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Magnetic and superconducting phase diagrams of single-crystal R, -Ni,B,C (R=Tb,Lu)
and ErNi; dCoy1B,C: Identification of pair-breaking mechanisms
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We investigated the magnetism, superconductivity and their interplay in single crysgaR,Bi,B,C
(R=Tb,Lu) and ErNj Co, 1B,C. In contrast to Co substitutio substitutions induce considerable modifi-
cations in the magnetism of Er sublattice: e.g.,(Lh) substitution enhancgseduce$ Ty 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 CéLu) substitution. Taking LUNB,C as a nonmagnetic supercon-
ducting limit, we analyzed their superconductivities, as well as that of JBi]@, 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 ofH,(T) is related to the magnetic anisotropy, the absence of a structiite () at Ty of Lu
substitution Ty<T,) is attributed to an alloying-induced destruction of phase space truncation, and the quasi
parabolic temperature dependencethf,(T) of Th and Co substitutions is in part due to a saturation of
antiferromagnetic correlations. For Lu substitution, the strength of magnon mediated pair breaking@gocess

is substantially reduced.
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[. INTRODUCTION axis was observed and attributed to either a magnon-
mediated proce$®or a reduction in the phase spdtedn
The heavy members of quaternary intermetallic borocarthe other hand, Amicét al1? and Morozov? interpreted the
bidesRNi,B,C (R=Tm-Dy) manifest very interesting mag- nearly reentrant behavior ¢f.,(T) of HoNi,B,C (Ref. 14
netic and superconducting phase diagrdse®, e.g., Refs. 1 in terms of pair breaking due to nonmagnetic impurities and
and 2. These diagrams—partially driven by a nonspherical,a reduction in electron—phonon interaction. The former pair
nested Fermi surfadé—reveal a(weak interaction among breaking proces$® is possibly the predominant one in
the magnetic and superconducting states. The nature ardy,; _,Lu,Ni,B,C (x<0.2)5
strength of this interaction had been the subject of extensive As evident from above there is no unified and systematic
investigations-? The fact that the energy of the magnetic approach for identifying and evaluating pair breaking pro-
order (~kgTy) is much higher than that of the supercon- cesses in these antiferromagnedifd=) superconducting bo-
ducting condensation~k3T2/Eg) explains why the focus rocarbides. A particularly well suited approach is the theory
had been centered on tracking the influence of magnetism odf multiple pair breaking in dirty superconductdsee, e.g.,
superconductivity. Refs. 16 and 17 One of the main objectives of this work is
Eisakiet al® reported thaf, of RNi,B,C scales with the to apply this theory for the analysis of pair breaking pro-
corresponding de GennédeG factor. Choet al,’ on ex-  cesses in three single crystalsy by NioB,C (T <Ty),
tending these investigation t8,_,R,Ni,B,C, observed a ErggugoNi,B,C (T>Ty), and ErNiq,B,C (T,
deviation from this scaling even faf.>Ty, such a devia- <Ty). These particular substituents are selected for being
tion was attributed to crystalline electric fiel@EP effects. adequate representations of magnetic, nonmagnetic, and
In fact, a complete breakdown of this scaling was observeelectronic perturbations. The identification of pair breaking
for Ho, _,Dy,Ni,B,C (x>0.2) and interpreted in terms of a processes in these compourids well as in the host matrix
magnon-mediated pair breaking proc&éalternatively Doh  ErNi,B,C) is a useful contribution towards the elucidation
et al.® on using Ginzburg—Landau theory, suggested that thef the interplay between magnetism and superconductivity in
anomalous superconducting behavior of, H@y,Ni,B,C is  ErNi,B,C, in particular, and borocarbides in general.
related to its magnetic fluctuations and order. It is perhaps helpful to visualize the involved electronic
Upper critical field,H.,, curves ofRNi,B,C had been subsystems in these AF superconductors as being subdivided
extensively investigatet? As an example, Bud’ko and into three categorie: Superconducting electrorigredomi-
Canfield reported thaH .,(T) of ErNi,B,C along the easg  nately from Nid band interact very weakly witrmagnetic,
axis is lower than that along the hacdaxis, reflecting the localized4f electrons The third class igxchange-coupling-
strong influence of the magnetic anisotropy. Moreover, a dipnediating electronghe presence of which is independent of
of Heo(T) at and just belovil'y (much sharper along the hard superconductivity. The facts that thé gnoments are highly
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TABLE |. Superconducting critical temperatures and fieldsRdfi,B,C (R=Lu, Er), ErygRyNi,B,C
(R=Lu, Tb) and ErNj ¢CoyB,C. H?, is obtained from a fit to the relatioH (1.8 K<T<T.)=H?, [1
—(TITY?]. HSZ represent the zero-temperature upper critical field as obtained from multiple pair breaking
analysis(see text G is de Gennes factor.

