and B,,, the so-called differential para-
magnetic effect, and the discontinuity at B, can be related to
the jump of the specific heat.**

All measurements shown in Fig. 6 demonstrate large Ay”
values and a negative step of Ay’ near B,, pointing to irre-
versible magnetic behavior. We focus therefore on the signa-
ture of phase transitions and the irreversible properties of the
sample. The onset of superconductivity at B, is visible as
the onset of a signal in Ay’ and Ay”. While Ay’ becomes
negative, indicating shielding currents, Ax” shows a broad
ridge with a pronounced peak near the second transition B:z.
BZZ appears as inflection point in the real part. In Ax” only
B, is clearly observable while B, marks the sluggish onset
of irreversible behavior. Besides the signature of the transi-
tions we observe a well developed minimum in Ay’ and a
peak in Ay” indicating enhanced pinning properties. This
so-called peak effect is a well-known feature of many con-

104503-6



SPECIFIC HEAT AND AC SUSCEPTIBILITY STUDIES...

(@ @
=
- )
£
s
=
:x
(b) T r T : : 18K
15K
- - 12K
(2]
= ,/’ﬁ 10K
S /’———v
o 06K
G /’” _~ 03K
=L N
< / 01K
/ P
B, BB
(c) e — : - 18K
N
= 15K
2 ,\_\‘__ﬁ__/_iBb
c o 12K
2 Nw/@_i_
% 1.0K
= A
5 06K
< e
03K
Mz
: . 01K

15 20 25 3.0
B(T)

FIG. 6. ac susceptibility traces as function of magnetic field B in
PrOs,Sby,. The curves are shifted with respect to another to facili-
tate their readability. (a) Typical raw data in the normal and super-
conducting state. Note the anomaly around 1 T, reminiscent of a
resonance of unknown origin present only in the susceptometer
with the sample added. (b) Typical contributions to the supercon-
ductivity of the real part of the corrected susceptibility Ayx=x(T)
—x(T=2 K). The two superconducting phase transitions are visible
as slope changes at B, and BZ2~ The minimum between B,, and Bk
marks the peak effect. (c) Contributions of the imaginary part Ay”.
Only the second transition sz can be identified approximately by
the pronounced peak.

00 05 10

ventional and HF superconductors, e.g., UPd,Al;. % In
PrOs,Sb,, it was also observed in dc magnetization and re-
sistivity measurements.!%46

Towards smaller fields, Ay’ decreases abruptly and Ay”
vanishes. The restoration of reversible behavior together with
the strongly enhanced shielding currents characterize the on-
set of the Meissner-Ochsenfeld state. Within the limited reso-
lution of our measurement a rough estimate gives a maxi-
mum of the lower critical field of B.;<0.01 T in agreement
with published data.*#6

In Fig. 7, typical temperature dependent ac-susceptibility
measurements are displayed together with the specific-heat
data at constant magnetic fields of B=0 and 1.0 T. The
double transition seen in the ac susceptibility corresponds to
the two steps in the specific heat. In magnetic fields, Ay’
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FIG. 7. Comparison between the corrected specific heat C(T)
and ac susceptibility y(7) at constant magnetic fields B=0 and
1.0 T. The two superconducting transitions 7, and Ti can be iden-
tified as two broad steps in C. The susceptibility reflects the transi-
tions as slope changes in Ay’ and maxima in Ay”. At B=1.0 T the
peak effect produces a minimum between 7} and T: Between
onset of C and y a small offset may be due to a slight difference in
temperature calibration.

again shows a minimum demonstrating the enhanced shield-
ing of the peak effect which, of course, is absent in C.

