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Anisotropy of the upper critical field in the magnetic heavy ... fermion 
superconductor URU2Si2 

v. V. Moshchalkov, F. Allev, V. Kovachik, and M. Za!yaljutdinov 
Low Temperature Physics Laboratory, Department of Physics, Moscow State University, 
Moscow 117234, USSR 

T. T. M. Palstra,a) A. A. Menovsky, and J. A. Mydosh 
Kamerlingh Onnes Laboratory der Rijks-Universiteit Leiden, 2300 RA Leiden, The Netherlands 

Measurements have been performed of the upper critical field He2 anisotropy in the magnetic 
heavy-fermion superconductor URuzSi2• The dHc2 1dTvalue is constant within 5% when H is 
rotated in the basal plane, whereas idHczl dT I decreases by about 35% for H rotated by 20°-
30· out of the basal plane. Contrary to CeCuZSi2 the Hc2 anisotropy in URuzSiz is enhanced as 
temperature decreases below Tc. This disparity can be attributed to the different strengths of 
paramagnetic and spin-orbit effects responsible for the suppression of superconductivity by a 
magnetic field in CeCu2Si2 and URu2Siz' 

Recently the discovery of the magnetic heavy-fermion 
superconductor (HFS) URu2Si2 has been reported. H This 
compound is characterized by a large linear specific-heat 
coefficient r = 180 mllmole K2 and exhibits both antiferro
magnetic and superconducting transitions at TN = 17.5 K 
and Tc = 1.2 K, respectively, The URu2Si2 compound, as 
well as the first-known HFS CeCu2Si2,

4 crystallize in the 
ThCrzSi2 tetragonal structure. Hence we can compare the 
anisotropy of superconducting properties in magnetic and 
nonmagnetic heavy-fermion superconductors of the same 
crystal structure. Furthennore, it is interesting to apply the 
recent results of the symmetry classification for possible su
perconducting classes in HFS5 in order to identify the super
conducting state in URuzSiz. 

In this paper we present the results cfthe upper critical 
field He2 measurements in a URuzSi2 single-crystal sample 
for different orientations of the magnetic field H with respect 
to the crystal axis. 

The single-crystal samples were grown by a specially 
adapted Czochralski method. The as-grown crystal was an
nealed for 7 days at 1000 ·C. A rectangular sample oftypical 
dimensions I X 1 X 5 mm" was spark cut. Thin Cu probes for 
dc measurements were spark welded to the sample. The elec
tric resistivity was obtained with a standard four-probe 
method, using a de current of 1 rnA. During computerized 
measurements the signal was averaged at each temperature 
interval T ± ~T(.~T::::::2mK) over 10 data points fora given 
current direction. The temperature was determined with a 
calibrated carbon-glass thermometer. The experimental ap
paratus,6 consisting of one solenoid and two pairs of Helm
holz coils, makes it possible to rotate a chosen H vector arbi
trarily in 3D space, For fixed H = Ho the resistive transition 
was tracked and then least-square fitted between O.2po and 
O,Spo by a linear dependence. The Tc (Ho) value was deter
mined as the intersection point of this dependence with the 
0.5po straight line. Here Po stands for the residual resistivity, 
which for our sample was Po = 26 110 em. The supercon
ducting transition at H = 0, Teo = 1:, = 1.16 K, has the 

a) Present address: AT & T Bell Laboratories, Murray Hill, NJ 07974, 

width flT = 0.12 K between O.lpo and O.9po. 
Figure 1 shows the HeZ -vs-T curves for two H orienta

tions, Hlle and Hila. These data are in good agreement with 
H c2 (T) results obtained in Ref. 1 on other single-crystal 
URu2Si2 samples. In low magnetic fields, H < 0.5 kOe, the 
initial slope dHc2 1dT is almost the same for both Mile and 
Hila directions. As the external magnetic field is increased, 
the He2 (T) curves exhibit a concave behavior in the vicinity 
ofT= Tc(H=O). 