. H% *10 Oe H2,=0.1kOe

[

R G *+0.3K Ila llc Ila Illc
LuNi,B,C 0 16.5 ~80C°F ~80C°F 88.9' 761
ErNi,B,C 2.6 10.7 ~45@ ~45@ 14 20°
ErgTh,Ni,B,C 4.1 3.7 115 165 2.2 25
ErgLu ,Ni,B,C 2.0 10.8 585 625 14.7 23.9
ErNi; C0,B,C 2.6 3.1 45 54 0.8 1.3

®References 26 and 27 where virgih(H,2 K) curves were used.
bReferences 9 and 28.

‘Reference 29 where polycrystals were used.

YReferences 30 and 31.

concentrated and situated on regular lattice sites and, morediabatic calorimeter (0.5KT<25 K, precision better than
over, T is not very far fromTy suggest that the strength of 49). For the isofield magnetization, data were collected dur-

magnetic correlations at the neighborhood Bf is not  ing the warming-up cycle after field cooling-C) or zero-
negligible!* As temperature is lowered towards and belowfield cooling (ZFC) process.

T, these correlations would be much increased, to the ex- For each compound, the total specific h€gj, was ana-
tent that a spatially periodic molecular field can be definedlyzed as a sum of an electroni, (Cs within the supercon-
The weakening of superconductivity due to this fieHiQ(is ducting phasg a DebyeC, a nuclearCy, and a magnetic
its Fourier transform at wave-vect@) is usually discussed  contributionCy from the R sublattice.Cy(T), appreciable
along two theoretical approachés: Hq introduces a gap in  only below 1 K, was evaluated assuming that the contribu-
the portion of Fermi surface perpendicular@oand as such tion of each nuclear spin is equal to that of its parent
reduces the phase space available for paitifrovided that  compound. C, andCy, were estimated based on our specific
the Fermi surface is nested and the induced gap is equal to @eat characterizatidh of single crystal ErNiB,C (y
higher than Debye temperatiyéii) Hg induces a reduction  =17.5 mJ/molK and 8= 0.206 mJ/mol¥) which had been
in the electron—electron phonon-mediated couplit:™®It  synthesized by the very same procedures as the ones used for
is the general opinion that coexistence with AF order is perthjs study.C4(T<T,) was takeff as 3yT3/T2 which means
mitted wheneverQ ! is smaller than the superconducting that C¢(T,) — Co(To) =2y T.~0.14 J/molK for Tb substitu-
coherQenlce éengtﬁ and that strong suppression occurs whention, 0.35 J/molK for Lu substitution, and 0.11 J/molK for
ever =¢.

It is recalled that ErNiB,C superconducts af.~11K

and orders af =6 K into a transverse, sinusoidally modu- >0 (a) H//[10 ' 18 OK ]
lated spin-density wavéSDW) with Qgpy=0.5%* .128-22A 40r 4 A 50K—v—80K
weak ferromagnetic(WF) staté® emerges belowTye 30 —O—100K—<—12.0K 7
=2.2 K, and concomitantly the SDW state is transformed I il i
. . — 20 s
into an equal-amplitude, squared-up st&t& T 7 i 5
£ 10} =11
Il. EXPERIMENT & omE H{kOe) 40
‘“9 10
Single crystals of EygThg o Ni,B,C (Th substitution, = 3 .
Erg gL ug JNi»B,C (Lu substitution, and ErNj 4Co, ;B,C (Co I
substitution were grown by floating zone meth842°> Most i .
of the measurements were carried out on as-grown sample: 4 [
Some samples were annealed at 1400 C for 100 h@urs 2 1
1050 C for overnight We observed that annealing hardly 0 , 20 ! i
modifies the magnetism but drastically influences the super- 0 10 HIT (KOe/K) 20 30
conducting properties: On reducing lattice defects, annealing
suppresses the associated pair breakers. FIG. 1. Isothermal M(H/T) curves of as-grown

Physical characterization were carried out utilizing aEr, gThy Ni,B,C for (a) HI[100] and (b) HI[001]. The inset in
SQUID magnetometer H<50 kOe, 1.8 KKT<20K), a  each panel givesl(H) at 1.8 K. In the inset ofa), the derivative at
four-point transverse magnetoresistive ac bridge (8K 1.8 K is also included. Similar derivative curves were used for
<20K, I<10mA, H<80kOe), and a zero-field semi- determining(metamagnetic critical fields.
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FIG. 2. IsothermaM (H) curves of as grown EgLug ,Ni,B,C
for () HI[100] and (b) HI[001]. The inset in(a) showsM (H) at FIG. 3. (a Isothermal M(Hla) curves of as grown
1.8 K together with its field derivative. The inset (b) shows an  EMNiLsC0y1B,C. The inset shows1(H) (and its field derivativeat
expanded low-field isotherrfused to determinél;; andH ). 1.8 K. (b) M(Hlla axis) curve at 1.8 K of ErNigCa, ;B,C after

being annealed at 1400 C for 100 hours.

