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The de Haas-van Alphen (dHvA) oscillation was observed clearly in both the normal and supercon-

ducting mixed states in NbSe2 , CeRu, , URu,Si, , and UPd2A13 .

The dHVA frequency, which is

proportional to the extremal cross-sectional area of the Fermi surface, does not change in magnitude
between the normal and mixed states. For the f-electron superconductors, the cyclotron effective mass is
found to be reduced and the corresponding Dingle temperature or scattering rate of the conduction
electron increases in the mixed state. An anisotropic energy gap with a line node for URu,Si, and
UszAl3 is discussed from the angular dependence of the dHvA amplitude in the mixed state.

PACS: 71.18.+y, 74.70.—b, 71.20.Lp

1. Introduction

Under a strong magnetic field the orbital motion
of a conduction electron is quantized and forms
Landau levels. The de Haas-van Alphen (dHvA)
effect, which is caused when the Landau levels cross
the Fermi energy by increasing the magnetic field,
is a powerful method for determining the topology
of the Fermi surface, the cyclotron effective mass
mCD and the scattering lifetime T of the conduction
electron. This phenomenon was studied in the
strongly correlated electron systems of the rare
earth and uranium compounds, or so-called heavy
fermion compounds [1]. In fact, the heavy mass of
about 100 m, (m, is the rest mass of an electron)
was detected by the dHvA effect in CeRu,Si, [2]
and UPt, [3,4]. The heavy fermion state is based on
the hybridization effect between the conduction
electrons with a wide energy band and the almost
localized f-electrons. Especially, the Kondo effect is
a basic phenomenon in the cerium and uranium
compounds.
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The many-body Kondo bound state is understood
as follows. For the simplest case of no orbital
degeneracy, the localized spin 1 () is compensated
by the conduction electron spin polarization {(c).
Consequently the singlet state {t(])i(c) + 1 ()1 (c)}
is formed with the binding energy kT relative to
the magnetic state. Here, the Kondo temperature
Ty is the single energy scale in the simple Kondo
problem. In other words, disappearance of the local-
ized moment is thought to be due to the formation
of a spin-compensating cloud of the conduction
electrons around the impurity moment.

The Kondo effect occurs independently at each
cerium site even in a lattice system of the cerium
compound such as CeCug [1]. The ground-state
properties of the Kondo lattice system are interest-
ing with respect to magnetism. The electrical resis-
tivity p follows a Fermi-liquid nature of p =p, +
+ AT?. The VA value is extremely large, which
correlates with an enhanced Pauli susceptibility
X = X, and a large electronic specific heat coeffi-
cient y. In other words, the magnetic specific heat
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Fig. 1. De Haas-van Alphen oscillation in NbSe, .

of the f-electrons is changed into the electronic
specific heat yT" at low temperatures.

The dHvA effect was studied to clarify the heavy
fermion state, as mentioned above. To our surprise,
the dHvVA oscillation was observed even in the
superconducting mixed state of type II supercon-
ductors. The first measurement in the mixed state
was done by Graebner and Robbins for a layered
compound NbSe, by means of a magnetothermal
technique [5]. Onuki et al. confirmed this oscilla-
tion by the measurement of the standard field
modulation ac susceptibility [6,7].

Figure 1 shows the typical dHvA oscillation in
both the normal and mixed states for NbSe, .
NbSe, is a conventional superconductor with a hex-
agonal structure. A transition temperature T is
7.2 K and the upper critical field H, is highly
anisotropic; about 45 kOe for the field along the
[0001] direction and 145 kOe for the field perpen-
dicular to [0001]. In Fig. 1 the field is tilted by 18°
from [107T0] to [0001], where H,, is about 100 kOe.
One dHvA oscillation with a frequency of 1.5006 Qe
is clearly observed even in the mixed state. The
dHvA frequency, Dingle temperature and cyclotron
mass did not obviously change between the normal
and mixed states [6,7], although it was reported
that only the Dingle temperature slightly increases
with decreasing the field below H , [8].

Recently we have clearly observed the dHvA
oscillation in f-electron superconductors CeRu
[9,10], URu,Si, [11] and UPd,Al; [12] in both the
normal and superconducting mixed states. Till now,
the dHvA oscillation in the mixed state has been
observed for several compounds such as VSi,
Nb,Sn [8,13], YNi,B,C [14-16] as well as NbSe,, ,
CeRu, , URu,Si, [17] and UPd,Al; mentioned
above.

The most important issue for heavy fermion su-
perconductors such as UPt; , URu,Si, and UPd, Al
is that superconductivity is realized in the antiferro-
magnetic state [18]. The superconducting properties
such as the specific heat and the spin-lattice relaxa-
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Fig. 2. Schematic view of the superconducting order parameter
with the s-, p- and d-wave pairing.

tion rate do not follow the exponential dependence
of e™/%5T which is expected from the BCS theory,
but obey the power law of T”. Here, A is the
superconducting energy gap and n is an integer.
These results are based on the fact that quasiparti-
cles with heavy masses of 10-100 m, are of an
f-electron character, as mentioned above, which
originates from the strong Coulomb repulsion be-
tween the f-electrons. These quasiparticles condense
into Cooper pairs.

When we compare the phonon-mediated attractive
interaction to the strong repulsive interaction among
the f-electrons, it is theoretically difficult for the
former interaction to overcome the latter. To avoid a
large overlap of the wave functions of the paired
particles, the heavy fermion system would rather
choose an anisotropic channel, like a p-wave spin
triplet or a d-wave spin singlet state to form Cooper
pairs. In fact, the heavy fermion superconductor
exhibits antiferromagnetic ordering as mentioned
above. Recent neutron scattering experiments clearly
indicated evidence for a close relationship between
superconductivity and magnetic excitation in
UPd,Al, [19,20]. A magnetic excitation gap, which
appears in the inelastic neutron profile below T,
corresponds to the superconducting order parameter.

Figure 2 shows a schematic view of the supercon-
ducting order parameter with the s-, p- and d-wave
pairing. The order parameter W(r) with even parity
(s- and d-wave) is symmetric with respect to r,
where one electron with the up-spin state of the
Cooper-pair is simply considered to be located at
the center of W(r), r = 0 and the other electron with
the down-spin state is located at r. The width of
W(r) with respect to r is called the coherence length
€, as shown in Fig. 2,a. UPd,Al, is considered to be
a d-wave superconductor from the NMR experi-
ments, which is applied to the case in Fig. 2,c
[21,22]. On the other hand, W(r) with odd parity
(p—wave) is not symmetric with respect to r, where
the parallel spin state is shown in Fig. 2,b. From
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the NMR and magnetization experiments [23,24],
UPt, is considered to possess odd parity in symme-
try. Parity in URu,Si, is not clear because almost
all of the NMR-Knight shift was due to the orbital
part, while the contribution of the spin part of the
conduction electron was not detected [25].

The dHvA voltage V _ is obtained by the
method of 2w detection of the field modulation [1];

A F 0
VOSC—A sin %HE+¢D’ 1)
0 0
2 exp (-am.T,, /H)
X

SD
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where J,(x) is the Bessel function, which depends on
the dHvA frequency F, the modulation field /2 and
the magnetic field strength H. The dHvA frequency
F [=(ch/2me)S ] is proportional to the extremal
(maximum or minimum) cross-sectional area S of
the Fermi surface. The quantity |85/ ak%{|'1/ 2 is the
inverse square root of the curvature factor 05 /0k?, ,
where the rapid change of the cross-sectional area
around the extremal cross-sectional area along the
field direction diminishes the dHvA amplitude for
this extremal area. We can determine the cyclotron
mass mcD from the temperature dependence of the
dHvA amplitude A, namely, from the slope of a plot
of In A[1 - exp (—ZO(mC[T/H)]/T vs T at constant H
and & by using a method of successive approxima-
tions, and we can obtain the Dingle temperature
T, [= R/ 2k B)T'1] or the scattering lifetime T from
the field dependence of the amplitude, namely, from the
slope of a plot of In [AH'/2 sinh (O(mDT/H)/]Z(x)] Vs
H™! at constant temperature. Here, g is the g-factor of
the conduction electron, which is 2 for the free
electron.

The dHVA oscillation is detected when the high-
field condition is satisfied; w,1/21m> 1, and the
spacing between the Landau levels is larger than
the thermal broadening kyT; 7w, > kypT. 1If the
magnetic field H is 100 kOe and the carrier pos-
sesses a cyclotron mass of 10 m, , the following
conditions for the temperature and the scattering
lifetime are required: T < 1.3 K and 1 > 3.6007!! 5
or T, <0.03 K. A temperature of 0.4 K can be
attalned in the 3He-cryostat and much lower tem-
peratures are also obtainable in a dilution refrigera-
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tor. The typical Dingle temperature of a high-qua-
lity sample in the f-electron system is about 0.1 K,
and thus fields higher than 100 kOe are necessary to
detect the dHvA amplitude of the heavy conduction
electron.

