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The magnetic and electric hyperfine interactions of the probe nucleus111Cd on the In site of the ferromag-
netic rare-earthsRd indium compoundsR2In s R=Pr, Nd, Sm, Gd, Dy, Ho, Er, and Tmd have been investigated
by perturbed angular correlationsPACd spectroscopy. In the paramagnetic phase, the axially symmetric quad-
rupole interactionsQId decreases by more than a factor of 20 fromR=Pr to R=Er indicating a significant
influence of the 4f electrons on the charge distribution at the In site. In the ferromagnetic phase, the spin and
temperature dependence of the magnetic hyperfine fieldBhf and its orientation relative to thec axis of
hexagonalR2In have been determined by measuring the combined magnetic and electric hyperfine interaction
as a function of temperature for allR constituents. The sign ofBhf, determined by applying an external field of
4 T, is positive for light and negative for heavyR2In. The comparison of the111Cd hyperfine fields inR2In and
in R metals suggests that the indirect 4f −4f coupling is mediated by intra-atomic 4f −5d exchange and
5d−5d interaction of neighboringR atoms rather than by 4f exchange with thes-conduction electrons. The
spin dependence of the saturation value ofBhfs0d and of the Curie temperature inR2In reflect a substantial
difference of thef −d exchange parameterG between the lights LR=Pr, Nd, Smd and the heavys HR=Gd, Tb,
. . .d R2In compounds:GLR/GHR=1.5s1d. The deviation of the magnetic hyperfine field from its saturation value
at low temperatures can be explained by the excitation of spin waves. In Gd2In, the low temperature decrease
of Bhf follows Bloch’s T3/2 relation. In the otherR2In compounds with nonzero angular momentum of theR
constituent, the temperature dependence ofBhf is best described by the modified power lawT3/2

exps−D /kBTd which suggests the existence of an energy gap of aboutD /kB<15–20 K in the spin wave
spectrum of these anisotropic ferromagnets. With the exception of Pr2In and Nd2In, where the hyperfine field
vanishes discontinuously at the Curie temperature, the magnetic phase transitions ofR2In are of second order.
A critical increase of the linewidth of the magnetic interaction close to the phase transition indicates a spatial
variation of the exchange interaction with a spread of the Curie temperature of about 2–5 K. The temperature-
induced changes of the orientation of the 4f spins relative to thec axis of R2In have been deduced from the
angle betweenBhf and the symmetry axis of the electric field gradient.

DOI: 10.1103/PhysRevB.71.094404 PACS numberssd: 76.80.1y, 75.50.2y

I. INTRODUCTION

Measurements of magnetic and electric hyperfine interac-
tions shfid are a useful tool for the investigation of magneti-
cally ordered compounds. Electron spin polarizations, un-
quenched orbital angular moments, and magnetic dipole
moments can give rise to magnetic hyperfine fieldsBhf at
nuclei in magnetic compounds. These hyperfine fields pro-
vide information on the exchange interactions leading to
spontaneous magnetic order, on the order of magnetic phase
transitions, on spin wave excitations, on relaxation pro-
cesses, and on other parameters characterizing a magnetic
system. They can be determined by measuring their interac-
tion with known nuclear magnetic moments using techniques
such as NMR, Mössbauer spectroscopy, perturbed angular
correlationssPACd, and mSR. Additional information,e.g.,
on the orientation of the magnetic moments or on magneto-
elastic distortions, can frequently be obtained from the

nuclear electric quadrupole interactionsQId between the
quadrupole moment of the nuclear probe and an electric field
gradientsEFGd which arises if the charge distribution sur-
rounding the probe site has noncubic symmetry.

The magnetic systems investigated by hyperfine spectro-
scopic techniques range from the pure 3d and 4f elemental
ferromagnets to ordered and disordered intermetallics, inor-
ganic compounds, amorphous alloys, nanocrystalline materi-
als, etc. Much of the experimental and theoretical hyperfine
interaction work has been focused on magnetic systems in-
volving the rare earthsRd elements Ce to Tm.1 Because these
elements differ in the number of well-shielded 4f electrons,
they have rather similar chemical properties. The 4f spins,
which play a decisive role in the exchange interactions, and
the orbital contributions to the 4f magnetic moments, how-
ever, vary strongly with the number of 4f electrons. Conse-
quently, one finds a large number of isostructural series ofR
compounds that—for differentR constituents—differ only
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slightly in the crystallographic properties, but strongly in the
magnetic properties and thus offer very favorable conditions
for the separation of the magnetic from other solid-state pa-
rameters.

There are numerous hyperfine interaction studies of inter-
metallic compounds of rare earths with other elements.2 In
most of these studies, the hyperfine interaction is observed at
impurity nuclei or the nuclei of the non-rare-earth constitu-
ents. At theR nuclei sexcept Gdd one has huge magnetic
fields and electric field gradients, caused by the unquenched
orbital angular momentum of the 4f shell and a precise de-
termination of the much smaller contributions to the hyper-
fine interaction produced by the magnetic host may become
difficult. Intermetallic compounds of the rare earths with 3d
transition elements have attracted much interest because of
the coexistence and interaction of highly localizeds4fd and
itinerant s3dd electrons. Hyperfine interaction studies of in-
termetallic compounds of rare earth andsp elements have
frequently been aiming at information on the mechanism of
the indirect exchange, which couples the spins of the local-
ized nonoverlapping 4f electrons.

In the present work, we have used the probe nucleus
111Cd for a PAC investigation of the magnetic and electric
hyperfine interactions in the rare-earth indium compound
R2In that is part of a systematic study of intermetallic com-
pounds of rare earth andsp elements. Apart fromR2In, the
R-In phase diagram presents several other intermetallic
compounds,3 offering not only the possibility to vary the
magnetic constituent in a given structure, but also to study
the magnetic properties of different structures with the same
R element.

The particular choice of In rather than anothersp con-
stituent for such a systematic investigation is related to the
experimental technique employed: In most PAC and some
Mössbauer studies, the probe nucleus is an impurity in the
investigated compound, which raises the question of the lat-
tice site occupied by the probe atom. Sometimes the hyper-
fine parameters provide an answer to this question, but fre-
quently the probe site and the site preferencesin cases of
several nonequivalent lattice sitesd cannot be determined
from the hyperfine parameters alone, which leads to obvious
difficulties for the interpretation of the experimental data.
This problem does not arise in111Cd PAC studies of In com-
pounds. The excited states of111Cd, one of the most favor-
able nuclei for PAC measurements, are populated by the
electron capture decay of the radioisotope111In. Although the
decay makes the daughter isotope111Cd an impurity in In
compounds, the probe site is well known because the recoil
caused by the electron capture decay is far too small to dis-
locate the isotope from its lattice position.

In the following, we report a series of PAC measurements
of the magnetic and electric hyperfine interactions of111Cd
on In sites ofR2In, carried out forR=Pr, Nd, Sm, Gd, Dy,
Ho, Er, and Tm as a function of temperature in the range
10 KøTø300 K. Results for Tb2In have been published
previously.4 The questions addressed in this study are the
spin dependence of the magnetic hyperfine field, the influ-
ence of theR constituent on the temperature dependence of
Bhf, the order of the magnetic phase transitions, the spin

orientation and its changes with temperature, and the varia-
tion of the EFG at the In site across theR2In series.