Co substitution. For Th and C@.u) substitutions, such a study, the CEF effects are expect to induce an almost equal
jump occurs in the orderedparamagnetic phase and reduction in all de Gennes factors. Nevertheless, each free-
amounts to~2% (10%) of Cy, which is on(greater thanthe  jon G factor is still a convenient parameter for scaling their
limit of our resolution. Consequently, the onset of supercon<critical temperatures, critical fields, and the strength of both
ductivity is resolved only in the specific heat curve of Lu magnetic-coupling and pair-breaking processes; in fact an
substitution. explicit value of aG factor is needed only for calculating the
Ty was taken as the point at whidhy(T) attains its  exchange scattering parameter which, in all cases, is deter-
maximum value whileT\,e as the point where the slope of mined from experimentsee below.
Cw(T<T,) breaks.H¢;, He,, and T, were determinetf

from linear extrapolations of magnetoresistivity or magneti- Ill. RESULTS AND ANALYSIS

zation data. Since for each samplg,at zero-field was de- A M _

termined from four different bar&wo orientations for each - Magnetization

of magnetization and resistivitythen there would be, inevi- Isothermal magnetizations of Tb substituti@¥ig. 1), Lu

tably, a weak distribution: This amounts to 0.3(#ee Table substitution(Fig. 2), and Co substitutioifFig. 3) were mea-
I) which is higher than the width of the superconductingsured alongHlla andHIlc axes. High-fieldM (H) isotherms
transition. FurtherH.; was determined from only the virgin reveal the characteristic paramagnetic collapse TorTy
branch of low-field isothermal ZFC magnetizatidf ,(T) (most evident when plotted again$t/T). Below Ty,
curves, determined from the resistivity, agree reasonablyyy,(H) curves[e.g., Figs. 1b) and 2Zb)] are linear and
well with those determined from the magnetization. weak, indicating that the hard character of thexis (and the
The de Gennes factor of the parent or Co substitutedign of theBY parametéef) is maintained after substitution.
compounds is taken a$=(g—1)2J(J+1) while for  On the other handylo(H) isothermdFigs. 1a), 2(a), 3(a)]
Er_yRNi,B,C (R=Lu,Tb) is taken asG=xGr+(1 reveal a strong and nonlinear field dependence: Field-
—X)Gg,. Around T, the free-ionG factors are reduced by position, moments strength, and sharpness of each of the
CEF effects which for the case of, say, Howere reported three magnetic transitions depend on the type of substitution
to induce an 8% reduction i.° In the compound under [see inset of Figs. (&), 2(a), 3(a), and Table I].

TABLE Il. Critical temperatures §l=0) and critical fields T=1.8 K) of ErN,B,C, ErgRqNi,B,C
(R=Lu, Th) and ErNi Coy 1B,C. ps4is determined af = 1.8 K andH =50 kOe(see Figs. 1-B Values for
ErNi,B,C were taken from Refs. 23, 26, and 28.

Tn Twr Hy Ho Hsat Msat
R +2K +.1K +.5 kOe +.5 kOe +1 kOe + 2ug
ErNi,B,C 5.9 2.2 7 12-14 20 84
ErgTh,Ni,B,C 6.8 1 8 ‘e 23 8.8
Erglu,Ni,B,C 4.9 1 8 11 14 7.8
ErNi; C0,B,C 54 2 8.5 11 17.4 7.3
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FIG. 4. T-dependent molar susceptibilitie®(H) of as-grown FIG. 5. T-dependent molar susceptibilities(H) of as-grown

Ero.gThoNi;B,C: (8) HI[100] while (b) HI[001]. Filled (open  Er, 4 uyNi,B,C: (a) HI[100] while (b) HI[001]. Filled (open
symbols denote a warming-up measuring branch after a & symbols denote a warming-up measuring branch after a @&y
process. processHll, [1: 20 Oe;@®, O: 150 Oe;A, A: 600 Oe;V¥, V: 1600
Oe.

For Tb substitution[Fig. 1(a)], only two field induced
transitions H,;=8 kOe, H,,=23 kOe) can be unambigu- B. Magnetoresistivity
ously identified. Its saturated moment is 843 only 2% off
the calculated weighted average. As compared to the parept,
compound, thedeG factor is higher, thelmeta magnetic
transitions are less sharper, the critical fields angd are
higher, and théaveragég saturated moments are strongsge
Table 1l). Moreover, both Er and Th moments are copléhar

and possibly noncollineasee below. LuNi,B,C (Ref. 35. Since the spin-disorder resistivity is

Lu substitution [Fig. 2@] introduces a considerable :
broadening of the field-induced transitions as well as a Iow-o"':’s_z'“Q cm (just as for the parent compoundhen most

ering of critical fields and saturation momerigee Table . gf the additional resistivity is due to alloying-induced disor-
These, together with a decreasedieG factor andTy, indi- er . I

cate a weakening of the effective magnetic couplings. More- (_)n_ z_ipp_roachmgTN, pH.(T) of C.O sgbstltutpn shows a
over, Fig. 2 suggests that the strength and anisotropyf Er resistivity increase(see Fig. 9 which is considered as a
moment, being single-ion properties, are similar to those of
the parent compound.

