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Synopsis

The Kondo-lattice compound CeNiSn behaves as a narrow-gap semiconductor at
low temperatures below 7 K. The effect of magnetic field on the gapped state of this
compound has been studied by the measurements of magnetization, magnetoresistance
and specific heat on a single-crystalline sample. A weak metamagnetic transition and
very large negative magnetoresiostance are observed only when a magnetic field
higher than 13 T is applied along the a axis of the orthorhombic structure. These
results show that the pseudogap is suppressed anisotropically by the magnetic field.
The collapse of the gap is accompanied with the evolution of a polarized heavy-
fermion state.

I. Introduction

Kondo-lattice compounds are intermetallic compounds possessing an ordered lattice
of a rare earth atom with unstable 4f electrons such as Ce and Yb. The valence
fluctuation and heavy-fermion behavior of these compounds have been the subject of
intensive studies.!) Most Kondo-lattice systems have a metallic ground state, either
magnetically ordered or Pauli paramagnetic. Recently, a different type of ground state
with an energy gap at the Fermi level has been found in YbB12,2:3) CeNiSn,4-7)
CeRhSb,8) and Ce3BigPt3.9) The gap energy is estimated to be 56, 6, 8 and 70 K,
respectively, from the semiconducting behavior of the resistivity. The energy scale of
the gap corresponds to the magnetic energy of tens of Tesla, which is now accessible
with high field techniques. Thus we are able to study the magnetic response of the
gapped state. In fact, the previous measurements of magnetoresistance on a
polycrystalline sample of CeNiSn showed that the semiconducting gap is closed at
around 20 T.10) The larger energy gap in YbBj2 is also destructible by the
application of magnetic field of 50 T.3)

Our recent investigation of single-crystalline CeNiSn has revealed that the magnetic
and transport properties in zero field are strongly anisotropic.5-7) This behavior
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reflects strong hybridization of the 4f states with the 5p and 3d states of the neighbor-
ing Sn and Ni atoms in the orthorhombic structure. Therefore, we expect anisotropic
effect of magnetic field on the the magnetic and transport properties. Keeping this in
mind, we have performed the measurements of magnetization, magnetoresistance and
specific heat on single-crystalline samples of CeNiSn. The results will be discussed in
relation to the model of hybridization gap in the Kondo-lattice system.11,12)

II. Experimental

Single crystals were grown by a floating-zone method using a single-ellipsoidal
infrared mirror furnace. The crystals obtained are about 7 mm in diameter and 20
mm in length elongating along the b axis. The field dependence of magnetization was
measured in pulsed magnetic fields up to 36 T at the High Magnetic Field Laboratory
of the Research Center for Extreme Materials, Osaka University. The eddy current
effect was sufficiently reduced by using a long-pulsed field of about 20 ms and samples
with cross-sections less than 0.3 mm2. The magnetoresistance was measured by four-
probe dc technique in magnetic fields up to 15 T, which were produced by a water-
cooled magnet at the High Field Laboratory for Superconducting Materials of Institute
for Materials Research, Tohoku University. The specific-heat measurements were
performed using a relaxation-type calorimeter, which was mounted into a dilution
refrigerator equipped with a superconducting magnet at Technische Hochschule
Darmstadt. '

III. Result and Discussion
3.1 Magnetization

The field dependence of magnetization M(H) of single crystal CeNiSn at 1.3 K is
represented in Fig. 1 from Ref. 13. The M(H) curve only along the a axis exhibits a
weak metamagnetic-like transition near 13 T. It is more clearly seen in the derivative
susceptibility dM/dH vs H. However, the increase in M associated with the transition is
much smaller than that found in nonmagnetic heavy-fermion compounds like
CeRu2Si2.14) This fact suggests that the weak transition in CeNiSn is not due to the
suppression of antiferromagnetic intersite interactions as found in CeRu3Si; but due
to the collapse of the pseudogap. Above 20 T, M(H) along the a axis increases linearly
with increasing field and attains a value of 0.3 ug/Ce at 36 T. The size of the
magnetization is only one fourth of that found in the isostructural, antiferromagnetic
compound CePtSn, 1.2 ug/Ce.15) The small and linearly increasing moment in CeNiSn
can be interpreted as a result of strong Kondo-type interaction persisting even after
the pseudogap has collapsed. Assuming the effective moment of 0.3 ug/Ce, the
magnetic energy at the transition field of 13 T corresponds to the thermal energy of
2.6 K, which is comparable to the gap energy estimated from the a-axis resistivity.5)
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Fig. 1. Magnetization of CeNiSn along the three
principal axes at 1.3 K (after ref. 13).

