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Abstract

The RNipB;C (R = Gd-Lu, Y) series of compounds offers a spacious testing ground for the interaction between 4 f and con-
duction electrons and specifically for interactions between local magnetic moments and the superconducting ground state. In
this review we will survey the effects that local moments have on the superconducting transition temperature (7;), the upper su-
perconducting critical field (H»(T)) and the vortex pinning and critical current density (J.). To cite this article: S.L. Bud’ko,
P.C. Canfield, C. R. Physique 7 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Magnétisme et supraconductivité dans les borocarbures de terres rares et de nickel. La série des composés RNipB,C
(R = Gd-Lu, Y) offre un vaste champ d’investigation pour tester I’interaction entre les électrons 4f et les électrons de conduction
et, plus spécifiquement, les interactions entre les moments magnétiques localisés et 1’état fondamental supraconducteur. Dans cette
revue, nous étudierons les effets des moments localisés sur la température de transition supraconductrice (7¢), sur le second champ
critique (Hy(T)), ainsi que sur I’ancrage des vortex et la densité de courant critique (J.). Pour citer cet article : S.L. Bud’ko,
P.C. Canfield, C. R. Physique 7 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

The RNipB,C (R1221) series of magnetic superconductors was discovered in 1994 [1] and, over the past decade
has become one of the best characterized families of magnetic superconductors ever studied. This is partly due to the
wide range of temperatures over which both magnetism and superconductivity co-exist (see Fig. 1 for plot of 7. and
Ty for pure compounds as a function of the de Gennes (dG) factor), partly due to the early, ready availability of high
purity single crystal samples, and partly due to the revolution in automated data collection for temperature and field
dependent thermodynamic and transport measurements that started taking place in the late 1980s. The RNi»B,C fam-
ily was discovered as a result of the report of curiously high temperature superconductivity thought to exist in Y-Ni-B
system [2]. This report spurred research that lead to the nearly simultaneous publication of reports of superconductiv-
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Fig. 1. T; and Ty versus the de Gennes factor for pure RNip B, C compounds.

ity in a Y-Ni—B—-C quaternary compound [3] that was identified to be a filled variant of the ThCr,Si; structure with
stoichiometry YNi»B,C [1] and with a T of =16 K. YNi»B,C is just one of the members of the RNi;B,C family that
superconducts. Superconductivity was originally reported for R =Y, Lu, Tm, Er, and Ho and was later discovered
for DyNizB,C as well, [4]. In addition Cava and co-workers also discovered a metastable Pd-based version of this
structure [5] with stoichiometry YPd;B,C, with T, &~ 23 K that, at the time, rivaled the highest intermetallic 7,-value
found for Nb3Sn.

Whereas the initial research emphasis on the RNi;B,C family was on the coexistence and interplay between the
rare earth, local moment, magnetism and superconductivity, as more and more work was performed on the fam-
ily it was found that the RNipB,C series held a plethora of model systems that encompassed many of the themes
in modern correlated electron and superconductivity research: non-locality and flux line lattice transitions, heavy
fermion physics, phonon softening/proximity to structural phase transitions, and complex, yet comprehensible meta-
magnetism [6-8]. The RNi;B,C series turned out to be a toy-box for the solid state physicist. In this article we will
review the interaction between superconductivity and magnetism in this series. Even this subset of RNi;B,C research
is a huge field with hundreds of research papers published on it. With this in mind, for this review we will refer
primarily to work that has been performed on single crystalline samples, primarily from the Ames Laboratory.

2. Non-magnetic superconductors: pure and doped

Before examining the physics associated with the interaction between a Bravais lattice of local moments and a
superfluid, it is important to first understand a little about the non-magnetic members of the series (Lu1221 and Y1221)
and how they respond to minor perturbations. This can be done via substitutions on the rare earth site (magnetic
perturbations) or via substitutions on the non-moment-bearing Ni site (non-magnetic perturbations).

