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Electric field gradients of CeMIn5 (M = Co, Rh, Ir) heavy-fermion systems studied by perturbed
angular correlations and ab initio electronic structure calculations
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The electric field gradient (EFG) at the highly dilute nuclear probe 111Cd in the heavy fermion systems CeMIn5,
M = Co, Rh, and Ir and YCoIn5 has been investigated by perturbed angular correlation (PAC) measurements of
the nuclear electric quadrupole interaction (QI) of 111Cd on In sites. Pure and Sn-doped single crystals prepared
by In-flux synthesis and polycrystalline samples prepared by arc melting have been studied. The samples were
doped with the PAC probe 111Cd by diffusion of the mother isotope 111In. In all samples, several fractions of 111Cd
probe nuclei subject to different QI’s have been observed, among them a large fraction of 111Cd in unreacted In
metal. Detailed calculations of the EFG at In nuclei and at Cd probes on In sites of pure and Sn-doped CeMIn5

were preformed, using the full-potential augmented plane wave + local orbital (APW + lo) formalism and taking
into account different variables such as the electronic structure of the hyperfine probes, probe induced structural
distortions, and impurity doping. The excellent agreement between the predicted EFG’s and the experimental
results allows us to assign two of the observed EFG components to the lattice sites 1c and 4i of the CeMIn5

compounds and to explain the pronounced difference of the EFG at In and Cd probes on the same lattice position.
Structural distortions induced by the Cd probe and Sn-doping were found to have little effect on the EFG at the Cd
probes. We also show that the local spin density approximation (LSDA) and LDA + U calculations predict very
similar equilibrium structures and EFG’s at the In/Cd sites. The extension of the experiments and the calculations
from CeMIn5 to YCoIn5 and LaCoIn5 have established that the influence of the 4f electrons on the EFG’s at
impurity sites is negligibly small.
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I. INTRODUCTION

The Ce compounds CeMIn5 (M = group VIII transition
metal), YCoIn5, and LaCoIn5 (generically referred to as the
“115s” for their chemical composition) have received consid-
erable attention in recent years because of their exceptional
richness in low-temperature electronic phenomena, including
heavy-fermion behavior and antiferromagnetic fluctuations
together with unconventional superconductivity (see Ref. 1
and references therein).

Much of the experimental information presently available
on CeMIn5 with M = Co, Rh, or Ir has been obtained by
measurements of hyperfine interactions (HFI) using nuclear
quadrupole resonance (NQR) and nuclear magnetic resonance
(NMR), mostly with 115In and (to lesser extent) 59Co as probe
nuclei.1–7

It has been established that the properties of the Ce-115
compounds can be modified by doping them with donor
or acceptor impurities. The superconductivity of CeCoIn5 is
destroyed by substituting 3.6% of In by Sn8,9 and hole doping
by substitution of In by Cd allows reversible tuning between
superconducting and antiferromagnetic ground states.10,11 The
interaction between nuclear moments and extra-nuclear fields
provides information on the charge and spin distributions
in the close vicinity of the probe nuclei. Measurements of
the electric and/or magnetic HFI of Sn or Cd impurities
and the comparison with the HFI of the In constituents can

therefore possibly contribute to the understanding of the effect
of these impurity states on the CeMIn5 properties. Hyperfine
interactions at Sn nuclei can be studied by 119Sn Mössbauer
spectroscopy and at Cd nuclei by 111In → 111Cd perturbed
angular correlations (PAC).12

To assess the potential and eventual difficulties of PAC
spectroscopy for studies of the CeMIn5 heavy-fermion sys-
tems, we have investigated the electric field gradient (EFG) at
the Cd nuclei in CeMIn5 by PAC measurements of the nuclear
electric quadrupole interaction (QI) with the radio-isotope
111Cd as probe nucleus. The EFG tensor is directly related
to the anisotropy of the electronic density,12 which in turn
reflects the probe chemistry with its neighborhood.13

An important aspect of the present investigation concerns
the sample preparation. Most studies of CeMIn5 use single
crystals synthesized by the In-flux technique.14 The 171–
245 keV γ γ -cascade of 111Cd employed in PAC spectroscopy
is populated by the electron capture decay of the 2.8 d isotope
111In. The compounds to be investigated must therefore be
doped with the radioisotope 111In. As addition of radioactive
111In to the In-flux synthesis is problematic for several reasons,
the samples are better doped after synthesis, either by ion
implantation or by diffusion. In the present case, diffusion
was used to dope In-flux single crystals of the 115 family
previously used in electrical resistivity measurements15,16

and polycrystalline samples prepared by arc-melting of the
constituents.
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As the CeMIn5 structure contains two nonequivalent In
sites (relative intensities 4:1, see below), the PAC spectra are
expected to present at least two components with different QI
parameters. The assignment of the experimental QI parameters
to the In lattice sites, however, is not straightforward. The
intensity ratio of the two PAC components must not necessarily
agree with that of the lattice sites, since the sample preparation
by diffusion might involve some site preference. Furthermore,
since the probe nucleus 111Cd is an impurity on In sites,
an assignment based on the comparison of QI and lattice
symmetry might also be problematic.

For these reasons, a reliable site assignment requires an
accurate calculation of the EFG17 at the impurity sites in
the system under study. This is possible through the use of
an all-electron ab initio electronic structure calculation in
the framework of the density-functional theory (DFT).18 By
electronic structure calculations, the EFG’s can be determined
for different structural and electronic scenarios, which can
then be compared to the experimental results. In this way,
local properties such as the location of defects and impurities
can be determined. Assignment of hyperfine interactions to
structural sites was reported, for example, in Refs. 19 and 20.

In the present study, the full-potential linear augmented
plane wave plus local orbital (APW + lo) method was used
for the calculation. This method allows us to determine the
electronic structure of pure and Cd-doped CeMIn5 and the
atomic relaxations introduced by the impurities in the host in
a fully self-consistent way using a supercell approach. For an
answer to the question to which extent the Ce-4f electrons
affect the EFG (the key experimental quantity) at In and Cd
sites, the calculations were extended to YCoIn5 and LaCoIn5.

