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Abstract

The ferromagnetic superconductor YyCo; was chemically doped to yield the solid solution
YoCo7.xPdy for 0 < x < 0.4. The lattice parameter a does not depend on X, whereas ¢ increases
with increasing Pd content up to x = 0.2, the palladium solubility limit. The transition from
ferromagnetism (T¢ = 4.25 K) to superconductivity (Ts. = 2.4 K) was observed only for the
parent YyCo; compound. For the lowest tested Pd doping level (x = 0.05), ferromagnetism is
enhanced strongly (Tc = 9.35 K) and superconductivity is not seen above 1.8 K. The Curie
temperature rapidly increases from 4.25 K to about 10 K for a Pd concentration of x = 0.1 and

remains almost unchanged for Y¢Cog gPdg .
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1. Introduction

The intermetallic compound YCo;, despite its discovery 35 years ago [1], is still under
investigation. This is due to its unusual properties, i.e., the coexistence of superconductivity
(SC) and weak itinerant ferromagnetism (WFM) that is otherwise observed only for some 5f

electron compounds [2],[3],[4].[5]. Bochenek, et al. [6] for example claim that YqCoy is the
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only known d band metal in which SC and WFM coexist on a microscopic scale. YCov,
previously known as Y 4Cos, crystallizes in a hexagonal crystal structure (space group P63/m)
with lattice parameters a = 11.53 A and ¢ = 12.15 A [7],[8]. The crystal structure of YyCoy is
presented in Fig. 1. It has a Curie temperature at about T¢c = 4.25 K and a superconducting
transition temperature of about Ty, ~ 2 K [1], and both strongly depend on the purity of the Y

and Co starting materials and the post-annealing process [9].

There are many reports describing the crystal structure and the physical properties of Y¢Co,
including its heat capacity, electrical conductivity, and magnetic susceptibility. Doping by Sc,
Zr, Lu [10],[11],[12], Gd [11],[13] and La [11] on the Y site has been reported and the Co site
has been partially doped by Si [7], Ni [11], [13], Mn, Fe, Cu, Zn and Al [11]. Yamaguchi, et
al. have discussed the enhancement of ferromagnetism and the suppression of
superconductivity as a function of the radius of the dopant [11]. They found that only the
nonmagnetic lanthanides (La, Lu) and 3d metals have a moderate influence the physical
properties of Y¢Co; while other metals dramatically increase the ferromagnetic T¢ and

decrease the superconducting Tsc.

Elemental palladium is an unusual metal that is located on the border of ferromagnetism. As
an element it does not superconduct, but, because it typically contributes strongly to the
electronic density of states at the Fermi energy, it is often a favorable constituent for
enhancing superconductivity in ternary intermetallic compounds. For example, there are as
many as 17 known palladium based superconductors in the Heusler family [14]. Herein, we
report the synthesis, crystallographic and magnetic properties YgqCo7xPdx. It is the first
example of 4d metal doping on the Co site in Y¢Cos.

2. Experimental

A series of polycrystalline samples with composition YyCo;4Pdyx (X = 0, 0.05, 0.1, 0.15, 0.2,
0.25, 0.3, 0.4) was synthesized by arc-melting in a zirconium-gettered atmosphere of pure
argon. The specimens were prepared using stoichiometric amounts of the pure elements
(yttrium, cobalt, palladium). To homogenize the specimens, the obtained samples were
remelted several times, then wrapped in tantalum foil, placed in evacuated quartz ampoules
and annealed in the sequence 620°C, 520°C, 420°C, for a week at each temperature. The
purity and crystallographic structure of the samples were tested by powder X-ray diffraction
(Bruker D8 Focus, Cu Ko radiation, graphite-diffracted beam monochromator). Magnetic
properties were tested by measuring ac magnetic susceptibility with a Quantum Design

Magnetic Properties Measurement System (MPMS).



3. Results and discussion

The relationship between lattice parameters and the Pd concentration in YgCo7.xPdy is
presented in the Fig. 2. The lattice parameter a does not depend on x (Fig. 2(a)) within
experimental resolution. The successful Pd doping is implied by modification of the c lattice
constant, which changes linearly up to x = 0.2 (Fig. 2(b)). It then saturates, indicating that a
multiple phase thermodynamic region has been entered with higher Pd contents. Based on this

observation, x = 0.2 is the solubility limit of Pd in Y4Co7; compound.