Lul221 and Y1221 have relatively high 7, values (~16.2 K and ~15.6 K respectively) and can be synthesized so as
to have very low, normal state, residual resistivities (=1 pu€2cm). As a result, both of these materials are near the clean
limit with [ > &g. This allows for the observation of non-local effects, the most dramatic of which is the field driven,
structural phase transition in the flux line lattice from a low field, hexagonal arrangement to a higher field square
arrangement at an applied field, H>. Once this effect was discovered (originally in Er1221 [9] and then later in Y1221
[10] and Lul1221 [11-13]) (see Fig. 2 for an example) an elegantly simple theoretical explanation was devised [14].
One of the particularly appealing aspects of this theory was its predictive power, i.e., that the critical field associated
with the transition would be a simple function of &y//. (At the simplest level this can be understood by the fact that
for non-local effects, the electrons should not scatter too much as they flow around the core of the vortex as part of the
screening current.) In order to test this theory and its predictions, a series of Lu(Nij_,Coy ),B>C samples were grown
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Fig. 2. Schematic H-T flux line lattice phase diagram for Fig. 3. T, versus the de Gennes factor for pure RNipB,C compounds and
LuNiysBoC (H|| ¢). See [13] for a detailed discussion. several series of solid solutions.

and measured. As Co was titrated onto the Ni site, the residual resistivity monotonically increases, implying that the
electronic mean free path, /, monotonically decreases, and the ratio of &y// increases [15]. These and other results are
displayed in Table 1. The theory by Kogan et al. [16-18] predicts an increase in the critical field needed to stabilize
the square FLL, and indeed the measured values of H, agree with the theoretical predictions [14].

Table 1 indicates that the non-local London theory describes the physics of these systems quite well; it also points
out that whatever the nature of the superconductivity in LuNi»B>C, it is not very sensitive to the ratio of &y/[. At
a minimum this rules out some of the more fragile, exotic gap symmetries such as those associated with Sr,RuQOg4
[19]. On this note though, it is worth noting that the nature of the superconducting gap symmetry associated with the
RNi;B,C materials is still open to debate. A variety of measurements indicated that there must be substantial gap
anisotropy, but whether the gap actually has nodes in it or not is still an open question.

A much more common form of perturbation, particularly for magnetic superconductors, is the magnetic impurity.
For the case of the RNi;B>C family R = Gd-Yb can be added. Fig. 3 shows the effects of representative magnetic
impurities on the 7. of LuNi;B,>C and YNi;B,C. As can be seen, 7. is suppressed to varying degrees by different
impurities. For example, even a 100% substitution of Tm for Lu only suppressed 7. from 17 to 12 K. On the other
hand as little as 20% Gd or 13% Yb suppressed 7, to < 2 K. If we were to expect a simple de Gennes scaling of the
suppression of T, then the manifold defined by (Lu;_,Gd, )NiyB,C data should be the locus of all of the 7.(dG) data
points. As can be seen, this is not the case. Whereas the 7, for Tm1221 does coincide with the (Lu;_,Gd,)NiyB,C
manifold, the data for the other local moments impurities appears to manifest much higher 7, values than would
be predicted for their dG factor. This deviation from simple dG scaling of 7. has been associated with the highly
anisotropic nature (essentially planar for 7 < 20 K) of the local moments for R = Er—Tb. The effect of this anisotropy
can be understood, in simply terms, as a reduction of the phase space available for Cooper pair breaking due to spin-

Table 1
Experimental values of T, pg, p(300 K)/pg and H.5(0) from resistivity measurements and estimated values of [, &y, &y//, and H, for
Lu(Nij_,Coy)>B;C (after [15])

Nominal x T (K) po (uS2cm) »(300 K)/po H(0) (kOe) 1 (&) £ (A) o/l Hj (kOe)
0 16.0 1.5 24.0 270 310 1.1 0.8
0.015 14.9 4.2 9.4 60 100 330 33 34
0.03 14.2 5.7 7.4 55 70 350 5 4.9
0.045 12.9 8.1 5.5 43 50 390 7.8 10.5
0.06 114 11.6 4.1 33 40 440 11 15.3

0.09 9.5 14.5 35 22 30 520 17 25.4
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flip scattering in the paramagnetic state, i.e., if the low temperature state of the local moments were not so anisotropic,
then the 7.(dG) data point would be on the (Lu;_,Gd,)Ni,B,C data manifold.

The most aggressive pair breaking impurity though is not Gd, but Yb instead [20]. This is due to the fact that
YbNiyB,C is a model Yb-based heavy fermion compound with the Yb ions strongly hybridizing with the conduction
electrons near and below a characteristic temperature, Tx ~ 10 K [21,22]. At the crudest level this can be put into
a dG scaling context by realizing that for conventional de Gennes scaling the interaction between the local moment
and the conduction electrons is assumed to be constant across the rare earth series. For the case of a hybridizing ion
such as Yb this assumption is clearly invalid and the interaction between the 4 f electrons and conduction electrons
can be much larger. A more complete treatment of the suppression of superconductivity by hybridizing local moments
reveals that the suppression of 7, is most aggressive when T, < Tg [23-25]. This is close to the case for Yb ions
(Tx ~ 10 K for pure Yb1221) in Lul221 (7, ~ 16 K).