This paper is organized as follows. In Sec. II, the systems
under study are described. In Sec. III, we present the details
of the sample preparation, the data analysis and our PAC
results. In Sec. IV, we describe the method of calculation and
the theoretical results. First, and to check the validity of our
approach, we will briefly describe the results obtained in the
pure systems. The results obtained for the structural properties
are presented and compared to x-ray diffraction experiments.
Our predictions for the EFG at In nuclei are compared with
experimental NQR results and other calculations reported
in the literature. We then present theoretical values for the
EFG at Cd nuclei in various 115 compounds and, based on
these calculations, we assign the experimentally determined
hyperfine interactions to the 1c and 4i lattice positions of the
RMIn5 structure. The role of structural distortions and the
influence of the Ce f electrons and of Sn dopants on the Cd-
EFG are discussed. Finally, Sec. V contains the conclusions.

II. THE SYSTEMS UNDER STUDY

CeMIn5 (and LaCoIn5 and YCoIn5) compounds are
isostructural with the tetragonal HoCoGa5 structure21–23

(space group P 4/mmm, number 123). The structure consists
of four atoms in the asymmetric unit cell where Ce, M ,
In1, and In2 atoms occupy the 1a (4/mmm), 1b (4/mmm),
1c (4/mmm), and 4i (mm2), sites, respectively. (For an
illustration, see Fig. 1 of Ref. 1). The compounds CeMIn5

(and similarly LaCoIn5 and YCoIn5) are built by monolayers of
face-sharing distorted cuboctahedra (CeIn3) and monolayers

TABLE I. Lattice parameters a and c and the positional parameter
z for CeCoIn5, CeIrIn5, CeRhIn5, LaCoIn5, and YCoIn5.

CeCoIn5 CeIrIn5 CeRhIn5 LaCoIn5 YCoIn5

[Ref. 22] [Ref. 22] [Ref. 22] [Ref. 22] [this work]

a (Å) 4.612929 4.6741 4.6562 4.63994 4.5094
c (Å) 7.55132 7.5015 7.5421 7.61516 7.4003
z(In-4i) 0.30943 0.30522 0.30592 0.311349 0.3075

of edge-sharing rectangular parallelepipeds (MIn2), stacked
alternatively in the [001] direction. The key structural unit
of the series is the distorted cuboctahedron (CeIn3). Such a
structural arrangement implies that the CeMIn5 are quasi-2D
variants of CeIn3.24 The positions of all the atoms in the unit
cell are determined by one internal parameter z. Ce/La/Y atoms
are located at (0,0,0), M at (0,0,1/2), In1 at (1/2,1/2,0), and
In2 at (0,1/2,z). The cell constants and the positional parameter
z of all the 115 compounds studied here are listed in Table I.
As far as we know, no cell constants and the z parameter of
YCoIn5 were reported in the literature. For this reason, the
equilibrium lattice parameters and positional parameter z in
YCoIn5 were calculated. For this purpose, we mapped the
energy surface as a function of a, c, and z in order to obtain
the lattice parameters corresponding to the minimum energy
of the system (for details see Ref. 20). The results for the
positional and the lattice parameters of YCoIn5 are presented
in Table I.

As the structure contains two nonequivalent In sites, two
contributions to the PAC spectrum are expected, one from the
axially symmetric 1c site located in the center of the basal
plane close to four Ce atoms, and the other one from the lower
symmetry 4i site surrounded by Ce and M ions.

III. EXPERIMENTS

A. Sample preparation

Compounds produced by two different routes of synthesis
were studied. (i) A total of six 115-family single-crystal sam-
ples produced by the In-flux technique14 were investigated: Sn-
doped single crystals CeCo(In1−xSnx)5 with 0.01 � x � 0.03
(samples I, II, and VI in Table II), CeRh(In1−xSnx)5, x = 0.032
(sample III), nondoped YCoIn5 (sample IV), and nondoped
CeCoIn5 (sample V). In the In-flux synthesis, stoichiometric
amounts of Ce and Co are heated with In excess to 1423 K and
subsequently cooled in a two-stage process rapidly to 1023
K and then slower to 723 K. At this temperature, the liquid
In excess is removed with a centrifuge. (ii) A polycrystalline
sample of nondoped CeCoIn5 (sample VII in Table II) was
produced by arc melting of stoichiometric quantities of
the metallic constituents under argon atmosphere. An x-ray
diffraction spectrum, taken after annealing in vacuum at 770 K
for 7 days, confirmed the tetragonal HoCoGa5 crystal structure
of the sample. The intermediate state of the 171–245 keV PAC
cascade of 111Cd has a half-life of T1/2 = 84 ns; its spin is I =
5/2. To introduce the (111In → )111Cd probes into the samples,
the mother isotope 111In, commercially available as carrier-free
aqueous solution of 111InCl3, was deposited onto the samples,
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TABLE II. Quadrupole interaction of the nuclear probe 111Cd in five Ce115-compounds: the relative intensity, the quadrupole frequency
νq, the corresponding EFG component Vzz, and the asymmetry parameter η of the different components detected in the 111Cd PAC spectra are
listed. The results for several compounds, different routes of synthesis and diffusion temperatures Tdiff are given. The assignment of components
Cd2 and Cd3 to sites 1c and 4i of the CeMIn5 structure is based on the ab initio calculation of the EFG described in Sec. IV, components
Cd1 and Cd5 are identified by previous PAC measurements as 111Cd on In sites of In metal 28 and CeIn3,29,30 respectively. The low-frequency
distribution of the polycrystalline sample (VII) is not listed. Question marks indicate uncertain assignments and/or unidentified components.