High-field M (H) isotherms of Co substitutiofFig. 3(a)]
reveal a relatively sharp field-induced transitions at critical I ; » ;
fields (and with moment strengttthat are very similar to ol —®—/F(—0—F( 200e i
those of the parent compouttsee Table Ii: Co substitution —&—ZFC—0—F( 150 0e 1
does not modify drasticallfy, ue Ccritical fields, nor the -F —A— I —A—F, 60008 ErNi; oCo 1B,C 4
CEF single-ion character of the Er sublattice. & '. IH— . FC, 1600 Ole (a) #//[100] ]

Isofield magnetization, measured along batindc axes,
is shown as a molaM(T)/H in Figs. 4—6. The magnetic
anisotropy is consistent with that observed in the isotherma= P |
magnetization. Interestingly, low-fiel1(T=1.8 K) curves
of R substitutions(Figs. 4 and b show no evidence of a
WF-induced magnetization increase. In contrast, for Co sub-
stitution (Fig. 6), this WF-induced increase is unmistakably
evident belowT,,=2 K; only two tenth of a degree lower
than that of the parent compound.

The onset of superconductivity is evident in the magneti- |G, 6. T-dependent molar susceptibilities(H) of annealed
zation curves of all substitutions and for both field orienta-grNi, (Co, ,B,C: (a) HI[100] while (b) HI[001]. The inset in(b)
tions [Figs. 4b), 4, 5, and §. As evident, an increase i expands the temperature region wherein both magnetic and super-
induces a reduction iff. and a widening in the supercon- conducting order are manifested. Fillédpen symbols denote a
ducting transition region. warming-up measuring branch after a ZFEC) process.

Transverse magnetoresistivities of Th, Lu, and Co substi-
ions are shown in Figs. 7-9, respectively. Evidently,
pu(Te, Ty<T<20K) is almost temperature independent
and tends towards 6, 4, and 1&)cm, respectively: These
values are higher thamp(T.<T<20K)~3.5uQ cm of
ErNi,B,C (Ref. 28 and p(T.<T<20 K)~1.5u cm of

H (emu/mole)
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15.4 |
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—2—0.60k0Oe  ——1.00 kOe- —2&—0.40k0e —v—0.60 kOe
- —0—1.50k0e  —<+—2.00 kOe - —0—1.60 kOe
2+ —>—3.00k0e 4
I b) #//[001
. . . (b) #11[001] 0 . . . . (b) A111001]
2 4 1@ 6 8 10 2 4 TK 6 8 10
FIG. 7. Transverse magnetoresistivities of as grown FIG. 9. Transverse magnetoresistivities of Erilia, ;B,C for

EfosThoNi,B,C for (@) HI[100], 11[001] and (b) Hi[oo1, (@ HI[10Q], 1I([001] and(b) HI[00], 11[100].

11[100].
Fig. 10 are quasi similarCy(Twe<T<T),) decreases as a

manifestation of partial truncation of the Fermi surface duepower-type function, empirically found to be 065° for Th
to opening of superzone g@p® For R substitutions, such a substitution and 0.6258-7 for Lu substitution. BelowT g,
resistivity increase is small, possibly due to an alloying-their C\,(T) are numerically comparable or even lower than
induced reduction of the superzone gapping. their Cy(T). Consequently, large uncertainties emerge, im-

The onset of superconductivity is marked by a relativelypeding a determination of a definite functional dependence.
sharp drop in the resistivitigigs. 7-9. As H is increased, Nevertheless, it is sure that no exponential-type de@asy
the paramagnetic resistivity is hardly modifiéid, is sharply ~ seen for the paretfy can be identified.
reduced, and\ T, is widely increased. Cu(T) of Co substitution, unlikeR substitutions, is very
similar to that of the parent compound: a quasiype AF
order atTy and a relatively sharp change of slopegf-. In
addition, two distinct thermal evolutions, separatedThy,
are evident:Cy(Twe<T<Ty) shows a power-like depen-
dence almost equal to that of the parent compdtimdile
Cu(T<Twp) decays with a much faster rate than that of the
R substitutions but lesser than that of the parent compound.

