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The Fermi surface of PuIn3 is investigated using flux-grown single crystals. Shubnikov-de Haas
(SdH) oscillations were detected by means of the skin-depth measurement using a proximity-
detector-oscillator circuit. Angular dependence of the SdH frequency which corresponds to the
extremal cross-sectional area of Fermi surface agrees well with the previous magnetic susceptibility
measurement using conventional field-modulation method. The SdH oscillation suddenly vanishes
when the magnetic field is tilted from the cubic [111] direction.
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I. INTRODUCTION

Rare-earth and actinide compounds are extensively
studied because of their unusual behavior including
heavy fermion formation and its superconductivity, vari-
ous magnetic / multipolar orderings or Kondo-insulating
behavior. While the 4f electrons in rare-earth elements
can be regarded as localized electrons except for Ce and
Yb, itinerant character is dominant in light actinide ele-
ments, as demonstrated in the Wigner-Seitz radius deter-
mined experimentally for light actinide elemental metals.
This is most likely due to the larger spatial extent of the
wave function of 5f electrons compared to that of 4f
electrons. However, this tendency is no more valid for
heavy actinide elements. Namely, Am and heavier ac-
tinide metals have almost constant Wigner-Seitz radius
similar to that in lanthanide metals.

Plutonium is just located between these two limits.
The Wigner-Seitz radius of plutonium at room tempera-
ture is slightly larger than neptunium where 5f electrons
are almost delocalized. It changes discontinuously with
increasing temperature and finally approaches to the ra-
dius corresponding to the localized 5f state.

∗E-mail: haga.yoshinori@jaea.go.jp

One of the experimental methods to determine the 5f
electronic state is the Fermi surface measurement using
the de Haas-van Alphen oscillations which can determine
the precise cross sectional area of Fermi surface perpen-
dicular to external magnetic field. If the 5f electrons
participate in the conduction band, they contribute to
the Fermi surface volume. The first dHvA measurement
on plutonium containing material was conducted using
the field modulation technique. The quantum oscilla-
tion was clearly observed for the plutonium compound
PuIn3 [1]. PuIn3 crystallizes in the cubic AuCu3-type
crystal structure. This earlier study reported that this
compound shows a heavy fermion behavior.

It was also clarified that the radiation effect due to the
alpha decay of plutonium atoms significantly reduces the
oscillation amplitude. The observed dHvA signal was
compared with the band calculations under the assump-
tion of itinerant 5f electron picture.

The aim of the present study is to confirm the quan-
tum oscillation from the Fermi surface of PuIn3 using
the skin-depth measurement using a fresh single crystal
to avoid radiation damage.
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Fig. 1. (Color online) SdH oscillation measured on PuIn3.

II. EXPERIMENTS AND DISCUSSION

Single crystal samples of PuIn3 were prepared using
self-flux method at LANL.

For the quantum oscillation measurements, a magnetic
torque measurement using a cantilever and an rf skin-
depth measurement were performed. The sample was
cooled down to about 0.5 K using a 3He cryostat under a
static magnetic field up to 15 T. The sample rotator was
used to measure the field angle dependence. In order to
avoid the accumulation of radiation damage due to alpha
decay of 239Pu, the flux grown crystals were transported
to the measurement facility in a few hours.

For the magnetic torque measurement, we used a
metallic cantilever. The displacement of the cantilever
due to the sample’s torque was monitored through the
change in the capacitance between the cantilever and
the reference electrode. In this measurement, however,
quantum oscillations were observed only from the indium
metal possibly included in the crystal grain boundary
during the flux-growth process. It was not possible to
extract the signal from PuIn3. On the contrary, the
skin-depth measurement described below successfully de-
tected the signal from PuIn3.

In the skin-depth measurement, the sample located in
a pick-up coil was put in a metallic container to avoid
radioactive contamination. The rf skin-depth was mea-
sured using a proximity detector oscillator (PDO) tech-
nique to detect quatum oscillations of resistivity as a
function of magnetic field [2]. In the skin-depth mea-
surement, only the sample volume corresponding to the
skin-depth of the order of 10 µm contributes to the sig-
nal. It is therefore expected that the skin-depth mea-
surement is insensitive to the foreign signal coming from
the inclusions deep inside the sample. In fact we detected
the intrinsic signal from PuIn3 using the skin-depth mea-
surement and the signal from indium can be neglected.