We have continued growing high-quality single
crystals of f-electron superconductors such as
CeRu, , URu,Si, and UPdZAl3 , and extended our
investigations on the dHvA experiments. The dHvA
oscillation for these compounds has been observed
in both the normal and superconducting mixed
states. The field dependence of the cyclotron mass
and the Dingle temperature in the mixed state is
clarified in this paper. An anisotropic energy gap
with a line node is also discussed on the basis of the
angular dependence of the dHvA amplitude in the
mixed state.

2. Theoretical

Maki [26], Wasserman and Springford [27],
Dukan and Tesanovic [28], Vavilov and Mineev
[29] and Gor’kov and Schrieffer [30] have discussed
theoretically the dHvA oscillation in the mixed
state on the basis of the quasiparticles in magnetic
fields. They claim that the dHvA frequency is
unchanged from the normal state, but the amplitude
is reduced by an additional quasiparticle scattering
rate or the Dingle temperature, depending on the
field and temperature. These characteristic features
have been confirmed by the results of experiments
for those compounds mentioned above.

For example, we have confirmed for CeRu, ,
URu,Si, and UPd,Al; that the dHvA frequency is
unchanged and the following simple relation holds
between the Dingle temperature in the mixed state
’TD and the one in the normal state T, : TD =
=T, + AT}, , where AT, is the additional Dingle
temperature in the mixed state [10]. Moreover, the
mass is found to decrease with decreasing field
below H , . No report on the change of the mass has
been done for the other superconductors. The chan-
ge in the mass might be found in the highly corre-
lated electron systems because CeRu, , URu,Si,
and UPd,Al; are f-electron superconductors with
large effective masses. Experimentally, the dHvA
oscillation in the mixed state can be most likely
detected for any superconductor if its upper critical
field H, is large enough, for example, more than
about 30 kOe, and the single crystalline sample is
of high quality. We shall explain briefly the reason
why the dHvA oscillation is observed in the mixed
state, considering a conventional superconductor of
CeRu, with a cubic structure.
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When the field is applied in a normal-state
metal, the quasi-continuum momentum energy of
the conduction electrons with up- and down-spin
states is changed into the discrete energy levels, the
so-called Landau levels. The dHvA oscillation is
caused when the Landau levels cross the Fermi
energy by increasing the field. Two scenarios might
exist to explain the dHvA effect in the mixed state,
where the dHvA oscillation is caused either by
quasiparticles or by the Cooper-pair electrons. It is
not certain whether each electron in the Cooper-
pair could be quantized in energy by fields, while
remaining the Cooper-pair with (k, 1) and (=%, 1)
at 0 K. On the other hand, the de-paired electrons
due to magnetic fields, namely, the quasiparticles
could be quantized into Landau levels as in the
usual normal-state metal. We shall discuss the lat-
ter case [10].

There exist three reduction factors in the dHvA
oscillation. One is an inhomogeneous field due to
vortices. The second is the electron scattering at the
boundary between the normal region and the super-
conducting one, called the Andreev reflection. The
last is the field dependence of the carrier concentra-
tion of the quasiparticles.

We shall examine the mixed state based on the
Ginzburg-Landau (GL) theory. The order parame-
ter W(r) and the microscopic magnetic field h(r) =
= OxA(r) in the mixed state are determined by
solving the GL equations for W(r) and A(r) [31]. We
rewrite the GL equations in terms of (r) = |¥(r)|
and A(r) as

]
% EI*)D () - () + ) = 0
A0 g
)
[h(r) O

—)\QDD%D+h(r)—¢ S ar-r), 3

- E20%y(r) +

where r, is the position of the vortex center, H, is
the thermodynamic critical field, ®, is the fluxoid,
& is the coherence length, A is the penetration
depth. Applying the boundary condition ((r,) =0
at the vortex center and the periodic boundary
condition at the boundary of the unit cell of the
vortex lattice, we solve Egs. (2) and (3) numeri-
cally for kK = A /€ = 25, self-consistently by the re-
laxation method and considering CeRu,, .

We show in Fig. 3 the spatial dependence of the
order parameter Yi(r) or |¥(r)|, where & is the coher-
ence length of 79 A. At a low field of H/H_ =01,
the vortices are separated enough and the order
parameter between vortices is near to unity. On the
other hand, at a high field of H/H , = 0.7, vortices
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Fig. 3. Spatial dependence of the order parameter |[W(r)| at se-
veral fields.

are numerous and the order parameter decreases
almost by half. In the latter high field condition,
the quasiparticles could circulate the cyclotron or-
bits in real space. Figure 4 shows a schematic
Abrikosov lattice of the vortices and the cyclotron
orbits at H /H =0.7. Each vortex Wlth a diameter
of 2& (=158 A) is separated by 255 A at H/H =
=0.7. The corresponding cyclotron orbits in real
space are illustrated for branches g, 2329 and a

with diameters of 1720, 3950 and 9440 A, respec-
tively, for CeRu, .

CeRu, 0.7 H, (=37 kQe)
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Fig. 4. Schematic Abrikosov lattice of the vortices and the cy-
clotron orbits at H/H , = 0.7 in CeRu, .

Fizika Nizkikh Temperatur, 1999, v. 25, No 8/9



De Haas-van Alphen oscillation

oh

| |
-20 -10 0 10 20
/€

Fig. 5. Spatial variation of the magnetic field in CeRu, .

The quasiparticles have to tunnel into the super-
conducting region in order to complete the cyclo-
tron motion, which is prevented by the so-called
Andreev reflection at a low field of H/H ., =0.1.
The high field condition, for example, H /H >0.1
is necessary to complete the cyclotron motlon as
mentioned above. Experimentally, the lowest fields
to detect the dHvA oscillation in the mixed state
are 0.6 H , for V;Si [8], 0.2 H ,, for YNi,B,C [14],
0.4 H, for branch €3 for CeRu, [10], 0.4 H , for
URu, Sl [11] and 0.7 H for UPd Alg [12].

Next we discuss 1nhomogene1ty of the magnetic
field O&h(r) defined by Oh(r) = A(r) — H. Figure 5
shows the spatial inhomogeneity of the magnetic
field in the superconductor at H/H, = 0.3, 0.5, 0.7
and 0.9. Inhomogeneous fields at H/H ., = 0.3, 0.5,
0.7 and 0.9 are 35, 23, 13 and 4 Oe, respectively.
The field H is shown by a horizontal dotted line in
Fig. 5.

We note that a field interval for one cycle of the
dHvA oscillation is 1880 Oe for branch €, 340 Oe
for & and 60 Oe for a at H =0.7 H_,(= 37 kOe). If
this inhomogeneous field is directly related to the
dHvA oscillation, the oscillation of branch a will
be reduced in amplitude. This inhomogeneous field
might not reduce the dHvA amplitude directly if
the vortices formed a regular lattice.

An additional effective scattering rate in the
mixed state 5t! is estimated by the uncertainty
principle of &t™1 = 0ROk, , where 8k, is variation in
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radius of the orbit cutting the same flux and v is
Fermi velocity [13]. The area of the cyclotron orbit
A is changed into A + 84 by the inhomogeneity of
the field &h:

(D

where 7 is the radius of the cyclotron orbit. By
using dA = 21wdr, we can get the following relation:

2
2n 6h—2Trr5r or ér—rzl (5)

Therefore, the final relation is obtained from Eq. (5),

5k, = FH g = 701 (6)
Dcﬁ ch

From the calculated values of & mentioned above
and Eq. (6), 81! for H/H_, =0.7 is estimated to be
of the order of 108 s™! for branches a, d, and €93
This value corresponds to a small Value of 3T
being of the order of 1072 K. Inhomogeneity in the
field is thus a minor reduction factor.

Using Maki’s theory [26], we shall explain the
change in the Dingle temperature and the mass in
the mixed state. The Dingle temperature in the
mixed state TD was given as the imaginary part of
the self-energy for the quasiparticles in the mixed
state close to H ,

TD =T, +AT, , (7)
N(H, T)
=— v ] (8)
AT VA k 0t ’
= v V2ehH /¢ 9

N(H, T) =0 T) (1 —H/H (10)

o)
where T, is the Dingle temperature in the normal
state, AT}, is an additional one, v is Fermi velocity
which is given as V2eliF/c /mcD , and A(T) is the
temperature-dependent BCS energy gap in zero
field.

