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Until recently it has been commonly accepted that small i
impurities of magnetic atoms were severely detrimental o
to superconductivity, and that superconductivity and
long~range magnetic ordering could not occur in the

same materials. 1In known binary and pseudo-binary
compounds, this is still the case. However, many recent
experiments on ternary superconductors have shown that
the effects of magnetism are considerably more complex.
In some cases, the addition of magnatic atoms has been
found to enhance superconducting properties by increas-
ing the superconducting critical field, without signifi-
cantly lowering the transition temperature. In meny
cases, compounds will show both superconducting and

long range magnetic ordering trensitions. The destruc-
tion of superconductivity by ferromagnatic ordering and
the coexistence of superconductivity with antiferro-
magnetic ordering is now well establishad.

T —————————_ DISCLAIMER

Hyperfine interaction measurements have played a
significant role in the investigations of these materials,
including measurement of the magnitude of the exchange
interaction between rare-earth spin and conduction
electron spin, elucidation of the mechznism for critical
field enhancement, specification of crystalline field
ground states, and studies of the nature of magnetic
ordering.

INTRODUCTION

The study of the effect of magnetic impurities on the properties of superconduct-'
ing systems has been of interest for many years (1). Until recently it has been !
generally assumed that the presence of magnetic ions in a superconducting matrix
will have a strong negative effect on superconducting properties, and many ex-
periments have verified this assumption. This is due to the fact that the occur-
rence of superconductivity depends on there being pairs of electrons in the
material which have oppositely directed spin angular momenta and are correlated
with one another through the electron-phonon intsraction over distances on the
order of hundreds of Angstroms (Cooper pairs). Magnetic ions in the material
will cause spin-flip scattering through the exchange interaction of the local
magnetic moment with the conduction electrons. Since this is a highly localized
interaction, it acts on individual spins and so tends to destroy the anti-paral-
lel alignment of the Cooper pairs. Generally the exchange interactions associ-
ated with magnetic effects are much stronger than the electron-phonon inter-
actions causing superconductivity. Consequently, small concentrations of magnetic
1ons will frequently destroy superconductivity entirely. For example, LaAl

has a superconducting transition temperature T¢ = 5.24 K, but substitution of

La by Gd to a concentration of 0.59% reduces T. to zero(2). In other systems l
the dependence on concentration may not be quite so sﬁgrp, but the resu%ts are ! %
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é]ways‘rather striking. The above ideas were put on a quantitative basis by

pbrikosov and Gorkov (3) who calculated the effective lifetime of the Cooper

pairs to the spin-flip scattering within the first Borq approximation, and showed
that the depression of T¢ was given for low concentrations by

ATe = - g2 N(EF)J2S{S+1)dx (1)
2k

where M(Ef) is the density of states at the Fermi §urface jn the vicinity of
the magnetic impurity, J is the magnetic exchange interaction between the local
moment and the conduction electrons, S is the angular momentum of the magnetic
jon and x is the concentration, This theory, with some modifications to include
crystal field effects and other scattering mechanisms in some systemse has been
very successful in describing observed phenomena in many elemental, binary and

.pseudo-binary superconductors(1).

As the concentration of magnetic ions increases, the possibility of long range
magnetic order also increases. If the depressicn of T is not too rapid, it

may then become possible to obtain a situation where superconductivity and long-
range magnetic order both coexist in the same material. This possibility has
been explored in several systems in the past, all of which were pseudo-binary
compounds. For example, CeRup is a superconductor and GdRup is a ferromagnet.
Figure 1 shows the variation of the superconducting transition temperature T.
and of the magnetic trinsition temperature Ty with concentration{4). Recause

ot the apparent crosscver in these two temperatures at concentrations near 13%,
it would appear that the materials may exhibit both superconductivity and magnet-
ic order. However, it is difficult to see hew long range ferromagnetic order can
coexist with superconductivity since ferromagnetism requires all spins to be -
aligned in one direction, while superconductivity requires them to be pairad in
opposite directions. Several ex-lanations of this type of beshavior have been
offered, including the formation of a “"crypto-ferromagnetic” state where the
magnetism occurs only in small domain: throughout the material (5), and the
occurrence of superconductivity in the domain walls where the magnetization is
changing rapidly(6). The current opinion for most of these types of alloys is
that the magnetism is of a spin-glass type behavior(7). In that situation the
magnetic order does in fact take place in small clusters throughout the material.
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Fig. 1. Superconducting-magnetic phase diagram for Ce]‘_dexRu2 (see Ref. 4).