We can already see that the interaction between the local moments associated with the rare earths and the super-
conductivity associated with the conduction electrons will be a rich phase space for exploration. Whereas there are
some nuances associated with the effects that impurities have on the superconducting states of Lul221 and Y1221,
they can apparently be integrated into our general understanding how impurities effect superconductivity. On the other
hand the R1221 series offers us the opportunity to see what happens when we actually have an ordered lattice of local
moments interacting with the superconducting electrons.

3. Magnetic superconductors and superconducting antiferromagnets

One of the beauties of the RNi;B,C family of magnetic superconductors is the fact that a wide variety of rare
earths can be substituted on the R site, and in virtually arbitrary proportions. This allows for the study of 7, and Ty as
a function of the concentration and type of rare earth used. As can be seen in Fig. 3 for (Y/Ho)1221, T, progresses in
a near linear manner between the 7, for pure Y1221 (~15 K) and the 7, for pure Ho1221 (~8 K). In a similar manner
the T, for, e.g., (Y/Er)1221 [26] progresses in a near linear manner between ~15 and ~10.5 K.

This rather trivial behavior disappears when a series of samples between Ho1221 and Dy1221 is examined [27].
As can be seen in Fig. 1, for R = Tm, Er, and Ho members of the R1221 series 7, > Ty. On the other hand, for
Dyl1221 Ty > T,. This means that somewhere between Ho1221 and Dy1221 the T, and Ty phase lines must cross.
Fig. 4 presents T, and Ty data for the (Hoj_,Dy,)Ni2B,C series. Although the Ty rises from Ho1221 to Dy1221
in a monotonic, linear manner, 7, versus dG is very non-linear. As can be seen, 7. does drop until near 30% Dy,
the concentration at which 7, ~ Ty . From that point onward, 7. is essentially independent of Dy concentration (and
therefore dG factor). In order to more fully understand this behavior, Fig. 5 presents transition temperature versus

T T T T T
10 |- . .
T n
¢ o
8 [~ O O u |
< [ ]
X "
Q o "
_g 6 . - [ ] 50°% o o e} e} _
g Ty =
g .
= 4r (Ho, Dy )Ni,B.C -
2+ x=0 1.0 7
0 .l 1 " 1 n Il L
4 5 6 7 8

(g,-1)°J(J+1)

Fig. 4. T, and Ty versus the de Gennes factor for (Hoj_, Dyx)NipB,C (after [27]).
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Fig. 5. T¢ and Ty versus the de Gennes factor for (Luj_, Dy )NiryB,>C (after [27]).

dG factor for a (Lu/Dy)1221 series [27]. In this case an even more remarkable result presents itself: 7, is not only
suppressed when Dy is added to Lul221, but T, is also suppressed when Lu is added to Dy1221. The combination
of the (Lu/Dy)1221 and (Ho/Dy)1221 data sets helped to reveal that Dy1221 was indeed a very novel example of
coexistence between magnetism and superconductivity: a superconducting antiferromagnet, i.e., a compound that
only superconducts because the antiferromagnetic state reduces the spin-flip scattering by the Dy ions. This can be
understood by recalling what give rise to the pairbreaking associated with dilute magnetic impurities in a non-magnetic
host: spin-flip scattering; a Cooper pair is broken when one of the electrons reverses it sign due to a spin-flipping
interaction with an isolated impurity. In the case of (Lu/Ho)1221 this scattering is weak enough that even for pure
Ho1221 there is a finite T, in the paramagnetic state. On the other hand, the data from the (Lu/Dy)1221 series indicates
that the spin flip scattering from the Dy ions is so strong that paramagnetic Dy1221 cannot support superconductivity.

On the other hand, DyNi;B,>C does superconduct. This superconductivity occurs because the Dy ions order an-
tiferromagnetically and pair breaking by flipping the spin of a single Dy ion is no longer a possibility; instead for
pairbreaking taking place, there needs to be an interaction between a Cooper pair and a magnon, a magnetic excita-
tion. This observation allows for the explanation of the Dy-rich sides of both the (Lu/Dy)1221 and (Ho/Dy)1221 plots.
In the case of (Lu/Dy)1221 as Lu is substituted for Dy there is a strong suppression of Ty and a dramatic increase in
the magnetic disorder and the magnetic disorder scattering. This is not surprising since Lu is non-magnetic and acts
as a huge perturbation to the magnetic sublattice. This softening of the magnetically ordered state leads to a dramatic
increase in pair breaking and T is rapidly suppressed. On the other hand as Ho is substituted for Dy there is very little
perturbation to the magnetic sublattice and very little change in either the thermodynamic or transport properties. Ho
has a similar local moment size as well as anisotropy. As Ho is titrated in for Dy there is very little change in either
the magnetic disorder or the magnetic disorder scattering and as a result, 7. remains essentially unchanged. These
data indicate that superconductivity in Dy1221 is the result of a very delicate balance and will be very sensitive to any
perturbations to the long range order in Dy1221.