The effective mass of the quasiparticles in the
mixed state ﬁch was not given theoretically by
Maki. We have calculated it by using the following
formula [32]:
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_o_ gl =9 %l w)/aup
© 7T B+ 0 5,8, w)/08
O [E=0, =0

, (11)

where 2, (&, ) is the real part of the self-energy for
the quasiparticles in the mixed state, and § and mcD
are the quasiparticle’s energy measured relative to
the Fermi energy and the effective mass in the
normal state, respectively. The energy w is also
measured relative to the Fermi energy and therefore
w =0 corresponds to the Fermi energy. Using the

self-energy derived by Brandt et al. [33],

(oo}

3(E, w) = 2(H, T) J'

2
du e

TnwrdrE-ou (P
we obtain the cyclotron effective mass in the mixed
state ﬁzCD as

-0_, 0l = 20H, T)/a)° o 1

m_ _=m

¢ e L ANH, T) /)’ ¢+ AAH, T) /@)

(13)

A Maki’s theory is based on a mixed state self-
energy calculated by Brandt et al. [33]. They clari-
fied the spatially averaged density of states of type
IT superconductors in fields. Figure 6 shows the
energy dependence of the density of states D (w) in
the pure limit, which was calculated by Brandt et
al. As mentioned above, the energy at w= 0 corre-

DS(O))/DO

0 1 2
W/A
Fig. 6. Energy dependence of the density of states D (w)/D, in
the pure limit.
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Fig. 7. Field dependence of the density of states in the mixed
state for several polar angles.

sponds to the Fermi energy. D (w) in the energy
range of w/A,= 0 to 1 is zero at zero field but
increases with increasing the field, reaching an
w-independent value of D at H , .

The density of states is found to vary from the
«gapless» state to the BCS type as the angle 6
changes from 1/2 to zero. Figure 7 shows the field
dependence of the density of states at the Fermi
energy (w =0) in the mixed state for several angles.
Here, the angle 8 is the polar angle of the quasipar-
ticle momentum p with respect to the direction of
the magnetic field, as shown in an inset of Fig. 7.
The Maki’s theory corresponds to the 8 = T1/2 case
because o in Eq. (9) is changed into
o = v, sin 8 V2ellH/c for the angle 6. D (w) in
Fig. 6 is also the total density of states, namely, an
average over the angle 0 of 0 to T1/2.

D (w=0, 6) in fields possesses a finite value for
any angle except 8 = 0, corresponding to the gapless
state mentioned above. In particular, D (w =0,
8=m/2)/D, is 0.85 at 0.7 H, or 37 kOe in

0 H/H,=0.71H

nducting

a b c

Fig. 8 Schematic superconducting energy gap in H/H_, =0
and 0.7.
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Fig. 9. Local density of states for the quasiparticles along the
direction connecting the neighboring vortices.

CeRu, . The angle 8 = /2 corresponds to a maxi-
mum area of the spherical Fermi surface .S, in the
dHvA oscillation, as schematically shown in Fig. 8.
This is the reason why the dHvVA oscillation can be
detected in the mixed state.

Lastly we discuss the local density of states. The
local density of states for the quasiparticles propa-
gating in the direction of v =ovg(sin 6 cos ¢,
sin 0 sin ¢, cos 0), where ¢ is the azimuthal angle in
the plane perpendicular to the magnetic field, is
calculated by the formula

D (r; 6, §; &) =

f |
=-_D, zjdzp Im [G(p, K)] P, (14)

where G_(p, K)) are the quasiparticle Green’s func-
tions calculated from the Gor’kov equation and K,
are the reciprocal lattice vectors of the vortex lat-
tice. Assuming the Abrikosov solution for the order
parameter, we can solve the Gor’kov equation nu-
merically for G_(p, K,) .

The density of states averaged over r, 6 and ¢
may be calculated by using the Green’s function
with K =0 alone, as done by Brandt et al. How-
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ever, in order to calculate the spatial variation of
the density of states in the mixed state, it is crucial
to incorporate Green’s functions with K # 0. Thus we
take into account the reciprocal lattice vectors of
K, =0 and 60 vectors (K, ,...,Kg,) surrounding K,
and calculate the Green’s functions with the K’s.

In relation with the dHvVA effect, we are inter-
ested in the quasiparticles propagating in the plane
perpendicular to H (8 = 11/2), particularly along the
line connecting the neighboring vortices where the
direction of the line is chosen to be ¢ = 0. In Fig. 9
we show the local density of states at the Fermi
level D (r; /2, 0; 0) for H/H ,, = 0.5, 0.7 and 0.9.
The densities of states for H/H , = 0.5, 0.7 and 0.9
are close to the value in the normal state and their
modulation is rather small. Unexpectedly, in the
intermediate fields of H/H_ = 0.5 and 0.7, the
density of states is enhanced comparing to that at
0 K in the normal state, indicating the suppression
of D(r; /2, ¢; 0) in other directions. This en-
hancement persists down to [J0.2H ,, . This is the
reason why the dHvA effect is observed even at low
fields of 0.2H , as in YNi,B,C.

As mentioned in Sec. 1, the NMR and specific
heat experiments predict the anisotropic energy gap
with a line node in uranium-based heavy fermion
superconductors such as URu,Si, and UPd,Al; .
They are unconventional superconductors. Figu-
re 10 shows an energy gap with a line node of a
so-called polar type. As mentioned above, Sy, is the
extremal area of cross-section of the Fermi surface
by planes perpendicular to the field direction. If
S} corresponds to the maximum cross-section with
the line node (polar type) shown in Fig. 10,4 and
b, it is not easy to distinguish experimentally the
line node in the anisotropic energy gap from the
gapless state based on the pair-breaking by applying
the magnetic fields. In this case, it is necessary to

[001]

a b c

Fig. 10. Schematic superconducting energy gap with a line
node. (@) and (b) The line node exists along the equator. (a)
in the cross-section of (b). In (c¢), there exist two line nodes
crossing poles.
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Fig. 11. Crystal structure of CeRu, .

deviate S, from the cross-section with the line node
by tilting the field direction. It is thus a challenging
study to detect the line node in the anisotropic
energy gap for URu,Si, and UPd,Al; via the dHvA
oscillation in the mixed state.

3. Experimental results and discussion
3.1. CeRu,

A single crystals of CeRu, with the cubic Laves-
phase structure was grown by the Czochralski
method in a tetra-arc furnace. Figure 11 shows the
crystal structure of CeRu, . An as-grown ingot of
3—-4 mm in diameter and 60 mm in length was
annealed at 700-800 "C under vacuum of 107'% Torr
by means of the electro-transport method. Figure 12
shows the temperature dependence of the electrical
resistivity. The residual resistivity p, was estimated
as 0.6 pQldm by using a Fermi-liquid formula p =
=p,+A4 T2, and the residual resistivity ratio Prr/ Py
was 270, indicating a high-quality sample. Supercon-
ductivity occured below T, = 6.4 K.

CeRu, is a conventional type Il-superconductor
because the coherence peak at T, is clearly observed
in the NMR experiment [34], and the spin-lattice
relaxation rate in NMR and the specific heat follow
an exponential law in the temperature dependence
[35]. The superconducting properties are summa-

CeRu,
Tl <110>

7 L | N .
0 100 200 300
T.K

Fig. 12. Electrical resistivity of CeRu, .
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Table 1
Superconducting properties of CeRu, , URu,Si, and UPd,Al,

T K| @’ Te Tt E AN A|K
¢ kOe | kOe | kOe

CeRu, 6.2 |52.3[1.49]0.175]79.3|1980]25
| H|I[100] 130

URu_Si 1.3-1.5 0.8 |0.033| 64 |4600]|70
272 H|[001] 30
H|[0001] 37

UPd. Al _ 2 0.49| 0.1 | 85 |4000]47
23\ H|[1120] 32

rized in Table 1. Values of the upper critical field at
0 K H_,(0), thermodynamic critical field H (0) and
lower critical field H_((0) shown in Table 1 have
been directly determined from the specific heat and
magnetization experiments [35]. The other physical
values are estimated from the conventional relations
H,=®,2m€? k=\/Eand H,=kV2 H_.
Figure 13,a shows the dHvA oscillation for the
field along M 110at 0.47 K. The dHvA oscillation is
observed in both the normal and superconducting
mixed states, although it is not observed near H ,
of about 50 kOe because of the so-called peak effect
[36]. The fast Fourier transform (FFT) spectra in
Fig. 13,0 indicate that for two branches, denoted by
€93 and &, , the detected dHvVA frequencies are
the same between the normal and mixed states. The
similar dHvVA oscillations are obtained for any field

CeRu,
Ho HIl <111>
0.47 K
a
||| [ | 1 1 -1
50 30 kOe H —
g
28, Normal state
€123\3€1 53 39, b

Mixed state

L L L L L 1 s L L L | L L s : |

0 5 10 15
dHvA Frequency, 10° Oe

Fig. 13. Typical dHVA oscillation of CeRu, () and the corre-
sponding FFT spectra in both the normal and superconducting
mixed states (b).
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dHvA Frequency , Oe

45
<110>

90

<100> <111> <110>
Field angle, degrees

Fig. 14. Angular dependence of dHVA branches in CeRu, . The

data shown with large circles possess large magnitudes in FFT

spectra, while those shown with small circles indicate small

ones. Thin solid lines are guidelines, while thick solid lines are

the result of band calculations.

direction. For example, branch a is observed for the
field along 0000 in both the normal and mixed
states.