Compound Sample number Component-site assignment Rel. intensity νq = eQVzz/h (Mhz) Vzz (1021 V/m2) η

Group I: In flux synthesis
CeCo(In1−xSnx)5 Cd 1 - In metal 0.42 26.61 1.43 0
x = 0.01, 0.03
T = 15 K I, II Cd 2 - 4i ? 0.36 245.83 13.85 0.658
Tdiff = 670 K Cd 3 - 1c 0.03 63.61.5 3.41 0
Fig. 1 Cd 4 ? 0.18 321.13 17.24 0.0

CeRh(In1−xSnx)5 Cd 1- In metal 0.42 29.12 1.56 0
x = 0.032 III Cd 2 - 4i 0.08 218.94 11.78 0.6105

T = 15 K Cd 6 ? 0.151 389.14 20.89 0.0
Tdiff = 670 K Cd 7 ? 0.352 296.92 15.94 0.6272

YCoIn5 Cd 1- In metal 0.642 25.31 1.36 0.00
T = 15 K IV Cd 2 - 4 i 0.232 259.3 13.92 0.734
Tdiff = 670 K Cd 4 ? 0.131 338.59 18.18 0.00

CeCoIn5 Cd 1 - In metal 0.32 23.92 1.28 0
T = 15 K, V Cd 2 - 4 i 0.46 197.12 10.58 0.511
Tdiff = 770 K Cd 3 - 1c 0.15 65.55 3.51 0
Fig. 2 Cd 5 - CeIn3 0.07 81.47 4.37 0

CeCo(In1−xSnx)5 Cd 1-In metal 0.53 24.2 1.29 0
x = 0.025 VI Cd 2 - 4 i 0.33 198.02 10.63 0.521
T = 15 K Cd 3 - 1c 0.08 64.45 3.46 0
Tdiff = 770 K Cd 5 - CeIn3 0.06 80.58 4.32 0

Group II: Arc melting
CeCoIn5 Cd 2 - 4i 0.55 191.95 10.31 0.4991

T = 290 K,
Tdiff = 770 K VII Cd 3 - 1c 0.18 66.53 3.57 0
Fig. 4 Cd 5 - CeIn3 0.05 76.87 4.12 0

LaCoIn5 Ref. 31 4i 0.8 183.7 9.86 0.49
T = 290 K 1c 0.2 59.4 3.19 0

which were then encapsulated in vacuum and heated for 12 h
to high temperatures. (Note: the mole fraction of 111In/111Cd
probes in a standard PAC sample does not exceed about 10−8.)

In the first single-crystal experiments (samples I–IV of
Table II), the diffusion was carried out at 670 K (below the
second cooling stage of the In-flux synthesis). The results
of these measurements suggested that only part of the probe
nuclei reached the In sites of the CeCoIn5 structure. In later
single-crystal experiments (samples V and VI) the diffusion
temperature was raised to 770 K. The polycrystalline arc-
melted sample (VII) was also doped at this temperature. X-ray
diffraction spectra of CeCoIn5 single crystals taken before
and after heating to the diffusion temperature of 770 K for
12 h showed that the diffusion process leaves the HoCoGa5

structure unchanged.
The PAC measurements were carried out with a standard

four-detector BaF2 setup in the temperature range 10 K �
T � 1073 K. Temperatures T < 290 K were obtained with a
closed-cycle He refrigerator, whereas temperatures T > 290
K were produced with an especially designed PAC furnace.25

For the high-temperature measurements, the samples were
encapsulated under vacuum into small quartz tubes.

B. Data analysis

The unperturbed angular correlation of a cascade of
successive γ rays in nuclear decay can be expanded into a
series of Legendre polynomials with the number kmax of (even)
k depending on the spin I of the intermediate level and the
multipolarities l of the γ transitions:12

W (�) =
kmax∑
k=0

AkkPk(cos �), kmax � Min(2I,2l1,2l2). (1)

A hyperfine interaction in the intermediate state of the cascade
leads to a time modulation of the γ γ angular correlation. In
the case of polycrystalline samples, this modulation can be
expressed by a time-dependent perturbation factor:

W (�) =
kmax∑
k=0

AkkGkk(t)Pk(cos �). (2)

155132-3



M. FORKER et al. PHYSICAL REVIEW B 87, 155132 (2013)

Here, we are dealing with static electric quadrupole interac-
tions (QI) between the electric quadrupole moment Q of the
intermediate state and the EFG acting at the nuclear site. The
perturbation factor for a static QI can be written as12

Gkk(t) =
n∑
0

skncos (ωnt) exp

(
−1

2
δ ωnt

)
. (3)

The hyperfine frequencies ωn are related to the energy
differences of the hyperfine levels into which the nuclear state
is split by the QI. These frequencies depend on the quadrupole
frequency

νq = eQVzz/h (4)

and the asymmetry parameter

η = (Vxx − Vyy)/Vzz, (5)

where Vii = δ2V/δi2; (i = x,y,z) are the principal-axis com-
ponents of the EFG tensor with |Vxx | � |Vyy | � |Vzz|.

In polycrystalline samples, the amplitudes skn are functions
of the asymmetry parameter η only. The number n of terms
in Eq. (3) depends on the spin of the nuclear state under
consideration. For I = 5/2, n = 3. The exponential factor
accounts for possible distributions of the static QI caused by
structural or chemical defects, which lead to an attenuation
of the oscillatory PAC pattern. The parameter δ is the relative
width of a Lorentzian distribution.

In the case of single-crystal samples, the perturbation
depends—apart from the QI parameters νq and η—sensitively
on the orientation (θi, ϕi) of the γ -ray detectors i = 1,2
relative to the principal axes of the EFG tensor. By introducing
effective amplitudes seff

kn , Wegner26 has shown that for the
present case of nuclear spin I = 5/2 the perturbation factor
for QI’s in single crystals can be brought to a form analogous
to Eq. (3):

Gkk(t) =
∑

n

seff
kn cos(ωnt) exp

(
−1

2
δωnt

)
. (6)

The effective amplitudes seff
kn depend on the asymmetry

parameter, on the detector orientations (θi , ϕi) and the angular
correlation coefficients.

When several fractions of nuclei subject to different
hyperfine interactions are found in the same sample, the
effective perturbation factor is given by

Gkk(t) =
∑

i

fi G
i
kk (t) , (7)

where fi (with 
i fi = 1) is the relative intensity of the ith
fraction.