II. CRYSTAL STRUCTURE AND MAGNETIC PROPERTIES
OF R2In

The crystal structure ofR2In reported by Palenzona5 and
Franceschi6 is isomorphous with the hexagonal Ni2In lattice.
The unit cell contains two structurally differentR sites and
one In site which has 11R atoms at different distancesdn as
nearest neighborssNNd. There are 6 NNR atoms at d1
=sc2/16+a2/3d1/2, 2 NN R atoms atd2=c/2, and 3 NNR
atoms at d3=a/Î3. Both lattice parametersa and c sa
=0.5534 nm,c=0.6893 nm forR=Prd decrease linearly with
increasingR atomic number,a slightly stronger thanc. The
ratio c/a therefore increases fromc/a=1.246 for R=Pr to
c/a=1.255 forR=Tm.5

The magnetic properties ofR2In have been investigated
by magnetization and resistivity measurements,7–9 by neu-
tron diffraction,10 and by119Sn Mössbauer spectroscopy.11,12

In the paramagnetic phase, allR2In sexcept Sm2Ind show
Curie-Weiss behavior of the susceptibility with effective mo-
ments close to the free-ion values and positive paramagnetic
Curie temperaturessupø197 Kd.9 In the magnetically or-
dered phase the susceptibility ofR=Sm, Gd, Tb, and Dy
indicates a transition from ferromagnetic to antiferromag-
netic order as temperature is decreased. Gd2In presents a
metamagnetic transition atT=99.5 K. For R=Ho, Er, and
Tm the susceptibility shows a maximum at intermediate tem-
peratures without giving an indication of the type of mag-
netic order.

The neutron diffraction studies ofR2In carried out forR
=Gd, Tb, Er sRef. 10 d indicate a ferromagnetic structure
below TC with the 4f moments on bothR sites close to the
free-ion value. In the antiferromagnetic structure of Gd2In
below 100 K, the spins are perpendicular to the hexagonalc
axis. Gd2In presents a helicoidal structure with all spins in a
given basal plane parallel to each other and a spiral angle
between subsequent planes of about 60° at 20 K. Tb2In is
ferromagnetic down to 45 K with the 4f moments in the
basal plane. At lower temperatures, a small helicoidal com-
ponent is observed. Er2In also presents a ferromagnetic
structure with the magnetic moments tilted out of the basal
plane by an angle of 13s5d° independent of temperature. At
1.6 K, indications of a helicoidal component have been
found.

III. EXPERIMENTAL DETAILS

A. Sample preparation and equipment

The PAC measurements were carried out with the
171–245 keV cascade of111Cd, which is populated by the
electron capture decay of the 2.8d isotope111In. In the first
step of the source preparation, In metal was doped with ra-
dioactive111In sconcentration,10−8d. For this purpose, trace
amounts of111In were solute extracted with ethylic ether
from a commercially available aqueous solution of111InCl3
and deposited on a thin In foil. It was found that the radio-
activity could be reduced to the metallic state either by melt-
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ing the foil in a hydrogen atmosphere or by diffusion, heat-
ing the In foil to 400 K for 1 h. The metallic state was
confirmed by taking a PAC spectrum of the doped foil. Both
procedures lead to the well-known PAC spectrum of111Cd in
In metal. Most of the investigated samples were produced
using the simpler diffusion process. In the second step of the
sample preparation, the doped In was arc-melted in an argon
atmosphere with the rare-earth metals in the stoichiometric
ratio.

R2In compounds are known to rapidly oxidize in air.5 To
avoid degradation, the samplessmetallic spheres of about
30 mgd were not ground to a powder, but immediately after
production transferred to the vacuum of a closed-cycle He
refrigerator which was used to cool them to 10 K,T
ø300 K. The temperature was stabilized to about 0.1 K. The
PAC measurements were carried out with a standard
4-detector BaF2 setup.

Inactive samples ofR2In with R=Pr, Nd, Sm, Gd, Dy, Ho,
Er, and Tm were characterized by x-ray diffraction measure-
ments. The compounds were ground to a powder in an argon
atmosphere and mixed with water-free silicon grease. In all
cases except Pr2In, the diffraction pattern of the Ni2In struc-
ture reported by Palenzona5 was observed. Contaminations
by foreign phases were not detected. Pr2In was found to
oxidize very rapidly even under the silicon grease cover and
only slight indications of the diffraction peaks were ob-
served.

B. Data analysis

The angular correlation of two successiveg rays of a
g-g cascade, expressed by angular correlation coefficients
Akk, sk=2,4d may be modulated in time by hyperfine inter-
actions in the intermediate state of the cascade. For polycrys-
talline samples, this modulation can be described by the per-
turbation factorGkkstd which depends on the multipole order,
the symmetry and time dependence of the interaction, and on
the spin of the intermediate statesfor details see, e.g.,
Frauenfelder and Steffen13 d. For a static hyperfine interac-
tion, the perturbation factor can be written as a sum of oscil-
latory terms:

Gkkstd = sk0 + o
n

skncossvntdexps− 1
2dvntd . s1d

The frequenciesvn are associated with the energy differ-
ences between the hyperfine levels into which the nuclear
state is split by the hyperfine interaction. Except for a few
simple cases where analytical expressions for the perturba-
tion factor are available, the frequenciesvn and the ampli-
tudesskn have to be determined by diagonalization of the
interaction Hamiltonian. The number of terms in Eq.s1d de-
pends on the spinI of the intermediate state. The exponential
factor accounts for possible distributions of the static hyper-
fine interaction caused by structural, chemical, and other de-
fects, which lead to an attenuation of the oscillatory PAC
pattern. The parameterd is the relative width of a Lorentzian
distribution.

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

Gkkstd = oi
f iGkk

i std. s2d

f i swith oi f i =1d is the relative intensity of theith fraction.
In magnetically orderedR2In the probe nuclei111In/111Cd

are subject to a magnetic hyperfine field and an EFG related
to the noncubic point symmetry of the In site. The hyperfine
field interacts with the nuclear magnetic moment and the
EFG with the nuclear electric quadrupole momentQ of the
intermediate state of the cascade. In the most general case,
the theoretical perturbation function for a combined mag-
netic and electric hyperfine interaction depends on five inter-
action parameters and on the nuclear spinI. The interaction
parameters are the magnetic frequencynM =g mNBhf /h sg
represents the nuclearg factor, mN the nuclear magnetond,
the quadrupole frequencynq=eQVzz/h, the asymmetry pa-
rameter h=sVxx−Vyyd /Vzz, and the Euler anglesu and w
which describe the relative orientation of the magnetic hy-
perfine field and the EFG tensor.Vii =d2V/di2si =x,y,zd are
the principal-axis components of the EFG tensor withuVxxu
ø uVyyuø uVzz,u.

As expected from the crystal structure and confirmed by
the PAC spectra of the paramagnetic phasessee belowd, the
EFG at the In site of theR2In is axially symmetricsh=0d
with respect to thec axis. In this case, the energy eigenvalues
of the combined interaction are independent of the Euler
anglew, and for a given nuclear spinI the perturbation factor
depends on only three parameters:nM, nq, and the angleu
betweenBhf and the symmetry axis of the EFG.

The number of independent parameters, which can be ex-
tracted from the PAC spectra of111Cd:R2In is further re-
duced by the fact that in mostR2In compounds the magnetic
interaction is much stronger than the quadrupole interaction.
sSee below.d For nM @nq the eigenvalues of the Hamiltonian
are to first order given byEM =hnM +Cl,mhnqs3 cos2u−1d and
consequently the quadrupole frequencynq and the angleu
cannot be determined independently by a measurement of
the interaction energies. In most cases, the experimental re-
sults are therefore expressed in terms of the magnetic inter-
action frequency nM, the quadrupole parameternq

u

=s3 cos2u−1dnq, and the relative widthd of the hfi distribu-
tion.

IV. MEASUREMENTS AND RESULTS

PAC spectraA22G22std of 111Cd in R2In spectra were re-
corded for the constituentsR=Pr, Nd, Sm, Gd, Dy, Ho, Er,
and Tm as a function of temperature between 10 K and
300 K. The hyperfine parameters of111Cd:Tb2In are given in
Ref. 4.

The Curie temperatures derived from the present PAC
data differ considerably from those found in the119Sn Möss-
bauer study ofR2In sRefs. 11 and 12d ssee belowd in which
the samples had a Sn content of about 0.5%. To investigate to
which extent this relatively high concentration of Sn impuri-
ties scompared to the In concentration of,10−8d affects the
order temperature, the111Cd PAC measurements were ex-
tended to Gd2In0.95Sn0.05.

