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Abstract Perturbed gamma–gamma angular correlation (PAC) technique was used
to measure the magnetic hyperfine field (mhf) in RNiIn (R = Gd, Dy, Tb, Ho)
intermetallic compounds using the 111In →111Cd and 140La →140Ce probe nuclei.
The PAC spectra for 111Cd measured above magnetic transition temperature show
a major fraction with a well defined quadrupole interaction for all compounds
except GdNiIn where a single frequency was observed. PAC measurements below
TC showed a combined electric quadrupole plus magnetic dipole interaction for
111Cd probe at In sites, and a pure magnetic interaction for 140Ce at R sites. The
temperature dependence of mhf measured with 140Ce at R sites shows that the values
of fields drop to zero at temperatures around the expected TC for each compound.
However, in the measurements with 111Cd at In sites, the mhf values become zero at
temperatures which are smaller than TC. The difference between the temperatures at
which mhf is zero for 140Ce and 111Cd probes correlates with TC. For each compound
this difference decreases with TC. The results are discussed in terms of the RKKY
model for magnetic interactions and the existence of two magnetic systems, with
distinct exchange interaction energies due to different types of atomic layers in these
compounds.
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1 Introduction

The investigation of hyperfine interactions in intermetallic magnetic compounds has
been an important tool to better understand the origin of magnetic properties of
these materials. In particular, due to very large thermal neutron absorption cross
sections, little information is available from neutron diffraction studies about the
details of the magnetic structure in some ternary intermetallic compounds containing
rare-earth elements. Nevertheless, the investigation of the origin of the magnetic
interactions on atomic scale is essential to better understand a wide variety of
interesting magnetic properties in many families of rare-earth ternary compounds.
The RNiIn family is formed by a series of compounds that crystallize in the ZrNiAl-
prototype structure formed by magnetic R-Ni layers alternated with non-magnetic
Ni-In layers. The magnetic R atoms form a triangular structure, which is a deformed
Kagomé lattice. These compounds have been very little studied so far. In this family,
GdNiIn, TbNiIn, DyNiIn and HoNiIn order ferromagnetically below 96, 70, 30 and
20 K, respectively [1]. Perturbed gamma–gamma angular correlation (PAC) tech-
nique has been used to investigate the temperature dependence of (efg) and magnetic
hyperfine field (mhf) at In sites with 111In-111Cd probe nuclei as well as (mhf) on rare
earth atom, with 140La-140Ce in RNiIn (R = Gd, Tb, Dy, Ho) compounds. Some of
the results for the temperature dependence of mhf have been previously reported
[2] and show that mhf measured with 140Ce at R sites drop to zero at temperatures
around the expected TC for each compound but for the measurements with 111Cd
at In sites, the mhf values go to zero at smaller temperatures. In the present work,
results of efg and mhf measurements are discussed.

2 Experimental procedure

Samples of RNiIn compound were prepared by repeatedly melting the constituent
elements in an arc furnace under pure argon atmosphere. Carrier free 111In nuclei
were introduced into the sample by thermal diffusion. A separate sample was
prepared for each compound with radioactive 140La nuclei, produced by neutron
irradiation of lanthanum metal in IEA-R1 reactor at IPEN, substituting about 0.1%
of R atoms. All the samples were annealed in vacuum for 48 h at 800◦C.

The perturbed gamma–gamma angular correlation (PAC) measurements were
carried out using a spectrometer consisting of four conical BaF2 detectors with
a conventional fast-slow coincidence electronic set-up. The well known gamma
cascade of 172–245 keV, populated from the decay of 111In with an intermediate
level with spin I = 5/2+ at 245 keV (T1/2 = 84.5 ns) in 111Cd, was used to investigate the
hyperfine interactions at In sites. The gamma cascade of 329–487 keV populated from
the decay of 140La with an intermediate level with spin I = 4+ at 2,083 keV (T1/2 =
3.45 ns) in 140Ce was used to measure the magnetic hyperfine field (Bhf ) at Ce. The
samples were measured in the temperature range of 8–300 K using a closed-cycle
helium cryogenic device. The time resolution of the system was about 0.6 ns for both
gamma cascades. A detailed description of the PAC method as well as measurements
and analysis of data can be found else where [3, 4].
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Fig. 1 PAC spectra measured
with 111Cd probes at indicated
temperatures for RNiIn
compounds. The solid lines are
the least squares fit to the
experimental data

3 Results and discussion

Some of the PAC spectra measured with 111Cd are shown in Fig. 1. The results for
temperatures above the magnetic transition temperature show a major fraction (62%
to 81%) with well defined quadrupole interaction for all compounds except GdNiIn
for which a single frequency was observed. The additional interaction observed
for the other three compounds is due to probe nuclei occupying some other site,
probably the rare-earth sites, or trapped in vacancies. Other possibility would be
that probe nuclei occupy In sites in a different compound formed during arc melting
of constituents. In TbNiIn, at room temperature for instance, 81% of 111Cd probes
show an interaction with νQ = 80.8(1) MHz, δ = 2.4(1)%, and η = 0.81(1) while 19%
are associated to νQ = 88.1(1) MHz, δ = 0, and η = 1.

At low temperatures, each compound shows a combined magnetic dipole plus
electric quadrupole interaction and the measured spectra are characterized by a ma-
jor quadrupole frequency and a temperature dependent magnetic dipole interaction.
Table 1 shows the experimental values for Vzz and η as well as the extrapolated
value for Bhf (0) and the magnetic ordering temperature determined from the fitting
of a Brillouin function for J spin of the R element to the experimental data for each
compound. In all cases, below approximately reported Curie temperature a unique
magnetic interaction was observed for 140Ce at rare earth atom sites of the samples.
Due to very small value the quadrupole moment of the 2,083 keV 4+ state of 140Ce
almost pure magnetic dipole interactions were observed in the ferromagnetic phase
of the samples.

The results for the temperature dependence of the Bhf for all compounds, mea-
sured with 140Ce and 111Cd, show a significant difference in the temperatures below
which the magnetic order starts (see Table 1). The possibility that this difference
is sample dependent was ruled out mainly because the minor fraction observed in
TbNiIn, which was assigned to 111Cd probes occupying Tb sites, showed a magnetic
interaction with TC = 68.3(1.2) K, very close to the reported value of 70 K for
the Curie temperature, whereas for probes occupying In sites in the same sample
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Table 1 Experimental values for some hyperfine parameters and magnetic transition temperatures
for the studied compounds

Compound aVzz
aη BCd

hf (0) BCe
hf (0) TCd TCe TC

(1021 V/m2) (Tesla) (Tesla) (K) (K) (K)

GdNiIn 4.10(4) 0.79(1) 11.9(2) 3.52(7) 56.4(5) 95.8(7) 96
TbNiIn 4.03(4) 0.80(1) 6.8(1) 3.02(8) 51.2(4) 71.3(9) 70
DyNiIn 4.03(4) 0.80(2) 2.7(1) 2.05(7) 26.3(3) 29.8(5) 30
HoNiIn 4.31(5) 1.00(3) 1.8(1) 1.72(7) 18.1(3) 20.2(5) 20
ameasured at room temperature

Fig. 2 Temperature
dependence of Bhf at Tb
(full circles) and In (open
circles) sites measured with
111Cd in TbNiIn compound.
The solid lines are the
Brillouin curve for S = 3

TCd = 51.2(4) K (see Fig. 2). A strong evidence that other phases are not responsible
for the observed difference in the magnetic ordering temperature is the fact that
the GdNiIn compound for which this difference is larger, the same behavior was
observed in three different GdNiIn samples measured with 111Cd probes and only
one single frequency was observed for each sample.

The extrapolated value Bhf (0) at 111Cd sites in GdNiIn was compared to the Curie
temperature [5] and the result showed a ratio of Bhf /TC= 0.12 T/K that agrees
very well with the value Bhf /TC = 0.116 T/K previously reported by Forker et al.
[6] where they compared the saturation value of Bhf at 111Cd sites in some Gd
compounds. The saturation value of Bhf at 140Ce on Gd sites in GdNiIn was also
compared to the respective transition temperature along with other Gd compounds
and showed a linear behavior as well [7]. The linear relation between Bhf at 140Ce and
the magnetic transition temperature may imply that the main contribution to the Bhf

comes from the CEP at the probe site via Fermi contact field from s-electrons. The
main contribution to the magnetic hyperfine field at rare-earth nuclei is supposed to
come from the orbital angular momentum of 4f-electrons with fields of the order of
hundreds of Tesla. In free Ce3+ ion , Bhf ∼185 T [8] and, as the Bhf (0) for 140Ce are
much smaller than this value for all studied compounds, we conclude that the probe
in this case behaves as closed shell nuclei like 111Cd.