C. Experimental results

Figure 1 shows the PAC spectra of 111Cd in
CeCo(In1−xSnx)5, x = 0.03 (sample I), Fig. 2 those of
nondoped CeCoIn5 (sample V), both prepared by the In-flux
technique. At T � 290 K (lower sections of Figs. 1 and 2),
these spectra present fast oscillations of small amplitude
superimposed on a relatively slow variation of the perturbation
factor with time, indicating the presence of several fractions
of 111Cd probes subject to different QI’s.

FIG. 1. (Color online) PAC spectra of 111Cd in Sn-doped
CeCo(In1−xSnx)5; x = 0.03 (sample I) at 290 and 15 K. The
single-crystal sample, prepared by In-flux synthesis, was doped
with 111In/111Cd by diffusion at 670 K. The spectrum contains four
components: the dominant component Cd1 (red lines in the lower
sections) shows that a large fraction of the probe nuclei reside in
monocrystalline or strongly textured In-metal.

The spectra were analyzed by a least-squares fit of Eqs. (6)
and (7) to the experimental data. The almost triangular form
of the dominant fraction in the case of the 15 K-spectra of
Figs. 1 and 2 is clear evidence for a monocrystalline or strongly
textured sample. The amplitudes seff

kn of this fraction (red lines
in the lower sections of Figs. 1 and 2) were therefore treated as
adjustable parameters, whereas those of the other components
were well described by the assumption of polycrystalline
interactions. A total of four components or fractions were
required for a satisfactory description of the measured spectra.
Their relative intensities and the QI parameters νq and η at
T � 15 K are listed in Table II.

The dominant fraction (termed component Cd1 in the
following) that has been found in all 115 single crystals has
axial symmetry η = 0 and a relative intensity of 35–65% (see
Table II). In Fig. 3, the frequency of this component is plotted
versus temperature on a T 3/2 scale27 and compared to the
temperature dependence of the quadrupole frequency of 111Cd
nuclei in In metal.28 The perfect agreement in the temperature
trends of In metal and of component Cd1 of CeCo(In1−xSnx)5;
x � 0.03 is clear evidence for the presence of unreacted In
metal in these 115 single-crystal samples. The slightly larger
frequency in the case of CeRh(In1−xSnx)5 is possibly due to a
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FIG. 2. (Color online) PAC spectrum of 111Cd in pure CeCoIn5

(sample V) at 15 K. The compound, synthesized by the In flux
technique, was doped with the PAC probe 111In/111Cd by diffusion
at 770 K. The analysis of the measured PAC spectrum (blue
line in the bottom-most section) indicates the presence of several
probe sites (Cd1–Cd5) with different QI parameters. The dominant
contribution Cd1, represented by the red line in the bottom-most
section, corresponds to 111Cd probes in single-crystalline In metal.
After subtraction of this In-metal component, the spectrum (middle
section) contains three components denominated Cd2-Cd5, separated
in the top-most section.

contamination of the In metal by constituent elements of the
115 crystals.

The conclusion that the In part of the samples is in a
monocrystalline or at least in a strongly textured state is further
supported by the pronounced change in the overall shape of

FIG. 3. (Color online) The quadrupole frequency of 111Cd in pure
In metal and of the component Cd1 of the 111Cd PAC spectra of
Ce-115-compounds grown by the In-flux technique vs temperature
on a T 3/2 scale.

the Cd1 component between 15 and 295 K in Fig. 1: the
15 K spectrum was taken with the sample inside, that at
295 K with the sample outside the cryostat, and the orientation
of the sample relative to the detector system has unintentionally
been changed between the two measurements.

The fact that in contrast to the In metal component Cd1 the
components Cd2–Cd7 are well described by the assumption of
a polycrystalline interaction suggests that the In-flux samples
contain several pieces of Ce-115 single crystals, randomly
embedded in an environment of monocrystalline or strongly
textured In metal.

The observation of a large In metal component indicates
that the centrifuge separation of the In-flux is only partially
successful. Obviously, considerable amounts of In metal
still adhere to the Ce-115 crystals when they reach room
temperature. When cooled from the diffusion temperature, the
In excess solidifies and a strong texture forms.

The other components necessary to describe the PAC
spectra are shown in the top-most section of Figs. 1 and 2. In
pure (sample V, Fig. 2) and in Sn-doped (sample VI) CeCoIn5

one finds the same components: one nonperiodic (η �= 0; Cd2)
and two periodic components (η = 0; Cd3, Cd5). As we will
show in Sec. IV, Cd2 and Cd3 can be attributed to 111Cd
on sites 4i and 1c, respectively, of the HoCoGa5 structure.
From its QI parameters (νq , η), the second axially symmetric
component (Cd5) can be identified as 111Cd on the In site of
the compound CeIn3.29,30

Samples I and II [CeCo(In1−xSnx)5, x = 0.01, 0.03] are
doped to about the same Sn concentration as sample VI.
However, the quadrupole frequency of the component Cd2
of the latter sample is about 20 % smaller while the frequency
of Cd3 is very similar in all the Sn-doped (samples I, II, VI) and
non-Sn-doped (sample V) CeCoIn5 compounds. Furthermore,
samples I, II present a fast axially symmetric component Cd4
absent in samples V, VI.

The PAC spectrum of 111Cd:CeRh(In1−xSnx)5, x = 0.032
(sample III) contains one axially symmetric (Cd6) and two
asymmetric (Cd2, Cd7) components. The PAC spectrum of
YCoIn5 (sample IV) showed the largest In metal component of
all 115-family single crystals investigated (∼65%). In addition
to Cd1, two components were found: one (∼23%) with an
axially asymmetric QI (νq = 260 MHz, η = 0.73), another
one (12%) with a high frequency QI of axial symmetry (νq =
338 MHz, η = 0.0) comparable to Cd4 in samples I and II and
Cd6 in sample III.