The sign of the magnetic hyperfine field was determined
for R=Nd, Sm, Gd, Dy, and Tm by applying an external

MAGNETIC AND ELECTRIC HYPERFINE… PHYSICAL REVIEW B 71, 094404s2005d

094404-3



magnetic field of 4 T at 4.2 K and observing the rotation of
the integral angular correlation in a time-window of 3 ns. In
the lightR2In, R=Nd, Sm the hyperfine field was found to be
positive, i.e., parallel, in the heavyR2In, R=Gd, Dy, Tm
negative, i.e., antiparallel to the external field. For a compari-
son with R2In, the measurements were extended to some
rare-earth metalss Sm, Gd, Dyd. As in R2In, the sign of the
111Cd hyperfine field is positive in lightsSmd and negative in
heavys Gd, Dyd R metals.

A. The quadrupole interaction of 111Cd in paramagnetic R2In

Some of the111Cd PAC spectraA22G22std observed in the
paramagnetic phase ofR2In at 290 K are shown in Fig. 1.
For the light constituentsR=Pr, Nd the spectra show the
periodic modulation of the anisotropy typical for a perturba-
tion by a well-defined axially symmetric QIshø0.1d. As
one moves from the light to the heavyR2In, the strength of
QI decreases drastically: The precession period in Gd2In is
more than 3 times larger than in Pr2In and at the end of the

R2In series it has increased to the point that only the initial
decrease of the anisotropy fits into the 600-ns-time window
of 111Cd. The values of the quadrupole frequency derived
from these spectra are listed in Table I. In the analysisnq,h
andd were treated as free fit parameters. As a measure of the
temperature dependence of the QI, Table I also gives the
quadrupole frequencynq at T,1.05TC in the paramagnetic
phase close to the transition. In most cases, the asymmetry
parameter washø0.15, with the exception of Pr2In. In this
compound, the asymmetry parameter increased substantially
with decreasing temperature. Close to magnetic phase tran-
sition, one hash=0.45. The relative linewidthd of the QI
distribution was found to increase across theR2In series from
d<0.07 for Pr2In to d<0.3 at the end of the series. In the
case of Er2In the QI is too weak—compared to the time
range available—for a determination ofh andd. The quad-
rupole frequency of Er2In is therefore subject to a systematic
uncertainty of the order of 100%. Some of theR2In spectra
showed a second componentf nq<100 MHz,h<0, relative
intensity less than 10%g indicating a slight contamination by
a nonidentified phase.

B. Combined magnetic and electric hyperfine interactions of
111Cd in the magnetically ordered phases ofR2In

The PAC spectra observed in the magnetically ordered
phase ofR2In at 10 K are collected in Figs. 2 and 3. There
are noticeable differences between the spectra of the heavy
sFig. 2d and the lightsFig. 3d R2In. Typically, the spectra of
the heavy constituentsR=Gd, Dy, Ho, Er, and Tm show a
large number of periodic oscillationsswith the corresponding
frequency decreasing fromR=Gd to Tmd, with the oscilla-
tion amplitudes slowly modulated in time. The periodic os-
cillations are caused by the magnetic interaction; the ampli-
tude modulations reflect the much weaker QIsnM @nqd. For
the light constituentsR=Pr, Nd, Sm one observes nonperi-
odic modulation patterns, indicating that the ratio between
the electric quadrupole and the magnetic dipole interaction in
the light R2In is larger than in the heavyR2In. This is con-
sistent with the increase of the QI observed in the paramag-

FIG. 1. PAC spectra of111Cd in the paramagnetic phase of some
R2In at 290 K.

TABLE I. Experimental hyperfine interaction parameters of111Cd in R2 In: The magnetic interaction
frequencynMs0d, the coefficientB, and the energy gapD /kB fsee Eq.s8dg derived from the low temperature
variation of the magnetic frequencynMsTd, the Curie temperatureTC, the quadrupole parameternq

u

=s3 cos2u−1dnq at 10 K, the quadrupole frequencynq in the paramagnetic phase at 290 K and close to the
magnetic phase transitionsT<1.05TCd.

R nMs0dsMHzd Bs10−4 K2/3d D /kBsKd TC sKd nq
usMHzd nqs290 KdsMHzd nqsT<1.05TCdsMHzd

Pr 20s1d 54 nq=38s1d 38.3 64.7;h=0.45

Nd 39.6 4.3s2d 22s3d 104 nq=54.5s5d 32.5 48.6

Sm 51.0 4.0s1d 54s3d 163 68s1d 26.3 34.5

Gd 72.1 2.7s1d 191 22.0s5d 13.1 17

Tb 59.6 3.5s1d 13s4d 163 9.0s5d 11.7s2d 15.7

Dy 51.7 5.8s3d 20s5d 122 17.0s5d 10.3s1d 14.3

Ho 40.6 11.4s2d 15s2d 83 16.5s5d 7s+2,−5d 13.8

Er 26.3 29s2d 13s2d 43 10.7s5d 1.5s+1,−1.5d 8.3

Tm 15.4 159s35d 15s3d 17 4.8s3d
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netic phase from Er2In to Pr2In. The parameters of the mag-
netic and electric hyperfine interaction and the relative width
d of the Lorentz distribution were extracted by fitting the
theoretical perturbation function for a combined interaction
to the measured spectra. Based on the results for the para-
magnetic phase, it was assumed that the QI in the ferromag-
netic phase has axial symmetry.

For R=Gd, Dy, Ho, Er, Tm, and Sm, one hasnM .nq and
therefore only the quadrupole parameternq

u=s3 cos2u−1dnq

could be determined unambiguously. The value ofnMs0d,
extrapolated from the temperature dependence of the mag-
netic hyperfine frequencyssee Sec. V B 1d, and nq

u at 10 K
are listed in Table I. The Lorentz widthd, which in the mag-
netically ordered phase mainly describes the distribution of
the magnetic hyperfine field, was of the order ofdø0.03 in

all compounds, also those with a large distribution of the QI
in the paramagnetic phase.

The typical evolution with temperature of the PAC spectra
in magnetically ordered heavyR2In is illustrated in Fig. 4,
using Dy2InsTC=122 Kd as an example. One feature of these
spectra merits particular attention: As one approaches the
order temperature, the oscillations of the anisotropy at times
t.100 nsec are increasingly attenuated and finally com-
pletely wiped out.sSee the 120 K spectrum in Fig. 4,d This
behavior, which has been observed in all heavyR2In, reflects
a critical increase of the Lorentzian linewidthd close toTC.
The linewidth d and the magnetic hyperfine frequencynM
derived from the spectra in Fig. 4 are shown in Fig. 5 as a
function of temperature.

In the paramagnetic phase, the QI is expressed by the
quadrupole frequencynq, in the magnetically ordered phase
by the quadrupole parameternq

u=s3 cos2u−1dnq. The varia-
tion of these parameters with temperature for111Cd in Dy2In
is shown in the lower section of Fig. 6. The magnetic hyper-

FIG. 2. PAC spectra of111Cd in heavyR2In; R=Gd, Tb, Dy, Ho,
Er, Tm at 10 K.

FIG. 3. PAC spectra of111Cd in light R2In; R=Pr, Nd, Sm at
10 K.

FIG. 4. PAC spectra of 111Cd in Dy2In at different
temperatures.

FIG. 5. The temperature dependence of the magnetic hyperfine
frequency of111Cd sfull trianglesd in Dy2In sleft-hand scaled. The
solid line corresponds to the molecular-field magnetization calcu-
lated for the angular momentumJ=15/2 of Dy3+. The full circles
show the relative linewidthd of the magnetic hyperfine fieldsright-
hand scaled.
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fine frequenciesnMsTd of all heavyR2In compounds investi-
gated in this study are collected in Fig. 7.