4. Magnetic field—temperature phase diagrams: effects on H.»(T)

The interplay between local moment magnetism and superconductivity manifests itself even more clearly in an
applied magnetic field. To this end the study of H—T phase diagrams (both for the superconducting and ordered local
moment phases) is enlightening.

The local moment anisotropy of the Tm>* ion is moderately axial and the local moment anisotropy of the Er’™,
Ho** and Dy>* ions is extremely planar. Fig. 6 shows the temperature-dependent, anisotropic magnetic susceptibility
for Tm1221 as well as that for Er1221 [28,29]. This anisotropy, associated with the paramagnetic state, gives rise to a
corresponding anisotropy in H.,(T) (see Fig. 7). The anisotropy in H.2(T') found for Tm1221 and Er1221 (Fig. 7(a))
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is much more substantial than that found for the non-magnetic Y1221 or Lul221 [30] (see Fig. 7(b)) and, more
importantly, the sign of this anisotropy can be associated with the changed local moment anisotropy. For Tm1221
the H.o(T) curve for H | ¢ is lower than that for H L ¢ because for H || c there is a substantially larger sublattice
magnetization contributing to the internal field that is suppressing the superconducting ground state. For Er1221 the
H»(T) for H || c is larger than that for H L ¢ for exactly the same reason: for H L ¢ the Er1221 susceptibility is
substantially larger than for H || c.

The form of H.>(T) is also dramatically effected by the anisotropy and the state of the local moment sublattice
[31-33]. For Tm1221 H.(T) goes through a broad, local maximum that has been associated with the competition
between a growing sublattice susceptibility (as temperature is decreased) and a less rapidly increasing ‘bare’ Hp,
associated with the superconducting electrons in the absence of the paramagnetic Tm ions. For temperatures below
this maximum, H.(T) decreases with decreasing temperature because the internal field associated with the sublattice
magnetization is growing more rapidly than the ‘bare’ H., term.

A more dramatic example of how the form of H.»(T) is effected by the local moment sublattice can be seen in data
on Er1221 and Ho1221 (Figs. 8 and 9). Er1221 orders antiferromagnetically at ~6 K with a wave vector of ~0.55 a*,
a vector that has been associated with a local maximum in the generalized electronic susceptibility and with phonon
softening in the non-magnetic Lul221 and Y1221, i.e., a wave vector associated with some degree of Fermi-surface
nesting [34]. The Er1221 H(T) data for H || ¢ shows a very sharp drop in H., at the point where, in the H-T
phase diagram H.,(T') crosses from the paramagnetic, higher temperature state to the antiferromagnetically ordered,
lower temperature state (Fig. 8). Just such a drop was predicted for the case of an antiferromagnetic superconductor
which has an ordering wave vector determined by a maximum in x(g) [35,36]. In order to further investigate this
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phenomenon, electrical resistivity was measured as a function of temperature for H ||c just slightly greater than 10 kOe
for the current flowing along the [100] direction. As can be seen these data manifest an increase in resistivity at Ty
that can be associated with a superzone gap (Fig. 8). These data all support the conclusion that the sharp drop in
H(T) at Ty is associated with the local moment state ordering with an 0.55 a* wave vector.

This phenomenon can be probed even further by examining the H.,(7T) data for Ho1221 and plotting it on top
of the magnetic H-T phase diagram. In the case of Ho1221 the magnetic order is quite complex: the 0.55 a* phase
only exists over a very limited temperature range; between ~6 and ~5 K (Fig. 10) [37,38]. Below ~5 K the magnetic
order has a [001] wave vector. The effects of this can be seen in the composite (magnetic and superconducting) H-T
phase diagram (Fig. 9) [39]. Initially, just below T, H.2(T) rises. On cooling through Tx ~ 6 K the 0.55 a* phase
starts to grow and H(T') decreases. On cooling through ~5 K the 0.55 a* order is replaced by a commensurate
antiferromagnetic order and H.»(T) recovers dramatically.

