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The superconduct ing transition tempera ture  T c as well as the magnetic  ordering tempera ture  T m have been determined 
in the mixed ternary compound  ErxYl_xRhlASn3 6 as a function of the Er concentrat ion.  Tc decreases from 3.13 K for 
YRhlnSn3 6 to 1.1 K for ErRhL1Sn3. 6. Reent ran t  superconductivity has been found for x > 0.6. 

The application of the models  of Abrikosov and Gorkov,  Maekawa and Tachiki,  and Roshen  and Ruvalds  to this system 
is discussed. T c as function of the concentrat ion x is best described by the model  of  Roshen  and Ruvalds  assuming a 
ferromagnetic  interaction between the spins. The  parameter  lzN(O), arising from electron spin interaction, is found to be 
0.088 K. The  ferromagnetic  ordering tempera ture  dependence  is described by the theory of Oguchi  and Ono,  using an 
effective coordination number  z = 6 and an exchange constant  of J '  = 0.30 K. 

I. Introduction 

Since the discovery of ternary compounds 
like the Chevrel phases RExMO6S 8 [1] and 
RExMo6Se 8 [2] and the RERhaB 4 series [3], 
which show for some of the rare-earth (RE) 
metals superconductivity as well as magnetic or- 
dering, there is a growing interest in the study of 
the interaction between these phenomena. 
Mixed ternary systems, formed by alloying two 
members of a family of compounds, offer a 
possibility to investigate the competition be- 
tween superconductivity and magnetism as a 
function of the concentration of magnetic mo- 
ments. Many studies on this subject involved the 
Chevrel phases and the rhodium borides [4-7]. 

More recently a new family of superconduct- 
ing or magnetically ordering ternary compounds, 
the rhodium stannides, has been found [8]. Al- 
though it appears to be relatively easy to prepare 
large single crystals, up till now only little has 
been published about the superconducting and 
magnetic properties of these compounds [9]. In 
this family of ternary compounds the 
ErRhl. 1 Sn3.6 shows reentrant superconductivity. 
The superconducting transition temperature T c is 
reported to be about 1.2K and the magnetic 
ordering temperature T m is 0.6 K [8]. The other 

rhodium stannides show either superconductivity 
or magnetic ordering. YRhllSn3. 6 becomes 
superconducting below 3.2K [8]. Lately the 
complex crystal structure of this compound has 
been solved [10]. 

In order to study the interplay between both 
ordering mechanisms, we made mixed crystals of 
ErxYl_xRhMSn3. 6. The non-magnetic Y was 
chosen for mixing with Er, because they have 
almost the same ionic radius and their com- 
pounds have the same crystal structure and near- 
ly equal lattice constants. Substitution of Y ions 
by Er ions will reduce the superconducting trans- 
ition temperature and enables magnetic ordering 
at sufficiently high Er concentrations. Here we 
report on a study of the variation of T c and T m 

with concentration in the pseudo-ternary system 
E r x Y l _ x R h l . l S n 3 . 6 .  

The discovery of magnetic superconductors 
has given rise to the development of several new 
theories for describing the influence of magnetic 
atoms on the superconducting and magnetic 
properties of these compounds. Most of these 
theories start with a citation of the theory of 
Abrikosov and Gorkov (AG) [11], that describes 
the influence of scattering of electrons by iso- 
lated spins on the superconducting transition 
temperature. For low concentration of paramag- 
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netic atoms in a superconducting compound this 
results in a linear depression of T c with increas- 
ing concentration. This has been confirmed by 
many experiments [4, 6] and therefore the AG-  
theory has set a stfindard for theory in the low- 
concentration region. At  higher concentrations 
spin correlation effects will become of im- 
portance. 

Roshen and Ruvalds (RR) [12] extended the 
AG-theory  by taking into account the influence 
of the formation of coupled spin pairs on the 
electron scattering rate and thus on the reduction 
of the superconducting transition temperature.  
Parallel coupling of the spins causes an extra 
reduction of T c and for high concentration of 
magnetic atoms also reentrant  behaviour,  where- 
as antiparallel coupling enhances superconduc- 
tivity. We found that, assuming a spin-spin 
interaction that favours a parallel alignment of 
spins, this theory gives a fairly good description 
of the superconducting transition temperatures 
as function of the concentration of Er  atoms in 
the E G Y  x-~ Rh i 18n3.6 mixed system. 