As an example of the temperature dependence of the
111Cd PAC spectra in the lightR2In, we show in Fig. 8 a
series of spectra observed in Nd2In. These present several
interesting aspects. One is the observation that the amplitude
of the PAC pattern in the paramagnetic phase, which is a
measure of the fraction of the sample in the paramagnetic
state, decreases continuously as one approaches the magnetic
phase transition atTC=104 K from higher temperatures and
finally gives way to the nonperiodic pattern of the ferromag-
netic phase. Such behavior is evidence for a coexistence of
the paramagnetic and the ferromagnetic phases in a small
temperature interval around the magnetic order transition
sRef. 14 d. The spectra of111Cd:Nd2In sFig. 8d close toTC

were therefore analyzed assuming two fractions of probe nu-
clei, one with the relative intensityfpara describing probes in
the paramagnetic phase, the other one with intensity
s1-fparad describing probes in the ferromagnetic phase. The
resulting variation of the paramagnetic fraction with tem-
perature is shown in the lower section of Fig. 9.

The second interesting aspect of Nd2In—and
Pr2In—concerns the order of the magnetic phase transition.

FIG. 6. The quadrupole frequencynq and the parametersnq
u

=s3 cos2u−1dnq of 111Cd in the paramagnetic and the ferromag-
netic phase, respectively, of Dy2In as a function of temperature. The
upper section shows the angleu between the direction ofBhf and
the symmetry axis of the EFG in ferromagnetic Dy2In, derived from
the experimental values ofnq

usTd slower sectiond, assuming that the
temperature dependencenqsTd measured in the paramagnetic phase
can be extrapolated to the ferromagnetic regionsdashed line in the
lower sectiond. The solid line in the upper section corresponds to
the temperature dependence of the angleu, derived from the quad-
rupole interaction of the probe119Sn in Dy2In. sRef. 11d.

FIG. 7. The temperature dependence of the magnetic hyperfine
frequency of111Cd in heavyR2In; R=Gd, Tb, Dy, Ho, Er, Tm. The
solid lines represent the molecular-field magnetizations, calculated
for the respective angular momentJ of the R constituents. The
dotted lines are to guide the eyes.

FIG. 8. PAC spectra of 111Cd in Nd2In at different
temperatures.

FIG. 9. The magnetic interaction frequencynM, the quadrupole
frequencynq, and the angleu between the magnetic hyperfine field
and the symmetry axis of the EFG of111Cd in Nd2In as a function
of temperature. The bottom section shows the temperature depen-
dence of the ferromagnetic fraction in the vicinity of the magnetic
first-order transition atTC=104 K.
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Figure 10 displays the temperature dependence of the mag-
netic hyperfine frequency of111Cd in the lightR2In, R=Pr,
Nd, and Sm. While the transition in Sm2In is of second
order—as in the heavyR2In compounds—the hyperfine field
in Nd2In and Pr2In vanishes discontinuously at the transition
temperature, indicating a first-order transitionsFOTd. The
PAC observation of a FOT in Nd2In agrees with the result of
the119Sn Mössbauer study of this compound. For a compari-
son, the Mössbauer data extracted from Ref. 11 are included
in Fig. 10.

In Sm2In, the QI is still much weaker than the magnetic
interaction and therefore only the QI parameternq

u

=s3 cos2 u−1dnq can be derived from the measured spectra.
In the light Pr2In and Nd2In, however, one no longer has
nq!nM and therefore the quadrupole frequencynq and the
angleu between the symmetry axis of the EFG andBhf can
be separated in the analysis. The temperature dependence of
the angleu of Nd2In is shown in the topmost section of Fig.
9. In the case of Pr2In, the analysis with respect to the angle
u is complicated by the fact that, as one approaches the phase
transition, the QI shows a considerable asymmetry which
introduces the Euler anglew as an additional parameter. With
the asymmetry parameter fixed to the value in the paramag-
netic phase close toTC, the spectra of the ferromagnetic
phase, which are practically independent of temperature, are
compatible with an angleuø10°.

V. DISCUSSION

A. The electric field gradient of 111Cd in R2In

The electric field gradientsEFGd Vzz of 111Cd in R2In at
290 K, calculated from the measured quadrupole frequency
nq ssee Table Id with the quadrupole momentQ=0.80s10db
of the 245 keV state,15 decreases strongly with increasingR
atomic number fromVzz=2.0s2d31017V/cm2 for Pr2In to
Vzz=0.1531017 V/cm2 for Er2In. This decrease cannot be
explained by the variation of the lattice parametersa andc
across theR2In series. Because of the lanthanide contraction

both a andc decrease slightly from Pr to Tm. The resulting
variation of the EFG has been estimated by calculating the
lattice contributionVzz

lat in a point-charge model. The contri-
butions of theR and the In sublattice to the total EFG can be
expressed in terms ofs1−g`dVzz

lat /Z, where s1−g`d=30 is
the Sternheimer correction16 for Cd2+ andZ the charge state
of the R and In ions, respectively. Between Pr2In and Er2In
the contributionss1−g`dVzz

lat /Z of the R and In sublattices
vary from −1.28 to −1.52 and from +0.44 to +0.49sin units
of 1017V/cm2d, respectively. While it appears safe to use
ZR= +3 for theR ions, the charge state of the In ions is less
obvious. Since the electronegativity of In is slightly larger
than that of theR elements, one would expect that the In
charge state inR2In has a smaller value than in In metal
sZIn= +3d. 155Gd Mössbauer studies of the isomer shift in
Gd2In sRef. 17d suggest a charge transfer of 0.25
s-electrons/Gd from Gd to In. To explain the trend of the
EFG of 111Cd in RIn3, Mishra et al.18 had to assumeZIn
= +1. In Fig. 11 we compare the measured EFGVzz to the
lattice EFGs1−g`dVzz

lat calculated for the In charge stateZ
= +2 sdotted line in the lower section of Fig. 11d. The com-
parison shows that the lanthanide contraction produces a
slight increase ofs1−g`dVzz

lat across theR2In series. Other In
charge states lead to the same trend, but different absolute
values ofs1−g`dVzz

lat. The strong decrease of the measured
EFG with increasingR atomic number must therefore be
attributed to changes of the valence and conduction electron
contribution to the EFG. Asab initio calculations of the EFG
in R2In are not available, we write the total EFG—for a
qualitative discussion—as a sum of a lattice and an elec-
tronic contribution,

Vzz= s1 − g`dVzz
lat + Vzz

el. s3d

Assuming that the two contributions have opposite signs, as
suggested by the systematic of impurity EFG’s in noncubic

FIG. 10. The temperature dependence of the magnetic hyperfine
frequency of111Cd in light R2In; R=Pr, Nd, Sm. The solid line
represents the molecular-field magnetization of Sm, calculated with
the angular momentJ=5/2 of Sm3+. The open triangles represent
the hyperfine interaction of the probe nucleus119Sn in Nd2In fnor-
malized tonMs0d of 111Cdg. The dotted lines are to guide the eyes.

FIG. 11. The variation of the electric field gradientsEFGd Vzz of
111Cd in R2In at 290 Ksfull circles in the lower sectiond, calculated
from the measured quadrupole frequencynq. The dotted line in the
lower section shows the lattice contribution to the EFG for the In
charge stateZ= +2. The full circles in the upper section represent
the electronic contribution Vzz

el to the EFG, estimated from the mea-
sured values and the calculated lattice contribution. The open tri-
angles in the upper section correspond to the root mean square
radiuskr4f

2 l1/2 of the 4f-wave function.
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metals,19 the trends of the experimental EFG and ofs1
−g`dVzz

lat in Fig. 11 imply that the electronic partVzz
el de-

creases strongly with increasingR atomic number. The varia-
tion of Vzz

el, derived from the experimental EFG for the In
chargeZIn= +2, is shown in the upper section of Fig. 11. As
the number of 4f electrons is the main parameter changing
between Pr and Er, this variation is likely to be related to
changes in the properties of the 4f electrons. Remarkably,
the Z dependence of the electronic EFG contribution is very
similar to that of the root mean square 4f radius, which char-
acterizes the radial extension of the 4f wave function.sSee
open triangles connected by the dashed line in the upper
section of Fig. 11, values ofkr4f

2 l1/2 taken from Ref. 20.d
Both quantities show a strong decrease in the group of the
light R and a much weaker variation in the group of the
heavyR. This similarity between the radial extension of the
4f wave function and the contributionVzz

el to the EFG sug-
gests that the EFG at the In site ofR2In is sensitive to the 4f
charge distribution, possibly by overlap of the probe valence
electrons with the 5d and 6s electrons of the rare earths
which are hybridized by the interaction with the 4f shell.