VI. PHASE DIAGRAM

In Fig. 8 the specific-heat and ac-susceptibility data are
summarized in a (B,T) phase diagram. With decreasing tem-
perature, the first observation of superconductivity appears at
T.=1.86 K with an upper critical field, B,(T), which in-
creases up to B.,(0)=2.3 T. The second transition B;(T)
starts at 7.=1.75 K, tracks B,(T), and reaches finally
B.,(0)=2.1 T. Both transitions show a similar magnetic-field
dependence and can be scaled to one another with approxi-
mately the same scaling factors for the B and T axis:
B(*.Z(O)/BCZ(O)%Tj(O)/ T.(0). The signatures of B,, and Bf_z
found in ac-susceptibility and specific-heat measurements
agree perfectly with each other and are consistent with most
of the available data, e.g., specific-heat,!31%1516
magnetization,'® thermal expansion,'” ac-susceptibility,*!>!8
and resistivity studies.!>?3:26

The observation of two subsequent, superconducting tran-
sitions in ac-susceptibility measurements usually implies
sample inhomogeneities. The approximately similar size of
the specific-heat jumps indicates, that in this case two dis-
tinct, macroscopic parts of the sample have to become super-
conducting. A comparison of the available measurements
which resolve the double transition reveals surprisingly dif-
ferent shapes of the discontinuities. While differences in ac-
susceptibility and resistivity measurements are easily under-
stood in terms of surface and contact effects, the small but
significant differences in the size of the specific-heat

17
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FIG. 8. Summary of specific-heat and ac-susceptibility data. (a)
Phase diagram derived from the ac-susceptibility and specific-heat
data. See Figs. 6 and 7 for the definition of B,,, BZZ, By, and T, T;
Hatched area indicates the region of enhanced pinning properties.
(b) The specific-heat jumps AC as a function of the transition tem-
peratures T; and T, together with the data from Measson ef al. (Ref.
12). The comparison with AC of vanadium from Radebaugh et al.
(Ref. 47) indicates a rather conventional decrease of AC. (c) The
thermodynamic critical field calculated from the specific-heat data
shown in Fig. 4. The dashed line represents the extrapolation to zero
temperature. The thin dashed line is the corresponding two-fluid
model. (d) The Ginzburg-Landau parameter «, calculated from the
specific-heat jumps is displayed in (b). Further details are described
in the text.

jumps!344849 point again to two distinct sample fractions

with different 7, and varying mass. Otherwise, if the differ-
ences have an intrinsic origin, they should result in different
phase diagrams because AC is closely related to the mag-
netic field derivatives of the critical fields via the Ehrenfest
relations.

Apart from the phase boundaries, Fig. 8 shows the tem-
perature and field dependence of the peak effect, character-
ized by the enhanced shielding above By. The peak effect
tracks B, (T) over the entire temperature range and reaches
finally B (0)=1.6 T. Its temperature dependence proves
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clearly that it cannot be caused by matching effects where its
occurrence is fixed to distinct, temperature-independent mag-
netic fields.”® Likewise, the pinning on a second phase with
slightly lower T, is rather unlikely. Even if the double tran-
sition might signify such a phase the maximum of the peak
effect should then be centered around B.,. The measure-
ments, however, show unambiguously that the peak effect
disappears at B,,. Due to the similar behavior of many con-
ventional superconductors, the most probable explanation are
weak pinning effects at impurities (see Table III).

It should be noted that the enhanced pinning properties
might play an important role in stabilizing superconducting
phases which have a smaller symmetry than the crystal struc-
ture. Magnetothermal transport studies point to a low-field
superconducting phase with two point nodes and a reduced
twofold rotation symmetry.® The resulting phase boundary of
this low-temperature phase, however, deviates strongly from
all other published measurements with a zero-temperature
critical field of just B~0.8 T. If the phase is aligned to the
crystal lattice by pinning effects, the phase transition is con-
trolled by the irreversible properties of the crystal and may
differ from the thermodynamic, reversible phase boundaries
found in other experiments.