Figure 14 shows the angular dependence of the
dHvA frequency. The data denoted by large circles
indicate clear and large signals, while those denoted
by small circles do not indicate harmonics or sums
and differences of the fundamental dHvA frequen-
cies but signals of small amplitudes. Thin solid lines

CeRu,

holes of 19th band

holes of 20th band

- B| ;
Fig. 15. Fermi surfaces of 19th band-hole, 20th band-hole, 21st
band-electron and 22nd band-electron in CeRu, .

are guidelines, while thick solid lines show the
corresponding result of band calculations. Figure 15
indicates the Fermi surfaces based on the relativistic
linear augmented-plane-wave (RLAPW) calcula-
tions under the assumption that 4f electrons are
itinerant. The dHvA data are in good agreement
with the result of band calculations.

Next we have determined the cyclotron mass mc':I

from the temperature dependence of the dHvA am-
Table 2

The de Haas-van Alphen frequency and the corresponding cyclotron mass for the typical field direction in CeRu, . The angle of 42°

means the field direction tilted by 42° from (1000to (100in {110}

Experimental Theoretical
Branch F, 108 Qe mCD, m, TD, K I, A Band F, 10% Oe my, m,
H | 1ooo B 65.8 7.61 20 64.6 0.22
a 22.6 2.64 0.57 24350 20 19.7 0.76
51’2 6.38 4.39 20 6.38 1.97
81’2 0.84 0.71 22 0.69 0.31
€, 0.63 0.55 22 0.46 0.20
a110 51 3.97 1.56 0.5 1980 20 3.16 0.50
817213 0.75 0.61 0.45 2450 22 0.57 0.26
at100 51’2 4.60 1.90 20 4.13 0.68
42 y 36.8 8.20 20 58.5 4.30
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plitude, namely from a so-called mass plot. We
show in Table 2 the dHvA frequency and the
corresponding mass for the typical field directions
in the normal state.

We have also determined the cyclotron mass by
six cycles of the dHvA oscillation in the mixed
state. The field dependence of the cyclotron mass
for branches a, 3, and € 54 shown in Fig. 16,a.
The cyclotron mass gradually decreases below H o -
It is interesting that the ratio of the cyclotron mass
1n the mixed state mD to that in the normal state
m shows a similar fleld dependence in the mixed
state for three branches, as shown in Fig. 16,b.
Here the solid line indicates the theoretical curve of
Eq. (13), where 2A(T = 0)/kpT. = 3.7 and Fermi
velocity o = 9. 1105 cm /s are used in calculations
for the branch €93 - The value of 2A(T=0),/k,T =
= 3.7 was obtained from the specific heat measure-
ment for the same sample [35]. The theoretical
curve is highly different from the experimental
data.

A similar field dependence is also observed for
the Dingle temperature T, . T, in the normal state
has been determined from the field dependence of
the dHvA amplitude at constant temperatures of
0.5 K and 30 mK, namely, from a so-called Dingle
plot. Figure 17,a shows the field dependence of the
Dingle temperature for three branches. The diffe-

3+
L o
r o Jeitiettieto oo
£ P
o :
=
Ir ] €123
- _l -
O i 1 1 ! !
11 | ST
g L
: 02
| 1 | 1 1 1 1
0 50 100

Magnetic field, kOe
Fig. 16. Field dependence of the cyclotron mass for three
branches; mcD (a) and rTzED/mCD (b) in CeRu, .
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Magnetic field, kOe

Fig. 17. Field dependence of the Dingle temperature for three
branches; T, (@) and AT (b) in CeRu, .

rence AT, = T — T}, between the Dingle tempe-
rature T, in the rmxed state and the Dingle tem-
perature T, in the normal state is also shown in
Fig. 17,b. Here we note that the «Dingle plots to
determine 7', is not valid for the present dHvA
oscillation in the mixed state because both mcD and
T}, depend on the field in the mixed state. We have
determined the Dingle temperature so as to fit the
dHvA amplitude following the Lifshitz-Kosevich
formula under the assumption that the cyclotron
mass in the mixed state decreases linearly with
decreasing the field as shown in Fig. 16,a. As shown
in Fig. 17,0, AT, increases with decreasing the field
below H

We have measured the sample dependence of the
Dingle temperature to study the additional damping
term in the mixed state for branch €733 shown
in Fig. 18. Five samples of different quahty were
used in the experiments. The Dingle temperature in
the mixed state TD depended on the magnetic field.
A following simple relation holds between the Din-
gle temperature in the mixed state T and that in
the normal T, ; T =T, +ATy Whele AT}, is an
additional Dingle temperature in the mixed state.
Namely, the value of AT}, shows approximately the
similar field dependence for five samples. The solid
lines in Figs. 17,0 and 18,b represent the theoretical
result of Eq. (7) for branch €, , 5. The theoretical

Fizika Nizkikh Temperatur, 1999, v. 25, No 8/9
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Fig. 18. Field dependence of the Dingle temperature for branch

€ 53 in five different samples of CeRu, ; T, (a) and AT, (b).

curve is approximately consistent with the experi-
mental one.

3.2. URuZSi2

Among the uranium intermetallic compounds,
URu,Si, and UPd,Al; are fascinating magnetic
superconductors. They are classified as the heavy
fermion compounds. Qusiparticles with a heavy
mass of 10-100 m are of an f-electron character,
condensing into Cooper pairs. Superconductivity is
realized in the antiferromagnetic state. The ordered
state in URu,Si, is, however, anomalous because of
an unusually small moment of 0.03 p,/U [37]. On
the other hand, UPd,Al; has a relatively large
moment of 0.85 U,/ U [38].

In the Ce-based heavy fermion compound such as
CeRu,Si, , the magnetic susceptibility X increases
with decreasing the temperature, following the Cu-
rie-Weiss law with the effective moment of Ce3*,
and possesses a maximum at a characteristic tem-
perature TX max - Lhe magnetic susceptibility be-
comes thus constant at lower temperatures, indicat-
ing enhanced Pauli paramagnetism, as shown in
Fig. 19. This large susceptibility is correlated with
the large mass. The temperature T approxi-

X max
mately corresponds to the Kondo temperature T .

Fizika Nizkikh Temperatur, 1999, v. 25, No 8/9

100

(Oa«e gy

@z, CeCu
s 6
©

X, 10" emu/mol
)

1 10 100 1000
T,K
Fig. 19. Temperature dependence of the magnetic susceptibility
for Ce and U compounds.

The similar behavior is observed in URu,Si, and
UPd,Al; . The susceptibility for the field along
[001] in URu,Si, and for [1120] in UPd,Al; in-
creases with decreasing the temperature, follow-
ing the Curie-Weiss law, and has a maximum at
Ty max = 55 K in URu,Si, and 35 K in UPd,Al, .
At lower temperatures both compounds order anti-
ferromagnetically.

Figure 20 shows the tetragonal crystal structure

of URu,Si, , where arrows indicate the directions

URu,Si, [001]

Fig. 20. Crystal structure of URu,Si, . Arrows show the direc-
tions of the antiferromagnetic moments.
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Fig. 2{. Phase diagram of URu,Si, .

of the antiferromagnetic moments. The phase dia-
gram is shown in Fig. 21. The metamagnetic transi-
tion occurs at about 400 kQOe. This transition with
three steps is sharp when observed below the Neel
temperature T, = 17.5 K, and become broad above
T, , changing into one step in the metamagnetic
transition. The transition field slightly increases
with increasing the temperature [39]. A tempera-
ture dependence of the Neel temperature in the
magnetic field is also shown by a dotted line in
Fig. 21 [40]. This phase boundary is not directly
related to the observed metamagnetic transition,
although the metamagnetic transition itself is clo-
sely related to the antiferromagnetic ordering. In
the phase diagram, S.C. denotes the superconduc-
ting state.