C. Specific heat

Cum(T,H=0) of the studied substitution&ig. 10 mani-
fest three distinct temperature regimén: A paramagnetic
phase T>T\), (ii) an intermediate regimeT(,,<T<Ty),
and (i) a low-temperature regimer Ty,g). For R substi-
tutions, the events at both and T, are relatively broader,
most probably due to alloying. Furthermore, the temperature-
dependence of theltyy(T) and magnetic entropidinset of

I —=—ErNi,B,C

10 E_ -=0-- ErsszNiszc
E b Er‘gLu_zNiszc
: === ErNi1.9c0.1 Bzc

—o0—1.6k0é|

—o—3k0e  —v—10k0e]  F | [ ' |
—o—15k0e  —<—20k0e = | Rin(4) 71 3
2 —>—225k0e —0—25k0¢] I LRin(3) PUEIRIREE

(@) 1100 0.1 o [ s 3
: Wmﬂm g il/

L=

0.01 ! ——————
0.5 1 T (K) 5 10
Er glu ,Ni;B,C FIG. 10. Log-log plot of magnetic specific heat of

Ery.gRo2Ni,B,C (R=Er, Th, Lu) and ErNjCq,4B,C. Evidently,
except for a difference in theify, the overall thermal evolution of
Cu(T) of both Eg gRg2Ni»B,C (R=Lu, Th) is similar. Likewise,
those of ErNjB,C and ErNj Co, ;B,C are similar and moreover
the temperature dependences of their magnetic entrégeesinset
are also similar. Data of ErpB,C were taken from Ref. 7.

(b) /‘///[00|1]

10 T (K) 15 20

FIG. 8. Transverse magnetoresistivities of, §u, -Ni,B,C for
(a) HII[100], 11I([001] and (b) HI[001], 1I[100].
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FIG. 11. SuperconductingH—T phase diagram of
Erg gThy oNi,B,C for (a) HI[100] and (b) HI[001]. %: Ty; A:
Hci; O Heo. The dashed line ol (T) represents a parabolic
relation (see text The solid line represents the calculatdg,(T)
based on multiple pair breaking thedsee text The inset shows a
partial magnetidH — T phase diagram foH[I[ 100] where %: Hgy
and<«: H,.

FIG. 12. SuperconductingH—-T phase diagram of
Erg glugoNi,B,C for (a) HI[100] and (b) HI[001]. %: Ty; A:
Hci; O: Hey. The dashed line ol (T) represents a parabolic
relation(see text The solid line represents the calculatég curve
based on multiple pair breaking theoisee text The weak struc-
ture observed in the calculatéti,,(T) curves is a reflection of a
slight overestimation of the magnetization in the neighborhood of

. _ Tn- The inset shows a partial magnetic—T phase diagram for
Below 0.8 K, the rate of decay is reduced, the origin OfHH[100] wherek: Hy and € H,.

which is unclear. Due to this anomaly, we were unsuccessful
in carrying out a satisfactory fit o€y (T<Tyg) using the
procedures given in Refs. 7 and 32. tution does not induce any reductionti,(T) which is very
Thermal evolution of the magnetic entropy per one molesimilar to that of ErNjB,C, except that there is no structure
of chemical formulasS(T), for each substitution is shown in at Ty (see Fig. 14
the inset of Fig. 10. Within the paramagnetic phase, the ex- Kawano-Furukawa and co-workéfsnvestigatedH .,(T)
pected relation is well met: S T)<SF-TYT)  of Tb substitution down to 0.5 K using a resistivity probe:
< SEMN-CQT)=SF(T). Far belowTy, this relation is re- Hysteresis effects i .,(T<1 K) were observed and attrib-
versed: The entropy of the parent compound is the lowesaiited to a field-induced realignment of the magnetization.
while that of Lu substitution is the highest, indicating tiRat This, acting as an additional pair breaker, induces a reduction
substitutions induce a softening of the magnon spectsga in H,(T) during the cooling branch.
below).

D. Superconducting critical fields

Superconducting critical fields are shown in Figs. 11-13.
Evidently, there are no reentrant features nor a spontaneou
vortex state. For each substitution, the lower critical field
H (1.8 KST<T)=H2[1—(T/T)?] whereHY, is a con-
stant(see Table)l. Such a parabolic relation was reported for
polycrystalline YNyB,C and LuNjpB,C.?%%% Evidently,
H.,(T) is weakly anisotropic and decreases along the direc™
tion H-Y>HEtUS HErS HE-Tos YEINISCo (ga0 Table )L

Hqo(T) curves, on the other hand, show a quasi parabolic
behavior (see Figs. 11-13 Moreover, He,(llc)>H(lla)
[£ap<&.], reflecting the anisotropic character of the mag-
netic stat¢® Such an anisotropy is opposite to the one ob- 00
served in LuN;jB,C.**%31Figure 14 and Table | show that
below liquid helium temperatures and along battand ¢ FIG. 13. Superconductind H—T phase diagram of
axesHES> HEL = HEL> HES > HEN-C2, Taking this in £, Ca, 8,C for (3 HI[ 100] and(b) HILOOD. &: Ty: A Har
equality (as well as that of;; andT,) as a measure of the [: H_,. The dashed line ohl¢,(T) represents a parabolic relation
involved pair breaking effects, it is inferred that Co SUbStitU'(see text The solid line represents the calculatég, curve based
tion degrades the superconductivity much stronger than anyn multiple pair breaking theorfsee text The inset shows a partial
of R substitutions. Furthermore, both Co and Tb substitutionsnagneticH — T phase diagram fol [ 100] where: H,and <«
reduceT, to a value lower thay. In contrast, Lu substi- H,.

