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Magnetic and superconducting phase diagrams of single-crystal Er0.8R0.2Ni2B2C „RÄTb,Lu …

and ErNi1.9Co0.1B2C: Identification of pair-breaking mechanisms

H. Takeya
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We investigated the magnetism, superconductivity and their interplay in single crystals Er0.8R0.2Ni2B2C
(R5Tb,Lu) and ErNi1.9Co0.1B2C. In contrast to Co substitution,R substitutions induce considerable modifi-
cations in the magnetism of Er sublattice: e.g., Tb~Lu! substitution enhances~reduces! TN and critical fields.
Both R substitutions introduce size effects and pinning centers; the former modifies the magnon specific heat
while the latter hinders the formation of a weak ferromagnetism. The superconductivity, on the other hand, is
strongly ~weakly! influenced by Tb and Co~Lu! substitution. Taking LuNi2B2C as a nonmagnetic supercon-
ducting limit, we analyzed their superconductivities, as well as that of ErNi2B2C, in terms of multiple pair
breaking theory on dirty superconductors. Based on this analysis, many of their superconducting features can
be explained: The breakdown of de Gennes scaling is due to the presence of multiple pair breakers, the
anisotropy ofHc2(T) is related to the magnetic anisotropy, the absence of a structure inHc2(T) at TN of Lu
substitution (TN,Tc) is attributed to an alloying-induced destruction of phase space truncation, and the quasi
parabolic temperature dependence ofHc2(T) of Tb and Co substitutions is in part due to a saturation of
antiferromagnetic correlations. For Lu substitution, the strength of magnon mediated pair breaking process~es!
is substantially reduced.

DOI: 10.1103/PhysRevB.69.024509 PACS number~s!: 74.70.Dd, 74.25.Dw, 74.62.Dh, 74.25.Ha
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I. INTRODUCTION

The heavy members of quaternary intermetallic boroc
bidesRNi2B2C (R5Tm-Dy) manifest very interesting mag
netic and superconducting phase diagrams~see, e.g., Refs. 1
and 2!. These diagrams—partially driven by a nonspheric
nested Fermi surface3,4—reveal a~weak! interaction among
the magnetic and superconducting states. The nature
strength of this interaction had been the subject of exten
investigations.1,2 The fact that the energy of the magne
order (;kBTN) is much higher than that of the superco
ducting condensation (;kB

2Tc
2/EF) explains why the focus

had been centered on tracking the influence of magnetism
superconductivity.

Eisakiet al.5 reported thatTc of RNi2B2C scales with the
corresponding de Gennes~deG! factor. Choet al.,6 on ex-
tending these investigation toR12xRxNi2B2C, observed a
deviation from this scaling even forTc.TN , such a devia-
tion was attributed to crystalline electric field~CEF! effects.
In fact, a complete breakdown of this scaling was obser
for Ho12xDyxNi2B2C (x.0.2) and interpreted in terms of
magnon-mediated pair breaking process.6,7Alternatively Doh
et al.,8 on using Ginzburg–Landau theory, suggested that
anomalous superconducting behavior of Ho12xDyxNi2B2C is
related to its magnetic fluctuations and order.

Upper critical field,Hc2, curves ofRNi2B2C had been
extensively investigated.1,2 As an example, Bud’ko and
Canfield9 reported thatHc2(T) of ErNi2B2C along the easya
axis is lower than that along the hardc axis, reflecting the
strong influence of the magnetic anisotropy. Moreover, a
of Hc2(T) at and just belowTN ~much sharper along the har
0163-1829/2004/69~2!/024509~10!/$22.50 69 0245
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axis! was observed and attributed to either a magn
mediated process10 or a reduction in the phase space.11 On
the other hand, Amiciet al.12 and Morozov13 interpreted the
nearly reentrant behavior ofHc2(T) of HoNi2B2C ~Ref. 14!
in terms of pair breaking due to nonmagnetic impurities a
a reduction in electron–phonon interaction. The former p
breaking process13,15 is possibly the predominant one i
Dy12xLuxNi2B2C (x,0.2).6

As evident from above there is no unified and systema
approach for identifying and evaluating pair breaking p
cesses in these antiferromagnetic~AF! superconducting bo-
rocarbides. A particularly well suited approach is the theo
of multiple pair breaking in dirty superconductors~see, e.g.,
Refs. 16 and 17!. One of the main objectives of this work i
to apply this theory for the analysis of pair breaking pr
cesses in three single crystals Er0.8Tb0.2Ni2B2C (Tc,TN),
Er0.8Lu0.2Ni2B2C (Tc.TN), and ErNi1.9Co0.1B2C (Tc

,TN). These particular substituents are selected for be
adequate representations of magnetic, nonmagnetic,
electronic perturbations. The identification of pair breaki
processes in these compounds~as well as in the host matrix
ErNi2B2C) is a useful contribution towards the elucidatio
of the interplay between magnetism and superconductivit
ErNi2B2C, in particular, and borocarbides in general.