The QI of 119Sn in R2In sRef. 11d shows a completely
different behavior. The EFG values scatter betweenVzz,0
for Er2In and Vzz,7.3 1017 V/cm2 for Gd2In fcalculated
with Q=−0.061s3db sRef. 21dg without a pronounced differ-
ence between light and heavyR2In or any other systematic
trend. This is remarkable since the data available on the
EFG’s of the probe nuclei111Cd and119Sn in the same non-
cubic metal22 show that the119Sn EFG is systematically
larger than the111Cd EFG by about a factor of 3. The reason
for the drastically different EFG trends of111Cd and119Sn in
R2In is presently not clear. Although the site occupied by the
probes has not been identified experimentally, there is no
reason to assume that119Sn and111Cd are on different posi-
tions in R2In.

Precise data on the temperature dependence of the111Cd
QI in the paramagnetic phase ofR2In could be obtained only
for R=Nd, Sm, Gd, Tb, and Dy. The values of
s] ln yq/]Tdu300 K cover a small range, extending from
−31s1d10−4 K−1 for R=Gd, Tb to ,−25 10−4 K−1 for R
=Nd, Sm, Dy. A quite different behavior has been reported
for 111Cd in the rare-earth metals.23 Heres] ln yq/]Tdu300 K is
about a factor of 2 smaller and shows a strong linear de-
crease with increasingR atomic number.

B. The magnetic hyperfine interaction

1. The spin dependence and sign of the saturation field Bhf„0…

The magnetic hyperfine field at the nuclei of non-rare-
earth atoms in magnetically ordered compounds is caused by
the Fermi contact term in the nucleus-electron interaction
and reflects the spin polarization of thes electrons Dr
=fr↑ s0d−r↓ s0dg at the probe nucleus. A finites-electron
spin density may arise from the spin polarization of the host
conduction electrons, the polarization of the electron core of
the probe by a localized spin, and the overlap of the valence
electrons of the probe with spin polarized valence electrons
of the magnetic ions.

Because of the small spatial extension of the 4f electrons,
magnetic order in rare-earth compounds requires a mecha-
nism of indirect exchange between the 4f electrons. Mainly
two mechanisms of indirect 4f −4f coupling have been pro-
posed: In the Ruderman-Kittel-Kasuya-YosidasRKKY d
theory the coupling is mediated by thes-conduction elec-
trons, which are spin polarized by exchange with the 4f elec-
trons. In an alternative concept, which was proposed by
Campbell,24 the indirect coupling is provided by intra-atomic
4f −5d exchange and interatomic 5d−5d interaction between
the spin polarized 5d electrons of neighboringR atoms. In
spite of considerable experimental and theoretical effort, a
clear picture of the indirect coupling in intermetallic com-
pound RMx of rare earths andsp elements has not yet
emerged. There is experimental evidence that, e.g., inRM
sM =Cu, Ag, Mgd and RIn3 the indirect coupling is mainly
mediated bysp electrons,25 but in a number of cases the
experimental data are partially in conflict with the RKKY
formalism and suggest that the 5d-electrons play an impor-
tant role in the indirect exchange interaction.2

In the RKKY theory, a spin located at positionRn induces
a spatially nonuniform spin polarization in a sea of free con-
duction electrons,

Psrd = −
9n2pG

2EF
kSzlFs2kFur − Rnud. s4d

EF andkF are the free-electron Fermi energy and wave vec-
tor, respectively.G is an effectives-f exchange constantsas-
sumed to be independent of the electron wave vectord, and
Fsxd=fxcossxd-sinsxdg /x4 is the oscillating RKKY function.

The spin polarization induced by spinSWn interacts with a

second spinSWm localized atRm. The resulting indirect cou-

pling can be described by the HamiltonianHnm=−jnmSWn·SWm.
As the total angular momentumJ rather than the spinS is the
constant of motion, the spin has to be substituted by its pro-
jection sg−1dJ on the total angular momentumJ sRef. 26d,
leading toHnm=−jnmsg−1d2 JsJ+1d. In the RKKY theory,
the interaction constantjnm is proportional to the square of
the s-f exchange parameterG and the RKKY functionjnm
~G2Fs2kFRnmd, so that the Curie temperature is proportional
to27

TC ~ G2sg − 1d2JsJ + 1d. s5d

The indirect coupling via intra-atomic 4f −5d exchange and
5d−5d interaction can be described phenomenologically by
the same Hamiltonian. In this coupling scheme,G would be
a measure of the 4f −5d exchange and the long-range RKKY
function has to be replaced by a function which adequately
accounts for the radial dependence of the 5d−5d interaction.

As long as orbital angular momentum contributions to the
spin polarization28,29 are excluded, one therefore expects in
both coupling schemes the hyperfine field to be proportional
to the 4f spin and the respective exchange parameterG. In
the case of RKKY coupling, all 4f spins contribute so that
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Bhf ~ CGsg − 1dJo
nÞm

Fs2kFRnmd. s6d

The parameterC accounts—in the case of impurity probes—
for the modification of the host’ss-electron spin polarization
by spin-dependent electron scattering at the impurity
potential.30 In the case of intra-atomic 4f −5d exchange, the
hyperfine field is produced by the overlap of the spin polar-
ized 5d electrons with the valence electrons of the probe.
Since the 5d electrons are more strongly localized than thes
electrons, one would expect that the hyperfine field is mainly
determined by the numberN of nearestR neighbors and their
distanceRi to the probe. Even without detailed knowledge of
the radial dependence, it can be presumed that the contribu-
tions of the NN spins, symbolized byfsRid, increase with
decreasing distanceRi Qualitatively, these factors can be
summarized by the expression,

Bhf ~ CGsg − 1dJo
i=1

N

fsRid. s7d

Equationss6d ands7d show that independent of the details of
the coupling mechanism, the spin dependence of the hyper-
fine field in a series of isostructural compounds of rare earths
and sp elements reflects theR dependence of the effective
exchange parameterG, provided theR positions vary only
slightly across the series. This is the case forR2In where the
lanthanide contraction changes the lattice parameters be-
tweenR=Pr andR=Tm by less than 5%. In Fig. 12 we have
therefore plotted the saturation valuesBhfs0d of the magnetic
hyperfine field of111Cd in R2In, calculated from the experi-
mental values ofnMs0d sTable Id with the nuclearg factor
g=0.301, versus the spin projectionsg−1dJ. Both for the
group of the light and the heavyR constituents, one observes
in a first approximation a linear relation betweenBhf and the
spin projection. The slopes of these relations, which with the
above assumptions are a direct measure of the exchange pa-
rameter G, however, differ considerably between both
groups. A fit of linear relations to the experimental data leads
to a ratioGLR/GHR=1.5s1d, whereGLR and GHR are the ex-
change parameters for the lights Pr, Nd, Smd and the heavy
sGd, Tb, . . . , Tmd R2In compounds, respectively. The conclu-
sion that the effective exchange in the lightR2In is substan-
tially stronger than in the heavy compounds is also supported

by the order temperaturesTC of theR2In series. The variation
of TC of R2In ssee column 5 in Table Id as a function of the
de Gennes parameterG=sg−1d2JsJ+1d shown in Fig. 13 is
approximately linear with clearly different slopesG2 for the
light and the heavyR2In. Excluding TCsGd2Ind which fits
poorly into the linear trend, one obtains the ratioGLR/GHR
=1.70s25d, or including TCsGd2Ind the ratio is GLR/GHR
=1.55s25d. Within the errors, both values agree with
GLR/GHR=1.5s1d deduced from the spin dependence ofBhf.
Numerous other intermetallic compounds of rare earths and
sp elements present similar differences. From the order tem-
peratures ofRAl2 and RCd, e.g., one estimatesGLR/GHR
=1.7. TheBhf / sg−1dJ values of119Sn inRAl2 sRef. 31d also
differ considerably between the light and the heavyRAl2.
One of the interpretations proposed31 involves an orbital an-
gular momentum contribution to the spin polarization. When
attributed to different spin exchange constants only, the spin
dependence ofBhfs

119Sn:RAl2d corresponds to a ratio
GLR/GHR=1.45.

