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Abstract. Rare earth ternary superconductors are known to exhibit oscillatorymagnetic
orders below their superconducting transition temperatures. The study of behaviour of
superconducting electrons in an inhomogeneousmagnetic field is therefore important for
such systems. We report here the results of our theoretical study of superconducting gap
function A(T)and upper critical field He2(T). The results are applied to analyse and explain
the variation of A(T) and H,~(T)in case of NdRh4B4.
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1. Introduction
The variations of superconducting gap function A(T) and the upper critical field
Hc2(T) with temperature form two important aspects of study of a superconductor.
In rare earth ternary superconductors oscillatory magnetic orders are known to exist
below their superconducting transition temperatures (To). In such cases the gap
function A(T) and upper critical field H~2(T) are profoundly modulated by the
occurrence of inhomogeneous magnetic field inside the material. The rhodium boride
compounds R Rh4B4(R denoting rare earth) provide a wealth of experimental results
on the interplay of superconducting and magnetic phenomena. Compounds of class
of RRh4B4 with R = Sm, Nd, Tm, display co-existence of superconductivity and
antiferromagnetism while those of other class with R = Gd, Th, Dy, H o and Er undergo
ferromagnetic ordering at low temperature leading to disappearance of superconductivity. Reviews of experimental results (Maple et al 1982) particularly on
magnetic ordering are available (Misra and Postma 1984) from earlier works. Here
NdRh4B4 attracts special attention with its two magnetic order transitions at critical
temperature TN~ and T~2 below its superconducting transition temperature T~. The
wavelength and direction of the periodic magnetic order developed at Tsl changes
as the system reaches TN2. The curve of Hc2 (T) versus T shows one U-shaped
depression between Ts~ and Ts2. In the present work we apply our theory to study
the variation of A(T) and H~2(T) of NdRh4B4 with temperature and try to analyse
and explain the anomalous variation of H~2(T).
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2. Theory
A model Hamiltonian (Panigrahi and Das 1989) is considered to describe the system
in the presence of an inhomogeneous magnetic order represented by the magnetization
density M(r) = Mocos Q-r in the system. This includes the reduced BCS interaction,
the exchange interaction with localized spins on the lattice and the magnetic dipole
interaction between the magnetic induction field and the local spin magnetization.
This magnetic dipole interaction couples superconducting electrons to local spins via
magnetic induction field and gives rise to electromagnetic interaction between local
spins and superconducting electrons. We use thermodynamic Green's functions G
and F* and set up an equation (Das 1984) for the gap function. We solve this equation
to obtain expressions for the gap function A(T) and the upper critical field H~2 (T)
in appropriate limits. The expressions for A(T) and Ha(T) are given by
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In the above M o is the staggered magnetization of wave vector Q, ~o is the
superconducting coherence length at T = 0, the parameter Po = Q~o, [3 = 1/KBT,dP], t}~2,
[3c refer to the values at T = To. # is the chemical potential, N(#) and N(0) are densities
of states at fermi level in the presence and absence of magnetic ions, respectively. Z is
the average uniform magnetic susceptibility,/-/02(0) is the upper critical field of spin-free
system at T = 0. The other symbols have been defined in earlier text (Panigrahi and
Das 1989).

Num~icai results
We have used equation (1) to study the variation of A(T) with temperature. The antiferromagnetic superconductor NdRh4B4 has Tc = 5.3 K. A magnetic ordering with
2 = 46.5/~ develops in the (100) direction at TNI = 1.31 K which then changes to an
order with 2 = 45.2 A in (110) direction at TN2= 0.89 K. We have calculated the values
of A(T) between 5.3 K and 0.9K considering the first magnetic order along (100)
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direction with TN1 = 1"31 K. Below 0.9K we have taken the magnetic order in (110)
direction with TN2 = 0.89 K. Temperature variation of staggered magnetization Me(T)
is calculated from Me(T ) = Me(O)(TN - T) °'a3. The variation of A(T) with temperature
is presented in figure 1 for a fixed value of Me(O)/H°2(O)= 0.9. Figure 2 shows the
variation of A(T) with staggered magnetization Me(T) at a fixed temperature. The
parameters used for the calculation are shown in table 1.
We have used equation (2) for calculating Hc2(T) of NdRh4B4 along the easy axis of
magnetization. We have taken into account the effects of two magnetic transitions
below its Tc = 5"3 K. We have calculated H,2(T) in the range 5"3 K to 0-9 K considering
the periodic magnetic order of ;t = 46"5/~ along (100) direction with TN1 = 1.31 K. For
H~2(T) below 0-9 K, we have considered the magnetic order )~= 45-2/~ along (110)
direction and TN2 = 0"89 K. The choice of appropriate value of n r (Panigrahi and Das
1989) (i.e. n~ = 1 for M e in (100) direction and ny = 1/x/~ for M e in (110) direction)
has been made for calculation. The other parameters used are the same as in the case
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Figure 1. Variation of superconducting gap function A(T) with temperature T(K) for

MdO)/Hc2(O)= 0"9. A(T) is in units of 10-%V.
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Figla'e2. Variation of superconducting gap function A(T) with staggered magnetization
MdT) at a fixed temperature T= I'2K and TN = 1.31K. A(T) is in units of 10-%V.

Table 1. Parameters used in calculation of A(T) and H,,(T)
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H ~ ' e 3. Variation of upper critical field with temperature for M~O)/Hc2(O)= 0.9.

of calculation of A(T). The variation of Hc2(T ) normalized to H°2(0) is plotted in figure
3 for a given value of MQ(O)/H°2(O)= 0"9.

4. Conclusion
We note that A(T) and Hc2(T) are modulated owing to the presence of periodic magnetic
order in the system. As expected the modulated variation of A(T) with temperature is
reflected in the temperature variation of Hc2(T). The curve of Hc2(T) versus T shows
the U-shaped depression below 1.31 K as is observed in experiments.
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