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High-Field de Haas-van Alphen Effect in non-centrosymmetric CeCoGez and LaCoGes
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We report on de Haas-van Alphen effect measurements in the@arosymmetric systems CeCaGe
and LaCoGg in magnetic field up to 28 Tesla. In both compounds, two newn fiigquencies were ob-
served in high fields. The frequencies were not detectedawiqus lower field measurements. The fre-
guencies do not originate from magnetic breakdown, andefbie, are likely to be intrinsic features of
the compounds. In CeCogghe corresponding effective masses are strongly enhahegt) of the order
of 30 bare electron masses.
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Following the discovery of superconductivity in the non- The dHvVA effect in CeCoGgand LaCoGg was previ-
centrosymmetric heavy-fermion compound GERP mate- ously investigated in magnet fields up to 17 Tédldn both
rials without inversion symmetry in their crystal strueur compounds, four fundamental frequencies were identifiéd, a
have attracted a lot of experimental and theoretical inteof them split due to spin-orbit interaction. The frequescie
est. The interest is mainly due to a fascinating theoretthemselves and their angular dependencies are similattn bo
cal predictio’'® that superconductive pairing in such syscompounds and are in a rather good agreement with the re-
tems requires an admixture of a spin-singlet with a spirsults of theoretical band structure calculations perfatiog
triplet state. Subsequent observation of supercondticiivi LaCoGe. As compared to other non-centrosymmetric com-
other non-centrosymmetric compounds CeRHBCelrSi,%  pounds, the splitting of dHVA frequencies in CeCaGmd
CeCoGg,®") and CelrGg® has further stimulated the re- LaCoGg is relatively small, implying a moderate spin-orbit
search efforts. Very unusual superconducting propert@ew coupling of about 100 K. In LaCoGeall the dHVA frequen-
indeed observed in some systems, such as enormously habs were doubled implying either a slightly unperfect qual
upper critical field in Celr§® and CeRhSi.1) ity of the sample or a field dependence of the frequencies.

The absence of inversion symmetry in the crystal latticEhe highest effective mass observed in CeCp{5€el2 bare
of a metal brings about a strong spin-orbit coupling, whiclelectron masses corresponding to thbranch. Finally, only
in turn leads to the splitting of the electronic energy bandsne frequency originating from the-branch representing the
The Fermi-surface of such a metal is, therefore, also spbit i biggest Fermi surface was initially observed in CeCg&e
two surfaces characterized by different chirality. Thisura  We present here the results of the dHVA effect measure-
rally results in the appearance of two distinct frequeniies ments in non-centrosymmetric CeCoGand LaCoGeg in
the spectra of de Haas-van Alphen (dHvA) oscillations. I wamagnetic fields up to 28 Tesla produced by a resistive mag-
demonstrated theoreticafly) that the analysis of the oscilla- net in GHMFL. The measurements were performed on sin-
tory spectra in such materials provides a direct measuteof tgle crystals similar to those studied by Thamizhaatehl.*¥
strength of the spin-orbit coupling. Itis thus very impaittto  The details of crystals preparation and characterizatien a
obtain detailed and precise dHVA frequencies and their anggiven elsewheré? The measurements were performed us-
lar dependence in materials without inversion center. Istmoing a torque cantilever magnetometer. The magnetometer was
non-centrosymmetric compounds this coupling is extremelyounted in a top-loading dilution refrigerator equippedhwi
strong being of the order of 1000 K. a low-temperature rotation stage.

CeCoGg and its non-4 analog LaCoGg crystallize in Figure 1 shows the oscillatory torque and the corresponding
the tetragonal BaNiSatype crystal structure. CeCogés a  Fourier transform in LaCoGen field from 20 to 28 Tesla. All
moderate heavy-fermion system with a Sommerfeld coeffihe previous dHVA frequenci&® can be clearly identified,
cient of the specific heat = 0.032 J/molK2. It undergoes and their values are very close. The most remarkable differ-
an untiferromagnetic transition dtv; = 21 K, followed by ence with lower field measurements is the observation of two
two more transitions af’v, = 12 K and T3 = 8 K.  new fundamental frequencies denotediaand B in figure 1.
Three consecutive metamagnetic transitions were observEde new frequenciesis = 14.1 kKT andFg = 21 kT, are
for magnetic field applied along the easy magneta&xis. considerably higher than the highest frequency,= 9.15
The high pressure phase diagram of CeCp{Sequite com- KT, reported for lower fields.
plicated demonstrating six different phas@sviagnetic order The dHvVA oscillations observed in CeCo{leetween 20
vanishes around 55 kbar, and superconductivity is obsémvedand 28 T are shown in the upper panel of figure 2. Like
the range of 54-75 kbar. in LaCoGe, all the fundamental frequencies previously ob-
served in CeCoGgare still present at high field (lower panel
of figure 2). In addition, both components of theébranch are
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Fig. 1. High field (20-28 T) dHvVA oscillations (upper paneldaits Fig. 2. dHVA oscillatory signal (upper panel) and its Fouripectrum
Fourier spectrum (lower panel) in LaCo&#r magnetic field applied at (lower panel) observed in CeCogwith magnetic field (20-28 T) applied
2° from the c-axis at 60 mK. The frequencies that were observed in the at 9 from [100] to [110] atT" = 60 mK. The frequencies denotel] e,
previous lower-field measurements are denoted by Greekdetihile the 3 anda. were observed in the previous lower field measurements (téth
new frequencies observed at high field only are dendtechd B. exception ofat-branch). The frequencies denotddand B are observed

only at high field and were not detected in the previous measents.