Transport, thermal and magnetic data indicate
that this magnetic order below 17.5 K opens a gap
on a large part of the Fermi surface. The corre-
sponding electronic specific heat coefficient y is
changed from 110 to 64 mJ /(K2hol) through this
transition, indicating that about 40% of the Fermi
surface is removed after this transition [41]. Super-
conductivity occurs below the critical temperature
T, =1.4 K in the antiferromagnetic state. H_,(0) at
0 K is highly anisotropic, being about 130 kQOe for
the field along [100] (a-axis) and about 30 kOe for
[001] (c-axis) [42,43]. Below T the specific heat
and the spin-lattice relaxation rate follow T2- and
T3-dependences, respectively [43,44]. These results
claim a line node in the superconducting energy
gap. Superconducting properties are summarized in
Table 1 [43,45].

A single crystal of URu,Si, was grown by the
Czochralski method in a tetra-arc furnace. The star-
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Fig. 22, Temperature dependence of the electrical resistivity in
URu,Si, . The inset shows the overall behavior of the resistivity.

ting material of U was purified by the electro-trans-
port method in high vacuum of 107'0 Torr. See
the details in Ref. 46. An ingot of 3—4 mm in
diameter and 80 mm in length was purified again
by the electro-transport method in high vacuum
of 100~ Torr, for one week.

First we show in Fig. 22 the temperature depend-
ence of the electrical resistivity in the current J
along the [010] direction. The resistivity has a peak
at about 17 K, which corresponds to the Neel
temperature, and decreases steeply with decreasing
the temperature. The overall behavior of the tem-
perature dependence of the resistivity is shown in
an inset of Fig. 22. The resistivity increases with
decreasing the temperature and shows a charac-
teristic peak around 70 K, similar as that in heavy
fermion compounds CeCu,Si, and CeCu; [47].

As shown in Fig. 22, the resistivity become zero
below 1.5 K. The residual resistivity extrapolated
to 0 K, p, and the residual resistivity ratio (RRR),
Pry/ Py are 1.27 pQidm and 255, respectively. This
sample is, as far as we know, the best sample.

Next we have determined the upper critical field
H_, from the electrical resistivity data in the mag-
netic field. Figure 23 shows the angular dependence
of the upper critical field at 40 mK. The solid line
is a theoretical curve based on the formula [43]:

H_(H | [1001)
H,0)= 2 220
c2 (cos” B + K* sin” 0) 4

where H_, (H| [100]) is 130 kOe and
K [= H_,(H | [1001)/H , (H | [001])] = 4.5. H, is

(15)
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Fig. 23. Angular dependence of H , at 40 mK in URu,Si, .

highly anisotropic, which is due to the paramag-
netic effect, reflecting the anisotropic magnetic
susceptibility. We also show in Fig. 24 the tempera-
ture dependence of H , for fields along [100] and
[001]. These data are almost the same as the pre-
vious results [43].

We show in Fig. 25 the typical dHvA oscillation
in both the normal and mixed states and the corre-
sponding FFT spectra for a tilt angle 8 = 8.1° in the
field range from 40 to 150 kOe at 35 mK. The
magnetic field direction was tilted by 6 from [100]
to [001]. One dHvA branch named o is clearly

150

H || [100]

URu,Si,

100

H,,.kOe

50

. . . . 1 . .

0 1 2
T,K

Fig. 24. Temperature dependence of H , for fields along [100]

and [001] in URu,Si, .
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Fig. 25. DHvA oscillation and the corresponding FFT spectrum
for a tilt angle 8 = 8.1" in URu,Si, .

observed in both the normal and mixed states. In
other directions, another branches named B and vy
are detected in the normal state, although their
amplitudes are small.

Figure 26 shows the angular dependence of the
dHvA frequency F. Branch a is almost constant as
a function of the field tilt angle 0, indicating that
the Fermi surface is spherical. In the (001) plane,

10% ¢ :
[ (001) | (010)  URuSi,
e K
@)
= 10
[=1
L
=
on
2
&)
<
>
== .
© :
! @]
Q
10° |- ; OOY//CPO
I | 1 ! i L 1 | 1 1 | 1 !
30 0 30 60 90
[110] [100] [001]

Field angle, degrees

Fig. 26. Angular dependence of the dHvA frequency in
URuW,Si, -
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URu,Si,

band 18-hole

band 17-hole

Fig. 27. Fermi surfaces for URu,Si, in the paramagnetic state.
The band 17-hole centered at the Z point (2), the band 18-hole
at the Z point (b), the band 19-electrons at the I and X points
(¢) and the band 20-electron at the I" point (d).

branch o is four-fold split. The reason of this
splitting is not clear. The Fermi surface might be
corrugated, possessing maxima and minima in cross-
section.

Branches B and y are not observed in the whole
field angle. According to the previous report by
Keller et al. [48], similar branches have been ob-
served. Branches B and y were also observed by
Keller et al. at some field angles in the (001) and
(010) planes. From these dHvA and also the mag-
netoresistance results [11], we conclude that three
branches represent closed Fermi surfaces.

When we compare the dHvA result with the
result of band calculations in an itinerant 5f-band
model shown in Fig. 27, branches a, B and y might

correspond to the band 17-hole, 19-electron cen-
tered at X and 20-electron Fermi surfaces, respec-
tively, in magnitude, although y is different from
the theoretical one in the angular dependence.
These Fermi surfaces are small in volume. Much
larger Fermi surfaces of bands 18-hole and 19-elec-
tron have not been observed experimentally. If we
assume that these larger Fermi surfaces disappear
completely below the ordering temperature, this
change of the Fermi surface is inconsistent with the
reduction of the electronic specific heat coefficient
[41]. There should exist other remaining Fermi
surfaces not observed in our experiment because
URu,Si, is a compensated metal with equal num-
bers of electrons and holes from the result of the
magnetoresistance, and then the hole Fermi surface
of branch a does not compensate with the electron
Fermi surfaces of branches B and y in volume.

Next, we have determined the cyclotron mass
from the temperature dependence of the dHvA am-
plitude, and the Dingle temperature from the field
dependence of the dHvA amplitude for the field
along [001]. All branches are heavy. The cyclotron
masses are 13 m for branch a, 25 m, for B and
8.2 m for y. It is surprising that a small Fermi
surface of branch B possesses such a large cyclotron
mass. The Dingle temperature is small, 0.035 K for
branch d, 0.045 K for B and 0.11 K for vy, indicating
a high-quality sample. We have determined the
mean free path [ from the relation of S, = Trk%,
ik, = mCDUF and [ = v, T, where v is Fermi velocity
and k; is half of the caliper dimensipn of the Fermi
surface. The [-value is large, 5500 A for branch a,
1400 A for B and 1200 A for y. These values are by
one order larger than the coherence length &, indi-
cating that superconductivity is close to the pure
limit. These Fermi surface properties are sumima-
rized in Table 3.

We show in Fig. 28,a the typical dHvA oscilla-
tion for the field along [001]. H,, is about 29 kQOe.
The dHvA oscillation named o is observed in the

Table 3

The de Haas-van Alphen frequency F, the cyclotron effective mass mcD , the band mass m, , the Dingle temperature 7, and the mean

free path [ in URu,Si,

Experimental Theoretical
H | [001] F, 10° Oe m, m T, K I, A F, 10° Oe m, , m

o 10.5 13 0.035 5500 band 17 (2) 18.5 1.62

band 18 (2) 36.8 2.72

band 19 (I) 62.9 8.02
B 4.2 25 0.045 1400 band 19 (X) 4.6 3.20
y 1.9 8.2 0.11 1200 band 20 (I') 0.3 0.25
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Fig. 28. DHvA oscillation at 29 mK for [001] (a), field de-
pendences of the cyclotron mass () and the Dingle tempera-
ture (¢) in URu,Si, .

mixed state down to about 20 kOe. Figure 28,b
shows the field dependence of the cyclotron mass.
We determined the mass from the temperature de-
pendence of the dHvA amplitude over seven cycles
of the oscillation. The cyclotron mass is constant
above H , , but decreases gradually with decreasing
the field below H_, . The mass is not correctly
determined in the field range from 25 to 28 kOe
because this is a region of the so-called peak effect.

A similar field dependence is also observed for
the Dingle temperature 7'}, , as shown in Fig. 28,c.
T, was determined directly from the dHvA ampli-
tude by using the mass in Fig. 28,b. The Dingle
temperature in the mixed state increases with de-
creasing field below H ., . Solid lines in Fig. 28,0
and c are theoretical curves of Egs. (13) and (7) for
branch a, where a BCS relation of 2A/k,T = 3.54
and v = 1.60108% ¢cm /s were used in calculations.
The theoretical curve for T}, is approximately con-
sistent with the experimental one, while the theo-
retical field dependence of the mass is highly differ-
ent from the experimental one, as in CeRu,, .