3.2 Magnetoresistance

The magnetoresistance of single crystalline samples show very strong anisotropy.
In Fig. 2, we present the normalized magnetoresistance Ap(H)/p(0) at 1.4 K, where
Ap(H) = p(H) - p(0).13) At H = 15T, the negative magnetoresistance for H//a attains
-88%, which is much larger than for H//b and H//c. Thus, the energy gap is most
sensitive to the magnetic field applied along the easy a axis. For H//a, the dependence
of magnetoresistance on the current direction was further examined. In Fig. 2(b), the
field dependence of Ap(H)/p(0) for I//c is similar to that for 1//b, whereas Ap(H)/p(0)
for I//a is almost constant up to 4 T and then gradually decreases with increasing field.
These results suggest a strong anisotropic scattering mechanism under magnetic fields.

Shown in Fig. 3 is the temperature dependence of the resistivity along the three
principal axes in fields of 0, 12 and 14 T.16) At H = 0 T, p,a(T) exhibits a maximum
near 11.4 K, which has been ascribed to the development of antiferromagnetic
correlations.3) In a field of 14 T parallel to the a axis, this maximum is almost
smeared out. The strong suppression of the upturn below 6 K is a result of the gap
suppression by magnetic fields. A drastic effect occurs in the resistivity for the
configuration I//b and H//a, which indicates metallic behavior and is in contrast to the
semiconductor-like behavior for H//c. Furthermore, at temperatures below 4 K, it
obeys a T2 dependence with a coefficient of 1.0 uQcm/K2 and a residual resistivity of
39 uQcm. The size of this coefficient is typical for moderately heavy fermion systems.



-100
10

T

AP (HY P(0) (°fs)

~-50

=100 55—

Fig. 2. Magnetoresistance of CeNiSn at 1.4 K
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Fig. 3. Electrical resistivity vs temperature for
CeNiSn in external fields 0, 12 and 14 T for
electrical currents along the three principal

axes (after ref. 16).

3.3 Specific Heat in Magnetic Fields

The suppression of the energy gap by magnetic field was further studied by
specific-heat measurements.) Temperature variations of the specific heat of CeNiSn
in magnetic fields parallel to the a and ¢ axes are shown in Figs. 4(a) and 4(b),
respectively. At H =0 T, C/T is almost proportional to T between 0.3 and 0.8 K and
the linear extrapolation to T= 0 K yields a y value of 57 mJ/K2mol. This size of y
value seems to be too large to be ascribed to the contribution from impurity
phases.Rather, it may be the contribution from the residual density of states at EF in
the pseudogap, as inferred from the saturation of the resistivity below 1 K.6) The
origin of the upturn in C/T below 0.2 K is not clear yet.

When magnetic field is raised to 12 T, the value of C/T is strongly enhanced for
H//a, whereas it is almost unchanged for H//c. For H//a, the field dependence of C/T
was measured at 0.15, 0.42 and 0.76 K. As shown in Fig. 5, the values of C/T at these
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Fig. 4. Specific heat of CeNiSn plotted as C/T Fig. 5. Field variation of C/T of CeNiSn for
vs T in magnetic fields for (a) H//a and (b) H//c H//a axis at low temperatures (after ref. 6).

(after ref. 6).

temperatures stay constant for H < 4 T and then increase monotonically from about 70
to 125 mJ/K2mol. This large enhancement is consistent with the heavy-fermion
behavior in pp(T) at 12 T in Fig. 3(b). These results support the idea that the density
of states in the minimum of the V-shaped pseudogap is increased by application of
magnetic field along the easy axis of magnetization. In this anisotropic suppression of
the pseudogap, a strong spin polarization of the renormalized band should play an
important role. According to the model of the hybridization gap,11:12) the collapse of
the pseudogap is attributed to the magnetic excitation of an electron from a state in the
lower hybridized band to a state in the upper hybridized band with spin flipping.