Figure 3 shows the temperature dependence of Vzz for GdNiIn. It can be seen that
Vzz decreases linearly with temperature above 80 K. At lower temperatures however,
the value increases when temperature decreases from 60 to 50 K, and then there is
a sharp decrease at still lower temperatures. The angle between Vzz and Bhf at low
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Fig. 3 Temperature
dependence of Vzz at In
sites measured with 111Cd
in GdNiIn compound

temperatures is around 30◦ and increases to around 60◦ at 50 K. We believe that such
variation in the Vzz is related to the fact that the ordering temperature is different
at 111Cd sites. One possible explanation would be that Bhf changes its direction with
temperature and, as the structure of the compounds is formed in layers, the intensity
of the magnetism become higher in the plane of the rare-earth layer than in the
perpendicular direction at this plane towards the layer that contains the In.

The difference in the temperatures at which Bhf goes to zero for 140Ce probe at
R sites and 111Cd probe at In sites in each compound points to an evidence that
the RNiIn is, in fact, a group of compounds, which present two distinct magnetic
systems. One of these systems is the (3R+Ni) atomic layer at z = 1/2 within the P62m
space group whereas the other one is the (3In+2Ni) layer at z = 0. The exchange
interaction that gives rise to magnetism in these compounds is larger within the
atomic planes than the interaction between the planes. This explains the relative
independence of the two magnetic systems. The measured MHF at the minor fraction
of Cd probe atoms in TbNiIn exhibit a transition temperature similar to that obtained
with Ce probes. This is an evidence that in this case the 111Cd probes are also
occupying the Ce sites which lie within the (3R+Ni) layers that present a higher
magnetic transition temperature.

Acknowledgements Partial financial support for this research was provided by the Fundação de
Amparo para Pesquisa do Estado de São Paulo (FAPESP). RNS and AWC thankfully acknowledge
the support provided by CNPq in the form of a research fellowship. The authors also thank J.Th.
Cavalcante and M. Forker, who kindly provided the computer program PACFIT used for fitting the
PAC spectra.

References

1. Tyvanchuk, Yu.B., et al.: J. Magn. Magn. Mater. 277, 368 (2004)
2. Lapolli, A.L., Saxena, R.N., Mestnik-Filho, J., Leite, D.M.T., Carbonari, A.W.: J. Appl. Phys. 101,

09D510 (2007)
3. Carbonari, A.W., Saxena, R.N., Pendl Jr., W., Mestnik Filho, J., Attili, R., Olzon-Dionysio, M.,

de Souza, S.D.: J. Magn. Magn. Mater. 163, 313 (1996)



106 A. W. Carbonari et al.

4. Dogra, R., Junqueira, A.C., Saxena, R.N., Carbonari, A.W., Mestnik-Filho, J., Morales, M.: Phys.
Rev. B 63, 224104 (2001)

5. Lapolli, A.L., Carbonari, A.W., Saxena, R.N., Mestnik-Filho, J.: Hyperfine Interact. 158, 157
(2004)

6. Müller, S., de La Presa, P., Forker, M.: Hyperfine Interact. 133, 59 (2001)
7. Carbonari, A.W., Lapolli, A.L., Saxena, R.N., Mestnik-Filho, J., Leite, D.M.T.: Physica B 389, 168

(2007)
8. Bleany, B.: In: Elliot, R.J. (ed.) Magnetic Properties of Rare Earth Metals, p. 383. Plenum,

New York (1972)


	Hyperfine interactions at R and In sites in RNiIn (R = Gd, Tb, Dy, Ho) compounds measured by perturbed angular correlation spectroscopy
	Abstract
	Introduction
	Experimental procedure
	Results and discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /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
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


