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Anisotropic electrical resistivity of the magnetic heavy-fermion superconductor URu2S12
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Electrical-resistivity measurements p(T, H) on sing]e-crystal URu2si2 have been performed between 0.3

and 300 K in fields up to 7 T. p(T) is highly anisotropic with the 300-K values parallel to the a and c axes

differing by a factor of 2. Both directions exhibit a dp/dT & 0 down to 80 K, followed by a steep decrease

in p below 50 K. An upper antiferromagnetic transition is clearly discerned by a "Cr-like" anomaly at

= 17 K which also marks the onset of a strong, positive p(H). Below 4 K, p(T) is isotropic and goes to

zero at the superconducting transition T~ = 0.8 K.

Very recently we have shown that the heavy-fermion sys-
tem URu2Si2 has both a magnetic phase transition at 1'7.5 K
and a superconducting transition at 0.8 K.' The upper
phase transition was indicated by a X-like anomaly in the
specific heat and a maximum in the slope of the magnetiza-
tion versus temperature. Superconductivity was detected by
ac susceptibility, magnetization, and specific-heat measure-
ments. ' Our results on single-crystal samples demonstrated
that both the normal and superconducting state properties
were highly anisotropic. The c axis is the easy magnetic axis
and very little magnetization was measured parallel to the a
axis. ~ith respect to the superconductivity, we observed no
anisotropy within our experimental accuracy for the initial
temperature slope of the critical field ( —ppdH 2/
dTiq r -4.4 T/K) between the a and c axes. However,

anisotropy does arise in 0,2 for T & 0.97Tc, namely, the c
axis shows a standard H,2(T) behavior (decreasing slope
with decreasing temperature), while parallel to the a axis the
slope p, odH, 2/dT —continuously increases with decreasing
temperature up to 14.5 T/K at 0.53 K.'

In order to gather additional information about this highly

unusual heavy-fermion behavior we have studied the elec-
trical and magnetoresistivity p(T, H) of URu2Si2. All mea-

surements were performed on high-quality single crystals
between 0.33 and 300 K in magnetic fields up to 7 T. The
electrical resistivity is highly anisotropic with its room-tem-
perature value parallel to the a axis almost twice as large as
parallel to the c axis. Above =20 K the overall p(T)
behavior for URu2Si2 is generic to many heavy-fermion sys-
tems with the exception of UPt3. ' The magnetic and super-
conducting transitions are clearly illustrated by a sharp jump
in p at 17 K and p 0 at 0.8 K, respectively.

The single-crystal samples were grown with a specially
adopted Czochralski triple-arc method. No further heat
treatment was given. Cylindrical samples of typical dimen-
sions @= 1 mm, I = 5 mm were spark cut, parallel to the a
and c axes, out of the same single crystal on which magneti-
zation measurements were reported. ' The electrical resis-
tivity was measured with a standard four-point method us-

ing a dc current of 5 mA. The absolute value of the resis-
tivity was determined at room temperature to better than
2~/o by measuring the diameter of the cylinders and the vol-

tage drop at various distances over the entire length of the
sample. The temperature was measured with calibrated
carbon-glass and platinum thermometers. A dc magnetic
field up to 7 T could be applied perpendicular to the current
direction via a superconducting solenoid.

Figure 1 shows the overall temperature dependence of the
electrical resistivity parallel to the a and c axes. The room-
temperature resistivity is 330 p, A cm parallel to the a axis
and 170 p, A cm parallel to the c axis. These values are
about a factor 10 smaller than that reported by Maple et al.
and a factor 1.5 smaller than reported by Schlabitz et al. on
polycrystalline material. ' Such differences illustrate the
need of using single-crystal samples. The temperature coef-
ficient dp/dT is negative in both directions down to 80 K,
but much "larger" along the a axis. Below 50 K the resis-
tivity decreases rapidly to a residual resistivity of 32
p, Q cm—the same for both a and c directions.

Two distinct anomalies are observed in the resistivity
behavior at low temperatures. In Fig. 2 we show these
anomalies on an expanded scale. The inset of Fig. 2 clearly
elucidates the superconducting transition p 0. The 50%
point of the resistivity transition is at 0.70 K with a transi-
tion width between the 10 and 90% points 5 T, = 0.2 K. The
second anomaly which is strongly anisotropic in magnitude
occurs around 17 K and is reminiscent of the Neel tempera-
ture anomaly for p( T) in pure Cr (Ref. 5)—a spin-
density-wave (SDW) antiferromagnet. To better describe
this critical behavior we have computer calculated the tem-
perature derivative dp/dT and present our results in Fig. 3.
Note the negative divergence of dp/dT at 17 K.