The PAC spectra of polycrystalline CeCoIn5 produced by
arc melting of the constituents (sample VII, Fig. 4) are free of
an In metal component. In this case, three components with
sharp QI parameters are needed to describe the experimental
data: Cd2 and Cd3 and component Cd5 identified as 111Cd
on the In site of the compound CeIn3.29,30 Furthermore, the
slow decrease of the baseline of the 293-K spectrum in Fig. 4
suggests that a small fraction of the probe nuclei is subject to
a low-frequency QI distribution similar to the one observed at
1073 K. The QI parameters of components Cd2 and Cd3 are
very close to those found in the 111Cd PAC study of LaCoIn5

by Newhouse and Collins.31

For the polycrystalline compound and one nondoped single-
crystal sample, the QI parameters of components Cd2 and
Cd3 were studied as a function of temperature in the range
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4 K � T � 1100 K. Weak temperature dependence was found:

d ln νq/dT |4K = 1.22(3) × 10−4 K−1 for component Cd2 (site 4i),

d ln νq/dT |4K = 6.3(2.3) × 10−5 K−1 and d ln η/dT |4K = 6(2) × 10−5 K−1 for component Cd3 (site 1c).

The high-temperature measurements also showed that the
thermal stability of the 115 compounds studied here extends to
about T ∼ 1000 K; only at higher temperatures the oscillatory
structure of components Cd2 and Cd3 started to disappear.

IV. THEORY

A. Procedure

The analysis of the PAC spectra for diffused (111In → )111Cd
impurities in the 115 compounds gave evidence for up to
seven fractions, each with different EFG parameters, in the
set of CeMIn5 and YCoIn5 samples. By comparison with the
results of previous PAC studies on 111In-doped in metallic In28

and in CeIn3
29,30 two of the fractions could be assigned to

Cd substitutionally replacing In in metallic In and in CeIn3,

respectively. The principal aim of the theoretical work was to

FIG. 4. (Color online) PAC spectra of 111Cd in pure polycrys-
talline CeCoIn5 (sample VII) at 295 K (bottom-most section). This
sample was prepared by arc melting of the metallic constituents.
After annealing at 700 K for 7 d, the compound was doped with the
111In activity by diffusion at 770 K. Three components with sharp
QI parameters are present: Cd2, Cd3 and Cd5. The slow decrease
of the baseline of the 293-K spectrum reflects a low-frequency QI
distribution similar to the one observed at 1073 K. Note that in
contrast to the samples prepared by In-flux technique, the spectrum
of the arc-melted compound contains no In metal component.

identify—among the five fractions left—the two components
originating from sites 1c and 4i of the HoGaIn5 structure. For
this purpose, the EFG tensor at Cd impurities on these sites
was calculated by ab initio electronic structure calculations
for all compounds investigated. First, we determined the self-
consistent potentials and charge densities inside the Cd-doped
115 hosts and then calculated the EFG tensor at a Cd probe
nucleus replacing a single In atom on either sites 1c or 4i of
the host lattice, taking into proper account the structural and
electronic effects introduced by the impurities.

In order to simulate an isolated impurity, we employed the
supercell (SC) method. The SC considered here consists of
eight units cells of the 115 compounds repeated periodically,
where one of the 40 In atoms is replaced by a Cd atom. This SC
correspond to a system of composition CeM(In1−xCdx)5 with
x = 0.025. The resulting 56-atoms SC (56A-SC) has dimen-
sions a′ = 2a = b′ = 2b and c′ = 2c. Additional calculations
were performed (for some selected cases) using SCs with
189 atoms (a′ = 3a = b′ = 3b and c′ = 3c). These additional
calculations show that although a 2.5 at.% doping is large
compared with parts per million (ppm) dilutions in the samples
used in the PAC experiments, the choice of the 56A-SCs keeps
the Cd atoms sufficiently far from each other (at least 9 Å)
to avoid significant interactions. Thus, the 56-atoms SC is
an excellent compromise between computational times and
accuracy of the calculations.

DFT-based18 calculations have been performed with the
APW + lo method32 as embodied in the WIEN2K code.33

Exchange and correlation effects were treated using the
local spin density approximation (LSDA)34 and the Wu and
Cohen (WC-GGA,35) and the PBE-Sol parameterization of the
general gradient approximation (GGA).36 We also performed
LDA + U calculations.37 In this model, an additional on-site
Coulomb interaction for the f states is introduced. It was
verified that the results of these calculations do not change
significantly upon variation of U between 2.7 and 10.0 eV. The
EFG values listed in Table III were obtained with U = 8.1 eV, a
value typical for the lanthanides. The parameter RKmax, which
controls the size of the basis set, was fixed to 8.0 for the pure
systems. In the case of the 56 atoms-SC we used RKmax =
7.0 (R is the smallest muffin tin radius and Kmax the largest
wavenumber of the basis set). Integration in the reciprocal
space was performed using the tetrahedron method taking up
to 5000 k points in the first Brillouin zone for the pure systems
and 500 k points for the 56-atom SC’s. Atomic displacements
around the impurity have been obtained in the standard
way described elsewhere (see38,39). In all cases the lattice
parameters were fixed to the experimental values (with the
exception of YCoIn5, see Sec. II) and only the internal atomic
positions were minimized. The diagonal elements of the EFG
tensor were obtained directly from the V2M components of the
lattice harmonic expansion of the self-consistent potential.40

The largest component Vzz of the diagonalized EFG tensor is
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TABLE III. The electric field gradient (EFG) at In sites/nuclei in nondoped RMIn5; R = Ce, Y, La and M = Co, Rh, Ir. Theoretical results
of the positional parameter z, the largest component Vzz of the diagonalized EFG tensor, and the asymmetry parameterη obtained with the
procedures of the present study as described in Sec. IV A and some theoretical results by other authors are compared to experimental values.
The experimental EFG’s were derived from the measured quadrupole frequencies using Q(115In;9/2) = 0.77 b.41 In the case of the LDA + U

calculations U = 8.2 eV was used. Vzz values are in units of 1021 V/m2. For sites In-1c, one has η = 0.00.