It is perhaps helpful to visualize the involved electron
subsystems in these AF superconductors as being subdiv
into three categories:15 Superconducting electrons~predomi-
nately from Nid band! interact very weakly withmagnetic,
localized4 f electrons. The third class isexchange-coupling-
mediating electrons, the presence of which is independent
superconductivity. The facts that the 4f moments are highly
©2004 The American Physical Society09-1
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TABLE I. Superconducting critical temperatures and fields ofRNi2B2C (R5Lu, Er!, Er0.8R0.2Ni2B2C
(R5Lu, Tb! and ErNi1.9Co0.1B2C. Hc1

0 is obtained from a fit to the relationHc1(1.8 K,T,Tc)5Hc1
0 @1

2(T/Tc)
2#. Hc2

0 represent the zero-temperature upper critical field as obtained from multiple pair bre
analysis~see text!. G is de Gennes factor.

R G
Tc

60.3 K

Hc1
0 610 Oe Hc2

0 60.1 kOe

//a //c //a //c

LuNi2B2C 0 16.5d ;800c ;800c 88.9d 76d

ErNi2B2C 2.6 10.7b ;450a ;450a 14b 20b

Er.8Tb.2Ni2B2C 4.1 3.7 115 165 2.2 2.5
Er.8Lu.2Ni2B2C 2.0 10.8 585 625 14.7 23.9
ErNi1.9Co.1B2C 2.6 3.1 45 54 0.8 1.3

aReferences 26 and 27 where virginM (H,2 K) curves were used.
bReferences 9 and 28.
cReference 29 where polycrystals were used.
dReferences 30 and 31.
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concentrated and situated on regular lattice sites and, m
over,Tc is not very far fromTN suggest that the strength o
magnetic correlations at the neighborhood ofTc is not
negligible.11 As temperature is lowered towards and belo
TN , these correlations would be much increased, to the
tent that a spatially periodic molecular field can be defin
The weakening of superconductivity due to this field (HQ is
its Fourier transform at wave-vectorQ! is usually discussed
along two theoretical approaches:~i! HQ introduces a gap in
the portion of Fermi surface perpendicular toQ and as such
reduces the phase space available for pairing11 ~provided that
the Fermi surface is nested and the induced gap is equal
higher than Debye temperature!; ~ii ! HQ induces a reduction
in the electron–electron phonon-mediated coupling.12,13,15It
is the general opinion that coexistence with AF order is p
mitted wheneverQ21 is smaller than the superconductin
coherence lengthj and that strong suppression occurs whe
everQ21*j.

It is recalled that ErNi2B2C superconducts atTc.11 K
and orders atTN.6 K into a transverse, sinusoidally modu
lated spin-density wave~SDW! with QSDW.0.55a* .18–22A
weak ferromagnetic~WF! state23 emerges belowTWF
.2.2 K, and concomitantly the SDW state is transform
into an equal-amplitude, squared-up state.18,19

II. EXPERIMENT

Single crystals of Er0.8Tb0.2Ni2B2C ~Tb substitution!,
Er0.8Lu0.2Ni2B2C ~Lu substitution!, and ErNi1.9Co0.1B2C ~Co
substitution! were grown by floating zone method.24,25 Most
of the measurements were carried out on as-grown sam
Some samples were annealed at 1400 C for 100 hours~or
1050 C for overnight!. We observed that annealing hard
modifies the magnetism but drastically influences the su
conducting properties: On reducing lattice defects, annea
suppresses the associated pair breakers.

Physical characterization were carried out utilizing
SQUID magnetometer (H,50 kOe, 1.8 K,T,20 K), a
four-point transverse magnetoresistive ac bridge (1.8 K,T
,20 K, I<10 mA, H,80 kOe), and a zero-field sem
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adiabatic calorimeter (0.5 K,T,25 K, precision better than
4%!. For the isofield magnetization, data were collected d
ing the warming-up cycle after field cooling~FC! or zero-
field cooling ~ZFC! process.

For each compound, the total specific heatCtot was ana-
lyzed as a sum of an electronicCe (CS within the supercon-
ducting phase!, a DebyeCD , a nuclearCN , and a magnetic
contributionCM from the R sublattice.CN(T), appreciable
only below 1 K, was evaluated assuming that the contri
tion of each nuclear spin is equal to that of its pare
compound.7 Ce andCD were estimated based on our speci
heat characterization32 of single crystal ErNi2B2C (g
517.5 mJ/molK2 andb50.206 mJ/molK4) which had been
synthesized by the very same procedures as the ones use
this study.CS(T<Tc) was taken33 as 3gT3/Tc

2 which means
that CS(Tc)2Ce(Tc)52gTc'0.14 J/molK for Tb substitu-
tion, 0.35 J/molK for Lu substitution, and 0.11 J/molK fo

FIG. 1. Isothermal M (H/T) curves of as-grown
Er0.8Tb0.2Ni2B2C for ~a! Hi@100# and ~b! Hi@001#. The inset in
each panel givesM (H) at 1.8 K. In the inset of~a!, the derivative at
1.8 K is also included. Similar derivative curves were used
determining~meta!magnetic critical fields.
9-2
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Co substitution. For Tb and Co~Lu! substitutions, such a
jump occurs in the ordered~paramagnetic! phase and
amounts to;2% ~10%! of CM which is on~greater than! the
limit of our resolution. Consequently, the onset of superc
ductivity is resolved only in the specific heat curve of L
substitution.

TN was taken as the point at whichCM(T) attains its
maximum value whileTWF as the point where the slope o
CM(T,TN) breaks.Hc1, Hc2, and Tc were determined34

from linear extrapolations of magnetoresistivity or magne
zation data. Since for each sample,Tc at zero-field was de-
termined from four different bars~two orientations for each
of magnetization and resistivity!, then there would be, inevi
tably, a weak distribution: This amounts to 0.3 K~see Table
I! which is higher than the width of the superconducti
transition. Further,Hc1 was determined from only the virgin
branch of low-field isothermal ZFC magnetization.Hc2(T)
curves, determined from the resistivity, agree reasona
well with those determined from the magnetization.

The de Gennes factor of the parent or Co substitu
compounds is taken asG5(g21)2J(J11) while for
Er12xRxNi2B2C (R5Lu,Tb) is taken as G5xGR1(1
2x)GEr . Around Tc , the free-ionG factors are reduced b
CEF effects which for the case of, say, Ho31 were reported
to induce an 8% reduction inG.6 In the compound unde

FIG. 2. IsothermalM (H) curves of as grown Er0.8Lu0.2Ni2B2C
for ~a! Hi@100# and ~b! Hi@001#. The inset in~a! showsM (H) at
1.8 K together with its field derivative. The inset in~b! shows an
expanded low-field isotherm~used to determineHc1 andHc2).
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study, the CEF effects are expect to induce an almost e
reduction in all de Gennes factors. Nevertheless, each f
ion G factor is still a convenient parameter for scaling th
critical temperatures, critical fields, and the strength of b
magnetic-coupling and pair-breaking processes; in fact
explicit value of aG factor is needed only for calculating th
exchange scattering parameter which, in all cases, is de
mined from experiment~see below!.

III. RESULTS AND ANALYSIS

A. Magnetization

Isothermal magnetizations of Tb substitution~Fig. 1!, Lu
substitution~Fig. 2!, and Co substitution~Fig. 3! were mea-
sured alongHia andHic axes. High-fieldM (H) isotherms
reveal the characteristic paramagnetic collapse forT.TN
~most evident when plotted againstH/T). Below TN ,
M001(H) curves @e.g., Figs. 1~b! and 2~b!# are linear and
weak, indicating that the hard character of thec axis ~and the
sign of theB2

0 parameter28! is maintained after substitution
On the other hand,M100(H) isotherms@Figs. 1~a!, 2~a!, 3~a!#
reveal a strong and nonlinear field dependence: Fie
position, moments strength, and sharpness of each of
three magnetic transitions depend on the type of substitu
@see inset of Figs. 1~a!, 2~a!, 3~a!, and Table II#.

FIG. 3. ~a! Isothermal M (Hia) curves of as grown
ErNi1.9Co0.1B2C. The inset showsM (H) ~and its field derivative! at
1.8 K. ~b! M (Hia axis) curve at 1.8 K of ErNi1.9Co0.1B2C after
being annealed at 1400 C for 100 hours.
TABLE II. Critical temperatures (H50) and critical fields (T51.8 K) of ErNi2B2C, Er0.8R0.2Ni2B2C
(R5Lu, Tb! and ErNi1.9Co0.1B2C. msat is determined atT51.8 K andH550 kOe~see Figs. 1–3!. Values for
ErNi2B2C were taken from Refs. 23, 26, and 28.