For a closer inspection of theR dependence of the ex-
change parameterG in R2In, the upper section of Fig. 12
shows the relative coupling constantGnormsRd~Bhf / sg−1dJ
with the normalizationGnormsGdd=1. A strong change occurs
between the light and the heavyR2In, but the variations in
each group are relatively weak. For most of the heavyR2In,
the ratiosBhf / sg−1dJ andsTC/Gd1/2 ssee columns 4 and 5 in
Table IId are constant within a few percent, decreasing only
at the end of the series. At this point, it is interesting to
compare the hyperfine fields of111Cd in R2In to those of the
probe 119Sn in the same series. The119Sn data taken from
Ref. 11 are listed in Table III. The ratio of the hyperfine
fields Bhfs

111Cdd /Bhfs
119Snd ssee column 4 of Table IIId is—

within a few percent—constant across theR2In series. This
probe-independence strengthens the interpretation of the ra-
tio Bhf / sg−1dJ as a relative measure of the effective ex-
change parameter of the host compound.

Some insight into the coupling mechanism may be gained
by comparing the111Cd hyperfine field inR2In to that in the

FIG. 12. The spin dependence of the magnetic hyperfine field of
111Cd in R2In sfull circles, left-hand scaled and the relative coupling
constantGnorm~Bhf / sg−1dJ striangles, right-hand scaled with the
normalizationGnormsGdd=1.

FIG. 13. The Curie temperatureTC sfull triangles, left-hand
scaled and the quantityB−2/3 sopen squares, right-hand scaled as a
function of the de Gennes factorG=sg−1d2JsJ+1d. B is the coef-
ficient of theT3/2 term in Eq.s8d. The right section shows the data
of the heavy rare earthsHR=Gd, Tb, Dy, Ho, Er, Tm, the left
section those of the lightLR=Sm, Nd, Pr.

MAGNETIC AND ELECTRIC HYPERFINE… PHYSICAL REVIEW B 71, 094404s2005d

094404-9



R metals, if one assumes comparable coupling parameters for
a givenR element. InR2In, the probe nucleus has 11 nearest
R neighbors at a slightly smaller average distance
sPr:0.348 nm, Tm:0.332 nmd than that of the 12 NN in the
R metalssPr:0.367 nm, Tm:0.354 nmd. In the case 4f −5d
exchange and 5d-robe overlap, one would therefore expect a
hyperfine field ratio ofBhfsR2Ind /BhfsRd=11/12=0.92 or
larger values in case of a strong radial dependence offsRid in

Eq. s7d. On the other hand, the free-electron RKKY sum
onÞmFs2kFRnmd of R2In sRef. 9d is roughly 2/3 of the RKKY
sum of theR metals,27 as one would expect if in a simplify-
ing picture 1/3 of the magneticR atoms are replaced by
nonmagnetic In atoms.

In the case of111Cd ssee column 7 of Table IId one finds a
hyperfine ratio of BhfsR2Ind /BhfsRd<0.9–1.1 sexcept R
=Ndd close to the ratio of the number of nearestR neighbors

TABLE II. The spin dependence of the saturation value of the magnetic hyperfine field of111Cd in R2In
and inR metals.sg−1dJ is the projection of the spin on the total angular momentumJ andG=sg−1d2JsJ
+1d is the de Gennes factor.BhfsR2Ind /BhfsRd andTCsR2Ind /TCsRd are the ratios of the111Cd hyperfine fields
and of the Curie temperatures, respectively, ofR2In and theR metals.

R2In R metal

R sg−1dJ BhfsTda,b Bhf / sg−1dJsTd sTC/Gd1/2sKd1/2 BhfsTd
BhfsR2Ind

BhfsRd

TCsR2Ind

TCsRd

Pr −0.8 s+d8.65 s−d10.8 8.2 0.16

Nd −1.227 +17.05 −13.8 7.5 s+d7.6515
c 2.21 0.19

Sm −1.786 +21.95 −12.2 6.0 +24.26
d,e 0.90 0.67

Gd 3.5 −30.93 −8.8 3.5 −34.07
f,g 0.91 0.65

Tb 3 −25.63 −8.5 4.1 s−d27.55
g 0.96 0.71

Dy 2.5 −22.22 −8.9 4.1 −22.14
d,h 1.00 0.69

Ho 2 s−d17.42 s−d8.7 4.3 s−d14.93
g 1.14 0.67

Er 1.5 s−d11.32 s−d7.5 4.1 s−d11.63
g 0.97 0.51

Tm 1 −6.61 −6.6 3.8 s−d6.06
g 1.1 0.30

aThis work.
bReference 4.
cReference 47.
dSign: this work.
eReference 48.
fReference 49.
gReference 50.
hReference 51.

TABLE III. The spin dependence of the saturation value of the magnetic hyperfine field of119Sn inR2In
sRefs. 11 and 12d and inR metals. The Curie temperatures ofR2 In have been derived from the temperature
dependence of the magnetic hyperfine field of119Sn.Bhfs

111Cdd /Bhfs
119Snd is the ratio of the hyperfine fields

of the probe nuclei111Cd and119Sn inR2In, BhfsR2Ind /BhfsRd the ratio of the hyperfine fields of119Sn inR2In
and inR metals.

R2In R metal

R TCsKd BhfsTd
Bhfs111Cdd

Bhfs119Snd BhfsTd
BhfsR2Ind

BhfsRd

Nd 111 +21.9s1d 0.77

Sm 160 s+d27.3s1d 0.79

Gd 198a, 236b −37.3s1d 0.84 −32.34s4dc 1.16

Tb 172 −32.8s1d 0.81 s−d24.1s6dd 1.37

Dy 131 −27.1s1d 0.82 s−d18.5s5dd 1.47

Ho 91,5 s−d22.3s1d 0.76 s−d12s1dd 1.85

Er 50 s−d15.2s1d 0.74 −12.4s4de 1.23

Tm 23, 5 −8.4s1d 0.79 s−d7.2s12dd 1.20

aReference 11.
bReference 12.
cReference 52.
dReference 53.
eReference 54.
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NsR2Ind /NsRd=0.92. For119Sn ssee column 6 of Table IIId
the ratio is even larger:BhfsR2Ind /BhfsRd<1.2–1.8. Thus,
for both probesBhfsR2IndBhfsRd is much larger than the ratio
of the RKKY sumss,0.60d. This implies that the 4f spins
beyond the NN shell of the probe contribute little to the
hyperfine field and favors 4f −5d exchange and 5d-probe
interaction rather than long-range RKKY interaction as cou-
pling mechanism. NMR measurements32 of Bhf of 67Zn in
pseudobinaryR1-xAxZn sA=La, Y, Scd have led to a similar
conclusion. In these compounds, about 80% of the hyperfine
field comes from the NN 4f spins. The fact that for119Sn the
ratio BhfsR2Ind /BhfsRd is substantially larger than for111Cd is
possibly related to the difference of the probe volumes. The
atomic volume of Sns27 Å3d which is comparable to the
volume of the Wigner Seitz cell of the In site ofR2In
sPr:29 Å3; Er:26 Å3d is larger than the atomic volume of
Cds22 Å3d which could lead to a stronger overlap of the Sn
valence electrons with the spin polarized 5d electrons.