An interesting point in URu,Si, is an anisotropic
energy gap because the existence of the line node is
clear from the specific heat [43] and the nuclear
spin-lattice relaxation rate [44] experiments. It was
discussed theoretically that the superconducting
gap disappears as a line node on the Fermi surface,
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Fig. 29. DHvA oscillations for several tilt angles in the (010)
plane for URu,Si, .

for momenta perpendicular to the antiferromagnetic
wave vector parallel to the [001] direction, as
shown in Fig. 10, and b [49]. We have tried to
determine the position of the line node on the Fermi
surface via the dHvA experiment.

Figure 29 shows the dHvA oscillation for several
field directions. The tilt angle 0 is the field angle
from [100] to [001], as defined above. No apprecia-
ble change of the dHVA oscillation has been found
for any field, when the field is tilted from [001]
to [100].

In Fig. 30 the angular dependences of the dHvA
amplitudes in both the normal and mixed states are
represented by circles and squares, respectively.
Effective fields are 46.9 kOe in the normal state and
23.7 kOe (= 0.8H,) in the mixed state. The ampli-
tude reduction for several field angles is due to the
zero spin-splitting. This is reflected even in the
mixed state. This result shows clearly that it is
difficult to distinguish experimentally the line node
in the anisotropic energy gap from the gapless state
based on the pair-breaking in the magnetic field.
The former effect schematically shown in Fig. 10,a
and b is compared to the latter one in Fig. 8,c. If
the dHvA oscillation is found in the mixed state far
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Fig. 30. Angular dependence of the dHvA amplitude in both
the normal and mixed states for branch a in URu,Si, .

below H_, , the former should be distinguished
from the latter.

The dHvVA oscillation is observed in fields down
to 30—40 kOe in the (001) plane. No appreciable
change of the dHvA oscillation for any field direc-
tion in the (001) plane was found. This result also
implies that a line node, as shown in Fig. 10,c, does
not exist and /or it is difficult to distinguish experi-
mentally the line node with the gapless state, as in
the (010) plane.

3.3. UPd,AL

UPd,Al; with the hexagonal structure is also a
fascinating magnetic superconductor [50]. Super-

UPd, Al

QU oPd e Al

Fig. 31. Crystal structure of UPd,Al, . Arrows indicate the di-
rections of the antiferromagnetic moments.
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Fig. 32. Phase diagram of UPd,Al, .

conductivity with the transition temperature 7', =
= 2 K is realized in the antiferromagnetic state with
the Neel temperature T\, = 14 K. Neutron scattering
measurements revealed that the magnetic moments
of 0.85 Yp/U are ferromagnetically oriented along
the [1120] direction but are coupled antiferromag-
netically along the [0001] direction with the wave
vector Q = (0, 0, 0.5) [38], as shown in Fig. 31.
Superconducting properties are summarized in Ta-
ble 1.

The high-field magnetization indicates a sharp
metamagnetic transition at about 180 kOe below
T, =14 K. It becomes, however, broad above T, .
This metamagnetic transition occurs for the field
parallel to the basal plane, indicating a XY-type in
character, which is compared to an Ising type along
[001] in URu,Si, .

Figure 32 shows the phase diagram. The meta-
magnetic transition is found above T,, , up to the
characteristic temperature, T, .= 35 K. This
means that this transition is not related to the
antiferromagnetic ordering but to a change of the
Sf-electron character as in URu,Si, . We note that
the ordered state, which is shown by a dotted line
in Fig. 32, is closely related to the sharpness of the
metamagnetic transition. In the phase diagram,
S.C. denotes the superconducting state.

Figure 33 shows the temperature dependence of
the electrical resistivity p. Overall features are the
same as the previously reported ones [50]. As seen
in an inset of Fig. 33, we observed a Kondo-like
logarithmic-temperature dependence from room
temperature to about 100 K, a sharp decrease below
T, =14 K and finally a superconducting transition

Fizika Nizkikh Temperatur, 1999, v. 25, No 8/9
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Fig. 33. Temperature dependence of the electrical resistivity of
UPd,Al, . The inset shows the resistivity from room tempera-
ture to 1.5 K.

at T, =1.9 K. The residual resistivity extrapolated
to 0 K, p, , as shown by a dotted line in Fig. 33,
and the residual resistivity ratio pg./p, are

UPd, A,
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H 1110001]
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Fig. 34. DHvA oscillation and the corresponding FFT spectra
for the field along [0001] in UszAl3 .
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Fig. 35. Angular dependence of the dHVA frequency in
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1.40 pQldm and 104, respectively. These are the
best values as far as we know. The present single
crystal was grown by the Czochralski method in a
tetra-arc furnace, as described in Ref. 51 in detail.

Figure 34 shows the typical dHvA oscillation
and the corresponding FFT spectrum for the mag-
netic field along the [0001] direction. Magnetic
fields used in the FFT spectra are in the ranges from
60 to 120 kOe in Fig. 34,b and from 138 to 169 kOe
in Fig. 34,c. Figure 35 shows the angular depend-
ence of the dHvVA frequency.

Almost all of the branches labeled a, B, y, 6 and
€, are the same as the previous dHvA results ob-
tained by Inada et al. [52]. According to the pre-
vious result of band calculations [53,54], where 5f
electrons were treated as itinerant electrons and
brought about the antiferromagnetic moment of

bang 69&70-hole  band 71&72-elecron band 73&74-elecron

N

Fig. 36. Band 69&70-hole (a), band 71&72-electron (b) and
band 73&74-electron Fermi surfaces (¢c) of UPd,Al, , cited
from Ref. 54.
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Table 4

The de Haas-van Alphen frequency F, the cyclotron effective mass m”, the Dingle temperature 7, and the mean free path / in
c D

UPd,Al, . The theoretical frequency in the paramagnetic state is cited form Ref. 53

Experimental Theoretical
H || [0001] F, 107 Oe mCD m, T,, K I, A F, 107 Oe

14 9.45 65 0.10 1190 band 69&70 (I') 8.87
y 4.06 33 0.28 540 band 71&72 (A) 3.82
B 3.06 19 0.15 1550 band 71&72 (I') 3.07
&2 0.61 band 69&70 (L) 1.50
£, 0.48

a 0.26 5.7 0.20 1200 band 71&72 (H) 0.30

0.85 Wy U, branches &, , &5, 8 and { are due to a
band 69&70-hole Fermi surface called «party hats,
branches [ and y correspond to the maximum and
minimum cross-sectional areas of a band 71&72-
electron Fermi surface called «column», branch o is
due to an ellipsoidal band 71&72-electron Fermi
surface called «cigar» and branch n is due to a band
73&74-electron Fermi surface named «eggy», as
shown in Fig. 36. In the hexagonal symmetry,
branches g and &, have the same cross-section, but
they have different cross-sections, reflecting the
magnetic moment oriented along [1120] [53,54].

We have determined the values of the cyclotron
mass and the Dingle temperature, as shown in
Table 4. These values are almost the same as the
previous results [52]. We note that branch ¢ has a
large mass of 65 m . This is the largest mass in
UPd,Al; . The masses in the range from 6 to
65 m, in Table 4 are consistent with a large y-value
of 145 mJ/(KQEhol) [50]. Tf, of 0.20 K is small,
reflecting a high-quality sample. Therefore, the
mean free path is longer than 1000 A.

As shown in Fig. 37,a, the dHvA oscillation is
clearly observed in both the normal and mixed
states. The dHVA oscillation, which is observed up
to the upper critical field H , (= 39 kOe) with de-
creasing field, is due to branch a. This branch is
still seen in the mixed state at fields down to about
25 kOe. The dHvVA oscillation is not observed in the
field range from 39 to 31 kOe, which is due to the
peak effect, as discussed before [51]. The dHvA
frequency of 2.640008 Qe for branch o is the same
between the normal and mixed states. We have
determined the cyclotron mass mcD from the tempe-
rature dependence of the dHvA amplitude over
six cycles of the dHvA oscillation. As shown in
Fig. 37,b, the mass decreases gradually with de-
creasing the field below H , . The cyclotron mass at
24 kOe (= 0.62H_,) is 3.8 m,, , which is compared
to the mass of 5.6 m in the normal state.
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A similar field dependence is also observed for
the Dingle temperature T, , as shown in Fig. 37,c.
The Dingle temperature in the mixed state increases
steeply with decreasing field below H , . The solid
line in Fig. 37,c is a theoretical curve of Eq. (7) for
branch a, where the BCS relation of 2A/kgT, =
=3.54 and Fermi velocity v, =1.86 108 cm /s are
used in calculations. The Dingle temperature in the
mixed state in Fig. 37,c is slightly smaller than the
theoretical curve. On the other hand, the cyclotron
mass is reduced compared to the theoretical one, as
shown in Fig. 37,b6. The mass reduction was not
found in other non-f compounds. It was found only
for CeRu, , URu,Si, and now for UPd,Al .