The temperature dependence between 1 and 17 K can ac-
curately be described by using the formula appropriate for
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FIG. 1. Temperature dependence of the electrical resistivity of

unannealed, single-crystal URu2Si2 parallel to the a and c axes.
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FIG. 2. Low-temperature resistivity of single-crystal URu2Si2
parallel to the a and c axes, showing the magnetic (T&) and super-
conducting (Tc) phase transitions. The solid lines illustrate a best
fit to Eit. (1). The inset shows an enlargement of the superconduct-
ing phase transition.
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FIG. 3. Temperature dependence of the temperature coefficient
dp/dT of URu2Si2 parallel to the a and c axes.

20

an energy gap (lL) antiferromagnet' with an additional T'
term appropriate for Fermi-liquid behavior,

p
—pa= bT(1+ 2T/5) exp( —I5/T) + cTi

Best fitting (see Fig. 2) gives b =90(68) K, b =800(52)
pQ cm/K, c=0.17(0.10) pQ cm/K', and p0=33 p, Q cm,
parallel to the a (c) axis, respectively. Just above Tg, the
resistivity has a power-law behavior p —po~ cT with
c -0.35(0.126) p, Q cm/K' parallel to the a (c) axis.

In Fig. 4 we plot the relative resistivity change [p(T,H)
—p( T, 0)] p/( ,T)0, versus magnetic field parallel to the a
and c axes at several fixed temperatures. Below about 20 K
a large, positive magnetoresistivity emerges in both direc-
tions. As the temperature is reduced to 4 K, Ap/p becomes
larger reaching 10'I/O in fields of 7 T. Above 25 K, the rela-
tive resistivity change is much smaller ( ( T'/0). By fitting
these curves to a parabolic field dependence, d p/p = aH', a
temperature-dependent coefficient a(T) is obtained and
shown in the insets of Fig. 4. From this coefficient, a
characteristic temperature To can be extrapolated (see Fig.
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FIG. 4, Magnetic field dependence of the resistivity change b, p//'p

of URu2Si2 parallel to the a and c axes at several fixed tempera-
tures. The dotted lines are a fit to parabolic field dependences. The
insets show the temperature dependence of the fit coefficients a (T)
defined as p

—po=a(T)H .

4) resulting in To= 15 and 18 K parallel to the c and a axes,
respectively. To is in close correspondence with the magnet-
ic transition temperature Tjy =17.5 K determined from oth-
er measurements.

Combining these resistivity results with our earlier mea-
surements, ' we now can calculate some microscopic parame-
ters. Using the BCS relations given in Ref. 7, we need four
independent parameters to form a self-consistent description
of the superconducting state. %e have chosen these param-
eters as the isotropic residual resistivity po = 31 x 10 0 m,

50 mJ/molK, T~-0.78 K, and the isotropic initial
slope of the upper critical field p.o(dH, 2/dT)z r =—4.4
Tlk. All were measured on various unannealed single-
crystal samples. Accordingly, the relation

ps(dH~z/dT) r- r ———1.26 x 10'5yi Tc /S2+ 4780' po (2)

yields a Fermi surface area S =1.88X 10 m . The "dirt
parameter" A.„=0.52 indicates that we are neither in the
pure nor dirty limit. This results' in a Fermi velocity
vF = 8.84 x 10 rn/s, a mean free path /„= 2.62 x 10 m, a
BCS coherence length (0 = 1.56 x 10 m, a London
penetration depth )tt, (0) =8.60x10 ' m, and a Ginzburg-
Landau parameter ~GL = 73.