The extreme of high concentration of magnetic 
atoms may be described by a model of Maekawa 
and Tachiki (MT) [13]. They assume that short- 
range ordering of the spins arises at tempera- 
tures above the actual ordering temperature.  In- 
elastic scattering of the electrons by fluctuations 
of the ordered spin system destroys superconduc- 
tivity and causes reentrant  behavior in ferromag- 
netic superconductors.  For describing the mag- 
netic ordering use is made of a model of Oguchi 
and Ono (OO)  [14]. The MT-model  will fail at 
low concentrations. Its application to the 
ErxYl_xRhHSn3.  6 system will be discussed. 

2. Experimental results 

For the preparation of the compounds 
ErxYl_xRhl.lSn3. 6 we used the recipe of Espin- 
osa [8, 15], which gives crystals with a tetragonal 
structure known as phase II [10], by adding the 
Er  and Y in the aimed ratio of atomic concentra- 
tions and the Er  + Y and Rh in the ratio 1 to 2 to 
the melt. We prepared crystals with expected 
concentrations of x = 0, 0.2, 0.4, 0.5, 0.6, 0.8, 

0.9 and 1. The crystallographic structure of some 
crystals of this series was checked by means of 
X-ray diffraction. We found in all cases the 
phase II structure, but the tetragonal axis ap- 
peared in three directions perpendicular to each 
other  as mentioned in literature [10]. 

The Er  concentration in the crystals was deter- 
mined by comparing the measured paramagnetic 
susceptibility of the mixed crystals to that of 
ErRhl . lSn3 6. For some of the crystals we had to 
correct for the influence of small inclusions of 
pure Sn. The concentrations found in this way 
did not differ more than about Ax = 0.02 from 
the expected values. 

All t ransi t ion ' temperatures above 1.2 K were 
determined by measuring the ac-susceptibility 
with decreasing temperature of the liquid-helium 
bath using our mutual inductance SQUID- 
susceptometer at a frequency of 8 0 H z  and an 
rms-value of the ac-field down to 0.2 IxT [16]. 
Measurements for T < 1.2 K were performed in 
a 3He-4He dilution refrigerator by measuring the 
dc-magnetization with a SQUID-magnetometer  
in a small background field [17]. 

A typical ac-susceptibility measurement  of the 
normal-to-superconducting transition is shown 
for a crystal of Er0.4Y0.6Rhl.~Sn3. 6 in fig. 1. The 
susceptibility starts at its paramagnetic value and 
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Fig. 1. The ac-susceptibility of a crystal of 
Er0 ~Y06Rhl.lSn36 in the transition temperature region, with 
an oscillating field /xohac = 0.3 IxT. The external field is zero. 
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reaches the value - ( 1 -  D) -t, representing a 
complete screening of the sample for the oscillat- 
ing field, D being an effective demagnetizing 
factor. The transition region exhibits a sharp 
decrease followed by a shoulder in the low- 
temperature part of the transition. It is found 
that the susceptibility in the transition region is 
dependent on the amplitude of the oscillating 
field and therefore we present the final value of 
the susceptibility for small amplitude, which ap- 
pears to be isothermal for almost the whole 
transition temperature range. The width of the 
transition varies from sample to sample and has 
values between 0.1 K and 0.35 K. In some of the 
crystals no shoulder was found. We define the 
superconducting transition temperature T~ as 
that temperature, where the ac-susceptibility 
starts to deviate from the Curie-Weiss law at 
decreasing temperature in the small amplitude 
limit. The experimental values of T~ are presen- 
ted in figs. 3 and 4 to facilitate comparison with 
different theories. 