The temperature dependence of the real part of the ac magnetization (Re_M) for YqCo7.xPdy
(x=0,0.05, 0.1, 0.2 and 0.3) is shown in Fig. 3. Measurements were limited to temperatures
2 K and higher, and in this temperature range a transition to the superconducting state is
observed only for the parent Y¢Co; with Ty ~ 3 K, confirming the good quality of our
samples. For the same sample, the transition to the ferromagnetic state is seen by an increase
of Re_M(T) below 7 K, but the determination of the Curie temperature is not trivial;, we
estimate T¢ by the minimum of the magnetisation derivative (d(Re_M)/dT) as shown in Fig. 3
for x = 0 and 0.2. The Curie temperatures are 5 K and 10.5 K for YyCo; and Y¢CoggPdo.2,
respectively. A common method for determining the T¢s of itinerant ferromagnets is an Arrott
plot [15], which is shown for the parent YyCo; compound as the inset of Fig. 4. The Curie
temperature obtained using this method (Tc = 4.25 K) is only slightly lower than that
estimated from the minimum of d(Re_M)/dT, and proves correctness of the method used for a
determination of T¢. For the samples containing Pd the PM-FM transition is sharp, whereas
for the parent compound d(Re_M)/dT is asymmetrical of which might be due to the presence
superconducting fluctuations. The estimated Curie temperatures, plotted as a function of Pd
content in Y¢Co7.xPdy, are presented in Fig. 4. With increasing palladium content, up to the
limit of solubility, the Curie temperature increases. For Pd contents greater than x = 0.2, the
Curie temperature remains constant, a second indication that x = 0.2 is the solubility of Pd in
Y 9Co7.xPdy.

In conclusion, we have synthesized and checked the crystal structure and magnetic properties
of a series of samples with composition Y¢Co7.xPdx (where 0 < x < 0.4). The a lattice
parameter does not depend on X, whereas c increases linearly with increasing Pd content. This
suggests that Pd atoms occupy sites in the electronically active Co(2b) chain and can therefore
strongly influence physical properties of YqCo7; even x = 0.05 results in the suppression of
superconductivity to below 1.8 K. Moreover, with the increasing amount of dopant, the Curie
temperature increases to over 10 K which is the highest T¢ so far reported for doped YoCoy.



If YqCo; is a superconductor in proximity to ferromagnetism, then spin triplet
superconductivity is expected, and very high sample quality is required for investigation of its
properties due to the fact that impurities (both magnetic and non-magnetic) easily destroy
superconductivity in such systems [16],[17]. Consistent with this picture, any kind of
chemical doping suppresses the superconductivity and enhances the ferromagnetism of
YyCo7, but such information can only be considered indirect evidence for p-wave
superconductivity in this system; to the best of our knowledge, direct experimental evidence
for p-wave superconductivity in YgCoy has never been reported. Given that Wiendlocha, et al.
suggest that YqCoy is a conventional, singlet superconductor, the problem remains open [18].

Acknowledgments

The research performed at Gdansk University of Technology was financially supported
by the National Science Centre (Poland) Grant No. DEC-2012/07/E/ST3/00584, and the
analysis of the diffraction patterns at Princeton University was supported by the US
Department of Energy, grant DE-FG02-98ER45706. Work at Los Alamos was performed
under the auspices of the US Department of Energy, Office of Science, Division of Materials

Sciences and Engineering.



References

[1] A. Kolodziejczyk, B. V. B. Sarkissian, and B. R. Coles, “Magnetism and
superconductivity in a transition metal compound: Y4Co3,” J. Phys. F Met. Phys., vol.
10, no. 12, p. L333, Dec. 1980.

[2] D. Aoki, A. Huxley, E. Ressouche, D. Braithwaite, J. Flouquet, J.-P. Brison, E. Lhotel,
and C. Paulsen, “Coexistence of superconductivity and ferromagnetism in URhGe,”
Nature, vol. 413, no. 6856, pp. 613-616, Oct. 2001.

[3] T. Akazawa, H. Hidaka, T. Fujiwara, T. C. Kobayashi, E. Yamamoto, Y. Haga, R. Settali,
and Y. Onuki, “Pressure-induced superconductivity in ferromagnetic Ulr without
inversion symmetry,” J. Phys. Condens. Matter, vol. 16, no. 4, p. L29, 2004.

[4] S. S. Saxena, P. Agarwal, K. Ahilan, F. M. Grosche, R. K. W. Haselwimmer, M. J.
Steiner, E. Pugh, I. R. Walker, S. R. Julian, P. Monthoux, G. G. Lonzarich, A. Huxley, I.
Sheikin, D. Braithwaite, and J. Flouquet, “Superconductivity on the border of itinerant-
electron ferromagnetism in UGe2,” Nature, vol. 406, no. 6796, pp. 587-592, Aug. 2000.