The Curie temperatures ofR2In andR metals are related
asTCsR2Ind<2/3 TCsRd sat least for heavyR—see column 8
in Table IId. This supports the picture ofR2In as a magneti-
cally dilutedR metal with a comparable exchange parameter,
since in diluted ferromagnets above the percolation limitTC
scales with the concentration of the magnetic atoms, inde-
pendent of the coupling mechanism.

The larger exchange parameter in the lightR2In deduced
from the hyperfine field measurements reflects a higher de-
gree of 4f −5d overlap which can be understood qualitatively
by comparing the radial extensions of the 4f and 5d electrons
in the first and the second half of theR series. According to
Delyagin et al.,11,33 the degree of overlap can be expressed
by the ratioR4f /RNN. Here the root mean square 4f radius
R4f =kr4f

2 l1/2 and the NN distanceRNN are measures of the
radial extensions of the 4f- and the 5d-wave functions, re-
spectively. In an isostructural series, both parameters de-
crease with increasingZ. The decrease ofRNN slanthanide
contractiond between Pr and Tm usually amounts to only a
few percents,5% in R2Ind. The 4f radius, however, shows a
strong Z dependence, in particular in the first half of the
rare-earth group where it decreases by about 20%. In the
second half, the decrease is about 10%.sSee the dotted line
in the upper section of Fig. 11.d Consequently, the degree of
overlap decreases from Pr to Tm, leading to weaker ex-
change in the second half of theR series.

The sign of the magnetic hyperfine fieldBhf of 111Cd on
the In site ofR2In has been determined forR=Nd, Sm, Gd,
Tb, Dy, and Tm. As a rule, in lightR2In Bhf is parallel, in
heavyR2In is antiparallel to the external fieldBext. An exter-
nal field of 4 T is not sufficient to break the spin-orbit cou-
pling of the R moments; the external field therefore aligns
the total angular momentumJ. According to Hund’s rule, for
light R elements the spinS is antiparallel, and for heavyR it
is parallel to the total angular momentum. The positive and
negative sign ofBhf in light and heavyR2In, respectively,
therefore implies that in allR2In the spin polarizationDri
=fr↑ s0d-r↓ s0dg at the111Cd site is antiparallel to the rare-
earth spinS. The same holds for the rare-earth metals, and as
shown by Delyaginet al.,11 also for the probe nucleus119Sn
in R2In.

2. The temperature dependence of the magnetic hyperfine
interaction

The variation of the magnetic interaction frequencynM
with temperature was determined in allR2In between 10 K
and the order temperatureTC. The main results of the mea-
surements are illustrated in Figs. 5, 7, 10, and 14. In all
heavy R2In, the magnetic hyperfine interaction decreases
continuously towardsTC. The decrease ofnM is accompanied
by a critical increase of the linewidth of the magnetic inter-
action, which is evidence for a spatial variation of the ex-
change interaction and a corresponding distribution of the
Curie temperature.sSee Sec. V B 3d.

In light R2In, a second-order transitionsSOTd is found
only in Sm2In. In Nd2In and Pr2In the hyperfine field van-
ishes discontinuously at the Curie temperature. The observa-
tion that the QI in the paramagnetic phase of Pr2In becomes
axially asymmetric as one approaches the phase transition
ssee Section IV Ad is an indication of lattice distortions near
TC and suggests that these first-order transitionssFOTsd are
driven by magneto-elastic effects.

In Fig. 7, the temperature dependence ofnMsTd of 111Cd
in heavyR2In compounds is compared to the prediction of a
molecular field model for localized momentsssolid linesd.
For all heavy R2In, the experimental trend ofnMsTd is
slightly below the molecular field curve. It is interesting to
note that in spite of the phase transitions from antiferromag-
netic to ferromagnetic order in Gd2In and Sm2In at 100 K
and 145 K, respectively, the hyperfine frequencies of111Cd
sand119Sn, Ref. 11d in these hosts vary smoothly across the
phase transitions. As pointed out by Delyaginet al.,11 the
absence of a singularity ofBhf suggests that the NN spin
arrangements in the ferro- and antiferromagnetic phases are
rather similar and calls for a small interlayer turn angle of the
spin spirals of Gd2In and Sm2In.

At low temperatures, the excitation of spin waves causes
the magnetization to deviate from its saturation value, which
is frequently expressed in terms of a temperature power law

FIG. 14. The magnetic hyperfine fieldBhf of 111Cd in Gd2In
sfull squaresd, in Gd2In0.95Sn0.05 sopen squaresd, in Sm2In sopen
circlesd, and of119Sn in Gd2In0.995Sn0.005 sfull triangles; Ref. 12d,
as a function of temperature on aT3/2 scale. The full line through
the 111Cd:Sm2In data is the result of a fit of Eq.s8d to the experi-
mental values.
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Tk. The T3/2 temperature dependence of the magnetization
predicted by Bloch’s spin wave theory for a bilinear Heisen-
berg ferromagnet with nearest-neighbour interactions has
been experimentally verified in a large number of cases, but
other exponentsk have also been observed.34

In Fig. 14 we have plotted the magnetic hyperfine field of
111Cd in Gd2In and Sm2In vs the temperature on aT3/2 scale.
Clearly,BhfsTd of 111Cd in Gd2In is well described by aT3/2

relation, but substantial deviations from Bloch’s law occur in
Sm2In and the otherR2In compoundssnot shown in Fig. 14d
with nonzero orbital angular momentum. An analysis of the
temperature dependence of the magnetic hyperfine frequency
nMsTd of 111Cd in R2In in terms of a single temperature
power lawTk leads to significant differences in the exponent
k. A fit of s1-BTkd to the data in Fig. 7 forT/TCø0.5 results
in k=1.45s5d for Gd2In, k=1.65s5d for Tb2In and 1.8øk
ø2.2 for the otherR constituents.

Similar differences between Gd and the other rare-earth
elements have been observed in the thermal decrease of the
magnetization of the pureR metals. In Gd metal,35 the low-
temperature variation of the magnetization forT/TCù0.17 is
well described by aT3/2 relation. In Tb36 and Dy,37 however,
larger critical exponentsk<2–2.5 are required to reproduce
the decrease of the magnetization with a single temperature
power law. These differences in the low-temperature trend of
the magnetization have been attributed to the differences in
the crystal electric field interactionssCEFd of Gd and the
other rare-earth elements. In contrast to the otherR elements,
the charge distribution of the half-filled 4f shell of Gd is
almost spherically symmetric. In Gd compounds, the aniso-
tropic CEF interactions between the 4f-charge distribution
and the electric field produced by the surrounding charges
are therefore weak, while for the otherR elements one finds
extremely large anisotropy energies. It was pointed out by
Niira37 that a magnetic anisotropy caused, e.g., by a CEF
interaction may produce an energy gapD in the magnon
spectrum of a ferromagnetic system38 and that such a gap has
a substantial effect on the low-temperature dependence of the
magnetization.

For hcp rare-earth metals, the CEF can be expressed in
terms of the anisotropy energiesKl

0sl=2,4,6d relative to the
hexagonalc axis and the basal plane anisotropyK6

6. In this

case, the CEF leads to an energy gapD<s1/JdÎK2
0K6

6 in the
spin wave spectrum and the resulting modification of Bloch’s
T3/2 law can be written as38

MsTd = Ms0dF1 − BT3/2o
n=1

`

n2/3exps− nD/kBTdG . s8d

With energy gaps of aboutD /kB<20−30 K, Eq.s8d fully
accounts for the deviations of the low-temperature magneti-
zation of Tb and Dy metal from Bloch’sT3/2 relation.