UPd,Al,
29 mK
H Il [0001]

a
1 I I
50
6 -
g 4f b
HQ
g 2r
0
0.4}
M C
f‘ 0.2k
' 1 |
0 20 40 60 80

Magnetic field, kOe
Fig. 37. DHvA oscillation at 29 mK for [0001] (), field de-
pendences of the cyclotron mass (b) and the Dingle tempera-
ture (¢) in UPd,Al .
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Fig. 38. Angular dependence of the dHvA amplitude in
UszAl3 .

As mentioned above, S is the extremal cross-
sectional area of the Fermi surface by planes perpen-
dicular to the field direction. If S, corresponds to the
maximum cross-section with the line node, it is not
easy to distinguish the line node in the anisotropic
energy gap from the gapless state in magnetic fields,
as in URu,Si, . We have also studied the angular
dependence of the dHvA oscillation, as shown in
Fig. 38. Here, the field angle 0 is a tilt angle from
[0001] to [1010]. The angular dependence of the
dHvA amplitude is also shown in both the normal
and mixed states. The dHvA amplitudes were ob-
tained from the FFT spectra in the field range from
55.5 to 62.5 kOe in the normal state and from 25.0
to 26.5 kOe in the mixed state. The Fermi surface
of branch a is approximately of an ellipsoid of
revolution, as shown in Fig. 36, following
S (8) = 6.9400° /(sin? 8 + (2.6)%cos” 8)!1/2 Oe. The
cyclotron mass in the normal state also shows the
same angular dependence; mRG) =14.3/(sin® 0 +
+ (2.6)%cos? )12 m .

On the other hand, the Dingle temperature in
the normal state is nearly angle-independent up to
8=30" T, = 0.21 K. By using these data, we
can calculate the dHvA amplitude at 25.7 kOe
(= 0.65 H_,) which is an effective field in the field
range from 25.0 to 26.5 kOe. Thus, the dotted line
in Fig. 38 is the curve obtained at 25.7 kOe under
the assumption that values of the cyclotron mass
and the Dingle temperature in the normal state are
unchanged in the mixed state. The dHvA amplitude
data at 25.7 kOe, shown by squares in Fig. 38, are
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reduced roughly by one half, compared to the dot-
ted line. If we fit the result calculated for 8 = 0°
(H | [0001]) to the dHVA amplitude for 8 = 0° in
the mixed state, the dotted line is changed into a
thick solid line. This solid line is in good agreement
with the dHvA data in the mixed state. This result
implies that a line node in the anisotropic energy
gap, shown in Fig. 10,4 and b, does not exist
and /or it is difficult to distinguish experimentally
the line node in the anisotropic energy gap from the
gapless state based on pair-breaking by applying a
magnetic field. If the dHvA oscillation is found in
the mixed state far below H_, , the line node should
be distinguished from the gapless state in fields.
That is, the dHvVA data are expected to deviate from
the thick solid line or to reduce steeply with in-
creasing the tilt angle.

4. Concluding remarks

We have succeeded in growing high-quality
single crystals of NbSe, , CeRu, , URu,Si, and
UPd,Al; and observed the dHvA oscillation in both
the normal and superconducting mixed states. Our
experimental results can be summarized as follows:

1) The dHvVA oscillation, which is observed near
H_, in the normal state, is also observed in the
mixed state.

2) The dHvA frequency in the normal state
remains unchanged in the mixed state.

3) The cyclotron mass in the mixed state de-
creases in magnitude with decreasing the field. This
is found only in the f electron system, not observed
in NbSe, and the other non-f electron superconduc-
tors. This can not be explained by Maki’s theory
based on the density of states in magnetic fields
after Brandt et al.

4) The corresponding Dingle temperature is en-
hanced with increasing the field below H ., . This is
approximately explained by the Maki’s theory.

5) We searched for the anisotropic energy gap
from the angular dependence of the dHvA oscilla-
tion in the mixed state. From the present result, it
was difficult to distinguish the line node in the
anisotropic gap from the gapless state based on the
pair-breaking in magnetic fields.

We suppose that the origin of the mass reduction
below H, is related to the correlation effect be-
tween the quasiparticles [55]. In heavy fermion
compounds, the magnetic part of the specific heat is
changed into the electronic specific heat at low
temperatures. For example, the 4f-levels of the Ce
ion are generally split into three doublets at high
temperatures because the 4f-electrons in the Ce
compounds are almost localized in nature, following
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the Curie-Weiss law. At low temperatures, the
magnetic entropy of the ground-state doublet in the
4f-levels or the magnetic specific heat C, is chan-
ged into the electronic specific heat yT via the
many-body Kondo effect as follows:

Ty
Cm
RIHZ:J’—a’T, (16)
T
0
C, =yT. 17)
The y-value can be obtained as
In2 _ 104
Rz A0 ®mol) . (18)
TK TK

In fact, the y-value in CeCug is 1600 mJ /(K2mo))
for T\, =5 K [47,56].

The magnetic susceptibility in URu,Si, and
UPd, Al increases with decreasing the temperature,
following the Curie-Weiss law, and has a maximum
at the characteristic temperature TX max TX max [OT
URu,Si, and UPd,Al; approximately corresponds
to the Kondo temperature Ty for CeRu,Si, and
CeCug where almost localized 4f-electrons become
itinerant below T , forming the heavy fermion
state with an extremely large y-value.

All energy bands in CeRu, , URu,Si, and
UPd, Al contain the f-electron component and have
flat dispersion, bringing about relatively large band
masses. Nevertheless, the cyclotron effective masses
are considerably larger than the corresponding band
masses, as shown in Table 2—4. The mass enhance-
ment is not included in the conventional band
calculations. It is caused by spin fluctuations,
where the freedom of the charge transfer of the
f-electrons appears in the form of the f-itinerant
band, but the freedom of spin fluctuations of the
same f-electrons reveals an unusual magnetic order-
ing, especially in URu,Si, and enhances the effec-
tive mass as in the many-body effect for CeCuy and
CeRu,Si, . In the mixed state, the number of quasi-
particles, which are produced on the basis of the
pair-breaking in the magnetic fields, decreases with
decreasing the field below H_, . This might influ-
ence the correlation effect between the quasiparti-
cles, most likely bringing about the mass reduction
below H , .

We are very grateful to K. Maki, S. Koh, K. Mi-
yake and J. Kiibler for a helpful discussion and to
M. Hedo, H. Ohkuni, K. Sugiyama, R. Settai,
T. Honma, Y. Haga, E. Yamamoto, M. Higuchi,
H. Yamagami, S. Takahashi, T. Yanagisawa and

794

A. Hasegawa for collaborated studies. This work
was supported by the Grant-in-Aid for COE Re-
search (10CE2004) of the Ministry of Education,
Science, Sports and Culture.

1. Y. Onuki and A. Hasegawa, Handbook on the Physics and
Chemistry of Rare Earths, Vol. 20, K. A. Gschneidner, Jr.
and L. Eyring (eds.), Elsevier, Amsterdam (1995), p. 1.

2. H. Aoki, S. Uji, A. K. Albessard, and Y. Onuki, Phys.
Reo. Lett. 71, 2110 (1993).

3. L. Taillefer and G. G. Lonzarich, Phys. Rev. Lett. 60,
1570 (1988).

4. N. Kimura, T. Komatsubara, D. Aoki, Y. 6nuki, Y. Haga,
E. Yamamoto, H. Aoki, and H. Harima, J. Phys. Soc. Jpn.
67, 2185 (1998).

5. J. E. Graebner and M. Robbins, Phys. Rev. Lett. 36, 422
(1976).

6. Y. 6nuki, I. Umehara, T. Ebihara, N. Nagai, and K.
Takita, J. Phys. Soc. Jpn. 61, 692 (1992).

7. Y. 6nuki, I. Umehara, T. Ebihara, A. K. Albessard, K.
Satoh, K. Takita, H. Aoki, S. Uji, and T. Shimizu, Physica
B186—188, 1050 (1993).

8. R. Corcoran, N. Harrison, C. J. Haworth, S. M. Hayden,
P. Meeson, M. Springford, and P. J. van der Wel, Physica
B206—207, 534 (1995).