[5] N. T. Huy, A. Gasparini, D. E. de Nijs, Y. Huang, J. C. P. Klaasse, T. Gortenmulder, A.
de Visser, A. Hamann, T. Gorlach, and H. v. Léhneysen, “Superconductivity on the
Border of Weak Itinerant Ferromagnetism in UCoGe,” Phys. Rev. Lett., vol. 99, no. 6, p.
067006, Aug. 2007.

[6] L. Bochenek, K. Rogacki, A. Kotodziejczyk, and T. Cichorek, “$d$-band metal
${Mext{Y}} {9}H{\text{Co}} {7}$ revisited: Evidence for local coexistence of
superconductivity and itinerant ferromagnetism,” Phys. Rev. B, vol. 91, no. 23, p. 235314,
Jun. 2015.

[7] K. Yvon, H. F. Braun, and E. Gratz, “On the structure of the so-called Y 4 Co 3 phase, and
its stabilisation by silicon,” J. Phys. F Met. Phys., vol. 13, no. 7, pp. L131-L136, Jul.
1983.

[8] A. K. Grover, B. R. Coles, B. V. B. Sarkissian, and H. E. N. Stone, “The Y-Co system: a
partial phase diagram study,” J. Common Met., vol. 86, pp. 29-36, Jul. 1982.

[9] B. V. B. Sarkissian, “Superconductivity and magnetism in Y4Co3 (invited),” J. Appl.
Phys., vol. 53, pp. 8070-8073, Nov. 1982.

[10] Y. Yamaguchi and Y. Nishihara, “Magnetization of Y9Co7 doped with Zr and Lu,” J.
Od Magn. Magn. Mater., vol. 54-57, pp. 1521-1522, 1986.

[11] Y. Yamaguchi, Y. Nishihara, and S. Ogawa, “Magnetization and Superconductivity of
Impurity-Doped Y9Co7,” Jpn. J. Appl. Phys., vol. 26, no. S3-2, p. 1301, Jan. 1987.

[12] R. Ranganathan, J. L. Tholence, and B. V. B. Sarkissian, “Magnetic properties od Zr
doped Y9Co07,” J. Phys., vol. 33, no. 4, pp. 513-519, Oct. 1989.

[13] A.K. Grover and B. V. B. Sarkissian, “Influence of impurities on the magnetism and
superconductivity of Y9Co7,” J. Od Magn. Magn. Mater., vol. 31-34, pp. 515-516, 1983.

[14] T. Klimczuk, C. H. Wang, K. Gofryk, F. Ronning, J. Winterlik, G. H. Fecher, J.-C.
Griveau, E. Colineau, C. Felser, J. D. Thompson, D. J. Safarik, and R. J. Cava,
“Superconductivity in the Heusler family of intermetallics,” Phys. Rev. B, vol. 85, no. 17,
p. 174505, May 2012.

[15] A. Arrott, “Criterion for Ferromagnetism from Observations of Magnetic Isotherms,”
Phys. Rev., vol. 108, no. 6, pp. 1394-1396, Dec. 1957.

[16] A.P. Mackenzie, R. K. W. Haselwimmer, A. W. Tyler, G. G. Lonzarich, Y. Mori, S.
Nishizaki, and Y. Maeno, “Extremely Strong Dependence of Superconductivity on
Disorder in Sr2Ru0O4,” Phys. Rev. Lett., vol. 80, no. 1, pp. 161-164.

[17] T.Vorenkamp, M. C. Aronson, Z. Koziol, K. Bakker, J. J. M. Franse, and J. L. Smith,
“Substitution studies and the nature of superconductivity in UPt3,” Phys. Rev. B, vol. 48,
no. 9, pp. 6373-6384.



[18] B. Wiendlocha, J. Tobola, S. Kaprzyk, and A. Kolodziejczyk, “Electronic structure,
magnetism, and spin fluctuations in the superconducting weak ferromagnet Y4Co3,”
Phys. Rev. B, vol. 83, no. 9, p. 094408, Mar. 2011.



Figures

v, 8

S _

d

Blue and grey balls represent cobalt and yttrium atoms,

Fig. 1 Crystal structure of YqCo>.
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Fig. 2 The lattice parameters versus nominal palladium concentration (x) in YqCo7.xPd.
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Fig. 3 Real part of the ac magnetization versus temperature (points) and temperature derivatives
of the magnetization for selected Palladium content (solid lines).
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Fig. 4 The Curie temperature (open circles) versus nominal palladium concentration in Y¢Co7.4Pdy.
Data points were estimated from the minimum of d(Re_M)/dT. The x shows the Curie

temperature (T¢ = 4.25K) estimated from the Arrott plot presented in the inset for Y¢Cos.
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