o

He (Oe)

—
L
(=)
=
o
N

ErNi; gCo 4B,C

[ (b) #//[001] ; o
0 2 T(K) 4 6
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15k ' ' ' T\ o ] relative to Q, then a possible magnetic configuration
‘““uusglq,dm & g,/_ | of its equal-amplitude state is--|[T|T—=T|T/[---lT/7T
j0ke  ENiBC g, ’% ‘\% | —ITT--11it—=111l (~ and — represent Tb mo-
*  ErgTh,Ni,B,C S \Rp mentg. Along similar lines, the possible magnetic configu-
(v ErNi, oCo,B,C o Ve ] ration of the equal-amplitude state of yBrugNi,B,C is
Ple ErgluNiB,C SO\ ] LI LT L7110 ] (2 dash represents
PR Ry (a) H1/[100] . \ 1 a nonmagnetic sije Such a random distribution & impu-
é 0 *’?33‘- : ' frm—— ot rities introduces two additional effects: A segmentation of the
= " e = N ] above-mentioned Er sublattice arrangement and a perturba-
= *’/( “\’@ ] tion of the modulated states. The segmentation imposes dif-
15 (’:)é \\_7‘_/{& - ferent boundary conditions on the magnon propagation and
1ol &99 Yo ] as such modifies the magnon spectra away from the
I continuous-type spectra of the parent compoUfithen, in
5 - agreement with Fig. 10Cy(T) of such doped compounds
Ry — . (P) H//[OO_” e . e ] must be different from that of the parent compound. Judging
0 5 T (K) 10 15 from their low-temperatur€,(T) and entropy, it is inferred

that R substitution induces a softening in their magnon spec-

FIG. 14. A comparison of superconductit)— T phase dia- tra. Further, assuming that the size distributions of the seg-
grams of EgTb,Ni,B,C, ErglLu ,Ni,B,C, and ErNj (Co, ;B,C for ~ ments (due to eachR substituent are similar, then their
(@ HI[001] while (b) HI[100]. The reportedH,(T) curves of  Cy,(T) should be similar as well: Indeed this is the case at
ErNi,B,C (Ref. 9 and LuNpB,C (Ref. 30 are also included. lower temperatureésee Fig. 10
Dashed lines represent the calculation from multiple pair breaking Random distribution oR substituents, by its very nature,
theory(see text Similarly, the solid lines represent such a calcula- constitutes a strong perturbation on the modulated magnetic
tion for the case of ErNB,C. Notice that the assumed orbital field states. Within the squared-up, equal-amplitude state, the
[HZ(T), dash—ddjtof LuNi,B,C does not reproduce the observed kinks separation would be drastically modified: In the parent
positive curvature oH,(T), presumably due to the non spherical compound there is one kink for every 10 chemical unit cells
multiband character of the Fermi surfa@efs. 30 and 311 while afterR substitution, there is, on average, dRémpu-

IV. DISCUSSION rity for every five chemical unit-cells. For minimizing their
. . ' energy, the kinks would then preferentially reside on a
A. Magnetic configuration substituent-site. As such, a formation of weak ferromag-

Ng and Varm& and Gammekt a3 interpreted the WF  netism would be highly suppressed: indeed (oo highly
state in ErNjB,C as an ordering oharp domain walls ~reduced) WF state is evident in their magnetization curves.
(kinks) within the equal-amplitude, squared SDW state. Then, the observed change of slope in the specific Hsats
Recent neutron diffraction studidd® revealed, on Fig. 10 is just a manifestation of an onset and/or complete
a microscopic scale, the arrangement of this WF statélevelopment of the equal-amplitude squared-up stalgat
which (following Kawano-Furukawa et al*®) can be (maintaining the conventional nomenclatur®VF state is
schematically represented along the axis as: highly reducedpossibly quenched altogethem R substitu-

ﬁmTlTlNTlTlTH-- for z=0 plane, while tion but survives Co substitution.

represent the Er momeniAs such, the magnetic unit-cell ) o
measures 2fbc and contains 40 Er moments. The kinks are 1 ne complete replacement of Lu by Er in LyB,C in-
separated by 35 A leading to a net ferromagnetic componerifoduces additional effects such as exchange scattering, elec-

of magnitude~ 0.4u that coexists microscopically with su- romagnetic, spin polarization, phase space truncation, mag-
perconductivity] £,,(2 K)~130 A]. non induced electron—electron repulsion, or magnon induced