T (K)
o PO

e .y ——e———— et s

e s s e



While every magnetic atom in the compound may be ordered, the direction of the
magnetic axis for the various clusters is random, so that the net magnetization
"in zero field is small. If the clusters are smaller than the coherence length
gver which Cooper pairs are ordered, then they will behave, crudely speaking,
1ike large magnetic impurities and will not totally destroy the superconducting
state. -

The discovery of superconductivity in ternary alloys has opened up this study

of magnetic effects in superconductivity considarably, helping to clarify some of

the old results as well as displaying many new phenomena. In contrast to the
three component systems discussed above which consist of two binary systems
mixed together in random solid solution, these are materials in which the three
constituents have simple stoichiometric composition ratios and well defined
crystallographic sites. 1In such cases it sometimes becomes possible to identify
spatially the site of the “superconducting electrons" (generally d electrons on
transition atoms) and of the "magnetic electrons" (often f electrons on rare-

earths). Because of the details of band structure and crystallographic structure,

the interaction between the two "bands" may be weaker than in binary systems,
exchange interactions may be weaker, and a much wider variety of possihle phases

i
i

may occur. These include magnetic systems, superconductors, and states which can

best be characterized as magnetic superconductors.

Hyperfine interaction studies have been very useful in understanding many of the '

above phenomena. Such measurements have been previously carried out in several
binary and pseudo-binary compounds{7). In ternary materials, haowever, it be-
comes possible to go to much higher concentraticns of magnetic ions and still
maintain superconductivity. Because of the weak coupling alluded to above,
electron relaxation times are frequently very long, allowing the observation of
well-resolved paramagnetic hyperfine spectra in Mdssbauer investigations. In
addition, the variety of types of phases present offers more possibilities for
instructive examinations. In the following we will review a number of recent
M8ssbauer effect results which have been obtained in the investigation of ter-
nary superconductors.

SUPERCONDUCTING TRANSITION TEMPERATURES AND CRITICAL FIELDS

A group of compounds known generically as Chevrel phases, after the person who
first characterized the crystal structure, have been extensively studied by many
techniques(8). A typical material in this class is SnMogSg, but the Sn may be
replaced by a wide variety of transition mnetal and rare-earth ions, and S may be
replaced by Se. Such materials first attracted attention because of their rela-
tively large superconducting transition temperatures and very large values for
the magnetic field which can be applied without destroying superconductivity, the
upper critical field Hcp. For SnMogSg, one finds Te = 10.4 K and Hep =

275 kG. In addition, it was soon realized that the behavior of the materials
with the addition of magnetic ions was very unusual. Figure 2 shows(9) the
variation with temperature of Tc and Hep in Sy o(71.x)EuxMog 355g.

F¥ssbauer and magnetization measurements verify that Eu is divalent, and hence
has a large magnetic moment of 7ug. However, one sees that T does not change
appreciably up to the astonishingly large concentration of x = 0.5. Furthermore,
Heo actually increases in this concentration range, to 400 kG for x = 0.5.

Thus one has the unusual situation that the addition of magnetic ions to a super-
conducting material actually improves the superconducting properties. In this
section we will discuss both the variation of Tc and Hcp with concentration.