The superconducting transition temperatures 
of the compounds with x = 0.8, 0.9, 1, and the 
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Fig. 2. The dc-magnetization of a crystal of Er RhMSn3 6 vs. 
temperature in units of the applied field /*oH a = 60 ixT. The 
superconducting and magnetic transition temperature are 
indicated. 

magnetic ordering temperatures were measured 
in the dilution refrigerator. Fig. 2 shows a typical 
measurement of the dc-magnetization of 
E r R h l  15n3.6 with varying temperature in a small 
background field of about 60 ~T. The many de- 
tails of the curves will be discussed elsewhere. 
Here we restrict ourselves to the determination 
of T c, taken from the point where the magnetiza- 
tion starts to deviate from that according to the 
Curie-Weiss law, and of Tm, derived from the 
sharp rise of the magnetization when it goes 
from the value at the superconducting state to 
that of a ferromagnet. The results are also pre- 
sented in figs. 3 and 4. 

3. Theory, application and discussion 

The decrease of the transition temperature of 
superconductors with low concentrations of 
paramagnetic ions is usually explained by the 
theory of Abrikosov and Gorkov [11]. In this 
model the effect of spin-flip scattering of the 
conduction electrons due to the exchange inter- 
action between the spin s of an electron and the 
spin S of a magnetic ion is considered. It is 
assumed that the localized spins have no interac- 
tion with each other for all concentrations. 

The variation of the superconducting transi- 
tion temperature T c with the relative concentra- 
tion x of the paramagnetic ions is given by 

p = 1 / 2 w T c r A o  , (1) 

1/rga  = 2~rI2N(0) Gx , 

taking h and kn equal to 1 for simplicity. ~ is the 
digamma function and Tco the transition tem- 
perature of the pure superconductor. The 
Cooper pair breaking function p is determined 
by the scattering rate 1~rAG, due to the spin- 
electron interaction I s .  S and by T c. N(0) is the 
density of states at the Fermi level and the De 
Gennes factor G is given by G = ( g j - 1 ) 2 ×  
J ( J  + 1) ,  where gj is the Land6 factor and J the 
total angular momentum. For p ~  1, eq. (1) 
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reduces to a linear decrease of Tc with the 
concentration: 

d T c ~.2 
d x -  ~ IzN(O).G, (2) 

offering the possibility to determine the parame- 
ter IZN(0) from the slope of the experimental 
Tc(x ) curve for low concentrations. 

We applied the AG-theory  to ErxY1 x 
Rhl.lSn3. 6 by taking J =  15/2 and G = 2 . 5 5  for 
the Er  3+ ion and T~o = 3 . 1 3 K ,  as was found 
from our experiments. From a fit to the data 
points for x ~< 0.4 in fig. 3, we found IZN(0)= 
0.088 K. Using these parameters,  T c was calcu- 
lated as function o f x  from eq. (1) and the results 
are depicted as the dashed curve in figs. 3 and 4. 
For x ~< 0.4 the AG-theory  describes the reduc- 
tion of T c as function of the concentrations of 
Er-atoms fairly well, but for larger concentra- 
tions T~ is reduced more than can be explained 
by the AG-theory.  

Several mechanisms have been proposed to 
explain the reduction of T c for large concentra- 
tions of magnetic atoms. We will discuss two 
models and apply them to the ErxYl_xRhMSn3. 6 
system. 

For large concentrations of magnetic atoms it 
is generally not legitimate to neglect the interac- 
tion between the localized magnetic moments as 
is done in the AG-theory.  Maekawa and Tachiki 
[13] consider a magnetic superconductor in 
which the interaction between the spins of the 
magnetic atoms gives rise to short-range ordering 
above the magnetic ordering temperature T m. 
Inelastic scattering of the conductions electrons 
by fluctuations of the spin system leads to pair 
breaking and thus to a reduction of T~. Scatter- 
ing by isolated spins is neglected and therefore 
the model will not be applicable for low concen- 
trations of magnetic ions. 

MT arrive at the following expression for 
L(x), 

Tc(x) = 1.13 w D e x p { - 1 / [  gBcsN(0) 

x ' I2N(O)G 
In(1 + 

4k2D_ ] ]~  

4k2D - T o ( x ) -  Tm/JJ  (3) 

where w D is the Debije energy, gBcs the phonon- 
mediated e lect ron-elect ron interaction constant 
from the BCS-theory and k v the Fermi wave 
vector in units of the inverse of a specific lattice 
constant a. T m and D are functions of Tc(x ) and 
follow from the spin susceptibility given below. 
It is seen from eq. (3) that the attractive elec- 
t ron-e lec t ron  interaction is reduced by the inter- 
action of the electrons with the spin fluctuations. 

From our measurements it follows that for 
x = 0.8, 0.9 and 1.0 ErxY 1 xRhl.lSn3.6 behaves 
as a reentrant  superconductor and therefore we 
describe the spin susceptibility of this system by 
that of a ferromagnet.  In ferromagnets ordering 
with a single wave vector q = 0 can occur. In that 
case spin fluctuations with small wave vector will 
dominate just above Tm. Oguchi and Ono [14] 
derived an expression for the spin susceptibility 
of an isotropic Heisenberg system, taking into 
account only nearest neighbour interaction. The 
dependence on the concentration of magnetic 
ions is also included: 

ix ,  G 

x ( q )  = T -  Tm(T , x) q- D(T ,  x )q  2 ' (4a) 

TIn(T, x) = ] z 'T (1  - e x p ( - 2 J ' / T ) ) ,  (4b) 

z ' + l  
D(T,  x) - z '  

(4c) 

J '  is the nearest neighbour interaction constant, 
z '  is the number of nearest neighbour spins 
z '  = 1 + (z - 1)x', where z is the coordination 
number in the non-diluted case, and x '  the con- 
centration of non-isolated spins: x ' =  x ( 1 -  ( 1 -  
x)Z). The magnetic ordering temperature of a 
magnetically diluted system follows directly from 
eq. (4b): 

Z ! 

(5) 

In order to apply the MT-model to the system 
ErxYl_xRhi.~Sn3. 6 values are needed for the 
parameters ~OD, gBcsN(0), Z, J '  and k F apart 
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from Tco and I2N(O)G which were determined 
earlier. Taking the usual value g~csN(0) = 
0.3, ~o D is fixed. Because of the complicated 
structure of the Er-sublattice [10] there is not a 
well defined coordination number  z. We defined 
an effective number  zc ,  based on the considera- 
tion that eq. (5) implies a critical concentrat ion 
completely determined by z, below which no 
magnetic ordering appears.  Because no ordering 
was found for x ~< 0.6, we used zcff = 6. Together  
with the magnetic ordering tempera ture  for x = 
1, Tm(X - -  1 )  = 0.55 K, J '  was calculated as J '  = 
0.30 K. The theoretical dependence  of T m on x 
was calculated with eq. (5) and the curve is 
shown in figs. 3 and 4, indicated by OO.  The 
measured Tc(X ) values fit the best to a theoreti-  
cal curve according to eq. (3) with a scaled wave 
vector k v =4.2 .  This implies that k v has the 
reasonable value of about  1.4/~-1, using a near- 
est neighbour distance of 3 A as the specific 
lattice constant.  

It is seen f rom fig. 3 that the theoretical MT- 
curve describes the observed normal  to super- 
conducting transition tempera ture  as function of 
the concentrat ion of Er  atoms fairly well for 
x > 0.5. At  the low concentrat ion side the MT- 
theory predicts too little reduction of T c. This is 
not surprising because the elastic scattering f rom 
isolated spins is neglected and collective spin 
fluctuations only lead to a weak scattering poten- 
tial at low concentrations. 
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Fig. 3. Comparison of the experimental T c and T m values 
with the theories of AG, MT and OO. N,P=normal 
paramagnetic; SC=superconducting; FM=ferromagnetic. 

Apar t  f rom the poor  agreement  in the low 
concentrat ion region and despite of the fact that 
the MT-theory  describes the experimental  Tc(x ) 
curve well for x > 0.5, there can be made some 
further objections to the application of this 
theory to the ErxY]_xRhl.]Sn3. 6 system. The 
model  implicitly assumes the occurrence of long 
range ordering below T m and predicts a return to 
the normal  state for most  concentrations at de- 
creasing tempera ture  as can be seen f rom fig. 3. 
In the high concentrat ion range an intermediate 
normal  state should appear  before the system 
orders ferromagnetically.  Experimental ly  there 
has been found no evidence for the occurrence 
of the normal  state for x < 0 . 6  and the inter- 
mediate  state for x > 0.6. 

Fur thermore ,  neutron diffraction measure-  
ments  indicate that no true long range ordering 
appears  below T m [18]. This may be attr ibuted to 
the complex structure of the magnetic sublattice 
which might favour ordering in small clusters. 
Hence  spin correlation over  larger distances is 
not very plausible for T > T m.  