R
TN

6.2 K
TWF

6.1 K
H1

6.5 kOe
H2

6.5 kOe
Hsat

61 kOe
msat

6.2mB

ErNi2B2C 5.9 2.2 7 12–14 20 8.4
Er.8Tb.2Ni2B2C 6.8 1 8 ¯ 23 8.8
Er.8Lu.2Ni2B2C 4.9 1 8 11 14 7.8
ErNi1.9Co.1B2C 5.4 2 8.5 11 17.4 7.3
9-3
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For Tb substitution@Fig. 1~a!#, only two field induced
transitions (H158 kOe, Hsat523 kOe) can be unambigu
ously identified. Its saturated moment is 8.8mB , only 2% off
the calculated weighted average. As compared to the pa
compound, thedeG factor is higher, the~meta! magnetic
transitions are less sharper, the critical fields andTN are
higher, and the~average! saturated moments are stronger~see
Table II!. Moreover, both Er and Tb moments are coplana25

and possibly noncollinear~see below!.
Lu substitution @Fig. 2~a!# introduces a considerabl

broadening of the field-induced transitions as well as a lo
ering of critical fields and saturation moments~see Table II!.
These, together with a decrease indeG factor andTN , indi-
cate a weakening of the effective magnetic couplings. Mo
over, Fig. 2 suggests that the strength and anisotropy of E31

moment, being single-ion properties, are similar to those
the parent compound.

High-field M (H) isotherms of Co substitution@Fig. 3~a!#
reveal a relatively sharp field-induced transitions at criti
fields ~and with moment strength! that are very similar to
those of the parent compound~see Table II!: Co substitution
does not modify drasticallyTN , msat, critical fields, nor the
CEF single-ion character of the Er sublattice.

Isofield magnetization, measured along botha andc axes,
is shown as a molarM (T)/H in Figs. 4–6. The magnetic
anisotropy is consistent with that observed in the isother
magnetization. Interestingly, low-fieldM (T>1.8 K) curves
of R substitutions~Figs. 4 and 5! show no evidence of a
WF-induced magnetization increase. In contrast, for Co s
stitution ~Fig. 6!, this WF-induced increase is unmistakab
evident belowTW52 K; only two tenth of a degree lowe
than that of the parent compound.

The onset of superconductivity is evident in the magn
zation curves of all substitutions and for both field orien
tions @Figs. 2~b!, 4, 5, and 6#. As evident, an increase inH
induces a reduction inTc and a widening in the supercon
ducting transition region.

FIG. 4. T-dependent molar susceptibilities (M /H) of as-grown
Er0.8Tb0.2Ni2B2C: ~a! Hi@100# while ~b! Hi@001#. Filled ~open!
symbols denote a warming-up measuring branch after a ZFC~FC!
process.
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B. Magnetoresistivity

Transverse magnetoresistivities of Tb, Lu, and Co sub
tutions are shown in Figs. 7–9, respectively. Eviden
rH(Tc ,TN,T,20 K) is almost temperature independe
and tends towards 6, 4, and 15mV cm, respectively: These
values are higher thanr(Tc,T,20 K);3.5mV cm of
ErNi2B2C ~Ref. 28! and r(Tc,T,20 K);1.5mV cm of
LuNi2B2C ~Ref. 35!. Since the spin-disorder resistivity i
0.55–2mV cm ~just as for the parent compound!, then most
of the additional resistivity is due to alloying-induced diso
der.

On approachingTN , rH(T) of Co substitution shows a
resistivity increase~see Fig. 9! which is considered as a

FIG. 5. T-dependent molar susceptibilities (M /H) of as-grown
Er0.8Lu0.2Ni2B2C: ~a! Hi@100# while ~b! Hi@001#. Filled ~open!
symbols denote a warming-up measuring branch after a ZFC~FC!
process.j, h: 20 Oe;d, s: 150 Oe;m, n: 600 Oe;., ,: 1600
Oe.

FIG. 6. T-dependent molar susceptibilities (M /H) of annealed
ErNi1.9Co0.1B2C: ~a! Hi@100# while ~b! Hi@001#. The inset in~b!
expands the temperature region wherein both magnetic and su
conducting order are manifested. Filled~open! symbols denote a
warming-up measuring branch after a ZFC~FC! process.
9-4
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MAGNETIC AND SUPERCONDUCTING PHASE . . . PHYSICAL REVIEW B 69, 024509 ~2004!
manifestation of partial truncation of the Fermi surface d
to opening of superzone gap~s!.9 For R substitutions, such a
resistivity increase is small, possibly due to an alloyin
induced reduction of the superzone gapping.

The onset of superconductivity is marked by a relativ
sharp drop in the resistivities~Figs. 7–9!. As H is increased,
the paramagnetic resistivity is hardly modified,Tc is sharply
reduced, andDTc is widely increased.

C. Specific heat

CM(T,H50) of the studied substitutions~Fig. 10! mani-
fest three distinct temperature regimes:~i! A paramagnetic
phase (T.TN), ~ii ! an intermediate regime (TWF,T,TN),
and ~iii ! a low-temperature regime (T,TWF). For R substi-
tutions, the events at bothTN andTWF are relatively broader
most probably due to alloying. Furthermore, the temperatu
dependence of theirCM(T) and magnetic entropies~inset of

FIG. 7. Transverse magnetoresistivities of as gro
Er0.8Tb0.2Ni2B2C for ~a! Hi@100#, I i@001# and ~b! Hi@001#,
I i@100#.

FIG. 8. Transverse magnetoresistivities of Er0.8Lu0.2Ni2B2C for
~a! Hi@100#, I i(@001# and ~b! Hi@001#, I i@100#.
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Fig. 10! are quasi similar:CM(TWF,T,TN) decreases as
power-type function, empirically found to be 0.55T1.6 for Tb
substitution and 0.625T1.7 for Lu substitution. BelowTWF,
their CM(T) are numerically comparable or even lower th
their CN(T). Consequently, large uncertainties emerge, i
peding a determination of a definite functional dependen
Nevertheless, it is sure that no exponential-type decay~as
seen for the parent32! can be identified.

CM(T) of Co substitution, unlikeR substitutions, is very
similar to that of the parent compound: a quasil-type AF
order atTN and a relatively sharp change of slope atTWF. In
addition, two distinct thermal evolutions, separated byTWF,
are evident:CM(TWF,T,TN) shows a power-like depen
dence almost equal to that of the parent compound32 while
CM(T,TWF) decays with a much faster rate than that of t
R substitutions but lesser than that of the parent compou

FIG. 9. Transverse magnetoresistivities of ErNi1.9Co0.1B2C for
~a! Hi@100#, I i(@001# and ~b! Hi@001#, I i@100#.

FIG. 10. Log–log plot of magnetic specific heat o
Er0.8R0.2Ni2B2C (R5Er, Tb, Lu) and ErNi1.9Co0.1B2C. Evidently,
except for a difference in theirTN , the overall thermal evolution of
CM(T) of both Er0.8R0.2Ni2B2C (R5Lu, Tb) is similar. Likewise,
those of ErNi2B2C and ErNi1.9Co0.1B2C are similar and moreove
the temperature dependences of their magnetic entropies~see inset!
are also similar. Data of ErNi2B2C were taken from Ref. 7.
9-5
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Below 0.8 K, the rate of decay is reduced, the origin
which is unclear. Due to this anomaly, we were unsucces
in carrying out a satisfactory fit ofCM(T,TWF) using the
procedures given in Refs. 7 and 32.

Thermal evolution of the magnetic entropy per one m
of chemical formulas,S(T), for each substitution is shown i
the inset of Fig. 10. Within the paramagnetic phase, the
pected relation is well met: SEr–Lu(T),SEr–Tb(T)
,SErNi–Co(T)5SEr(T). Far belowTN , this relation is re-
versed: The entropy of the parent compound is the low
while that of Lu substitution is the highest, indicating thatR
substitutions induce a softening of the magnon spectrum~see
below!.

D. Superconducting critical fields

Superconducting critical fields are shown in Figs. 11–
Evidently, there are no reentrant features nor a spontan
vortex state. For each substitution, the lower critical fie
Hc1(1.8 K,T,Tc)5Hc1

0 @12(T/Tc)
2# whereHc1

0 is a con-
stant~see Table I!. Such a parabolic relation was reported f
polycrystalline YNi2B2C and LuNi2B2C.29,36 Evidently,
Hc1(T) is weakly anisotropic and decreases along the dir
tion Hc1

Lu.Hc1
Er–Lu.Hc1

Er.Hc1
Er–Tb.Hc1

ErNi–Co ~see Table I!.
Hc2(T) curves, on the other hand, show a quasi parab

behavior ~see Figs. 11–13!. Moreover, Hc2(ic).Hc2(ia)
@jab,jc#, reflecting the anisotropic character of the ma
netic state.28 Such an anisotropy is opposite to the one o
served in LuNi2B2C.4,30,31 Figure 14 and Table I show tha
below liquid helium temperatures and along botha and c
axes,Hc2

Lu.Hc2
Er–Lu>Hc2

Er.Hc2
Er–Tb.Hc2

ErNi–Co. Taking this in-
equality ~as well as that ofHc1 andTc) as a measure of th
involved pair breaking effects, it is inferred that Co substi
tion degrades the superconductivity much stronger than
of R substitutions. Furthermore, both Co and Tb substituti
reduceTc to a value lower thanTN . In contrast, Lu substi-

FIG. 11. Superconducting H2T phase diagram of
Er0.8Tb0.2Ni2B2C for ~a! Hi@100# and ~b! Hi@001#. .: TN ; n:
Hc1; h: Hc2. The dashed line onHc1(T) represents a paraboli
relation ~see text!. The solid line represents the calculatedHc2(T)
based on multiple pair breaking theory~see text!. The inset shows a
partial magneticH2T phase diagram forHi@100# where.: Hsat

andb: H2 .
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tution does not induce any reduction inHc2(T) which is very
similar to that of ErNi2B2C, except that there is no structur
at TN ~see Fig. 14!.