5% Co substitution introduces no drastic modification infeéduction of electron-phonon COUpI"J_'%_-l?'lS_”TP identify

the overall character of this magnetic arrangement except fophich set of interactions are operating in EfB4C and in
a change in the magnitude of the nesting véétand, as a the doped compounds, we confronted the experimental
consequence, a change in the strength of the WF momerfiica(T) curves of Figs. 11-14 with the prediction of the
The maintainance of the overall character of the squared-uf€ory of multiple pair breaking of dirty superconductors
state after Co substitution is consistent with the observedsatisfying the condition mentioned in Ref.)17he calcula-
very weak variation ifT\e and in the magnon spectra: the tions are based on the following expressfon:
latter feature explains the similarity of itSy,(T) to that of

1 1

2 +"‘) ‘1’( 2)’

the parent compoungsee Fig. 1D

In contrast to Co substitution, eaghsubstitution is ex- IN(Teo/T)=a, W +a v
pected to impart a dramatic influence on the magnetic con-
figuration(in particular within the squared-up stats the Er 1
sublattice. Assuming that for EgTby.Ni,B,C (see Sec. ai=§i(>\so—7\m)/4%

IIA), both 4f moments maintain their original orientatidon

1
§+P+
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Y

whereV is the digamma function and

(i)

(i)

(iii)

(iv)

(V)
(vi)

Hep+ 4mM +H
:{(0,28 Heot 47M +Her

TABLE lll. N\, «, and\, of the studied compoundi,, was calculated from the zero-field, while «
and g, were obtained from a fit oH,(T) to the theory(see text It was assumed thatl(T,H.,)
~M(T,Hsy), whereHyg, is as given in this table. The anisotropic isofidli{T,15 kOe) of ErNjB,C were
taken from Fig. 6 of Ref. 28.

Hyy (kOe) a(+0.05 Ao £0.1)
R G Nm Ila Illc Ila llc Ila Ilc
ErNi,B,C 2.55 0.130 15 15 0.1 0.1 0.4 0.6
ErTb,Ni,B,C 4.1 0.255 1.6 1.6 0.6 0.6 2.0 25
ErgLu,Ni,B,C 2.0 0.132 10 10 0.16 0.1 1.4 1.2
ErNi; Co,B,C 2.55 0.261 1.6 1.6 0.7 0.4 0.3 0.3
Teo Hot4nM 1 _ their fitting range. As such, and considering the approxima-
p==o7 |08 e gy + z()\SO+ M) Eiyl, tions used, the obtained valuesmand\ ¢, should be judged
c2

only on qualitative grounds. Nevertheless, it is assuring to

2 1/2 note that in all cases the thermal evolution as well as the

1 . . .
_ _()\SO_)\m)Z] ' anisotropy ofH.,(T) are in reasonable agreement with ex-

4 periments. For ErNB,C, the fit is very good for tempera-
tures away fromT reflecting the well-known limitation of
the above equation in accounting for the magnon-mediated
Am is the exchange scattering parameter given byand the phase space truncation processes. However, as men-
CN(Ep)1G/2kgT,, where c=1/6, N(Ep)=4.8 tioned above, each of these processes is drastically weakened
states/eV cell is the density of states at the Fermby R substitutions: FoH (T) of Ergglug Ni;B,C, this ex-
level* |, is the exchange interactigfor ErNi,B,C,  plains the absence of a dip &j. Interestingly, the latter
it is estimated to be 308 KandG is the de Gennes feature and the quasi-parabolic characteHgi(T) can be
factor. In these magnetica”y concentrated Supercont_aken as an indication that the magnon mediated pair break-

ductors, \,, was calculated from the corresponding ing processes are not dominant in these doped samples.
zero-field T.: As such it is not strictly the For both Th and Co substitutions, a strong (see Table
temperature—independent pair breaking paramete'r”) induces a strong reduction ifi; to the extent thafl

that appears in the Abrikosov—Gorkov theory. Rather~ In- Moreover, for the rang& <T.<Ty, the quasi mag-

it represents a sum of all zero-field pair breakers: netic saturation suggests that the evolutiotdg(T) should

H%(0K)=76kOe is the orbital field Whil,e be quasi-parabolic: This is indeed the césee Figs. 11 and
C.