Within aone's present understanding of magnetic impurities, as expressed by Eq. 1
the suppression of T. depends on the exchange interaction between magnetic

ons and the conduction electrons. The absence of such suppression then implies
either a small value of the exchange interaction J, or of the density of states

N(EF), or both. One procedure for measuring these parameters utilizes the fact
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the spin-flip scattering of the conduction electrons is necessarily accompanied
by electronic relaxation of the paramagnetic ions. This relaxation mechanism,

knouwn as the Korringa process, gives rise to a relaxation rate having the temper-

ature dependence

w=_-f-T—TL (9-1)2 [IM(EF)I2 kT (2)

and a measurement of this temperature_dependence can be used to obtain | IN(EF) |.
Mdssbauer spectra obtained using the 151fy resonznce in Sn_75Eu_25MogSg show

a strongly temperature dependent line-width which arises from such processes ().

This is very unusual in metallic Eu systems where the combination of high relax-
ation rates acting on an S-state ion usually leads to linewidths determined only
by temperature independent factors. In this casa, however, the relaxation rates
are such that strong effects are seen. 1In the limit where the relaxation rates
are large compared with Larmor precession frequencies so that only line-broaden-
.ing is observed, one can use the theoretical developments of Bradford and Marshal)

(11) to obtain an explicit expression relating the excess linewidth AT with
the relaxation rate:

W(sec-') = 2.75 x 109/aT (wm/sec) (3)

for the present case. This expression combined with the observed line-widths
gives the relaxation rates shown in Figure 3. Here one sees a finite value of
4.7 x 108 sec- at T = 0 due to spin-spin interactions, and a linear T

. dependence due to Korringa relaxation. .From Eq. 2, one then obtains |IN(Ef)|=
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0.0033/ Eu atom-spin. This is approximately an order of magnitude smaller than’
that found in other superconductors. For example, Eu present as an impurity in
LaAly gives |IN(EF)| = 0.03 / Eu-atom spin (12). This provides at least a
partial explanation of the weak suppression of ic with concentration. Subse-
quent band-structure calculations for EuMogSg have shown that a very large charge .
transfer occurs away from the Eu atom, leaving zn unusually small N(Ef), in
egreement with the above measurement (13). This charge transfer phenomena is 21so

supported by the essentially fonic value of the isomer shift for Eu in these
materials.

i
i

At lower temperatures, the linewidth in similar materials shows a temperature
dependence which is not in agreement with the ahove results (14). However, in
this region (<1 K) the spin-spin effects arising from dipolar interactions are
very important, and in fact appear to lead to some type of magnetic order (see
discussion below). The vesults obtained at highar temperatures have been veri- :
fied by other measurements. EPR results (15) give relaxation rates which provide :
values of [IN(EF)| = 0,006 for Gd3* in SnMogSg 2nd 0.005 for Gd3* in PbMogSg,

in general agreement with the Myssbauer conclusions. In principle one also ex-
pects a change in the relaxation rate at Tc, due to the fact that an energy gap
opens up in the density of states, and so alters N(EF). This is obscured in the
M8ssbauer data due to the predominance of spin-spin interactions below T..
However, the EPR work has been able to use such erguments to obtain a value of
the superconducting energy gap of AY 2.5 kTe. :

Rlthough the above arguments all indicate that the coupling between the conduc- |
tion electrons and the rare-earth moment is weax, nonetheless such a coupling is -
responsible for the observed increase in H g when the magnetic ion is present.
For Eu0_5Sn0_5Mo§S » MBssbauer spectra of i YEu and NiR Knight shift

measurements of Y9{o have been obtained as a function of external field and
temperature (16). In both cases, ‘the observed hyperfine fields can be compared
with known values of core-polarization fields to obtain estimates of the sign and
magnitude of the local conduction electron polarization. [n this way one finds



* that the polarization of the Eu ion by the external field generates a conduction

electron polarization which is positive (i.e., parallel to the external field)

at the Eu site, but which shows a spatial dependence such that it is negative at

the Mo site. It is generally presumed that the d-electrons originating on the
Mo atoms contribute most prominently to the superconducting processes. The
effect of the negative conduction electron polarization at the Mo site is to
partially shield the external field, so that one can increase this field to 2
larger value before the net field on the Mo becomes sufficiently high to destroy
the superconductivity. Again, these results have been verified by spin-unre-
stricted band-structure calculations (17).