Kawano-Furukawa and co-workers27 investigatedHc2(T)
of Tb substitution down to 0.5 K using a resistivity prob
Hysteresis effects inHc2(T,1 K) were observed and attrib
uted to a field-induced realignment of the magnetizati
This, acting as an additional pair breaker, induces a reduc
in Hc2(T) during the cooling branch.

FIG. 12. Superconducting H2T phase diagram of
Er0.8Lu0.2Ni2B2C for ~a! Hi@100# and ~b! Hi@001#. .: TN ; n:
Hc1; h: Hc2. The dashed line onHc1(T) represents a paraboli
relation~see text!. The solid line represents the calculatedHc2 curve
based on multiple pair breaking theory~see text!. The weak struc-
ture observed in the calculatedHc2(T) curves is a reflection of a
slight overestimation of the magnetization in the neighborhood
TN . The inset shows a partial magneticH2T phase diagram for
Hi@100# where.: Hsat andb: H2 .

FIG. 13. Superconducting H2T phase diagram of
ErNi1.9Co0.1B2C for ~a! Hi@100# and~b! Hi@001#. .: TN ; n: Hc1;
h: Hc2. The dashed line onHc1(T) represents a parabolic relatio
~see text!. The solid line represents the calculatedHc2 curve based
on multiple pair breaking theory~see text!. The inset shows a partia
magneticH2T phase diagram forHi@100# where.: Hsat andb:
H2 .
9-6
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IV. DISCUSSION

A. Magnetic configuration

Ng and Varma37 and Gammelet al.38 interpreted the WF
state in ErNi2B2C as an ordering ofsharp domain walls
~kinks! within the equal-amplitude, squared SDW sta
Recent neutron diffraction studies18,19 revealed, on
a microscopic scale, the arrangement of this WF s
which ~following Kawano-Furukawa et al.18! can be
schematically represented along thea axis as:
..↓↑↑↓↑↓↑↓↑↓↑↑↓↑↓↑↓↑↓↑↓↑↑↓.. for z50 plane, while

..↓↑↑↓↑↓↑↓↑↓↑↓↓↑↓↑↓↑↓↑↓↑↑↓.... for z51/2 ~↑ and ↓
represent the Er moments!. As such, the magnetic unit-ce
measures 20abc and contains 40 Er moments. The kinks a
separated by 35 Å leading to a net ferromagnetic compon
of magnitude;0.4mB that coexists microscopically with su
perconductivity@jab(2 K)'130 Å#.

5% Co substitution introduces no drastic modification
the overall character of this magnetic arrangement excep
a change in the magnitude of the nesting vector27 and, as a
consequence, a change in the strength of the WF mom
The maintainance of the overall character of the squared
state after Co substitution is consistent with the obser
very weak variation inTWF and in the magnon spectra: th
latter feature explains the similarity of itsCM(T) to that of
the parent compound~see Fig. 10!.

In contrast to Co substitution, eachR substitution is ex-
pected to impart a dramatic influence on the magnetic c
figuration~in particular within the squared-up state! of the Er
sublattice. Assuming that for Er0.8Tb0.2Ni2B2C ~see Sec.
II A !, both 4f moments maintain their original orientation39

FIG. 14. A comparison of superconductingH2T phase dia-
grams of Er.8Tb.2Ni2B2C, Er.8Lu.2Ni2B2C, and ErNi1.9Co0.1B2C for
~a! Hi@001# while ~b! Hi@100#. The reportedHc2(T) curves of
ErNi2B2C ~Ref. 9! and LuNi2B2C ~Ref. 30! are also included.
Dashed lines represent the calculation from multiple pair break
theory~see text!. Similarly, the solid lines represent such a calcu
tion for the case of ErNi2B2C. Notice that the assumed orbital fie
@Hc2* (T), dash–dot# of LuNi2B2C does not reproduce the observ
positive curvature ofHc2(T), presumably due to the non spheric
multiband character of the Fermi surface~Refs. 30 and 31!.
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relative to Q, then a possible magnetic configuratio
of its equal-amplitude state is̄ ↓↑↓↑→↑↓↑↓¯↓↑↓↑
←↓↑↓↑¯↓↑↓↑→↑↓↑↓¯ ~← and → represent Tb mo-
ments!. Along similar lines, the possible magnetic config
ration of the equal-amplitude state of Er0.8Lu0.2Ni2B2C is
¯↓↑↓↑-↑↓↑↓¯↓↑↓-↓↑↓↑¯↓↑↓↑-↑↓↑↓¯ ~a dash represent
a nonmagnetic site!. Such a random distribution ofR impu-
rities introduces two additional effects: A segmentation of
above-mentioned Er sublattice arrangement and a pertu
tion of the modulated states. The segmentation imposes
ferent boundary conditions on the magnon propagation
as such modifies the magnon spectra away from
continuous-type spectra of the parent compound.7 Then, in
agreement with Fig. 10,CM(T) of such doped compound
must be different from that of the parent compound. Judg
from their low-temperatureCM(T) and entropy, it is inferred
thatR substitution induces a softening in their magnon sp
tra. Further, assuming that the size distributions of the s
ments ~due to eachR substituent! are similar, then their
CM(T) should be similar as well: Indeed this is the case
lower temperatures~see Fig. 10!.