Conventional and HF superconductors which are Pauli
limited exhibit a characteristic increase of the discontinuity
of the reversible susceptibility X,e,= o dM/JIB| B, with de-
creasing temperature. Due to the reduction of the upper criti-
cal field by the Pauli-paramagnetic lowering of the normal-
state free energy, Y., becomes larger with increasing field
and B, in comparison to B, smaller. Expressed in the
Ginzburg-Landau-Maki parameter «,, one expects therefore
a saturation or even decrease of «, at high magnetic
fields.*>>! As mentioned before, we could not employ our ac-
susceptibility measurements to determine x,.,. Therefore,
we turn to the discontinuity of the specific heat and

estimated  y,, via the Ehrenfest relation Ay,
=1/ py- AC/T|BC2(dBL.2/dT)2. Then «, is given by
Ky = \(dB,/dT)*/(2BuACIT) - 1, (3)

where B is a number of order unity that depends on the
vortex-lattice configuration.’” The specific-heat jumps were
obtained by an entropy-conserving method, as shown in Fig.
7, from our data and the measurements reported by Measson
et al.'> B was assumed to be 1.16 according to a triangular
vortex lattice.”® The obtained AC/T]s , data are displayed
in Fig. 8(b). The discontinuities are characterized by a pro-
nounced decline when a magnetic field is applied. A com-
parison with the AC/T| B, data of vanadium demonstrates
that the data points follow the behavior of a conventional,
weak-coupling superconductor surprisingly well. Figure 8(c)
shows the deduced Ginzburg-Landau-Maki parameter «, for
B, and B, as a function of T. With decreasing 7, «, exhibits
a strong enhancement. The missing saturation or decrease
argues against Pauli-limited superconductivity, at least down
to the lowest measured temperature 7=0.52 K. The «, val-
ues obtained are in rough agreement with the directly deter-
mined k=\(0)/& ~ 3440 A/113 A=30.4.224

104503-8



SPECIFIC HEAT AND AC SUSCEPTIBILITY STUDIES...

Finally, we made a rough estimate of the thermodynamic
critical field B, and the condensation energy of E. by inte-
gration of C,/T—C,/T shown in Fig. 4 from 0.5 K to 7. The
low-temperature part was extrapolated by a parabola accord-
ing to the thermodynamic condition dB.(0)/dT=0. The con-
densation energy amounts to £,=210£20(280+30) mJ/mol.
The resulting B, exhibits again extreme strong-coupling be-
havior as the value of the corresponding two-fluid model
B?:BC(O)(I —(T/T,)? is in the entire temperature range be-
low B,. The values are somewhat smaller than the rough
estimate by B.=B,,B,, with the values from Ho ef al.*® and
Cichorek et al.* Similar to the upper critical fields B,, and
B.,, B, exhibits a small unusual positive curvature near 7. In
contrast to the curvature of B, and B..,, which might indicate
multiband superconductivity,'? this curvature is caused by
the double transition.

VII. CONCLUSIONS

In conclusion, we have carried out specific-heat and ac-
susceptibility measurements on PrOs,Sb;,. The deduced
phase diagram confirms most of the published data. In both
measurements a double transition could be observed and the
two phase lines could be tracked down to 7=0.1 K. The
susceptibility measurement reveals enhanced pinning proper-

PHYSICAL REVIEW B 73, 104503 (2006)

ties close to and below the lower of the two upper critical
fields.

The specific-heat measurements exhibit an unusually
rapid decrease of C below the superconducting transition,
possibly pointing to pronounced strong-coupling supercon-
ductivity. An analysis with the a-model results in an ex-
tremely large gap ratio of A(0)/kgzT.=3.7 and a huge specific
heat jump of AC/(yT.)=5). The peaked shape of the
specific-heat anomaly seems to reflect the rapid rise of con-
densed quasiparticles below 7. The data demonstrate a mod-
erately enhanced effective mass with a Sommerfeld
coefficient of 0.15 J K2 mol™! < y<0.35 J K2 mol~'. The
condensation energy at zero temperature amounts to roughly
200 mJ/mol <E_.<300 mJ/mol with a thermodynamic criti-
cal field of B.=0.04+0.02 T.
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