From the above considerations we concluded 
that the model  of MT is not very suitable to 
describe the phase diagram of the Er x 
Yl_xRhl.lSn3. 6 system. 

We now turn to the application of the model 
of Roshen and Ruvalds [12], which is an exten- 
sion of the AG-theory .  Apar t  f rom the elastic 
scattering by isolated spins also the elastic scat- 
tering of conduction electrons by coupled spin 
pairs is taken into account. The scattering rate 
1/'rsp arising from these coupled spins was calcu- 
lated for nearest  neighbour spins only, assuming 
a conduction electron mediated spin-spin  inter- 
action (RKKY-interact ion) .  The total scattering 
rate is given by 

1 1 1 
- -  _[_ _ _  , 

~" ZAG - ~'~P (6) 

1 = _4,rri2N(0 ) G 2 1 7"~p -3 -  -T URKKvAzx2 ' 

where URKI< v is the RKKY-interact ion potential  
and A a phase factor, both given in ref. [12]. The 
most  important  feature o f  1/~'sp is the 1 / T  diverg- 
ence, which leads to reentrant  behaviour  at low 
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temperatures in case of ferromagnetic coupling. 
This feature is retained for other  types of spin-  
spin interaction. The total scattering rate can be 
written as 

11( ) 
- = 1 + a , ( 7 )  
T TAG 

a first-order correction on the scattering by iso- 
lated spins. In contrast with the MT-model,  the 
RR-model  can be used for the whole concentra- 
tion range. The transition to the ferromagnetic 
ordered state is described also in this case by the 
OO-theory.  

where a = - - 2 G U R K K y A Z / 3 .  

Using 1/r instead of l /TAG in eq. (1), we 
calculated the concentration dependent  transi- 
tion temperature.  A value of 0.64 K for a was 
found by fitting Tc(x = 1) to the measured transi- 
tion temperature.  The Tc(x ) curve, calculated 
with this a, is shown in fig. 4. It is seen that the 
RR-model  describes the experimental  data for 
high temperatures very well over the whole con- 
centration range. Comparison with the AG- 
curve shows that scattering by coupled spin pairs 
gives a significant extra reduction of T c at high 
concentrations. The low-temperature transition 
to the normal state, which is predicted by the 
RR-theory,  does not correspond to the measure- 
ments. This will be due to the fact that the model 
only considers scattering from isolated spins and 
nearest neighbour spin pairs, whereas at low 
temperatures also scattering from larger spin 
clusters will become important.  

For the system under consideration the model 
of Roshen and Ruvalds gives a good description 
of the Tc versus x relation. The spin-spin inter- 
action is apparently weak enough for all concen- 
trations to consider the scattering by spin pairs as 

T (K) 

T 
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~ sc 
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Fig. 4. Comparison of the experimental T c and T m values 
with the theories of AG,  RR and OO. See also fig. 3. 

4.  C o n c l u s i o n s  

We determined the phase diagram of the 
superconducting and ferromagnetic ordering 
temperature versus concentration in the mixed 
ternary compound ErxY1_xRhL~Sn3 6. Substitu- 
tion of Y by Er  suppresses the superconducting 
transition temperature.  For x ~< 0.4 this suppres- 
sion can be described by the theory of Abrikosov 
and Gorkov,  considering elastic scattering of 
conduction electrons by isolated spins, using 
IZN(0) = 0.088K. For larger Er  concentrations 
T c is reduced more than predicted by the AG- 
theory. This extra reduction is attributed to an 
additional scattering rate, due to parallel align- 
ment of nearest neighbour spins in coupled spin 
pairs, which is proportional to x2/T as is de- 
scribed in the model of Roshen and Ruvalds. 
The model of Maekawa and Tachiki, in which 
the conduction electrons are scattered inelastical- 
ly by collective spin fluctuations, appears to be 
not applicable to this system. The magnetic or- 
dering temperature as function of the concentra- 
tion is described fairly well by the model of 
Oguchi and Ono, with an effective coordination 
number Zef f : 6 and an exchange constant J ' =  
0.30 K. 
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