Random distribution ofR substituents, by its very nature
constitutes a strong perturbation on the modulated magn
states. Within the squared-up, equal-amplitude state,
kinks separation would be drastically modified: In the par
compound there is one kink for every 10 chemical unit ce
while afterR substitution, there is, on average, oneR impu-
rity for every five chemical unit-cells. For minimizing the
energy, the kinks would then preferentially reside on
substituent-site. As such, a formation of weak ferroma
netism would be highly suppressed: indeed no~or highly
reduced40! WF state is evident in their magnetization curve
Then, the observed change of slope in the specific heats~see
Fig. 10! is just a manifestation of an onset and/or compl
development of the equal-amplitude squared-up state atTWF
~maintaining the conventional nomenclature!: WF state is
highly reduced~possibly quenched altogether! on R substitu-
tion but survives Co substitution.

B. Pair breaking mechanisms

The complete replacement of Lu by Er in LuNi2B2C in-
troduces additional effects such as exchange scattering,
tromagnetic, spin polarization, phase space truncation, m
non induced electron–electron repulsion, or magnon indu
reduction of electron-phonon coupling.10–13,15–17To identify
which set of interactions are operating in ErNi2B2C and in
the doped compounds, we confronted the experime
Hc2(T) curves of Figs. 11–14 with the prediction of th
theory of multiple pair breaking of dirty superconducto
~satisfying the condition mentioned in Ref. 17!. The calcula-
tions are based on the following expression:17

ln~Tc0 /T!5a1CS 1

2
1r1D1a2CS 1

2
1r2D2CS 1

2D ,

a65
1

2
6~lso2lm!/4g,

g
-
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TABLE III. lm , a, andlso of the studied compounds.lm was calculated from the zero-fieldTc while a
and lso were obtained from a fit ofHc2(T) to the theory~see text!. It was assumed thatM (T,Hc2)
'M (T,Hfix), whereHfix is as given in this table. The anisotropic isofieldM (T,15 kOe) of ErNi2B2C were
taken from Fig. 6 of Ref. 28.

R G lm

Hfix(kOe) a~60.05! lso(60.1)

//a //c //a //c //a //c

ErNi2B2C 2.55 0.130 15 15 0.1 0.1 0.4 0.6
Er.8Tb.2Ni2B2C 4.1 0.255 1.6 1.6 0.6 0.6 2.0 2.5
Er.8Lu.2Ni2B2C 2.0 0.132 10 10 0.16 0.1 1.4 1.2
ErNi1.9Co.1B2C 2.55 0.261 1.6 1.6 0.7 0.4 0.3 0.3
b
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r65
Tc0

2T F0.281
Hc214pM

Hc2* ~0!
1

1

2
~lso1lm!6 igG ,

g5H S 0.281a
Hc214pM1Hef

Hc2* ~0! D 2

2
1

4
~lso2lm!2J 1/2

,

whereC is the digamma function and

~i! lm is the exchange scattering parameter given
cN(EF)I exG/2kBTc0 where c51/6, N(EF)54.8
states/eV cell is the density of states at the Fe
level,41 I ex is the exchange interaction~for ErNi2B2C,
it is estimated to be 308 K!, andG is the de Gennes
factor. In these magnetically concentrated superc
ductors,lm was calculated from the correspondin
zero-field Tc : As such it is not strictly the
temperature–independent pair breaking param
that appears in the Abrikosov–Gorkov theory. Rath
it represents a sum of all zero-field pair breakers;

~ii ! Hc2* (0 K)576 kOe is the orbital field while
Tc0(0 Oe)516 K is the critical temperature, both de
rived from LuNi2B2C;30,31

~iii ! M (T,Hc2) is the volume magnetization which, fo
convenience, was assumed to be approximately e
to M (T,Hfix) where Hfix is given in Table III. The
concentration of the magnetic ions N
.1.5 1022 cm23 was calculated from the paramete
of ErNi2B2C;

~iv! Hef(T) is the effective exchange field take
as Hef(T)5Hef(0 K)BJ(gJmBHc2 /kBT), where
Hef(0 K)5cIex(gJ21)J/mB and BJ(x) is the Bril-
louin function.42 In this analysis, Hef(0 K)
.1150 kOe;

~v! a is the Maki parameter; and
~vi! lso is the spin–orbit scattering parameter.

