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Fermi surface of the heavy-fermion superconductor CeColg:
The de Haas-van Alphen effect in the normal state
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Measurements of the de Haas—van Alphen effect in the normal state of the heavy-fermion superconductor
CeColny have been carried out using a torque cantilever at temperatures ranging from 20 to 500 mK and in
fields up to 18 T. Angular-dependent measurements of the extremal Fermi surface areas reveal a more extreme
two-dimensional sheet than is found in either CeRhdn Celrln,. The effective masses of the measured
frequencies range from 9 to 20/m,.
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[. INTRODUCTION using a rotating torque cantilever magnetometer designed for
operation at low temperatures between 20 and 500 mK in
The compounds Q¢lns; (M=Cao, Ir, Rh are a fascinat- applied fields ranging from 5 to 18 T. Complete field rota-
ing family of heavy-fermion superconductdréThese mate- tions in the[100] and[001] planes of the tetragonal structure
rials crystallize in the tetragonal HoCogstructure and are were made, and temperature-dependent measurements of the
built of alternating stacks of Cejnand Min,. The com-  dHvA amplitudes were studied.
pounds CeColnand Celrlg have superconducting transi-  The sample was grown from an In ffiand etched in a
tion temperatures of 2.3 K and 0.4 K, respectively, whereagse, HCl in H,O solution down to a small plate that was
CeRhiny orders antiferromagnetically at 3.8 K at ambient mounted on the cantilever with GE varnish. The sample was
pressure, but applied pressures of order 16 kbar can induggounted in multiple orientations with respect to the cantile-
an apparently first-order transition from the magnetically or-er to remove any possibility of systematic instrumental er-
dered state to a superconducting one Witk=2.1 K. Below ¢ \which might affect frequency and mass determinations.
1.4 K the transition from the normal state to the supercon- |, e gHyA measurements the oscillatory part of the
ducting state as a function of magnetic field in CeGdias ), 4netization of the sample is measured as a function of

been found to be first order at ambient pressufée par- . : : o , ;
ticular attraction of these materials, then, is that not only dofleld' The resulting signal is periodic inB/This oscillatory

they represent a substantial increase in the number of knowRagnetizationM is given by the Lifshitz-KosevitcHLK)
heavy-fermion superconductors, but they also appear to bRduation(see Ref. 9 for the mathematical details
quasi-two-dimensional(quasi-2D variants of Celg, an

ambient-pressure antiferromagnet in which superconductiv- o \Y2TET exp(— apx/H)
ity can be induced at 25 kbar and 200 niRef. 4 and have M=—2.602<10"¢ p e
properties of unconventional superconductivity. Movshovich HA p¥?sinh( — apT/H)
et al® have shown a power-law temperature dependence in
o O . |(2mpF\ 1 =
the specific heat and thermal conductivity suggesting Xsin | ——| — = +—|, (1)
strongly that the superconductivity in CeCglis unconven- H 24

tional. If one can demonstrate that the reduced dimensional-

ity is responsible for the factor of 10 increase in superconWherea=1.47(m/my) X105 G/K, A" is the second deriva-
ductingT,, the impact of these compounds on the physics ofive of the area of the FS cross section that is perpendicular
superconductivity will far exceed that of just another family to the applied field]" is the spin reduction factop is the

of heavy-fermion superconductors. harmonic number, and is the Dingle temperature. The fre-

As a first step in determining the dimensionality and na-quencies of the dHvVA oscillations are proportional to ex-
ture of the electronic structure in CeCglwe report the tremal areas of the FS. Applying this formula to extract the
results of de Haas—van AlphgdHvA) measurements that FS properties of a heavy-fermion material presents no new
show the quasi-2D nature of the Fermi surfd€®) as well  complications®
as the large effective masses of electrons on this FS. We also The measured signal from the torque cantilever is a volt-
compare our results to previously reported dHVA studies ofge proportional to the gap between the flexible cantilever
CeRhin (Ref. 6 and Celrl (Ref. 7). plate to which the sample is attached and a figederence
plate. The total gap separation is measured as a capacitance
using a precision capacitance bridge that can detect changes

The measurements reported here were performed at the better than 1 part in fOThe measured oscillations in the
National High Magnetic Field Laboratory, Tallahassee, FL,torque arise from anisotropy in the Fermi surface, such that

IIl. MEASUREMENTS
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FIG. 1. The Fourier spectrum of the dHvA oscillations shown in ir -
the inset for the applied field alod@01]. Six fundamental frequen- ) L ]
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whereF is the dHVA frequency® is the angle of the applied © [deg.]

field, M is the LK expression above, aiis the volume of FIG. 2. The angular dependence of the dHVA frequencies for
the sample. It should be noted that for field directions neagecoln is shown here for rotations arouri@o]. The solid line
high symmetry axes where extremal FS areas go througbhows a fit to the expected 1/d®sdependence for a 2D FS. The
maxima or minima such thadF/d® becomes small, the |ow frequencies are due to small 3D ellipsoidal pockets.
signals measured with a torque cantilever also become small.
[100] and [001] principles axes were not possible in these
IIl. RESULTS measurements due to a near zero slope in the frequency ver-
sus angle plots that causes very small signals and a rapidly
For the field directed along tH@01] axis oscillations are  diminishing signal with increasing temperature. This tem-
clearly seen at the lowest temperatuf28 mK) as shown in  perature behavior is the signature for high effective masses

Fig. 1 along with a fast Fourier transfor(RFT) of the data.  as the high masses in Table Il illustrate.
The frequencies of these oscillations are listed in Table I. As

the field is rotated away from tH®01] the signals become IV. DISCUSSION
stronger due to the larger values @F/d® away from the
axis. The determination of the dHVA frequencies for angles The dHvA measurements on CelIn(Ref. 7) and
between[001] and[100] and betwee001] and[110] was CeRhin (Ref. 6 find multiple branches for rotations in the
possible with the results displayed in Fig. 2. The masses fof001]-[100] and [001]-[110] planes of the tetragonal struc-
the field applied along thgl11] wheredF/d® is large were ture. Most of these branches are associated with large
measured and had values from nearty*9m, to 20m*/m,.  quasi-2D undulating cylinders that show the expected
The effective masses for carriers on three orbits for the field/cos@¢) dependence withd being the angle at which the
applied along th¢111] were determined, the results of which field is applied away from th¢001] axis. Band structure
are summarized in Table Il. Mass determinations for thecalculations, in both Refs. 7 and 6, show, in addition, that
several small pieces of FS should exist in both CeRlaimd
TABLE |. Measured dHVA frequencies for CeCglmwith B Celrlrs.
along[001]. Both F; and F¢ are difficult to see in this FFT. The We find a very similar situation in CeCagjin that theF 5,
amplitude ofF; grows with increasing anglé=s is also more evi- F, and F5 branches in Fig. 2 are closely spaced in fre-
dent at the higher angles, but it is observable in this data set if tthency’ corresponding to extremal areas on an open 2D un-
high-field data are analyzed apart from the low-field part of thedulating cylinder extending along t§801] direction. How-

sweep. ever, fewer frequencies are observed for Cegdlhan was
Symbol F () TABLE Il. Measured masses for dHVA frequencies for CeGoln
Fe 7535 with B along[111].
Fs 5401
Symbol F(T m*/m
Fl 5161 y M o
Fa 4566 Fa 6064 20.3= 0.7
Fs 411 Fs 5550 11.2+ 0.2
Fp 267 F, 760 8.7+ 2.2
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the case for CeRhin(Ref. © or Celrlry (Ref. 7. Some of ties and cooperative phenomena that are seen in CeColn
the frequencies observed in these two cases are attributed $hould be much more 2D in character than those found in
holes in the cylinders and the band structure calculationgither CeRhlg or Celrin,. The fact that thd@ . in CeColn is
bear out this assignment. Because the mass enhancemests§mes higher than that observed in Cedrkmould suggest
expected in all of these materials are comparable, based QAat the increasingly two-dimensional electronic structure
heat capacity datd, the reduced number of observed fre- has a direct correlation with enhancad. Studies of the
quencies seen here cannot be attributed to particularly heayermi surface of CeRhinat pressures adequate to produce
carriers in CeColg The cylindrical surface in CeCajrap-  superconductivity would be valuable in confirming this sup-
pears to be closed with no holes and much more 2D like thapgsition because th€, of CeRhiny under pressure is com-
in either of the other two cases. The fact that we observgaraple to that of CeCoin