The Er1221 and Hol1221 data taken together quite clearly indicate that the dip in H,(T) is related to ~0.55 a*
phase, which itself is related to a maximum in the generalized electronic susceptibility. It is worth noting that whereas
the local minimum in the He»(T) of Ho1221 appears to be much deeper than that seen for Er1221, the size of the drop
in H:(T) in absolute units (kOe) is essentially the same.
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To complete the discussion of the effects of ordering on H.,(T') we can recall that for Dy1221 the local moment
ordering is the same as that seen in the low temperature phase of Hol1221, and as we discussed earlier, the super-
conducting state in pure Dy1221 only exists as a result of this ordering. For Ho1221 H.»(T') recovers in the 1.0 ¢*
ordered state. In the case of Dy1221 T, (and implicitly H.»(7T)) only exist below this ordering temperature.

5. Coexistence of superconductivity and weak ferromagnetism

The coexistence of superconductivity with antiferromagnetic order is not too surprising for compounds that have
superconducting coherence lengths much larger than the magnetic unit cell dimension (in practice this is almost
always the case). On the other hand the coexistence of superconductivity with ferromagnetism is a very rare and
exotic thing given that these two ground states are highly antagonistic. This can be readily seen in ErRh4B4 which
superconducts with a T, of 8.7 K and then re-enters the normal state just 0.1 K below the onset of ferromagnetic order
at Tc = 0.9 K [40-42]. Detailed experimental and theoretical studies of the magnetic ordering wave vector showed that
initially the magnetic and superconducting ground states attempt a compromise ground state where superconductivity
coexists with the magnetic state being a combination of a ferromagnetic structure and a transversely linearly polarized
modulated structure with a wavelength of ~100 A [41,42]. Ultimately the free energy gain associated with ordering
the local moments so greatly exceeds the free energy gain associated with the superconducting ground state the
superconducting state can no longer exist and the sample enters a normal, ferromagnetic, low-temperature state.
Once this was understood it was suggested that if a much more dilute ferromagnetic system could be synthesized
it was possible that coexistence between ferromagnetism and superconductivity, with exotic consequences such as
spontaneous vortex states, may actually be realized. Unfortunately such compounds were not readily discovered.

ErNi;B,C has a superconducting 7, of ~11 K and an antiferromagnetic Tn of ~6 K, but below Twg ~ 2.3 K the
magnetic ordering of Er1221 acquires a ferromagnetic component: ~ 0.33 up/Er at T = 2.0 K [43] (this can be com-
pared to the full saturated moment of 9.0 up/Er). This ordering is associated with a locking of the incommensurate
ordering wave vector into a value of ~0.55 a* and a squaring of the order associated with the extreme local moment
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anisotropy. Such order leads to a greatly reduced, net saturated moment and an equally reduced estimate of the equiva-
lent, internal field associated with this small ferromagnetic component; comparable to H,; and much smaller than H,
and very much smaller than H,,. The existence of this ferromagnetic component, first inferred from thermodynamic
measurements, has been confirmed by a variety of experiments [44,45]. Unfortunately, Er1221 seems to be on the
other extreme from ErRhyBy4, with the ferromagnetism actually being too weak to lead to the hoped for, exotic states
that would emerge from the competition between the ferromagnetism and superconductivity. Despite several attempts
to measure a spontaneous (zero field) flux line lattice it appears that such a state either does not exist, or is at best
quite subtle. On the other hand the onset of this net ferromagnetic component does have dramatic effects on the vortex
pinning, and therefore on the superconducting critical current.

6. Effects of magnetic order on vortex pinning and J,

Another manifestation of how local moment magnetism interacts with superconductivity in the R1221 series can
be seen manifesting itself in the degree of vortex pinning and therefore in the critical current, J.. Vortex pinning is
generally considered to be an extrinsic effect associated with chemical or structural defects in the sample (inclusions,
doping, grain boundaries, etc.). As in the case of magnetic domain walls in industrial, hard ferromagnets, systematic
control of pinning of vortices is key to the synthesis of useful superconducting wires, specifically for high current/high
field applications. In the RNi»B,C series there are several intriguing examples of how the local moment order effects
the vortex pinning. Perhaps the easiest example is associated with the weak ferromagnetic component that emerges
in the Er1221 at lowest temperatures [46]. Fig. 11 plots the pinning strength as a function of temperature for Er1221.
As can be seen below Twr = 2.3 K the pinning strength increases dramatically. It has long been predicted that finely
dispersed ferromagnetic impurities could act as pinning centers and enhance J. [46], but one of the difficulties was
to insure that the impurities would be small enough, homogeneously dispersed, and still retain their ferromagnetic
properties without changing the basic superconducting properties of the host compound. Er1221 appears to solve
these problems in an elegant manner: the ferromagnetism is not from impurities but instead from a long wave length
ordering with a small ferromagnetic component.