MAGNETIC ORDERING

Because of the high concentration of magnetic ions present in ternary compounds,
magnetic order may be expected. Since these are stoichiometric compounds, the
arguments above concerning the formation of a spin-glass state do not apply, and
long-range ordering is likely. Therefore these become very interesting systems
for the study of the interaction of magnetic cordering with superconductivity.
lost of the Chevrel phase compounds show magnetic ordering at sufficiently low
temperatures. For example, in the Ry oMogSg systems, antiferromagnetism

occurs for R = 6d, Tb, Dy (18-20) and ferromagnetism for R = Ho(27). The
effect of "re-entrant" conductivity is observed in HoMogSy as well as in

ErRhgBgq (22). In the latter material, superconductivity occurs at Te = 8.7 K.
At Tm = 0.96 K, ferromagnetic ordering takes place, coupled with a return to
normal conductivity. This is consistent with the above arguments concerning the
difficulty of maintaining Cooper pairs in a region of uniform magnetization. On
the other hand, in the presence of antiferromagnetism, it is found that super-
conductivity is retained. This can be understcod because the magnetization for
an antiferromagnet averaged over the superconducting coherence length will be
very small, and the breaking of Cooper pairs is correspondingly inhibited. This
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co-existence has been c]éariy observed in the Ry 2MosSg compounds mentioned
- above, as well as in SmRhgBy (23).

In rare-earth systems, where the magnetic interactions are generally large com-
pared to crystalline electric field splittings, one expects both the magnetic
transition, Ty, and the suppression in the superconducting transition temperature,
Tc, to vary with rare-earth ion according to the deGennas factor

G = (gJ-1)2 J(J+1), where gJ is the Lande factor and J is the total angular
momentum. In Fig. 4, the observed values of Ty and T are compared with G for
the RRhgBg compounds. The fact that no correlation is seen suggests that crystal
field effects must be included in the discussion of these systematics. Because of
changes in the angular momentum character of the rare-earth atom due to crystal
field effects, both the value of Ty and T¢ will ba strongly modified from

the above behavior. The effect of such considsrations on superconducting system-
atics has been treated by Fulde and co-workers (24). While other mechanisms

may be present, one clearly needs information concerning crystal fields in these
materials in order to understand the overall bzhavior.

Generally, crystal field effects are obtained from Schottky anomalies in
specific heat data, bulk magnetization measurements, or inelastic neutron
scattering. The M8ssbauer effect provides a microscopic probe for these phen-
omena. In particular, direct information on the crystal field ground state can
be obtained from hyperfine spactra which will be observed if the electronic spin
relaxation rate is small_compared with nuclear Larmor frequencies. Fig. 5 shows
spectra taken using the 166gr resonance in ErRhgBgq at 1.5 and 0.1 K, i.e.,

above and below the magnetic ordering temperature (25). Above Ty one observes
an almost static paramagnetic hyperfine spectrum characteristic of a low lying
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“kramer's doub]et.hith a highly anisotropic g tensor (the “effective field" case). |
_ Below Ty, this spectrum does not change substantially, showing that the mag- ‘
petic interactions are small compared with crystal field interactions.

Spectra obtained for 169Tm in TmRhgB4 and 161Dy in DyRhgBgq also show slow
relaxation. The results can be understood as follows: For Er two doublets predo-
minancly being compased of 'J, = + 15/2 and of J; = + 13/2 lie close together,
with rapid relaxation occurring Detween them. As a result, one obtains moments
of 8.4 ug in ErRhgBg, in good agreement with experiment. For TmRhgB4, the ground
state is again two close lying doublets primarily composed of J, = + 6 and ¢
J, = + 5 giving a moment of 6.4ug. In this case, the temperature dependence !
of the spectra indicates that the higher excited states lie at 15-20 K. 1In
DyRhgBg, Dy has a well isolated doublet ground state made up of Jz —‘1_15/@. In :
211 these cases, it is clear that crystal fields are playing a large role in i
determining the properties of these materials, and systematic investigations of |
these phenomena are under way. :