Positional parameter EFG site 1c EFG site 4i

Compound Procedure z Vzz Vzz η

CeCoIn5 LDA 0.3094 11.3 20.5 0.27
WC-GGA 0.3089 10.9 19.7 0.29
PBE-sol 0.3089 10.9 19.7 0.29

LDA + U 0.3091 9.9 19.2 0.30
Theor. Ref. 1 10.09 19.2 0.37

Theor. Ref. 43 12.63 20.1 0.28
Experiment 0.30943 10.53 19.96 0.39

Ref. 22 Refs. 3 and 6

CeRhIn5 LDA 0.3037 10.3 21.4 0.35
WC-GGA 0.3031 10.0 20.8 0.36
PBE-sol 0.3031 9.9 20.7 0.37

LDA + U 0.3030 9.9 19.9 0.36
Theor. Ref. 1 7.94 21.4 0.43
Experiment 0.30592 8.73 21.48 0.45

Ref. 22 Ref. 5

CeIrIn5 LDA 0.3031 9.5 22.8 0.35
WC-GGA 0.3018 9.2 22.2 0.35
PBE-sol 0.3018 9.1 22.2 0.36

LDA + U 0.3016 8.0 19.8 0.37
Experiment 0.30522 7.81 23.42 0.46

Ref. 22 Ref. 3 and 4

YCoIn5 LDA 0.3088 10.0 18.7 0.38
WC-GGA 0.3080 9.8 18.2 0.39
PBE-sol 0.3078 9.7 18.1 0.39

LaCoIn5 LDA 0.3133 10.5 20.1 0.28
WC-GGA 0.3119 9.9 19.4 0.33
PBE-sol 0.3120 9.9 19.4 0.34

Experiment 0.311349 – – –
Ref. 23

related to the experimentally determined quadrupole coupling
constant νq by Eq. (4). The quadrupole moments Q of the
I = 9/2+ ground state of 115In and of the I = 5/2 482 KeV
excited state of 111Cd are Q(115In) = +0.774 b,41 and Q(111Cd)
= +0.773 b, 42, respectively.

The precision of the present results was checked by
several additional calculations. For selected systems, the
basis set (number of plane waves), the number of k points
was increased and the effect of the muffin-tin radii on the
relevant electronic and structural properties was studied. For
the parameters previously detailed values of the EFG’s and
the interatomic distances can be obtained with adequate
precision (the interatomic distances and the EFG components
are converged to less than 0.01 Å and 0.1 × 1021 V/m2,
respectively). The procedure outlined here has been used to
calculate the EFG at the In sites of pure 115 compounds,
the EFG at Cd nuclei on In sites of RM(In1−xCdx)5 and to
study the influence of the Ce-4f electrons on the EFG at Cd
sites.

B. Theoretical results: EFG at Cd nuclei on In sites of
RM(In1−xCdx)5, x = 0.025; R = Ce, Y, La

and M = Co, Ir, Rh.

The EFG at In nuclei in pure Ce115 compounds
has been measured with high accuracy by 115In NQR
spectroscopy.1,3–6,43 The comparison with the present PAC
results for 111Cd shows that the EFG at Cd nuclei on sites 4i

and 1c is much weaker than that at In nuclei on the same lattice
positions (see Tables III and IV). For an understanding of these
differences, we have calculated not only the Cd-EFG in doped
CeM(In1−xCdx)5 compounds, but also the In-EFG for various
pure 115 systems.

The theoretical positional parameters z and the EFG
parameters Vzz, η at In nuclei in pure 115 compounds are
listed in Table III. It can be seen that the results obtained using
LDA, WC-GGA, PBE-sol, and LDA + U are very similar
and are in very good agreement with the experimental results
reported in the literature.3–6,22,23 In Table III we also present
our results for Vzz and η at sites 1c and 4i for the three
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TABLE IV. Theoretical (LDA) and experimental EFG parameters Vzz and η of In nuclei on sites 1c and 4i of nondoped RMIn5 (R = Ce,
Y, La; M = Co, Rh, Ir) and of Cd nuclei on the same lattice positions of the corresponding Cd-doped compounds RM(In1−xCdx)5; x = 0.025.
For Cd nuclei, the theoretical EFG parameters Vzz and η are given for unrelaxed and equilibrium-relaxed structures. The experimental EFG
parameters of the In nuclei are taken from Refs. 3,4,and 6, those of 111Cd in LaCoIn5 from Ref. 31. Vzz values are in units of 1021 V/m2.

In nuclei on sites 1c, 4i Cd nuclei on sites 1c, 4i

Theory Experiment Theory unrelaxed Theory relaxed Experiment

Compound Site Vzz η Vzz η Vzz η Vzz η Vzz η

CeCoIn5 1c 11.3 0 10.5 0 4.3 0 4.3 0 3.4 0
4i 20.5 0.27 19.9 0.386 12.7 0.50 12.7 0.51 10.22 0.511

CeRhIn5 1c 10.3 0 8.7 0 4.4 0 4.1 0 – –
4i 21.4 0.35 21.5 0.445 13.6 0.59 13.2 0.49 11.8 0.61

CeIrIn5 1c 9.5 0 7.8 0 4.1 0 3.8 0
4i 22.8 0.35 23.4 0.462 14.0 0.49 14.6 0.58

YCoIn5 1c 10.1 0 5.1 0 4.5 0 – –
4i 18.8 0.38 12.3 0.56 11.6 0.45 13.9 0.734

LaCoIn5 1c 10.5 0 4.8 0 4.2 0 3.2 0
4i 20.1 0.28 13.1 0.49 12.5 0.42 9.9 0.49

models employed for the exchange and correlation potentials.
The calculated EFGs show only a weak dependence on the
selected exchange-correlation potential, giving systematically
a smaller value for the GGA parameterizations. The difference
between LDA + U (localized Ce-f electrons model) and
LDA and both GGA parameterizations (delocalized models)
is larger: LDA + U predicts a reduction of about 10–15%
(depending on the compound considered) of Vzz in the case of
site 1c compared to LDA and both GGA parameterizations.
In the case of site 4i, the localization of the Ce f -states
produces a small reduction of about 2% when compared to
the LDA, WC-GGA, and PBE-sol. Similar results were found
in Ref. 1 where different delocalized and localized models
were employed to describe the Ce-4f electrons.

To calculate the EFG at Cd impurities localized at the two
In sites of the 115 structures, we have replaced one In atom on
site 1c or site 4i, respectively, by a Cd atom in the supercell as
described in Sec. II. Due to the larger computational cost, we
performed mainly LDA calculations, but for some selected
systems we also performed calculations using WC-GGA,
PBE-sol, and LDA + U . From these tests, it was found that
the EFG differences predicted by the four models employed
for the correlation and exchange potential are similar to those
found in the case of the pure systems.

The substitution of In atoms by Cd produces non-negligible
forces on its nearest neighbors. Since even small changes in the
atomic positions can induce large effects on the EFG and even
more on the asymmetry parameter, full relaxation of all atomic
positions were considered, until forces on the atoms were
below 0.01 eV/Å. We used this tolerance criterion because the
changes in the EFG components induced by weaker forces are
below the convergence error. The magnitudes of the structural
distortions introduced by the Cd impurity were found to be
very small (displacements smaller than 0.06 Å).

The effect of the relaxation on the EFG at the impurity site
is illustrated in Table IV, where we compare the Cd-EFG’s of
the unrelaxed structure (all atoms in the positions of the pure
compounds) and that of the equilibrium-relaxed structure. It

can be seen that the changes of the EFG produced by the
relaxation process are relatively small (below 10%). Table IV
also compares the theoretical EFG values of In and Cd probes
on sites 4i and 1c for different 115 compounds and lists the
experimental values available for both probes.

The comparison between the theoretical EFG parameters of
Cd impurities sites 4i and 1c in Table IV and the experimental
EFG values in Table II clearly allows assigning the PAC
components Cd2 and Cd3 to sites 4i and 1c, respectively,
of the 115 structure, as put forward in Tables II and IV.

It is interesting to note the large differences in the EFG
parameters of indigenous In and impurity Cd nuclei on the
same lattice positions of the 115 structure: for the axially
symmetric site 1c, the magnitude of the Cd-EFG is about a
factor of 2 smaller than the In-EFG, for site 4i the magnitudes
differ by about 80% and the asymmetry of the Cd-EFG is
systematically larger.

To relate these observations to differences in the electronic
structures of In and Cd, the partial charges in the In and Cd
muffin-tin spheres were calculated. For simplicity, only the
results obtained for CeCoIn5 are presented here (a very similar
behaviour was found in the case of the other 115 compounds
investigated). It can be seen in Table V that the populations
of the s,p, and d states of In are 0.14e, 0.15e, and 0.2e larger
than those of Cd.

To discuss the effect of the different population on the
EFG, it is sufficient to consider the valence contribution to
the EFG, which originates from the nonspherical electron
density of the valence and semicore electrons within the
muffin-tin sphere of the probe nucleus.40 In the present cases,
the lattice term (originating from more distant regions of the
crystal) is almost negligible (see Table V). The dominant
valence contribution can be further decomposed according to
the different orbital symmetries.44 From this decomposition,
we found that the In-5p (Cd-5p) contribution to the EFG
at the In (Cd) probes largely exceeds the d contribution,
with the s contribution being almost negligible. From this
decomposition, we identify the 0.15 additional electron with
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TABLE V. Orbital populations (in electrons) and total, valence and s,p, and d valence contributions to the electric-field gradient (in units
of 1021 V/m2) at In nuclei in nondoped CeCoIn5 and at Cd nuclei in Cd-doped CeCo(In1−xCdx)5.

Orbital populations

Partial charges at In nuclei Partial charges at Cd nuclei

Site 1c Site 4i Site 1c Site 4i

s 0.77 0.76 0.63 0.62
p 0.49 0.50 0.34 0.35
d 9.68 9.69 9.48 9.48

Electric field gradients

In on site 1c In on site 4i Cd on site 1c Cd on site 4i

Vzz Vzz η Vzz Vzz η

Total 11.5 20.44 0.27 4.3 12.73
valence 11.54 20.46 0.27 4.32 12.52
s –0.06 –0.1 0.4 –0.02 –0.1
p 12.28 21.01 0.25 5.3 14.0
d –0.70 –0.45 0.87 –1.0 –1.4
experiment 10.6 20.2 0.39 3.4 10.22 0.51

p character of In as responsible for the large difference of the
In- and Cd-EFG’s.

To estimate a possible contribution of the Ce-4f electrons to
the EFG at the Cd sites, we have replaced the Ce constituents of
the relaxed structure of CeCo(In1−xCdx)5, CeRh(In1−xCdx)5,
and CeIr(In1−xCdx)5 by La atoms with fixed atomic positions
and calculated the EFG for Cd on sites 1c and 4i. No significant
changes (�2%) of the Cd-EFG were obtained, indicating that
the EFG at the Cd sites is “short-sighted” to the type of
neighbours (Ce or La), and, in consequence, to the 4f electrons
of Ce.

The same holds for the effect of the Sn contamination on
the EFG at Cd sites of CeCo(In1−xCdx)5. Replacing one of
the first In neighbors of Cd on sites 1c or 4i by a Sn atom
(distances Cd-Sn of the order of 3.3 Å) and accounting in a new
relaxation process for the structural distortions introduced by
the Sn dopants changes the EFG tensor components by about
0.1 × 1021 V/m2. This theoretical result is in agreement with
the experimental observation of identical 111Cd quadrupole
frequencies in CeCo(In1−xSnx)5 and CeCoIn5 (samples V and
VI in Table II).

V. DISCUSSION AND CONCLUSIONS

The measurement of hyperfine parameters as the EFG by
NMR and PAC can provide detailed information on structural
and electronic properties of the system under study. In the
present case, impurity states in CeMIn5 are studied by
comparing the EFG’s at Cd impurities to the EFG’s at the
In constituents. The interpretation of such measurements is
not straightforward and situations may occur where different
hyperfine interactions must be assigned to different lattice
sites. In the case of impurity probes, arguments based on
symmetry considerations may fail, since the chemical nature
of the impurity may—through structural and/or electronic
distortions of its neighbourhood—strongly affect the EFG.
To unravel these complex cases, a realistic theory that

models different structural and electronic scenarios is of great
help.