9. M. Hedo, Y. Inada, T. Ishida, E. Yamamoto, Y. Haga, Y.
Onuki, M. Higuchi, and A. Hasegawa, J. Phys. Soc. Jpn.
64, 4535 (1995).

10. M. Hedo, Y. Inada, K. Sakurai, E. Yamamoto, Y. Haga, Y.
Onuki, S. Takahashi, M. Higuchi, T. Maehira, and A. Ha-
segawa, Philos. Mag. B77, 975 (1998).

11. H. Ohkuni, T. Ishida, Y. Inada, Y. Haga, E. Yamamoto,
Y. 6nuki, and S. Takahashi, J. Phys. Soc. Jpn. 66, 48
(1997).

12. Y. Haga, Y. Inada, K. Sakurai, Y. Tokiwa, E. Yamamoto,
T. Honma, and Y. Onuki, J. Phys. Soc. Jpn. 68, 339
(1999).

13. T. J. B. M. Janssen, C. Haworth, S. M. Hayden, P.
Meeson, M. Springford, and A. Wasserman, Phys. Reov.
B57, 11698 (1998).

14. T. Terashima, H. Takeya, S. Uji, K. Kadowaki, and H.
Aoki, Solid State Commun. 96, 459 (1995).

15. M. Heinecke and K. Winzer, Z. Phys. B98, 147 (1995).

16. G. Goll, M. Heinecke, A. G. M. Jansen, W. Joss, L.
Nguyen, E. Steep, K. Winzer, and P. Wyder, Phys. Rev.
B53, 8871 (1996).

17. C. Bergemann, S. R. Jullian, G. J. McMullan, B. K.
Howard, G. G. Lonzarich, P. Lejay, J. P. Brison, and J.
Flouquet, Physica B230—232, 348 (1997).

18. M. Sigrist and K. Ueda, Rev. Mod. Phys. 63, 239 (1991).

19. N. Sato, N. Aso, G. H. Lander, B. Roessli, T. Komat-
subara, and Y. Endoh, J. Phys. Soc. Jpn. 66, 1884 (1997).

20. N. Metoki, Y. Haga, Y. Koike, and Y. Onuki, Phys. Rev.
Lett. 80, 5417 (1998).

21. M. Kyogaku, Y. Kitaoka, K. Asayama, C. Geibel, C.
Schank, and F. Steglich, J. Phys. Soc. Jpn. 61, 2660
(1992).

22. K. Matsuda, Y. Kohori, and T. Kohara, Phys. Rev. B33,
15223 (1997).

23. H. Tou, Y. Kitaoka, K. Asayama, N. Kimura, Y. Onuki, E.
Yamamoto, and K. Maezawa, Phys. Rev. Lett. 77, 1374
(1996); Phys. Reo. Lett. 80, 3129 (1998).

24. K. Tenya, M. lkeda, T. Sakakibara, E. Yamamoto, K.
Maezawa, N. Kimura, R. Settai, and Y. Onuki, Phys. Reo.
Lett. 77, 3193 (1996).

Fizika Nizkikh Temperatur, 1999, v. 25, No 8/9



De Haas-van Alphen oscillation

25

26.
27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

. K. Matsuda, Y. Kohori, and T. Kohara, J. Phys. Soc. Jpn.
65, 679 (1996).

K. Maki, Phys. Rev. B44, 2861 (1991).

A. Wasserman and M. Springford, Physica B194—196, 1801
(1994).

S. Dukan and Z. Tesanovi¢, Phys. Reov. Lett. 74, 2311
(1995).

M. G. Vavilov and Y. P. Mineev, JETP 85, 1024 (1997).
L. P. Gor’kov and J. R. Schrieffer, Phys. Rev. Lett. 80,
3360 (1998).

M. Tinkham, Introduction to Superconductivity, McGraw-
Hill, New York (1975), p. 111.

G. D. Mahan, Many-Particle Physics, Plenum Press, New
York (1981).

U. Brandt, W. Pesch, and L. Tewordt, Z. Phys. 201, 209
(1967).

K. Ishida, H. Mukuda, Y. Kitaoka, K. Asayama, and Y.
Onuki, Z. Naturforsch 51a, 793 (1996).

M. Hedo, Y. Inada, E. Yamamoto, Y. Haga, Y. Onuki, Y.
Aoki, T. D. Matsuda, H. Sato, and S. Takahashi, J. Phys.
Soc. Jpn. 67, 272 (1998).

M. Hedo, Y. Kobayashi, Y. Inada, E. Yamamoto, Y. Haga,
J. Suzuki, N. Metoki, Y. Onuki, H. Sugawara, H. Sato, K.
Tenya, T. Tayama, H. Amitsuka, and T. Sakakibara, J.
Phys. Soc. Jpn. 67, 3561 (1998).

C. Broholm, J. K. Kjems, W. L. Buyers, P. Matthews,
T. T. M. Palstra, A. A. Menovsky, and J. A. Mydosh,
Phys. Rev. Lett. 58, 1467 (1987).

A. Krimmel, P. Fischer, B. Roessli, H. Maletta, C. Geibel,
C. Schank, A. Grauel, A. Loidl and F. Steglich, Z. Phys.
B86, 161 (1992).

K. Sugiyama, M. Nakashima, H. Ohkuni, K. Oda, K.
Kindo, N. K. Sato, N. Kimura, T. Komatsubara, E. Ya-
mamoto, Y. Haga, T. Honma, R. Settai, and Y. 6nuki,
Physics of Strongly Correlated Electron Systems, T. Ko-
matsubara, H. Fujii, Y. Onuki, and H. Shiba (eds.), Jpn.
J. Appl. Phys. Series 11, 18 (1999).

S. A. Mentink, T. E. Mason, S. Siillow, G. J. Nieuwen-
huys, A. A. Menovsky, and J. A. Mydosh, Phys. Rev. B33,
R6014 (1996).

Fizika Nizkikh Temperatur, 1999, v. 25, No 8/9

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

M. B. Maple, J. W. Chen, Y. Dalichaouch, T. Kohara, C.
Rossel, and M. S. Torikachvii, Phys. Rev. Lett. 56, 185
(1986).

W. K. Kwok, L. E. DeLong, G. W. Crabtree, and D. G.
Hinks, Phys. Reo. B41, 11649 (1990).

J. P. Brison, N. Keller, P. Lejay, A. Huxley, L. Schmidt,
A. Buzdin, N. R. Bernhoeft, I. Mineev, A. N. Stepanov, J.
Flouquet, D. Jaccard, S. R. Julian, and G. G. Lonzarich,
Physica B199-200, 70 (1994).

K. Matsuda, Y. Kohori, and T. Kohara, J. Phys. Soc. Jpn.
65, 679 (1996).

S. Wiichner, N. Keller, J. L. Tholence, and J. Floquet,
Solid State Commun. 83, 355 (1993).

Y. Haga, T. Honma, E. Yamamoto, H. Ohkuni, Y. Onuki,
M. Ito, and N. Kimura, Jpn. J. Appl. Phys. 37, 3604
(1998).

Y. Onuki and T. Komatsubara, J. Magn. Magn. Mater.
63—64, 281 (1987).

N. Keller, S. A. J. Wiegers, J. A. A. J. Berenboom, A. de
Visser, A. A. Menovsky, and J. J. M. Franse, J. Magn.
Magn. Mater. 177—181, 298 (1998).

J. P. Brison, P. Lejay, A. Buzdin, and J. Flouquet, Physica
C229, 79 (1994).

C. Geibel, C. Schank, S. Thies, H. Kitazawa, C. D. Bredl,
A. Bohm, M. Rau, A. Grauel, R. Caspary, R. Helfrich, U.
Ahlheim, G. Weber, and F. Steglich, Z. Phys. B84, 1
(1991).

Y. Haga, E. Yamamoto, Y. Inada, D. Aoki, K. Tenya, M.
Tkeda, T. Sakakibara, and Y. Onuki, /. Phys. Soc. Jpn. 63,
3646 (1996).

Y. Inada, A. Ishiguro, J. Kimura, N. Sato, A. Sawada, T.
Komatsubara, and H. Yamagami, Physica B206—207, 33
(1995).

L. M. Sandratskii, J. Kiibler, P. Zahn, and [. Mertig,
Phys. Rev. B30, 15834 (1994).

K. Knoépfle, A. Mavromaras, L. M. Sandratskii, and J.
Kiibler, J. Phys. Condens. Matter. 8, 901 (1996).

S. Koh, Phys. Rev. B31, 11669 (1995).

K. Satoh, T. Fujita, Y. Maeno, Y. Onuki, and T. Komat-
subara, J. Phys. Soc. Jpn. 38, 1012 (1989).

795