We succeeded in observing a clear SdH oscillation as
a function of inverse magnetic field. The raw data has a

Fig. 2. (Color online) Angular dependence of the SdH fre-
quency in PuIn3. Triangles correspond to the present results,
while solid curve is taken from ref. 1.

linear frequency shift as a function of magnetic field. Af-
ter subtraction of the background, clear oscillation was
obtained, as shown in Fig. 1. The SdH frequency is pro-
portional to the cross sectional area of the Fermi surface
along the magnetic field direction. Therefore the shape of
the Fermi surfaces can be obtained by measuring the an-
gular dependence of the SdH frequency, as shown in Fig.
2. The SdH oscillation was observed when the magnetic
field is applied around the [111] axis. The present results
(triangle) reproduce well the previous study [2] (solid
curve) measured using the conventional field modulation
technique. The obtained SdH frequency can be explained
by the band calculations assuming the 5f electrons are
delocalized. The obtained cyclotron mass which was de-
termined from the temperature dependence of the SdH
amplitude is also consistent with the previous study.

The SdH oscillation suddenly vanishes at angles
around 30 and 65 degrees which cannot be explained
from the calculated Fermi surface properties assuming a
non-magnetic ground state.

It was recently reported that PuIn3 has a possible anti-
ferromagnetic ordering at 14 K [3]. Although the details
of the ordering have not been clarified, one can assume
a modification of the Brillouin zone in the ordered state.
Among the actinide analogue, UIn3 and NpIn3 are re-
ported to order magnetically. UIn3 is an antiferromag-
net with a propagation vector (1/2, 1/2, 1/2) [4]. On the
other hand, NpIn3 has two phase transitions. The first
one is a ferromagnetic one at 14 K with spontaneous mo-
ment along the [111] direction. It changes into an antifer-
romagnetic ground state with a long-period modulation
(3/8, 3/8, 3/8) [5]. In PuIn3, according to the band cal-
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culations, a small pocket Fermi surface is located at the
Γ point. The observed SdH frequency agrees well with
that expected from this Fermi surface. The size of the
cross-sectional area is fairly smaller than the Brillouin
zone. Assuming a simple antiferromagnetism similar to
that of UIn3, the present Fermi surface is even smaller
than the magnetic Brillouin zone. It is likely for the
present Fermi surface to survive the magnetic ordering.

For further discussion, detailed understanding of the
ordered phase is necessary. Physical properties in both
paramagnetic and ordered states are in progress.

III. CONCLUSIONS

We have observed Shubnikov-de Haas oscillations in a
plutonium compound PuIn3 using the PDO technique.
PDO technique is very powerful in detecting quantum
oscillation of flux-grown materials. The angular depen-
dence of the SdH and the cyclotron mass well agree with
the previous study. Unusual change in the oscillation
amplitude is possibly related to the phase transition at
14 K.

ACKNOWLEDGMENTS

This work was supported by a Grant-in-Aid for Sci-
entific Research on Innovative Areas: Heavy Electrons
(No. 20102002), Scientific Research S (No. 20224015)
from the Ministry of Education, Culture, Sports, Sci-
ence and Technology (MEXT) and Japan Society of the
Promotion of Science (JSPS).

REFERENCES

[1] Y. Haga, D. Aoki, H. Yamagami, T. D. Matsuda, K. Naka-
jima, Y. Arai, E. Yamamoto, A. Nakamura, Y. Homma,
Y. Shiokawa and Y. Onuki, J. Phys. Soc. Jpn. 74, 2889
(2005).

[2] M. M. Altarawneh, C. H. Mielke and J. S. Brooks, Rev.
Sci. Instrum. 80, 066104 (2009).

[3] E. D. Bauer, M. M. Altarawneh, P. H. Tobash, K.
Gofryk, O. Ayala-Valenzuela, J. N. Mitchell, R. D. Mc-
Donald, C. H. Mielke, F. Ronning and J. C. Griveau, J.
Phys.:Condens. Mat. 24, 052206 (2012).

[4] A. Murasik, J. Leciejewicz, S. Ligenza and S. A. Misiuk,
Phys. Stat. Sol. A 20, 395 (1973).

[5] E. Colineau, A. Blaise, P. Burlet, J.-P. Sanchez and J.
Larroque, Physica B 206, 528 (1995).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice




