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This paper reports the investigation of the magnetic hyperfine field By, in a series of rare-earth (R) cadmium
intermetallic compounds RCd and GdCd, measured by perturbed angular correlation (PAC) spectroscopy using
"n/'"'Cd as probe nuclei at Cd sites as well as first-principles calculations of By, at Cd sites in the studied
compounds. Vapor—solid state reaction of R metals with Cd vapor and the '''In radioisotope was found to be
an appropriate route of doping rare-earth cadmium compounds with the PAC probe '''In/'''Cd. The observation
that the hyperfine parameters depend on details of the sample preparation provides information on the phase
preference of diffusing '''In in the rare-earth cadmium phase system. The '''Cd hyperfine field has been
determined in the compounds RCd for the R constituents Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, and Er, in several
cases as a function of temperature. For most R constituents, the temperature dependence Bj,;(T') of HCd:RCd is
consistent with ferromagnetic order of the compound. DyCd, however, presents a remarkable anomaly: a finite
magnetic hyperfine field is observed only in the temperature interval 35 K < 7 < 80 K which indicates a transition
from ferromagnetic order to a spin arrangement where all 4 f-induced contributions to the magnetic hyperfine
field at the Cd site cancel. First-principles calculation results for DyCd show that the (i, 7, 0) antiferromagnetic
configuration is energetically more favorable than the ferromagnetic. The approach used in the calculations to
simulate the RCd system successfully reproduces the experimental values of B, at Cd sites and shows that the
main contribution to By comes from the valence electron polarization. The de Gennes plot of the hyperfine
field Bys of "M Cd:RCd vs the 4 f-spin projection (g — 1)J reflects a decrease of the strength of indirect 4 f-4 f
exchange across the R series. Possible mechanisms are discussed and the experimental results indicate that the
indirect coupling is provided by the intra-atomic 4 f-5d exchange and interatomic 5d-5d interaction between
the spin-polarized 5d electrons of neighboring R atoms. The ratio of the hyperfine fields of GdCd and GdCd,
scales with the number of nearest Gd neighbors. In the paramagnetic phases of the RCd compounds, the PAC
spectra indicate the presence of a broad distribution of weak quadrupole interactions suggesting a perturbation
of the cubic CsCl symmetry of the Cd site, most probably due to chemical disorder of the R and Cd sublattices.
A substantial interchange of R and Cd atoms is also reflected in the temperature dependence of the linewidth
of the magnetic hyperfine interaction in the magnetically ordered phase of RCd and GdCd,. Its critical increase
towards the order temperature is evidence for a distribution of the order temperature with a width of about 10 K.
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L. INTRODUCTION provide information on the exchange interactions leading to
spontaneous magnetic order, on the order of magnetic phase
transitions, on spin wave excitations, on relaxation processes,
and on other parameters characterizing a magnetic system.
Much of the experimental and theoretical hyperfine inter-
“Current address: Instituto de Pesquisas Energéticas e Nucleares - action work has been focused on magnetic systems involYing
IPEN/CNEN, Universidade de Sdo Paulo, Sdo Paulo, SP, Brazil. the rare-earth (R) elements Ce to Tm. As these elements differ
fcarbonar @ipen.br in the number of well-shielded 4 f electrons, they have rather

Measurements of magnetic and electric hyperfine inter-
actions (HFIs) of magnetically ordered compounds [1] may
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similar chemical properties. The 4 f spins play a decisive role
in the exchange interactions. The orbital contributions to the
4 f magnetic moments, however, vary strongly with the num-
ber of 4 f electrons. Consequently, one finds a large number of
isostructural series of R compounds [2,3] that—for different
R constituents—differ only slightly in the crystallographic
properties, but strongly in the magnetic properties and thus
offer favorable conditions for the separation of the magnetic
from other solid-state parameters.

In the large group of magnetic binary rare-earth inter-
metallics the most frequently occurring compositions are
RX and RX,. Many of these intermetallics have been
investigated by measuring the HFIs mostly of the non-rare-
earth constituents or of impurity nuclei. At R nuclei (except
Gd), magnetic fields and electric field gradients (EFGs) are
predicted to be very large [4], caused by the unquenched
orbital angular momentum of the 4 f shell and the asphericity
of external electronic shells, respectively. Consequently, a
precise determination of the much smaller contributions to
the hyperfine interaction produced by the magnetic host may
become difficult.

Among the equiatomic RX, those with the nonmagnetic
constituents X = Cu, Ag, Rh, Zn, Mg, Cd, and Hg crystallize
in the cubic CsCl structure [5]. This group appears attractive
for magnetic HFI studies: Because of the cubic symmetry one
expects no quadrupole interaction on the RX lattice sites and
one may therefore anticipate a simple HFI situation, with the
only contribution coming from the magnetic hyperfine field
By,s. The few HFI studies of RX compounds with CsCl-type
structure reported up to now are mainly limited to GdX, X
= Cd, Zn. The hyperfine fields of impurity nuclei on X sites
[6,7] and of constituent nuclei [8] of these compounds were
investigated by the NMR technique, with the experimental
trends discussed by de Oliveira ef al. [9] in the framework of
a two-center model.

The experimental information on the effect of the R
constituent on impurity hyperfine fields in RX compounds
is scarce: ''?Sn Moessbauer [10] and '''Cd perturbed angular
correlation (PAC) spectroscopy [11-13] have been applied to
some RZn, mainly with heavy R constituents. The variation of
By, for a given impurity across the entire R series from Ce
to Tm has still to be established. This question is addressed
in the present paper which reports a PAC study of the HFI
of the nuclear probe !''Cd in RCd for the R constituents R =
Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er. For the interpretation
of unexpected features of the PAC spectra of some RCd
compounds, the investigation was extended to the HFI of ' Cd
in the trigonal CeCd,-type compound GdCd, [14-17].

The properties of equiatomic RX compounds have been
studied in detail by x-ray diffraction [18,19], magnetization
measurements [18,20,21], and resistivity [22,23]. Magnetic
susceptibility [24] was used to detect structural phase tran-
sitions. The members of the RCd series with the heavy R
constituents R = Gd, Dy, Tb, Ho, and Er have been reported
to be ferromagnetic [18,20]. According to Fuji et al. [25],
the members with the light R = Nd and Ce also order
ferromagnetically whereas in Ref. [22] CeCd is mentioned
as antiferromagnetic. PrCd exhibits metamagnetic behavior
in the magnetization curve and can be understood as an
antiferromagnet in zero magnetic field [18,26]. According
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to Buschow [20], SmCd is ferromagnetic with 7¢ = 190 K,
whereas Alfieri et al. [18] have concluded from magnetization
measurements that this compound is diamagnetic at low
temperature and becomes paramagnetic at 110 K.

In the work reported in this paper the magnetism in
the compounds RCd, where R = Ce, Pr, Nd, Sm, Gd, Tb,
Dy, Ho, Er, were investigated by measuring the magnetic
hyperfine field (B),y) at Cd sites using 11Cd as probe nuclei as
well as by ab initio calculations based on density functional
theory (DFT). Since neutron diffraction measurements of these
compounds are difficult to perform due to the very large
neutron absorption cross section of Cd and most of rare-earth
elements, an atomic view on the magnetism of this series of
compounds is probably only possible through the investigation
of hyperfine interactions. First, we describe and discuss the
method used to prepare the samples, which are quite difficult
to obtain due to the low vapor pressure of rare-earth elements
and the low melting temperature of Cd, and the way to
introduce the ' In(*''Cd) probes, which was only successfully
achieved by melting them along with the constituent elements
of the compounds. We show that thermal diffusion of probe
nuclei did not succeed because of the additional annealing at
high temperature. Most likely, ion implantation of radioactive
probes will not succeed as well because of the necessity of
additional annealing to recover the local structure. Second,
from the unprecedented experimental results for the magnetic
hyperfine field at Cd sites in almost the complete series of
RCd compounds, it was possible to discuss the origin of the
magnetic exchange mechanism between rare-earth ions, which
was found to be a direct d-d interatomic coupling polarized
by an f-d intra-atomic interaction. This conclusion does not
agree with the previously reported work [20] that claimed that
the main magnetic coupling mechanism is the RKKY [27]
but suggested the presence of a second mechanism. Third,
from values of By obtained from ab initio calculations, which
unexpectedly agree quite well with the experimental ones, it
was possible to determine the main contribution to Bj,y and
also determine the origin of the so far not understood magnetic
transition at 40 K observed in DyCd. Moreover, the successful
calculation method described in this paper consists of a
recipe for future calculations in similar compounds. Finally,
from the temperature dependence of experimental By it was
possible to investigate the distribution of the magnetic order
temperature and quantitatively determine the linewidths of the
T¢ distribution of the compounds. Furthermore, understanding
the magnetism in the compounds of the RCd basic series is a
fundamental starting point to investigate the magnetism in
complex compounds with rare-earth elements and cadmium
such as the new icosahedral binary quasicrystals formed by
rare-earth elements and cadmium in which the nature of
magnetic transitions in aperiodic lattices is not understood
yet [28].

II. EXPERIMENTAL DETAILS

A. Sample preparation and equipment

The PAC measurements were carried out with the 173—
247 keV yy cascade of !''Cd which is populated in the elec-
tron capture decay of the 2.8 d isotope '''In. The compounds
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to be investigated by PAC have therefore to be doped with
radioactive '''In which is commercially available as a dilute
solution of '''InCl; in HC1. Because of the high vapor pressure
of Cd, rare-earth cadmium compounds are usually prepared
using vapor—solid state reactions by heating the metallic
constituents—sealed in Ta or Mo containers—for several hours
at temperatures of about 1250 K. In the present study Ta
containers enclosed in evacuated quartz tubes were used.
X-ray diffraction of the reaction products confirmed the cubic
CsCl structure plus—in some cases—a small contamination
by nonreacted Cd metal. Reflections coming from nonreacted
rare-earth metal and other R-Cd compounds were not observed.

Two procedures for doping with radioactive '''In were
tested: (i) doping subsequent to synthesis and (ii) simultaneous
doping during synthesis. In the first procedure, !''InCl; was
deposited onto the ready RCd compounds, which were then
encapsulated under vacuum in quartz tubes and heated at
1200 K for about 12 hours. For simultaneous doping during
synthesis, "InCl; was added to the metallic constituents
brought to reaction in the Ta container. These two procedures
were found to produce marked differences in the HFI parame-
ters, indicating that for the same nominal composition different
doping conditions may result in different local environments
of the probe nuclei. For an understanding of these differences,
the study was extended to the R-Cd intermetallic GdCd,,
synthesized and simultaneously doped by vapor—solid state
reaction of the constituents.

The PAC measurements were carried out with a standard
PAC setup equipped with four BaF, detectors. For temperature
variation two closed-cycle He refrigerators were used, initially
one reaching 15 K; later another one attaining 4.0 K became
available. In the case of ErCd (7¢ = 3.3 K) a pumped bath of
liquid helium was used to cool the sample down to 2 K.

B. Data analysis

The angular correlation theory of two successive y rays of a
yy cascade, expressed by angular correlation coefficients Ay
(k = 2,4), may be modulated in time by hyperfine interactions
in the intermediate state of the cascade. For polycrystalline
samples this modulation can be described by the perturbation
factor Gy(t) which depends on the multipole order, the
symmetry and time dependence of the interaction, and the spin
of the intermediate state (for details see, e.g., Frauenfelder and
Steffen [29]).

For static hyperfine interactions in polycrystalline samples
the perturbation factor can be written as a sum of oscillatory
terms:

Gix = sro + Z Sin cos(wy1). (D
n

The frequencies w, are related to the energy differences
between the hyperfine levels into which a nuclear state is
split by the hyperfine interaction. In the most general case of a
combined magnetic and electric HFI, these frequencies and the
amplitudes sy, have to be determined by diagonalization of the
interaction Hamiltonian. In the most general case, there are five
HFI parameters [30]: (i) the magnetic interaction frequency
Vi = N Byy/ h, where g is the g factor of the nuclear state
under consideration, py the nuclear magneton, and B,y the
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magnetic hyperfine field; (ii) the quadrupole frequency v, =
eQV,,/h, with Q the nuclear quadrupole moment and V,, the
maximum component of the EFG tensor; (iii) the asymmetry
parameters of the EFG tensor n = (Vy, — Vy,)/ Vz;; and (iv)
and (v) the Euler angles B, y describing the orientation of B¢
in the principal-axes system of the EFG tensor. The number
of terms in Eq. (1) depends on the spin I of the intermediate
state. In the present paper we are dealing mainly with the
perturbation by a pure magnetic interaction with Larmor
frequency w,, = 2mv,,. In this situation, the perturbation factor
can be expressed analytically as

Gn(t) =1/5+2/5 ) cos(nant). )

n=1,2

If the ensemble of the probe nuclei is subject to a
distribution rather than a unique hyperfine interaction, the
nuclear spins of the ensemble no longer precess all with the
same frequency resulting in an attenuation of the oscillation
amplitudes, which is stronger when the distribution is broader.
The effect of a Lorentzian HFI distribution of relative width §
on the angular correlation can be approximated by

Gu(t) =510+ Y Skn cOS(wnt) eXp(=8,01).  (3)

Frequently, several fractions of nuclei subject to different
HFIs are found in the same sample. The effective perturbation
factor is then given by

Gu(t) =) fiGix(0), )

where f; (with ), f; = 1) is the relative intensity of the ith
fraction.

III. MEASUREMENTS AND RESULTS

The '"'Cd PAC spectra of nominally equiatomic RCd
compounds were found to depend sensitively on the doping
procedure used to introduce the radioactive mother isotope
1n. Doping “subsequent to synthesis” by diffusing '''In
into ready GdCd compounds resulted in spectra (see left-hand
panels of Fig. 1 and Fig. 2) characterized by an axially
symmetric quadrupole interaction (QI) at room temperature.
Upon cooling, a combined magnetic and electric HFI
set evidence for the onset of magnetic order. At 4 K the
parameters of this combined interaction are v,, = 59 MHz,
v, =200 MHz, n = 0, and g ~ 120°.

The observation of a finite QI and of a magnetic perturbation
at T < 85 K is incompatible with the cubic CsCl structure and
the magnetic properties of GACd (magnetic order temperature
Tc ~ 265 K [5]). Clearly, the nuclear probes—when diffused
into the ready compound—do not end up on lattice sites
of equiatomic GdCd, but of some other Gd-Cd compound
of noncubic symmetry and an order temperature of ~85 K.
These properties suggest that trigonal GdCd, might be the
compound in question. The Curie temperature of GdCd, has
not yet been reported, but that of the related compound GdZn;
(Tc¢ ~ 70 K [31]) is rather close to the order temperature
seen in Fig. 1. For an experimental test of this conjecture, PAC
spectra of '''Cd in GdCd, were taken at different temperatures
(right-hand panel of Fig. 2). Figure 3 compares the '''Cd
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FIG. 1. PAC spectra of '''Cd in a Gd-Cd compound with nominal
composition 1:1 prepared by vapor—solid state reaction of the
constituents in a Ta container at 1250 K. The two panels illustrate the
influence of the doping procedure on the HFI parameters: The spectra
of the left-hand panel were observed when the PAC mother isotope
"Tn was introduced into the ready reaction product by subsequent
diffusion at 1000 K for 24 h. The right-hand panel shows spectra
obtained when the compound was doped during synthesis by adding
(L to the metallic constituents brought to reaction in a Ta
container.

HFI parameters of CdGd ‘“simultaneously doped” during
synthesis (full black squares) and GdCd doped “subsequent
to synthesis” (full blue squares) to those of GdCd, (full red
squares). The perfect agreement of the blue (GdCd) and red
(GdCd,) sets of parameters in Fig. 3 is clear evidence for the
formation of '''Cd:GdCd, in a compound of GdCd doped with
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FIG. 2. PAC spectra of '''Cd in compounds of Gd-Cd system.
The left-hand panel shows spectra of a Gd-Cd compound with
nominal composition 1:1 prepared by vapor—solid state reaction of the
constituents at 1250 K. In this case the PAC nucleus was introduced
in the reaction product by subsequent diffusion of '''In at 1000 K
for 24 h. The spectra of the right-hand panel were obtained with a
compound of nominal composition 1:2, simultaneously doped during
synthesis.
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FIG. 3. The magnetic hyperfine frequency v,,, the quadrupole
frequency v,, and the relative width § of the magnetic frequency
distribution extracted from the spectra of '''Cd:GdCd in the left-hand
panel (blue squares) and the right-hand panel (black squares) of Fig. 1,
respectively. The full red squares in the bottom and middle sections
correspond to the frequencies v,, and v, extracted from the spectra of
" Cd:GdCd, (right-hand panel of Fig. 2), respectively. The red line
in the topmost section shows a fit of Eq. (6) to the relative linewidth
8 (black squares) of the magnetic frequency distribution. The solid
line in the bottom section is the result of a fit of the molecular-field
model for spin 7/2 to the magnetic frequencies.

1 subsequent to synthesis. In the x-ray pattern of GdCd,
reflections of other Gd-Cd phases were below the limit of
detection. The observation of PAC spectra incompatible with
GdCd then implies that in a R-Cd phase mixture diffusing
"n prefers other R-Cd phases—in the present case trigonal
RGd,—over cubic RCd, even if those phases are present only in
minuscule quantities. A similar observation has been reported
for R-Ga intermetallics where '''In was found to strongly
prefer RGa; over RGa [32,33]. The second doping procedure,
where "'"'InCl; is added to the metallic constituents to be
reacted, led to HFI parameters compatible with the cubic
CsCl structure (v, = 0) and the known magnetic properties
of GdCd (full black squares in the lowest section of Fig. 3).
The investigation of the R dependence of the HFI parameters
in RCd was therefore carried out with compounds doped
simultaneously during synthesis. Figures 4, 5, and 6 show
the '''Cd spectra of NdCd, DyCd, and TbCd, respectively,
recorded under these conditions.
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FIG. 4. PAC spectra of '''Cd in NdCd at different temperatures.
For sample preparation the metallic constituents were sealed—
together with radioactive '''InCl;—in a Ta tube under argon
atmosphere and heated to 1250 K for 10 hours.

0 50

At the lowest temperature of 15 K used in the measurement
of NdCd, one observes a fast, practically periodic modulation
of the anisotropy reflecting the spin precession caused by a
magnetic hyperfine interaction. The period of precession in-
creases with temperature. The magnetic interaction disappears
atT ~ 120 K, giving way to a perturbation by a weak QI dis-
tribution. The spectra of the other RCd compounds produced
by simultaneous doping present the same characteristics.

An interesting feature of the spectra in Figs. 4, 5, and
6 is the attenuation of the oscillation amplitude with time
in the magnetic phases and the fact that this attenuation
strongly increases with increasing temperature. In principle,
such attenuation may be attributed either to the presence of a
weak quadrupole interaction, as proposed for the similar case
of '""'Cd in the cubic CsCl compounds RZn [11-13], or to a
finite distribution of the magnetic hyperfine field.

The description of the attenuation of the 15 K spectrum of
H1Cd:NdCd by a combined magnetic and electric interaction
would require a quadruple frequency of v, ~2.5 MHz
(assuming an axially symmetric EFG and 8 = O for the angle
between the EFG and Bj,r) and the increase of the attenuation
towards higher temperatures would correspond to an increase
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FIG. 5. PAC spectra of !''Cd in DyCd at different temperatures.

0 50

to v, ~ 7 MHz at 110 K. To account for a finite QI either at
the Cd or Gd sites of cubic GdCd, the cubic CsCl symmetry
would have to be broken by, e.g., the presence of some kind
of defect. Defects caused by chemical disorder (Cd on Gd
sites, Gd on Cd sites) are probably present, but one would
not expect that the corresponding QI strongly increases with
increasing temperature. In metallic systems the QI usually
decreases towards higher 7' [34].

We therefore attribute the attenuation of the oscillation am-
plitudes to a distribution of the magnetic hyperfine frequency
v, Consequently, the spectra of RCd, R = Nd, Sm, Gd, and
Dy, were analyzed by fitting the perturbation function for
pure magnetic HFIs [Eq. (3)] to the experimental data. It was
assumed that the Larmor frequency v,, presents a Lorentzian
distribution of relative width 8. The results of the analysis for
RCd; R = Nd, Sm, and Gd, are collected in Fig. 7.

The spectra of '''Cd:DyCd (Fig. 5) are also characterized
by a pure magnetic interaction, but in contrast to RCd, R =
Nd, Sm, and Gd, two magnetic transitions are observed: A
magnetic interaction appears discontinuously only at 7 ~
35 K. At lower temperatures the spectra show no magnetic
precession. At 7 > 35 K, the magnetic frequency decreases
with increasing temperature towards 7¢ ~ 80 K. In the
magnetic region of DyCd the relative linewidth § of the

064417-5



F. H. M. CAVALCANTE et al.

ISK - v=0; x=32

" “
\ 4

| 15K -v=5.6 MHz; = 1.4

'*JMW:;.&.“‘ L
PO i
§ | Ton‘.‘

100 150 200 250
t (ns)

FIG. 6. PAC spectra of '"'Cd in TbCd at different temperatures.
The topmost sections show two different fits of the spectrum measured
at 15 K, one attributing the attenuation of oscillation amplitudes to
a distribution of the magnetic hyperfine field, the other allowing for
the presence of a finite quadrupole interaction.

0 50

magnetic frequency increases critically towards the order
temperature, just as in the other RCd compounds.

Figure 6 shows the PAC spectra of '''Cd in TbCd. This
is the only compound in the RCd series, for which we found
evidence of a well defined quadrupole interactionat 7 < 65 K;
the amplitude modulation at times ¢t < 150 ns in the 15 K
spectrum of TbCd is much better reproduced by the assumption
of a combined magnetic and electric HFI (second section
from top in Fig. 6; reduced x> ~ 1.4) than by a Lorentz
distribution of pure magnetic interaction (topmost section in
Fig. 6; reduced x2 ~ 3.2). Furthermore, the damping of the
oscillation amplitudes strongly decreases from 15 K to 77 K
and then increases again towards higher temperatures. In the
case of a pure magnetic HFI this trend would imply that the
width of the magnetic frequency distribution passes through a
minimum at 7 ~ 77 K. The spectra of TbCd were therefore
analyzed assuming a combined interaction withn =0, 8 = 0.
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FIG. 7. The temperature dependence of the magnetic interaction
frequency v,, (black points) and the relative width § of its distribution
(red points) of '''Cd in NdCd, SmCd, DyCd, and TbCd. The
black lines are the Brillouin functions for the corresponding angular
momentum J and the red lines represent fits of Eq. (6) to the relative
linewidths 8§ of the magnetic field distribution. The topmost section
shows the temperature dependence of the quadrupole interaction
detected in the spectra of TbCd.

The HFI parameters v,, and § of "Cd in RCd, R = Nd,
Sm, Dy, and Tb, derived from the spectra in Figs. 4, 5, and
6, are collected in Fig. 7. The top section of this figure shows
the temperature dependence of the quadrupole frequency v,
of '''Cd:CdTb.

Low-temperature PAC spectra of the compounds RCd,
R = Ho, Er, Pr, and Ce, are collected in Fig. 8. In the case
of HoCd, the data suggest the presence of two hyperfine
fields of comparable intensity (v,, = 19.7 MHz and 22.7 MHz,
respectively, at 9 K; red lines in Fig. 8). ErCd was found to be
paramagnetic at 4 K. When immersed into a pumped bath of
liquid He at 2 K, a magnetic precession with v,, = 16.1 MHz
was observed. Metamagnetic PrCd showed no magnetic
precession at T = 10 K, consistent with its antiferromagnetic
structure in zero magnetic field [18,26]. At T < 16 K CeCd
presented a weak, strongly distributed magnetic interaction
centered at v,, ~ 5 MHz.

The main experimental results of the present investigation
for v,,,(0), By,;(0), and T¢ are listed in Table I.
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FIG. 8. PAC spectra of ''"'Cd in RCd, R = Ho, Er, Pr, Ce at
low temperatures. In the case of HoCd, two fractions with slightly
different frequencies (red lines) are needed for the description of the
experimental data.

IV. DISCUSSION

A. The magnetic hyperfine field: Spin and
temperature dependence

In Table I our experimental saturation values of Bjy of
d in RCA are compared with the results of Meq 1)

and '"Sn [10] in some RZn compounds. For '''Cd in RX,
By,; is practically independent of the X constituent and the
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probe dependence of Bys in RZn is also very weak. Our PAC
result for the hyperfine field of '''Cd in GdCd (B, = 30.8 T)
is in fair agreement with the NMR result (B,;= 31.8 T) of
Kasamatsu et al. [6,8].

Because of the small radial extension of the 4 f electrons,
magnetic order in rare-earth compounds requires a mechanism
of indirect exchange between the 4 f electrons. Mainly two
mechanisms of indirect 4 f-4 f coupling have been proposed:
In the Ruderman-Kittel-Kasuya-Yosida (RKKY) theory [27]
the coupling is mediated by the s-conduction electrons, which
are spin polarized by exchange with the 4 f electrons. In an
alternative concept, which was proposed by Campbell [35], the
indirect coupling is provided by intra-atomic 4 f-5d exchange
and interatomic 5d-5d interaction between the spin-polarized
5d electrons of neighboring R atoms. Since the 5d electrons
are strongly more localized than the s electrons, one would
expect that the hyperfine field is mainly determined by the
number N and the separation Ryy of the nearest R neighbors.

In both concepts the spin polarization leads, via the Fermi
contact term in the nucleus-electron interaction, to a magnetic
hyperfine field By, at the nuclei of non-rare-earth atoms. The
spin polarization is expected to be proportional to the 4 f
spin projection (g — 1)J and the exchange parameter I of the
concept in question (for details see, e.g., [36]). The hyperfine
field can then be written

By x CT'(g — 1)J®(r). 5)

In the RKKY coupling, the function ®(r) is given by the
sum O(r)|f—r = Zn;ém F(2krR,,) over all R constituents,
with F(x) = (sinx — x cosx)/x* corresponding to the os-
cillating RKKY range function. For dominant 4 f-5d and
5d-5d coupling, one would have ®(r)|s_s = ZlN=1 f(R),
with the sum extending over the N nearest R neighbors of
the probe and f(R;) describing the radial dependence of the
exchange. The parameter C in Eq. (5) accounts—in the case of
impurity probes—for the modification of the host’s s-electron

TABLE L. The saturation value of the magnetic hyperfine frequency v,,(0) and the corresponding magnetic hyperfine field B;;(0) at Med
in RCd determined from the low-temperature PAC spectra. In the case of DyCd the saturation value was estimated by using the molecular field
model to extrapolate the experimental trend of v, (T < 35 K) to T = 0. T¢ is the value of the order temperature derived from the temperature
dependence of the magnetic frequency. Values of By, at probe nuclei " Cd and '"°Sn in equiatomic RZn for some R constituents [10,11] are

included.
Rare-earth Med:rcd "M Cd:RZn 1198n:RZn
properties this work Ref. [11] Ref. [10]
R (g—DJ (g—D*J(J+1) Tc Vi (0) B, (0) B (0) By (0)
K (MHz) (D) (T) (T
Ce —0.36 0.179 15 12 5.1
Pr —0.80 0.800
Nd —1.23 1.841 119 40.7 17.4
Sm —1.79 3.200 190 493 21.1 234
Gd 3.50 15.750 247 71.8 30.8 32 355
Tb 3.00 10.500 163 59.7 25.6 26.4 27.9
Dy 2.50 7.069 79 46.7 20.0 19.7 20.9
Hol 2.00 4.500 15.5 24 10.3 13.1
Ho II 2.00 4.500 15.5 26 11.1
Er 1.50 2.550 3 16.1 6.9
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spin polarization by spin-dependent electron scattering at the
impurity potential [37].

As discussed in Ref. [11], the comparison of the hyperfine
field of '''Cd in RZn compounds to that in R metals suggests
that 4 f-5d exchange and 5d-5d interaction plays the dominant
role in the indirect R-R coupling of RX, X = Cd, Zn. This
conclusion is also supported by the difference of the magnetic
hyperfine fields of '''Cd in GdCd (B,; = 30.8 T) and GdCd,
(Bpy = 25 T), respectively: The Cd site of GdCd has 8 nearest
Gd neighbors (nn) at 3.25 A; in the case of GdCd, there are
3 nn Gd at 3.22 A and 3 nn Gd at 3.47 A. Since the Cd-Gd
distances in GdCd and GdCd, differ only slightly, the concept
of 4 f-5d exchange and 5d-5d interaction predicts a hyperfine
field ratio of Bjr(GdCd,)/Byr(GdCd) ~ 6/8 = 0.75, fairly
close to the experimental ratio of 25/30.8 = 0.8.

Whatever the coupling scheme, according Eq. (5) the vari-
ation of By for a series of isostructural rare-earth compounds
reflects the R dependence of the relevant exchange parameter,
provided the R positions can be considered constant across the
series. In the case of RCd, the lanthanide contraction decreases
the cubic lattice parameter a by less than 5% from Ce to Tm.
In Fig. 9, we have plotted the normalized exchange parameter
I'(R)/ I'(Gd) of RCd and RZn for the nuclear probes '''Cd and
11981 as a function of the atomic number of the R constituent.
I'(R)/ I'(Gd) was calculated from the values of By listed in
Table I, assuming that ®(r) and the parameter C in Eq. (5) are
constant across the R series.

Information on the R dependence of the exchange param-
eter can also be extracted from the variation of the order
temperature T¢, since [20] T¢c o< I'*(g — 1)>J(J + 1). Both
Bj,s(R) and T¢(R) lead to same trend of I'(R)/ I'(Gd): The
exchange parameter of RX, X = Cd, Zn, shows a pronounced
decrease from Ce to Er, independently of the nuclear probe.

- A '"cdrcd
V¥ from T (RCd)
A2 T v 111
o) O CdiRZn
% A X B '"Sn:RZn
3 'Y
- 1 .
1 v
o
A
v
[ ]
v
o 1Ce Nd sm Tb Ho

Pr Pm Gd Dy Er
Rare earth

FIG. 9. The normalized coupling constant I'(R)/ I'(Gd) of the
equiatomic rare-earth cadmium RCd and rare-earth zinc compounds
RZn as a function of the rare-earth constituent, deduced from the
hypetfine fields By, of '"'Cd (this work and Ref. [11]) and '"Sn
(Ref. [10]) and from the order temperatures of RCd. The solid line is
to guide the eye.
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The same behavior observed in the series R,In [36,38,39]
has been related by Delyagin et al. [38,39] to differences in
the radial extensions of the 4 f and 5d electrons in the first
and the second half of the R series. According to Delyagin
et al. [38,39], the degree of 4 f-5d overlap can be expressed
by the ratio Rys/Ryy where Ry = (r;;)'/* and the nearest-
neighbor distance Ryy are measures of the radial extensions
of the 4 f- and the 5d-wave functions, respectively. In an
isostructural series, both parameters decrease with increasing
Z. The decrease of Ryy (lanthanide contraction) from Pr to
Tm usually amounts to only a few percent. The 4 f radius,
however, shows a stronger Z dependence: it decreases about
20% in the first half and 10% in the second half of the R
series. Consequently, the degree of overlap decreases from Pr
to Tm, leading to weaker exchange in the second half of the
R series.

The temperature dependence of B,y of "1Cd in most RCd
is rather well described by a molecular field model: The
solid black lines in Figs. 3 and 7 are the Brillouin functions
for the corresponding angular momenta J. The observation
of a finite hyperfine field in SmCd at T < 190 K supports
ferromagnetic order for this compound, in agreement with
the result of Buschow [20]. The temperature dependence of
By,¢(T) of DyCd confirms the peculiar properties previously
reported for this compound [18,20-22]: Anomalies in the
magnetothermal curves of DyCd indicate the existence of two
phase transitions, a first-order transition at 7 ~ 40 K and a
second-order transition at 7 ~ 79 K. According to Aléonard
and Morin [21,22], the magnetic ordering on both sides of the
40 K transition is ferromagnetic. Alfieri et al. [18] suggest
a change in spin arrangement from ferromagnetic to a screw
structure at 7 ~ 40 K. The interpretation of the 40 K transition
by Buschow [40] involves chemical disorder caused by Dy
atoms residing on Cd sites and vice versa. These crystal
imperfections favor a local antiparallel arrangement of the
magnetic moments. According to the present PAC study, the
magnetic hyperfine field at '''Cd in DyCd vanishes below T ~
3540 K. This indicates a transition from ferromagnetic order
to a spin arrangement where all 4 f-induced contributions to
the magnetic hyperfine field at the Cd site cancel, such as a
screw structure or antiferromagnetic arrangement.

TbCd presents a change of magnetic structure at 7 =
67.5 K [21,22]. Upon cooling, the direction of easy mag-
netization changes from fourfold [110] to twofold [100]. This
change coincides with the appearance of a finite quadrupole
interaction in the PAC spectra of TbCd (Fig. 5) suggesting
that the change of magnetic structure involves a distortion of
the CsCl symmetry. It is interesting to note that in the case of
NdCd where a change of direction from [111] to [100] occurs
at T ~ 63 K, a quadrupole interaction was not found in the
transition region.

First-principles calculations

In an attempt to explain the behavior of the temperature
dependence of Bjy for DyCd we performed first-principles
calculations simulating different configurations for the spin
alignment of Dy atoms. Self-consistent calculations from
density functional theory [41,42] have been performed using
the WIEN2k computer code [43], in which the Kohn-Sham
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equations in the crystal are solved with the utilization of a basis
set consisting of augmented plane waves plus local orbitals
(APW+1o) and applying an all-electron method. The muffin-
tin sphere radius Ryr = 2.5 a.u. was chosen for the rare-earth
and Cd atoms. The number of plane waves was limited by
the cutoff K., =7/ Rﬁ}‘, and the charge density was Fourier
expandedup to G,,,, = 14. For the Brillouin zone integrations,
meshes of k points obeying the following rule were adopted:
number of atoms times number of k points equals 30 000.
Thus, for larger supercells, correspondingly smaller number of
k points were utilized. Exchange and correlation effects were
treated with the local density approximation (LDA) which
is parametrized by Perdew-Wang [44]. Calculations were
performed taking into account the spin polarization and the
core states are relaxed in a fully relativistic manner. A supercell
was used to simulate the antiferromagnetism in DyCd. These
supercells were built up from a /2 x +/2 x 1 [1 x 1 x 2 for
(0, 0, ) configuration] DyCd single cell with a total of four
atoms (two of each element).

We have simulated three different configurations for the
antiferromagnetic supercell: the (0, 0, 7), (r, 7, 0), and (7,
m, ) magnetic structure as well as that for a ferromagnetic
structure. Results for the total energy as a function of the cell
volume for each simulation are displayed in Fig. 10. Since
the magnetic supercells have a different number of atoms
for each configuration, all energy values were normalized for
the ferromagnetic unit cell volume. The absolute energy does
not have physical meaning, only differences do. The lowest
energy for each configuration occurs at a volume which is
6% smaller than that of the experimental volume, which is
a known feature of the LDA approximation. Results show
that the curve with the lowest energy is that for the (7, m,
0) antiferromagnetic configuration and that the next lowest
energy corresponds to the ferromagnetic curve. The difference

-0.9525 DyCd [
(m, m, m)
-0.9530 [ Ferro
' (m, =, 0)
[ 0,0,
-0.9535 [ (0,0, )
= .
X 9540
= r
(@]
5 r
2 09545
L

-0.9550 [

-0.9555 [

'....I....I....I....I....I....I....I....I.:...
305 310 315 320 325 330 335 340 345 35C
Volume (bohr”)

FIG. 10. Normalized total energy of the unit cell as a function of
cell volume for different magnetic structures of DyCd simulated by
first-principles calculations. Each symbol in the figure corresponds to
a volume step 1% of experimental volume (represented by the vertical
dotted line). The minimum in energy occurs at —6% (325.5 bohr?).
Lines are the Murnaghan [45] fits.
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in energy between these two configurations is 2.72 meV at
the volume corresponding to the lowest energy of each curve.
This value corresponds to 32 K, which is quite close to the
temperature for which the By, vanishes as observed from
the experimental measurements (see Fig. 7). We, therefore,
propose that the observed behavior for the Bjs at Cd sites in
DyCd is due to a first-order transition from ferromagnetic to
antiferromagnetic ordering at around 35 K when temperature
decreases.

Another possible situation where By at Cd sites could
vanish is a chemical disorder with Dy atoms at Cd sites and vice
versa. To inspect this possibility we performed calculations to
simulate such a disorder for some situations of a ferromagnetic
cell: without exchange of atoms, one exchange where one
Cd and one Dy atom exchange positions, two exchanges
where two Cd and two Dy atoms exchange positions, three
exchanges where three Cd and three Dy atoms exchange
positions, and four exchanges where four Cd and four Dy
atoms exchange positions. Because of the cubic symmetry
of the compound, the replacement of five Dy would repeat
the first configuration and so on. In all these situations, Bj¢
at Cd sites does not vanish. In simulations where there is
chemical disorder Bj,; does not vanish but its value (~6-13 T)
is smaller than that for the situation without disorder for which
By = 18 T. This value is very close to the experimental
value of 20 T extrapolated to 0 K from PAC measurements
at the ferromagnetic region. This agreement is a very good
indication that first-principles calculations correctly simulated
the magnetic ordering in the DyCd compound. Moreover, the
fact that experimental measurements have not observed By s
values around 6-13 T (predicted by calculations for chemical
disorder) also reinforces the conclusion that disorder is not
responsible for the magnetic transition in DyCd. Furthermore,
as disorder means a break of the symmetry, a high degree of
disorder would produce a nonvanishing nuclear quadrupole
interaction, which is not observed by experiment (see result at
80 K in Fig. 5).

The same method of calculation was used to simulate the
ferromagnetic ordering in other compounds of the RCd family
in order to compare the results with experimental values of
Bj,y measured with PAC spectroscopy and extrapolated to
0 K. Results from calculations are shown in Table II, where
values of valence and core contributions to the calculated By, s
are given. As we are focusing on calculating the magnetic
hyperfine field at Cd sites in a series of compounds with
different rare-earth elements, we have avoided the use of
the DFT+U approach since the Hubbard parameter U value
is arbitrarily chosen and, probably, different U values might
be used for each studied compound. Moreover, a significant
change in the By at Cd sites is not expected because the
LDA+U approach will affect the electronic configuration in
the rare-earth ion with a change in the localized magnetic
moment [46]. Nevertheless, we have tested the LDA+U
approach with U.ry = 0.55 Ry [47] taking into account the
spin-orbit interaction to simulate the ferromagnetic configu-
ration in TbCd and DyCd, as well as the possible different
antiferromagnetic configurations of DyCd. Results show no
significant differences from those obtained with LDA. By, for
TbCd and DyCd in the ferromagnetic configuration calculated
with LDA+U are, respectively, —27.98 T and —22.19 T.
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TABLE II. Theoretical values for valence (B,j]‘?’ ) and core (B;")
contributions to the total magnetic hyperfine field (B, ') determined
by first-principles calculations. B,'j_‘;’ was calculated from Cd-5s and
R-6s electrons and B2 from Cd-1s,-2 s, -3 5, and -4s electrons. The
saturation value of the experimental magnetic hyperfine field B,;"(0)
at ""'Cd in RCd extrapolated to 0 K from the low-temperature PAC

spectra is also shown.

Theoretical results

B;}Al B;})ra B;‘l(;tal B;}‘P (O)

Compound %)) () () (1)
CeCd —5.61 —0.14 —5.75 5.10
PrCd —13.65 —-0.27 —13.92

NdCd —15.69 —-0.20 —15.89 17.4
SmCd —21.80 —0.18 —21.98 21.1
GdCd —34.78 —-0.33 —35.11 30.8
TbCd —25.53 —0.14 —25.67 25.6
DyCd —17.86 —0.05 —17.91 20.0
HoCd I —11.73 —0.01 —11.74 10.3
HoCd II —11.73 —0.01 —11.74 10.3
ErCd —6.27 0.05 —6.22 6.9

In addition, the LDA+U calculations also show that the
ground state (at 0 K) of DyCd corresponds to the (7, , 0)
antiferromagnetic configuration. Results of calculations for
By, at Cd atoms, therefore, do not depend on the interaction
between 4 f electrons in the neighboring R atoms, taking into
account by the DFT4U approximation. Similar conclusions
have been reported previously. Mohanta et al. [48] have
reported that results of calculations using GGA and GGA+U
of Byy at Cd impurity in rare-earth metals do not appreciably
differ from each other. Richard et al. [49] have concluded that
in calculations using LSDA the application of the U correction
to 4 f bands in rare-earth oxides does not significantly affect
the electric field gradient at Cd impurity sites.

Figure 11 displays a comparison of experimental (extrapo-
lated to 0 K) and calculated Bj;(0) as a function of the spin
projection (g — 1)J on the total angular momentum J of the
R ion. The agreement between experimental and theoretical
values is very good for the entire series of compounds (the
difference is at maximum 13%). The good agreement between
calculated and experimental values of By is not expected and
it is unusual for methods based on DFT. DFT calculations
are known to give wrong values for the core contribution
[48,50,51]. We believe that the good agreement was achieved
because two conditions were fulfilled: first, Cd atoms have a
closed shell and the B),, contribution is very small compared
with the contribution from valence, and second, Cd is not an
impurity but it is a constituent atom of the compound; i.e.,
it was not necessary to add an impurity atom to simulate the
PAC probe nuclei, as usual in compounds where Cd is not the
native atom.

B. Critical increase of the magnetic linewidth near 7

The PAC spectra of all magnetic RCd compounds investi-
gated here show a pronounced loss of oscillation amplitude
as temperature approaches the order temperature 7¢. An
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¥ L-RE HRE  gycq?, 1%
I 1
E Experimental 130
Theoretical 1
i TbCd | g
—_ 1
= : 420
]
_ ]
=3 ! 115
o !
: HoCd - Il 410
| ErCd
\ 45
]
]

" " " 1 " " 1 " P " P " O
.0-0500 05 1.0 15 20 25 3.0 35 4.0
(g-1)J
FIG. 11. Spin dependence of experimental and theoretical satu-

ration values of B, at 0 K. Straight lines are the linear fit to the
values.

[ ———
-2.0-1.5-1

attenuation of the magnetic precession amplitudes occurs
when the magnetic hyperfine field presents a distribution of
relative width § rather than a unique, sharply defined value.
The increase of the attenuation then implies a critical increase
of the linewidth near T¢. A similar observation has been made
in practically all investigations of magnetic hyperfine fields
in chemically ordered intermetallic compounds reported up to
now. The PAC spectra of 1 Cd:RCo, [52], '1'Cd:R,In [36],
181Ta:RFe, [53], and '8! Ta:ZrFe, [54] all show an extreme
attenuation—in most cases even the total destruction—of the
magnetic precession pattern near 7¢.

Such a behavior can be understood as evidence for a
distribution of the order temperature which has first been
found in disordered ferromagnetic systems. T¢ spreads of the
order of a few K, resulting in critical line broadening and
phase coexistence near T¢, have been observed by Moessbauer
[55,56] and PAC [57] spectroscopy in concentrated and
dilute disordered alloys. The quoted PAC studies [36,52-54]
show that distributions of the order temperature may also
occur in chemically ordered intermetallic compounds, possibly
due local chemical disorder. A T¢ distribution produces a
critical increase of the linewidth, in particular at second-order
transitions (SOTs), because at low temperatures the magnetic
frequency vy, varies little with the Curie temperature, but close
to T¢ the frequency v, decreases critically with increasing
T: v,u(T) = v,,(0)(1 — T/ T¢)? with an exponent of the order
B ~0.3-0.4 [58]. At T = T¢, small variations of the Curie
temperature therefore produce broad distributions of v,,, while
at low T the magnetic frequency remains sharply defined. As
shown in detail in Ref. [52], for a SOT with critical exponent
B and a Lorentzian T¢ distribution, characterized by the center
temperature T¢( and the width I'¢, the resulting temperature
dependence of the relative linewidth § is given by

-1
S(T.Teo) = Avn(T.Tco) ﬁrci<1 r ) . (©6)

vu(T, Tco) Teo Tco ' Tco
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Fits of Eq. (6) to the experimental data in Figs. 3 and
7 (red solid lines) provide a very close description of the
critical increase of the relative linewidth § towards 7¢ and thus
strongly suggest the existence of relatively broad distributions
of the order temperature in the RCd compounds investigated
here. With g = 1/3, the fits give linewidths I of the T¢
distribution ranging from I' ~7 K for DyCd to I' ~ 15 K
for SmCd. These values reflect a high concentration of
lattice imperfections resulting in spatial distribution of the
order temperature. Perturbations of the crystal symmetry by
chemical disorder, i.e., R atoms occupying Cd sites and vice
versa, have been invoked by Buschow [40] to explain the
special magnetic properties of the compounds DyCd.

V. SUMMARY

Perturbed angular correlation (PAC) spectroscopy has been
used to investigate the magnetic hyperfine field By, of the
nuclear probe ""In/!''Cd in the rare-earth (R) cadmium
intermetallic compounds RCd and GdCd,. The observation
that the hyperfine parameters depend on details of the sample
preparation provides information on the phase preference of
diffusing '''In in the rare-earth cadmium phase system.

In cubic CsCl-type compounds RCd the hyperfine field was
determined for the R constituents Ce, Pr, Nd, Sm, Gd, Tb, Dy,
Ho, Er, mostly as a function of temperature. The variation of
the '''Cd hyperfine field of RCd and of the magnetic order
temperature with the R constituent indicates a decrease of the
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indirect 4 f-4 f exchange with increasing R atomic number.
For most R constituents, the temperature dependence B¢ (T)
of 1''Cd:RCd is consistent with ferromagnetic order of the
compound. DyCd, however, presents a remarkable anomaly
with phase transitions at 7 ~ 35 K and 80 K, respectively. The
disappearance of the hyperfine field below 35 K is attributed to
a spin arrangement where all 4 f-induced contributions to the
magnetic hyperfine field at the Cd site cancel. First-principles
calculations show that the antiferromagnetic configuration
of spins in DyCd is energetically more favorable than the
ferromagnetic, resulting in a zero value for B, at Cd. The
PAC spectra reflect a distribution rather than a unique value
of the magnetic hyperfine interaction. The critical increase of
the distribution width towards the magnetic-order temperature
can be attributed to a distribution of the order probably due
chemical disorder of the R and Cd sublattices.
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