Figure 2 displays the angular dependence of the 
dHc2 1dT derivative determined for H rotated in the basal 
plane. Here the dHc2 /dT value was calculated as the ratio 
H( = 3 kOe)/[Tct) - Tc (H = 3kOe)], NoHc2 anisotropy 
has been found in this case, at least within the experimental 
error bars of approximately 5%, 

The dHc2 I dT vs (j dependencies are shown in Fig. 3 for 
H rotated by an angle (j away from the a axis into the ac 
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FIGo 2. Angular dependence of the derivative - dHc,/dT= H( = 3 
kOe)/T,(H = 0) - T,,(H = 3 kOe) for H being rotated in the basal (ab) 
plane. 

plane. A 35% decrease is found in the slope IdHczldT I for 
H rotated by 20°_30" out of the basal plane. The dHezldT 
anisotropy decrease becomes even larger ( ;:::: 50% ) when we 
determine the dHc2 1dT value as the ratio [H( = 3 
kOe) - HC = I kOe) lI[Tc (H = 1 kOe) - Tc (H = 3 
kOe) ] corresponding to the slope of linear parts of H<'2 - vs-T 
curves in Fig. 1. 

The main features of the He2 anisotropy in URu2Siz• 
especially the Hc2 -vs-¢ dependence for H lying in the basal 
plane, are the same as in CeCuZSi2 •

7 However, at the same 
time, there are some important differences in the He2 (T) 
behavior between URu2Si2 (see Figs. 1-3 ) and CeCuZSi2•

7 

First of an, the H anisotropy in CeCu2Si2 is larger for tem-
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FIG. 3. Angular dependence of the derivative ~ dHczldT for H rotated 
from the a to c axis. For the lower curve -dHc2 /dT=H( = 3 kOe)/ 
Tc (II = 0) ~ Tc (H = :, kOe), whereas for the upper curve we use the 
slope of the linear parts of the H c2 -vs-T curves between I and 3 kOe (see 
Fig. 1). 
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peratures close to Teo, whereas in URuzSiz the He2 anisotro~ 

py increases from zero as T becomes less than T cO' This is 
illustrated in Fig. 1. On the other hand, the dHc2 1dT vs (;) 
dependence for H being rotated from the a to c axis is much 
sharper for CeCu2Si2 than for URu2Si2 (Fig. 3). The ditfer~ 
ence in the Hc2 anisotropy of CeCu2Siz and URu2Si2 can be 
interpreted in terms of the paramagnetic effect being more 
significant (see below) for the suppression of superconduc
tivity by a magnetic field in the case of URu2Si2 • While the 
spin-orbit scattering is expected to be larger in URU2Si2 than 
in CeCu2Si2' its exact influence on Hc2 as a function of orien
tation is unknown. Further critical field studies at lower 
temperatures are warranted. 

The 2D ferromagnetic orderingS of the strongly Kondo 
screened effective moments in the basal planes of URu2Si2 

reduces theHc2 (0) value for Hlle, whereas for H lying in the 
basal plane, the electron orbits intersect many different 
planes with oppositeiy oriented spins '(the interplane cou
pling is antiferromagnetic) and this leads to a higher 
Hcz (0). Qualitatively this is in agreement with the observa
tion that the He2 anisotropy increases as T is further de
creasedo 

The absence of the fourfold He2 (if;) rosette in the basal 
plane (Fig. 2) excludes the possibility ofp-wave (odd par
ity) pairing in URuzSiz, as was shown by symmetry consid
erations by Volovik and Gor'kav.s However, a slight chance 
for such pairing still remains if, due to the fact that the elec
tron effective mass along the c axis is much larger than in the 
basal plane, the fourfold rosette in the basal plane is strongly 
smeared out, as was calculated by Burlachkov.5 In this situa
tion we probably could not observe an He2 (¢ ) rosette within 
the limits of our error experimental bars (see Fig. 2). Experi
mentally there are no indications of an anisotropy of the 
electron effective mass. Still, the situation is complicated by 
the gapped Fermi surface due to the magnetic ordering at 
17.5 K 1,3 

In conclusion, we have measured the He2 anisotropy in 
the magnetic HFS URu2Si2 • The Hc2 behavior at fixed tem
perature in URuzSi2 is similar to that in CeCuZSi2, but the 
temperature dependence of the ratio He2 (Hlla)IHc2 (Hlle) 
and the e (a->c axis) dependence of - dHczldT are quite 
different for these two compounds. This indicates the impor
tance of magnetic ordering for the suppression of supercon
ductivity in URu2Siz by a magnetic field. 
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supported by the Nederlandse Stichting voor Fundamenteel 
Onderzoek der Materie (FOM). 
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