In our analysis, the only free parameters area andlso: all
other parameters are fixed by experimental conditions.
calculatedHc2(T) curves are shown in Figs. 11–14 while th
fit parametersa andlso are given in Table III. We observe
that the values ofa andlso are not totally independent: Thi
should be expected since, in the limit of strong spin–or
scattering, only their ratioa/lso influencesHc2(T).17 More-
over, physical reasoning has to be invoked for narrow
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their fitting range. As such, and considering the approxim
tions used, the obtained values ofa andlso should be judged
only on qualitative grounds. Nevertheless, it is assuring
note that in all cases the thermal evolution as well as
anisotropy ofHc2(T) are in reasonable agreement with e
periments. For ErNi2B2C, the fit is very good for tempera
tures away fromTN reflecting the well-known limitation of
the above equation in accounting for the magnon-media
and the phase space truncation processes. However, as
tioned above, each of these processes is drastically weak
by R substitutions: ForHc2(T) of Er0.8Lu0.2Ni2B2C, this ex-
plains the absence of a dip atTN . Interestingly, the latter
feature and the quasi-parabolic character ofHc2(T) can be
taken as an indication that the magnon mediated pair bre
ing processes are not dominant in these doped samples

For both Tb and Co substitutions, a stronglm ~see Table
III ! induces a strong reduction inTc to the extent thatTc
,TN . Moreover, for the rangeT,Tc,TN , the quasi mag-
netic saturation suggests that the evolution ofHc2(T) should
be quasi-parabolic: This is indeed the case~see Figs. 11 and
13!.

The evolution oflm across the studied compounds~see
Table III! does not scale with the deG factor: This confirm
the earlier report of breakdown of de Gennes scaling
borocarbides.6 It is worth empathizing that the cause of th
breakdown varies according to the situation. For Co sub
tution, lm includes both electronic and magnetic perturb
tions: As compared to LuNi2B2C ~16 K!, Tc of
LuNi1.9Co0.1B2C ~12 K! ~Refs. 35 and 43! is depressed due
to electronic perturbations. On the other hand,Tc of
ErNi2B2C ~11 K! and of ErNi1.9Co0.1B2C ~3 K! are deter-
mined from the action of both perturbations. Similarlylm of
Er0.8Tb0.2Ni2B2C ~Refs. 44–46! is not purely an Abrikosov–
Gorkov-type, otherwiseTc ~using I ex5308 K) should be 7
K. The fact that this calculatedTc is in the neighborhood of
TN suggests that the critical fluctuation is a possible ad
tional pair breaker that reducesTc to 4 K. Finally, Lu substi-
tution should induce a decrease inlm; however, itsTc is
only slightly increased. A similar weak increase inTc was
reported for Ho0.8Lu0.2Ni2B2C ~8.5 K!47 and Er0.8Y0.2Ni2B2C
~11 K!.48 As a comparison,Tc of Lu0.8Y0.2Ni2B2C is 15 K.49

It is highly possible that for Er0.8Lu0.2Ni2B2C, the expected
increase inTc is offset by a decrease caused by a combi
tion of lattice defects and appreciable AF correlations.

The evolution ofa andlso across the studied compound
9-8



r

a
o
t

o
C

d
o
n
m

di

s

a

b
ing
g

na-
-

ea-
is,

ed:
s
s

al-
olic

For
e-

xi-

ro-

al
n

nd

.
e

F

et

C

.,

H.
ys.

ld,

ve-

ta,

ain,

MAGNETIC AND SUPERCONDUCTING PHASE . . . PHYSICAL REVIEW B 69, 024509 ~2004!
is given in Table III.a, which is considered negligible fo
LuNi2B2C case,50 is increased for ErNi2B2C and for the al-
loyed compounds.lso, on the other hand, does not show
systematic evolution, not even for different orientations
the same compound, possibly due to its sensitivity
impurity/defect contents.

V. CONCLUSION

Three different types of substitutions in ErNi2B2C were
carried out so as to elucidate the influence of substitution
its magnetism, superconductivity and their interplay. 5%
substitution hardly modifiesTWF, TN , H1 , H2 , andHsat. In
contrast, the magnetism of ErNi2B2C is noticeably modified
on 20% R substitution: Tb substitution, on the one han
enhances deG factor and magnetic correlations, leading t
increase inTN and in the critical fields. Lu substitution, o
the other hand, decreases deG factor and weakens the
netic bonds, leading to a decrease inTN andHsat. Each ofR
substitutions, unlike Co substitution, introduces two ad
tional effects:~i! Magnetic segmentation~size effects! lead-
ing to a modification in the magnon spectrum, and~ii ! pin-
ning centers that accommodate the magnetic kinks. A
consequence, the former modifies the thermal evolution
the magnetic specific heat while the latter hinders the form
tion of the WF state.

Superconductivity of each compound is considered as
ing derived from the nonmagnetic superconduct
LuNi2B2C after an introduction of multiple pair breakin
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lyzed in terms of multiple pair breaking theory of dirty su
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