B ) " _13).
Teo(0 Oe)=16 K is ”_‘?o,‘;{'“ca' temperature, both de The evolution of\, across the studied compountiee

rived from .LUN'ZBZC’ o . Table Ill) does not scale with the deG factor: This confirms
M(T’H?Z) Is the volume magnetization .Wh'Ch’ for the earlier report of breakdown of de Gennes scaling in
convenience, was assumed to be approximately equgl, oarhides It is worth empathizing that the cause of this
to M(T,Hyy) where Hgy is given in Table Ill. The  p ooy qown varies according to the situation. For Co substi-
concentration ~ of the magnetic ions N  yyiion )\, includes both electronic and magnetic perturba-
~1.51G%cm *® was calculated from the parameters ions:  As compared to LuMB,C (16 K), T. of

of ErNizB,C; _ _ LuNi; ¢Coy 4B,C (12 K) (Refs. 35 and 4Bis depressed due
He(T) is the effective exchange field taken to electronic perturbations. On the other harif, of

as  HedT)=Hed0 K)By(gJIupHc2/keT),  where  grNi,B,C (11 K) and of ErNj {Coy;B,C (3 K) are deter-
Het(0 K) =Clex(9;—1)/ug and By(x) is the Bril-  mined from the action of both perturbations. Similaxly, of
louin  function®* In this analysis, He(OK)  Er,4Thy,Ni,B,C (Refs. 44—4Bis not purely an Abrikosov—

=(0)

=1150 kOe; Gorkov-type, otherwisd; (using l.,=308 K) should be 7
a is the Maki parameter; and K. The fact that this calculated, is in the neighborhood of
\so IS the spin—orbit scattering parameter. Ty suggests that the critical fluctuation is a possible addi-

tional pair breaker that reducé@s to 4 K. Finally, Lu substi-

In our analysis, the only free parameters ar@nd\g,: all  tution should induce a decrease Ap,; however, itsT, is
other parameters are fixed by experimental conditions. Thenly slightly increased. A similar weak increase Tp was
calculatedH .,(T) curves are shown in Figs. 11—14 while the reported for Hg g.ug sNi,B,C (8.5 K)*” and Ep gY o Ni,B,C
fit parametersy and\ ¢, are given in Table lll. We observed (11 K).*® As a comparisonT . of Lug gY o Ni,B,C is 15 K
that the values ofr and\ ¢, are not totally independent: This It is highly possible that for ErgLug-Ni,B,C, the expected
should be expected since, in the limit of strong spin—orbitincrease inT, is offset by a decrease caused by a combina-
scattering, only their ratia/\ o influencesH,(T).*" More-  tion of lattice defects and appreciable AF correlations.
over, physical reasoning has to be invoked for narrowing The evolution ofa and\ ¢, across the studied compounds
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is given in Table Ill. «, which is considered negligible for processes. Accordingly, their superconductivities were ana-
LuNi,B,C case’ is increased for ErNB,C and for the al- lyzed in terms of multiple pair breaking theory of dirty su-
loyed compounds\,, on the other hand, does not show a perconductors. In this analysis all parameters, exeeand
systematic evolution, not even for different orientations of\,, were fixed. The agreement between calculated and mea-
the same compound, possibly due to its sensitivity tosuredHq,(T) curves is satisfactory. Based on this analysis,

impurity/defect contents. the following superconducting features are well explained:
The strong reduction iii . of both Tb and Co substitutions is
V. CONCLUSION due to the large increase iy,, the breakdown of de Gennes

scaling is related to a failure of,, to scale with the deG

Three different types of substitutions in EpBLC were  factor, the anisotropy ofl.,(T) is related to the anisotropy
carried out so as to elucidate the influence of substitution op the magnetic state, the absence of a structuté.fT) at

its magnetism, superconductivity and their interplay. 5% Cor, of Ly substitution is associated with the influence of al-

substitution hardly modifieS\e, Ty, Hi, Hz, andHsa In oying on phase space truncation, and the quasi parabolic
contrast, the ma_gngtlsm of ErNZQ is noticeably modified temperature dependence idf,(T) of Th and Co substitu-
on 20% R substitution: Tb substitution, on the one hand, ijons js associated with the saturation of AF correlations. For

enhances deG factor and magnetic correlations, leading to an, gypstitution, alloying induces a reduction in the effective-
increase inTy and in the critical fields. Lu substitution, on ass of magnon mediated pair breaking processes.

the other hand, decreases deG factor and weakens the mag-jmprovements of our analysis to include a better approxi-
netic bonds, leading to a decreaselijpandHg,. Each ofR “mation ofH(T), M(T,H,,), and\ (T) in particular below

sfubstitutions, _unIike Co_ substitution., inf[roduces two add|—|—N (as well as the extension of this analysis to other boro-
tional effects:(i) Magnetic segmentatio(size effects lead- carbides are in progress.

ing to a modification in the magnon spectrum, &id pin-
ning centers that accommodate the magnetic kinks. As a
consequence, the former modifies the thermal evolution of
the magnetic specific heat while the latter hinders the forma- We are grateful to Dr. H. Kawano-Furukawa for critical
tion of the WF state. reading and communication of their results on
Superconductivity of each compound is considered as bekr, gTh, JNi,B,C and ErNj 4Co, ;B,C prior to publication.

ing derived from the nonmagnetic superconductingWe are also grateful to Dr. F. A. Chaves, Dr. R. E. Rapp, and
LuNi,B,C after an introduction of multiple pair breaking R. E. M. Briones for specific heat measurements.
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