Generally, the detailed nature of magnetic order cannot be understood from
M8ssbauer spectra alone, since such measurements give information only on single-
jon properties rather than on coherent phenomena. In the case of S-state ions
such as Eul+ or Gd3+, this is even more difficult since the hyperfine field pre-
dominantly arises from core polarization and so is not sensitive to environmental
effects. . Nonetheless, such measurements frequently provide one with the only
microscopic information available. Missbauer studies of the Chevrel phase com-
pounds EuxSni-xMogSg have been carried out at very low temperatures (26).
Magnetic hyperfine splitting is observed below ~0.5 K for X > 0.6. However,
both ordered and disordered regions are seen near T, reflecting either crystal-
loaraphic or magnetic inhomogeniety in the materials.  Spectra obtained with
85y give no measurable transferred hyperfine field, showing the weak elect-
ron overlap between the Eu ions and those on other sites discussed in the pre-
vious section. At these temperatures, it is likely that the magnetic ordering
originates from dipolar or superexchange coupling, and that the observed phenom-
ena arise from short-range magnetic order or spin-glass type behavior.

In other materials, as mentioned above, long range ordering is clearly present.
fieutron diffraction work on ErRhgBg has shown that the material is ferro-
magnetic with T¢ = 0.9 K (27). However, those experiments provided a value
vor the ordered state magnetic moment of 5.6 ug, in comparison to the value of
8.3 ug obtained by Mossbauer spectroscopy. This discrepancy is much too large
to be due to the experimental errors of the two experiments, and represents the
only instance where neautron diffraction and Missbauer spectroscopy have not
given the same result in a rare-earth system. At present the reason for the
difference is not understood, but two possible explanations have been

offered (25). Both explanations depend on noting that the two techniques do
not in fact measure the same intrinsic quantity. Diffraction methods, by their
very definition, obtain only a value for the coherent moment, and will not see
any disordered component. The Mdssbauer technique, measures the total single
atom moment. Thus it may be that the ferromagnetic state of ErRhgB; has an
ordered moment of 5.6 ug, whereas the total moment is 8.3 ug, with the re-
maining component presumably being disordered at these temperatures. The other
possible explanation is that the material is not magnetically homogeneous, but |
may consist of domains of ferromagnetism embedded in a non-ordered matrix. In
that case, the process of converting neutron diffraction intensities into a mag-
netic moment would be in error, since that has assumed that all the material is
ordered. However, the MYssbauer spectrd, measuring a local property not
sensitive to the ordering of neighboring spins, will show the same spectrum for .
both the ordered and disordered regions. Whatever the explanation may be, it is :
Clear that the magnetic state of this material is not the same as in a simple
fgrromagnet, and it may be expected to yield some interesting physical informa-
tion when it is understood. It seems 1ikely that contained in that solution




will be new understanding concerning the detailed interaction of the two kinds
of ordering.

CONCLUSION

[t is noteworthy that while only two classes of systems (the Chevrel phases and
the rare-earth rhodium borides) have so far received extensive study, nonetheless
a great many new phenomena have been encountered. This, however, should only be
considered the beginning of a new and potentially very rich field, especially if
one considers the vast number of possibilities of ternary compounds that can be
produced. To take only one other example, recent work has shown that the compound
ScpFe3Sig is superconducting with a superconducting transition of 4.5 K (29).
This at first may appear surprising since even in the Chevrel phase materials,
the addition of Fe atoms is detrimental to superconductivity. However, recent
Mossbauer effect experiments (29) have shown that the Fe in this material is not
magnetic, having a magnetic moment of less than 0.03 ug. These silicides have
also been made with rare-earth ions in place of the 55%23). The compounds

show magnetic transitions and are currently undar investigation., Several other
interesting systems have been synthesized, and it appears that many more will be
coming in the near future. The results reported above have shown the utility of
hyperfine data in clarifying many of the new phenomena that occur, and it should
- be expected that as this new field grows, these kinds of measurements will con-
tinue to play an active role (30).
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