The present work concerns such complex systems, namely
CeMIn5, YCoIn5, and LaCoIn5 doped with low concentrations
(�10−8) of the PAC probes 111In → 111Cd. In principle, the
impurity probe atoms can populate two different crystallo-
graphic sites in these compounds. PAC revealed (depending
on the system considered and the sample preparation) up to
four EFG components. To assign these hyperfine interactions
to the crystallographic sites, DFT calculations of electronic
structure have been used to describe CeMIn5, YCoIn5, and
LaCoIn5 in their pure forms as well as with substitutional Cd
impurity probes.

In Table II, the QI parameters of the samples investigated
are grouped according to the synthesis conditions. According
to these data, samples V, VI (In flux), and VII (arc melting)
present similar 111Cd QI parameters; apart from the large
In metal component of the In-flux single crystals (and a
small contamination by CeIn3 in some cases), one observes
two components: one component characterized by the low-
temperature parameters νq = 1981 MHz corresponding to
Vzz = 10.6 × 1021 V/m2, η = 0.511, the other one by νq =
651 MHz corresponding to Vzz = 3.5 × 1021 V/m2, η = 0.00.
As suggested by the asymmetry parameters and confirmed by
the ab initio calculations, the first component corresponds to
111Cd on In-4i sites the second one to 111Cd on In-1c sites
of the 115 structures. The ab initio calculations furthermore
explain that the substantial difference of the EFG values of the
Cd impurities and of the In constituents on the same lattice
sites is a consequence of the larger 5p electron population at
the In probes.

Sn substituting In up to a concentration of 2.5% leaves
these values unchanged. In the Sn-doped single-crystal and
the arc-melted samples, the relative intensity of the interaction
associated to the In-1c site corresponds to the theoretical
value of 20%. In the nondoped single crystals (sample V)
a considerable deviation from the theoretical expectation was
found (see Table II).
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The QI parameters of samples I–IV differ substantially
from those of samples V–VII. Frequency and asymmetry
of the interaction associated to the asymmetric site 4i are
significantly larger. Site 1c (νq ∼ 65 MHz, η = 0.00) is
observed with a reduced relative intensity of 10 percent only in
CeCo(In1−xSnx)5 (samples I and II). In the other compounds,
site 1c is completely missing, but all show a sizeable high-
frequency (νq > 300 MHz, Vzz > 16 × 1021 V/m2) axially
symmetric component absent in samples V–VII. The reasons
for these differences in the 4i QI parameters and the origin of
the strong 300-MHz component are open questions. Admix-
tures of intermetallic phases of the Ce-In, Ce-Sn, Co-In, and
Co-Sn systems might be considered. Among the compounds
investigated up to now by 111Cd PAC spectroscopy29,45–47 only
the quadrupole frequencies of 111Cd:CoSn46 come relatively
close to 300 MHz; however, the interactions are axially
asymmetric (η �= 0). Co-In compounds have yet to be studied
by PAC.

One might speculate that the differences in the 4i QI
parameters and the appearance of unexpected components of
samples I–IV relative to samples V–VII are a consequence of
the higher diffusion temperature (Tdiff = 770 K for samples
V–VII versus Tdiff = 670 K for samples I–IV). Accidental
variations in the quality of the In-flux samples (contaminations
by other phases, etc.) are another possible explanation. For a
conclusion, a systematic study of a larger number of Ce115
single crystals would be necessary.

As a final comment on the experimental part, we point
out that this investigation provides the basis for further PAC
studies of CeMIn5 or related systems. The study of the spin
polarization by measurement of the magnetic hyperfine field
at 111Cd in the antiferromagnetic phase of CeCo(In1−xCdx)5

appears particularly interesting. However, the present data
have shown that the diffusion of the probe atoms into single
crystals samples synthesized by the In flux technique leads
to a number of problems for hyperfine interactions studies
of CeMIn5 and other In-containing heavy fermion systems by
PAC spectroscopy. The most serious one is the In metal compo-
nent in the PAC spectra of all single-crystal samples. The large
relative intensity of this component does not necessarily imply
that the samples actually contain 50% or more of unreacted
In metal since diffusing 111In might show a pronounced
preference for In metal over the In sites of CeMIn5. A large
In metal component in the PAC spectra, however, reduces the
accuracy of the relevant CeMIn5 components and less intense
components might even escape detection. The appearance of
components of uncertain origin leads to further difficulties for
the interpretation of the PAC spectra of In-flux single crystals.
For future PAC studies of hyperfine interactions in CeMIn5 or
related systems, polycrystalline arc-melted samples therefore

appear to be the better choice as long as the orientation of
the EFG tensor or that of the magnetic hyperfine field in the
antiferromagnetic phase relative to the crystals axes are not of
central interest.

The theoretical part of the present study was motivated
by two issues. First, there was the need to identify among
the various QI parameters detected in the PAC spectra those
cor-responding to 111Cd on In sites 1c and 4i of CeMIn5.
Second, there is the observation of a large difference in
the EFG’s of the nuclear probes 115In (NQR) and 111Cd
(PAC) on the same lattice sites and the question of the
changes in the local electronic structure responsible for this
difference. We therefore performed an APW + lo study of
structural and electronic properties of pure and Cd-doped
CeMIn5 compounds. The equilibrium structure and the EFG’s
at In constituents and at Cd impurities on In sites were
calculated using the LSDA and LDA + U approximations for
the exchange and correlation potential. Both approximations
predict very similar equilibrium structures and very nicely
reproduce the experimental EFG’s at the probe nuclei 115In
and 111Cd. Apart from identifying the QI parameters of 111Cd
on sites 1c and 4i, the calculations indicate that the large
difference between the In- and the Cd-EFG is the consequence
of a larger 5p electron population at the In site. Furthermore,
the calculations show that the structural distortions induced
by the Cd impurity have little effect on the EFG and that
the influence of the 4f electrons and of Sn doping on the
EFGs at Cd sites is negligibly small. To conclude, these results
confirm the important role of LDA calculations not only for site
identification in multi-site compounds, but also as a powerful
tool for local structure studies.
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