Further investigation of Fig. 11 shows that even above Twr the pinning strength has a well defined temperature
dependence with a slope such that J. appears to go to zero not at 7, ~ 11 K but instead at Ty ~ 6 K. Whereas J,
increasing dramatically at Twr is not too difficult to understand, an increasing J. associated with a purely antifer-
romagnetic order is a bit more curious. Detailed investigations show that below Ty, in the 0.55 a* state, the sample
experiences a magnetostriction that breaks the sample into a fine herring bone/tweed pattern of structural domains [47].
This very fine domain structure appears to be excellent for pinning vortices, in essence providing a plethora of grain
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Fig. 11. Pinning force, Fp o< I H, for ErNip B, C. Dashed line is a guide for the eye. See [46] for a detailed discussion.



S.L. Bud’ko, P.C. Canfield / C. R. Physique 7 (2006) 56-67 65

Fig. 12. Representative Bitter decoration pattern of vortices in ErNipB,C. Magnetic field of 8 Oe is applied along the c-axis. The decoration
temperature 7y = 5.5 K < Ty . Note high density of vortices on boundaries between domains. See [48] for further details.

boundary pinning (Fig. 12) [48]. A similar effect has been observed in Ho1221 over the very limited, but well defined,
temperature and field range that Ho1221 is known to manifest a similar 0.55 a* ordering [48,49].

7. Summary

In this review we have tried to present the range of effects that the magnetic ions of the rare earth series have on the
superconductivity that is apparently ubiquitous to the heavier members of the RNiyB,C series. These effects can be
arranged in a roughly hierarchal order. At the grossest level magnetism is detrimental to the superconducting ground
state. In an Orwellian sense though, as far as superconductivity goes, all moments are detrimental; just some moments
are more detrimental than others.

As the rare earth ion changes from the non-magnetic Y or Lu to magnetic Tm, Er, Ho, or Dy T, is suppressed.
On the other hand, there are mitigating circumstances. From dilution studies we can see that the suppression of 7 is
proportionally larger for the more isotropic rare earths and less extreme for the extremely planar ones. The effects of
this anisotropy can also be seen in H»(7T') curves with H.o(T') being more aggressively suppressed for the directions
of applied field that give rise to the largest internal magnetizations. In addition, the state of magnetic sublattice is
important. As one example, the superconductivity in DyNi; B, C only exists because of the antiferromagnetic ordering
of the Dy ™3 sublattice. As another example, the superconductivity in ErNi;B,C and HoNiyB,C is suppressed in the
vicinity of antiferromagnetic ordering that has a wave-vector associated with a Fermi-surface nesting feature.

The hierarchical cascade of effect that the rare earth will have on the superconducting ground state can then be
summarized by a series of questions: (i) what is the rare earth; (ii) what is its anisotropy; and finally, (iii) what is the
nature of the rare earth sublattice’s long range order (or lack there of)?

In addition to the effects that the local moments have on 7, and H.,(T'), there are equally clear effect on the pinning
of vortices in the mixed state. Both ErNi;B,C and HoNi;B,C have a clear increase in the vortex pinning when the
local moment order adopts the ~0.55 a* wave vector, leading, via magnetostriction, to a very fine grained state with
clear pinning on the grain boundaries. Even more dramatic is the sharp increase of pinning associated with the onset
of a small ferromagnetic component to the ordered state of Er1221 below Tys &~ 2.3 K.

In closing we should note that given the richness of phenomenon associated with the interaction between local
moments and superconductivity it is not surprising that the RNi;B,C system has become one of the model systems
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for studying this interplay. On the other hand, research on the RNi;B,C system is far from over. Questions range
from whether ErNi;B,C can be modified so as to allow for the unambiguous identification of a spontaneous flux
line lattice, to whether the superconducting gap in any of the RNi;B>C members manifests real nodes, or just deep
minima? Given the ability to tune this series by substitution on both the R and Ni sites, and given the ability to grow
large, high quality single crystals, the RNipB,C series will continue to provide insight to superconductivity and its
interaction and response to local moment magnetism for years, and possibly decades to come.
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