three closely spaced frequencies for the field applied along

[001] indicates that there are small undulations on this cyl-

inder giving rise to the three extremal areas. Based on com- ACKNOWLEDGMENTS
parisons of the observed closely spaced frequencies near
6000 T, the magnitude of this undulation in CeCpis ap- This work was supported in part by the National Science

proximately 50% less than that observed in CeRhdnd  Foundation under Grant No. DMR-99713d@&F.). A portion
Celrlng. In addition, the number of low frequencies in of this work was performed at the National High Magnetic
CeColn; is much smaller than in either the Rh or Ir analogs,Field Laboratory, which is supported by NSF Cooperative
so there are a smaller number of electrons exhibiting 3DAgreement No. DMR-9527035 and by the State of Florida.
behavior. Work at Los Alamos was performed under the auspices of

These results indicate that many of the transport propertthe U.S. Department of Energy.

IH, Hegger, C. Petrovic, E. G. Moshopoulou, M. F. Hundley, J. L. 8Donavan Hall, T. Murphy, E. Palm, S. Tozer, Z. Fisk, R. G. Goo-
Sarrao, Z. Fisk, and J. D. Thompson, Phys. Rev. 1814986 drich, P. G. Pagliuso, and J. L. Sarrao, Phys. Re§4B064506
(2000. (2002).

2J.D. Thompson, R. Movshovich, N. J. Curro, P. C. Hammel, M. 7y, Haga, Y. Inada, H. Harima, K. Oikawa, M. Murakawa, H.
F. Hundley, M. Jaime, P. G. Pagliuso, J. L. Sarrao, C. Petrovic, Nakawaki, Y. Tokiwa, D. Aoki, H. Shishido, S. Ikeda, N. Wa-
Z. Fisk, F. Bouquet, R. A. Fisher, and N. E. Philliggnpub- tanabe, and Y. Onukiunpublishedl
lished. 8C. Petrovic, P. G. Pagliuso, M. F. Hundley, R. Movschovich, J. L.

3T. P. Murphy, Donavan Hall, E. C. Palm, S. W. Tozer, Z. Fisk, R. Sarrao, J. D. Thompson, and Z. Figknpublished
G. Goodrich, P. G. Pagliuso, J. L. Sarrao, and J. D. Thompson.epy - ghoenbergMagnetic Oscillations in Metal¢Cambridge Uni-

4Ncogdﬁiﬁﬁrloﬁlzﬂmgfs:gﬁzeg R. Julian, I. R. Walker, D. M versity Press, Cambridge, England, 1984
I.Zre)./e R K’ W I;laselwimnlwer. aﬁd G G .Lo.nzarich ’ Na.ltur.e i:A' Wasserman and M. Springford, Adv. Phy, 471 (1996.

R ' L ' C. Petrovic, R. Movshovic, M. Jaime, P. G. Pagliuso, M. F. Hun-

SI;L&Z%ZQO?/?:E?AGJZ?&; J. D. Thompson, C. Petrovic, Z. Fisk dey, J. L. Sarao, Z. Fisk, and J. D. Thompson,
i o - . L " cond-mat/001226 unpublishedl

P. G. Pagliuso, and J. L. Sarrao, cond-mat/001L@publisheg

212508-3