now clearly resolved. With magnetic field applied &tfeom

the Crysta”ographi@-axisl the two frequencies are close tdiVG'y. This is in contrast with all the other branches whitie

each otherF,+ = 10.17 kT and F,,- = 10.47 kT. The effective masses of the two components are quite close to eac
most significant result, however, is the presence of the ne@her. The most surprising result, however, is that thecéffe
frequenciesA and B, in the Fourier spectrum of CeCoge Mmasses of the new frequencies are strongly enhanced being 27
The frequencies are somewhat lower than in LaGplBeng and 31 bare electron masses foand B respectively. These

F, = 12.31 KT andFz = 19.42 kT. Like in LaCoGg, both Values by far exceed the masses of the other previously ob-
new frequencies are fundamental. served frequencies.

Figure 3 shows the temperature dependence of the dHvAFigure 4 shows the angular dependence of the dHVA fre-
amplitudes of the new frequencidsand B as well aso and ~ quencies in CeCoGefor the magnetic field rotation from
-branches in CeCoGédor magnetic field applied attdrom  [001] towards [100] direction. The frequencies were deter-
the crystallographic-axis, the same orientation as in figure 2Mmined from the Fourier transform over the field range from
These data allow one to determine effective masses by fitti#§ to 28 Tesla. The angular dependence of the frequencies
the experimental points to the temperature-dependenbpartobserved at lower fields is very similar to the previously re-
the Lifshits-Kosevich formuld® The best fits to the formula Ported oné:® The highest of the new frequencies, exists
along with the extracted effective masses are also shown @ly over a small angular range at about #®m thec-axis.
figure 3. It was previously report& thata and3-branches The other new frequency, however, is observed over an an-
possess the highest effective masses of 8 and 12 bare elec@iglar range of about t2and is centered around theaxis.
masses respectively. These values are very close to thencurr It is not perfectly clear whether the new dHvA frequencies
results if only thex— frequency is considered and taking intoA and B observed both in LaCoGeand CeCoGg emerge
account that only a single frequency from théranch was ©nly at high field above 17 T or exist at lower fields as well,
|n|t|a||y observedin previous measurements. |ntereb]imbe but can not be detected due to experimental Iimitationgl Ver
affective masses of the two frequencies originating froe thsmall amplitudes of the corresponding oscillations as aell
a-branch differ by a factor of more than two, being 14.9 angtrongly enhanced effective masses found in CeGaGake
7.3 bare electron masses fot anda~ frequencies respec- the latter scenario quite possible. In LaCg@E®wever, while
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Fig. 3. (Color online) Temperature dependence of the dHvAlande is

shown fora and 3-branches as well as the new frequenciesnd B of
CeCoGg with magnetic field applied at®from c to a-axis. Lines are
the fits to the temperature dependent part of the Lifshitsekizh formula

A(T) x Mipﬁm’ wherea =~ 14.69 T/K. The effective masses,

m™*, obtained from the fits are also showng is the bare electron mass.
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Fig. 4. Angular dependence of the dHvVA frequencies in CeGo@Ge
shown for the magnetic field rotated from [001] towards [18Dgction.
Only fundamental frequencies are shown. The new frequentiand B
are shown as closed symbols.

cross-sections corresponding to both frequencies do rot ex
ceed the area of the Brillouin zone perpendicular to the ap-
plied magnetic field. On the other hand, if the emergence of
the new frequencies is intrinsically related to high magnet
fields, this would easily account for their absence in thedban
structure calculations performed for zero magnetic field. |
this indeed is the case, the new frequencies certainly do not
originate from a magnetic breakdown as there are no two fun-
damental frequencies that would sum up to yield any of them.
Furthermore, the high effective masses observed in CeCoGe
also rule out such a possibility. Thus, the new frequenaies a
likely to be an intrinsic property of the compounds and seem
to originate from a field-induced modification of the Fermi-
surface.

In conclusion, two new high dHvVA frequencies have been
observed both in LaCoGeand CeCoGgin high magnetic
field up to 28 T. The frequencies are similar in both com-
pounds. Neither of the new frequencies was detected in the
previous lower-field measurements or revealed by theoreti-
cal band structure calculations. In CeCa@Gne frequencies
correspond to strongly enhanced effective masses implying
that they represent thermodynamically important parthief t
Fermi-surface. While it is not certain if the frequencies ap
pear in high magnetic field only or simply experimentally un-
detectable at lower field, they certainly do not originaterir
magnetic breakdown. They are therefore likely to be inicins
for both compounds and are possibly due to a field-induced
modification of the Fermi-surface.
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