IV. Summary

The effect of magnetic field on the gapped state of CeNiSn has been studied by the
measurements of magnetization, magnetoresistance and specific heat on a single-
crystalline sample. A weak metamagnetic transition and very large negative
magnetoresiostance are observed only when a magnetic field higher than 13 T is
applied along the a axis of the orthorhombic structure. These results indicate an
anisotropic suppression of the pseudogap, which is interpreted as a result of strong
spin polarization of the renormalized narrow band. The collapse of the gap is
accompanied with the evolution of a polarized heavy-fermion state.



311

Acknowledgment

The authors acknowledge fruitful collaborations with M. Nagasawa, H. Fujii, T.
Suzuki, T. Fujita, M. Date, U. Ahlheim, C. Geibel and F. Steglich. This work was
supported in part by a Grant-in-Aid for Scientific Research from Ministry of
Education, Science and Culture of Japan.

References

1) N. Grewe and F. Steglich, in Handbook on the Physics and Chemistry of Rare
Earths, ed. by K.A. Gschneidner, Jr. and L. Eyring (Elsevier, Amsterdam, 1991)
Vol.14, p. 343.

2) M. Kasaya, F. Iga, K. Negishi, S. Nakai, and T. Kasuya, J. Magn. Magn. Mater.
31-33(1983)437.

3) K. Sugiyama, A. Ohya, M. Date, F. Iga, M. Kasaya and T. Kasuya, J. Magn.
Magn. Mater. §2(1985)283 and K. Sugiyama, F. Iga, M. Kasaya, T. Kasuya and
M. Date,.J. Phys. Soc. Japan 57(1988)3946.

4) T. Takabatake, Y. Nakazawa and M. Ishikawa, Jpn. J. Appl. Phys. Suppl. 26-3
(1987)547.

5) T. Takabatake, F. Teshima, H. Fujii, S. Nishigori, T. Suzuki, T. Fujita,

Y. Yamaguchi, J. Sakurai and D. Jaccard, Phys. Rev. B41(1990)9607.
6) T. Takabatake, M. Nagasawa, H. Fujii, G. Kido, M. Nohara, S. Nishigori,
T. Suzuki, T. Fujita, R. Helfrich, U. Ahlheim, K. Fraas, C. Geibel and

F. Steglich, Phys. Rev. B45(1992)5740.

7) T. Takabatake and H. Fujii, Jpn. J. Appl. Phys. Ser.8 (1992)156.

8) S.K. Malik and D.T. Adroja: Phys. Rev. B43(1991)6277.

9) MLF. Hundley, P.C. Canfield, J.D. Thompson, Z. Fisk and J.M. Lawrence, Phys.
Rev. B42(1990)6842.

10) T. Takabatake, Y. Nakazawa, M. Ishikawa, T. Sakakibara, K. Koga and I. Oguro,
J. Magn. Magn. Mater. 76&77(1988)87.

I1) P.S. Riseborough, Phys. Rev. B45 (1992)13984.

12) P. Schlottmann, Phys. Rev. B46(1992)998 and V. Dorin and P. Schlottman, Phys.
Rev. B46(1992)10800.

13) T. Takabatake, M. Nagasawa, H. Fujii, G. Kido, K. Sugiyama, K. Senda, K. Kido
and M. Date, Physica B172(1992)177.

14) J.M. Mignot, J. Flouquet, P. Haen, F. Lapierre, L. Puech and J. Voiron, J. Magn.
Magn. Mater. 76&77(1988)97.

15) T. Takabatake, H. Iwasaki, G. Nakamoto, H. Fujii, H. Nakotte, F.R. de Boer and
V. Sechovsky, Physica B182(1992).

16) T. Takabatake, M. Nagasawa, H. Fujii, M. Nohara, T. Suzuki, T. Fujita, G. Kido
and T. Hiraoka, J. Magn. Magn. Mater. 108(1992)155.