Thus far no anisotropy is involved in the above calcula-
tion since (I) the initial slope of the upper critical field and
the residual resistivity are isotropic and (II) we have used
formulas' which are valid independent of the shape of the
Fermi surface, i.e., they depend only on the total area S.
The anisotropy does indeed affect the determination of the



33 ANISOTROPIC ELECTRICAL RESISTMTY OF THE. . . 6529

Fermi momentum kF because the spherical Fermi-surface
approximation 5 = 4mkF is not valid for this highly anisotro-
pic compound. Furthermore, we cannot even estimate kF
from S because of the anisotropically gapped Fermi surface
due to the antiferromagnetic ordering at 17.5 K (see below).
This gap will reduce 5 drastica11y without necessari1y induc-
ing large changes in kF.

Therefore, in order to proceed a bit further, we have at-
tempted two other approaches which are frequently used in

heavy-fermion systems to evaluate kF. According to
Friedel, kF can be determined by the number of conduction
electrons per formula unit Z,

2(2l + 1)hx
2 2e pmax

Here the angular momentum is I =3, the fraction of U

atoms is x = T, p,„ is the maximum resistivity, and

0 = 8.17& 10 9 m3 is the volume per U atom. Using max-
imum resistivities parallel to the a and c axes of 400 and
170 p, 0cm, we calculate Z=2.02 and 3.83, respectively.
This gives a Fermi momentum kz = (3m'Z/0 )' ' being 0.90e 1 e
A parallel to the a axis and 1.12 A for the c axis.
These values are reasonable when compared to our second
approach, the fully isotropic, free-electron case of three con-
duction electrons per U atom (Z =3), yielding kq=1.03
A and S = 13.3 & 10 m '. This value of 5, a high-
temperature one, is much larger than the value calculated
above from the BCS relation which gives a low-temperature
limit. The difference suggests that only about 15% of the
Fermi-surface area contributes to the superconductivity and
is not removed by the antiferromagnetic order. Our result
of =15% remaining Fermi-surface area is some~hat small-
er than the estimate based on the ratio of the electronic
specific-heat coefficients (y)r r /(y)r r =28'/0. ' Sim-

C
ilarly, the Ginzburg-Landau parameter KGL = 73 obtained
above is larger than KGL =33 measured in an arbitrary direc-
tion. ' The enhancement of the effective mass m' relative
to the bare mass mo can be determined by m'/mo=tkq/
~Fmo. As this enhancement is governed by the actual value
of kF, we cannot use the BCS relations to calculate kF, as
only a minor part of the Fermi surface is involved with the
superconductivity and so no conversion can be made from
the Fermi-surface area S to the Fermi momentum kF. Here
the estimates for kF based upon the approaches of Friedel
or the free-electron gas are perhaps more appropriate, pro-
viding there are no dramatic changes of the conduction elec-

tron density (n~ kp) in the high- and low-temperature lim-
0

its. Thus, using an average value of kF =1.0 A, we ob-
tain m /m = 130.

It should be briefly mentioned here that a number of
theoretical proposals' exist for the coexistence of an
itinerant, SDW Rntiferromagnet and superconductivity.
Such models usually consider part of the Fermi surface to
be gapped by the SD% and the remaining portion to be
avai1able for the superconductivity.

In conclusion, rather than speculate on the causes or
models of such behavior we simply summarize our experi-
mental findings as follows: (i) At high temperatures
( T ) 150 K) the resistivity is very large and highly anisotro-
pic." Also the temperature coefficient dp/dT, even when
the phonons are not tRken into account, , is negative Rnd
hence Kondo-like. (ii) At 75 K a broad maximum appears
in p( T) and as the temperature is further reduced there is a
dramatic decrease in the resistivity. This is usually associat-
ed with coherence effects in the Kondo lattice. " (iii) At
17.5 K both the a and c axes resistivities show a remarkable
maximum/minimum behavior whose dp/dT character close-
ly resembles that of the SDW antiferromagnet Cr." (iv)
The p(T) data below T~=17.5 K can be nicely described
by the theory of an energy-gap antiferromagnet with the ad-
dition of a T term from Fermi-liquid theory. This T range
also marks the onset of a strong, positive magnetoresistance
proportional to H ." (v) Below 5 K the anisotropy in p( T)
completely disappears and superconducting order sets in at
=1 K. %e conclude from the U form factors found in the
neutron measurements, " the size of the discontinuity in the
specific heat at T„and the large value of the initial slope of
the upper critical field, that both the magnetism and the su-
perconductivity are carried by the same hybridized 5f elec-
trons, The above represents a rather remarkable collection
of experimental effects and is badly in need of a theoretical
explanation.
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