Because of the hexagonal symmetry ofR2In, substantial
CEF effects should be present for allR constituents except
R=Gd and one may therefore expect similar differences in
the temperature dependence of the magnetization as in theR
metals. We have analyzed the experimental temperature de-
pendencies ofnMsTd in the range forT/TCø0.5 on the basis

of Eq. s8d. This analysis, which presumes that the hyperfine
coupling constantA relating the hyperfine field to the
magnetization39 fnMsTd=AMsTdg is temperature indepen-
dent, leads to a finite parameterD /kB for all non-S stateR
constituents. The values ofnMs0d, B andD /kB derived from
a fit of Eq. s8d to thenMsTd data in Figs. 7 and 10 are listed
in columns 2–4 of Table I. In the case of Pr2In, the accuracy
of the datassee Sec. IV Bd is insufficient for a meaningful
analysis of the temperature dependence.

In the heavyR2In, the gap energyD /kB<15s3dK is prac-
tically independent of theR constituent and of the same or-
der of magnitude as the magnon gap of Tb and Dy metals. In
the light R2In R=Nd, Sm, the gap energy is substantially
larger, reflecting a stronger CEF interaction which is prob-
ably a consequence of the larger radial extension of the
4f-wave functions in first half of the 4f series. In contrast to
the gap energy, the parameterB of the temperature depen-
dencefEq. s8dg shows a strong variation with theR constitu-
ent, increasing continuously fromB=2.7310−4 K−3/2 for Gd
to B=159310−4 K−3/2 for Tm. In the spin wave theory of
isotropic Heisenberg ferromagnets with HamiltonianH
=−J S1S2 and three-dimensional dispersion relation, the
relative deviation of the magnetization from its saturation
value is for small wave vectors given byhfDMsTd / fMs0dgj
~ h1/SdfskBTd / sI Sdg3/2j. sNote: This proportionality also
holds in the presence of anisotropy energies.27d The coupling
parameterJ may be replaced by the order temperature since
J~TC/SsS+1d. This substitution leads to the relationB−2/3

~TcfS2/3/ sS+1dg between the coefficientB of the s1-BT3/2d
temperature dependence of the magnetization andTC. fNote:
In the case of theR ferromagnets,S stands for the spin pro-
jection sg−1dJg. In the range of spins of interest in this pa-
per, S2/3/ sS+1d< const<0.52 and one therefore expects a
practically linear relation between the Curie temperatureTC
and the parameterB−2/3.

To compare our experimental observations with this pre-
diction of the spin wave theory, we have included the param-
eterB−2/3 ssee Table Id in Fig. 13, where the Curie tempera-
ture TC is plotted vs the de Gennes factorG=sg−1d2JsJ
+1d, and find thatB−2/3 indeed follows theG-dependence of
the order temperature very closely. The experimentalB−2/3

values of allR2In, except Nd2In, satisfy the linear relation
B−2/3=2.34s4d TCS2/3/ sS+1d. In the case of Nd2In, B−2/3 is
about 50% larger than expected from this relation, which is
possibly related to the fact that the magnetic phase transition
of Nd2In is of first order.

For T/TCø0.5, the temperature-induced decrease of the
magnetic hyperfine field of111Cd:R2In can thus be consis-
tently related to the spin wave excitations of the host. Our
data also suggest that the response of the electron spin po-
larization to the spin wave excitations, described by the hy-
perfine coupling constantA, depends on the properties of the
probe atom. In Fig. 14 we have included theBhfsTd-data of
119Sn in Gd2In, extracted from Fig. 3 of Ref. 12. As for
111Cd, BhfsTd of 119Sn follows a T3/2 law; the coefficient
Bs119Sn:Gd2Ind=2.0s1d310−4 K2/3, however, is consider-
ably smaller than that of111Cd in the same host
fBs111Cd:Gd2Ind=2.7 10−4 K−3/2g.

At higher temperatures, the variation of the magnetic hy-
perfine field may be discussed in terms of the molecular field
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model. For rare-earth ferromagnets, the CEF interaction
changes the equidistant molecular field splitting of thes2J
+1d m states, and the Boltzmann averaging of these levels
then results in a different temperature dependence of the
magnetization. Including the Hamiltonian of a CEF interac-
tion with hexagonal point symmetry into the molecular field
model, we have found that anisotropy coefficientsK2

0

<−s100–200d K and K4
0/K2

0<0.1 are required to reproduce
the measurednMsTd curves of 111Cd:R2In sexcept Gd2Ind.
These values are comparable to the coefficients observed in
the R metals. A precise determination of the coefficients is
difficult because similar temperature dependences can be
produced by different combinations ofK2

0 and K4
0. This is

because the magnetization is given by the Boltzmann aver-
age over allm states, in contrast, e.g., to inelastic neutron
scattering which directly provides them-state energies. The
contributions of theK6

0 andK6
6 terms to CEF energy are too

small to be detected in thenMsTd curves.
The Curie temperatures of mostR2In derived from the

111Cd PAC measurements ofnMsTd ssee Tables I and IIId are
systematically smaller—by up to 10 K—than those obtained
from the119Sn Mössbauer spectrasTable IIId. To investigate
whether this difference is related to the Sn content
s,0.5%d of the Mössbauer samples, we have measured
BhfsTd of 111Cd in Gd2In0.95Sn0.05. These data, included in
Fig. 14, show that there is some increase of the saturation
field and of the order temperature upon addition of this rela-
tively large Sn concentration. The effect, however, is too
small to explain the substantial difference in the order tem-
peratures deduced from the PAC and the Mössbauer spectra.

3. Evidence for Curie temperature distributions in R2In

As pointed out in Sec. IV B, there are two features in the
PAC spectra nearTC that reflect a spatial variation of the
exchange interaction and a corresponding distribution of the
order temperature inR2In. These aresid the critical increase
of the relative line width of the magnetic hyperfine fieldssee
Figs. 4 and 5, for exampled and sii d the coexistence of the
paramagnetic and the ferromagnetic phase in a small tem-
perature interval nearTC sFigs. 8 and 9d. Evidence for Curie
temperature distributions has earlier been found in disor-
dered ferromagnetic systems.TC spreads of the order of a
few K, resulting in critical line broadening and phase coex-
istence nearTC have been observed by Mössbauer40,41 and
PAC sRef. 42d spectroscopy in concentrated and dilute, dis-
ordered alloys. The concept of spatially varying Curie
temperatures43,44 has also been invoked to explain the
smoothness of the phase transitions in strongly disordered
magnetic alloys such as Invar where the transition may ex-
tend over temperature ranges of the order of 102 K. sSee, for
example, Ref. 45d

Recently, it was noted that distributions of the order tem-
perature may also occur in chemically ordered intermetallic
compounds.14 A TC distribution produces a critical increase
of the linewidth, in particular at second-order transitions
sSOTd, because at low temperatures the magnetic frequency
nM varies little with the Curie temperature, but close toTC,
nM decreases critically with decreasingTC: nM ~ s1−T/TCdb

with an exponent of the orderb,0.3–0.446. At T<TC small
variations of the Curie temperature therefore produce broad
distributions ofnM, while at low T the magnetic frequency
remains sharply defined. As shown in Ref. 14, for a SOT
with critical exponentb and a LorentzianTC-distribution,
characterized by the center temperatureTC and the widthGC,
the resulting temperature dependence of the relative line
width d is given by

dsTd = sb GC/2TCdsT/TCds1 − T/TCdb−1. s9d

The extraction of the parameterGC from the critical in-
crease ofdsTd is discussed in detail in Ref. 14 With the
critical exponentb fixed to b=0.35 and a Curie temperature
of TC=122s1dK deduced fromnMsTd of Dy2In using nM

~ s1−T/TCdb, thedsTd data of Dy2In in Fig. 5 correspond to
a TC-distribution with a line width ofGC=1.8s2dK. In the
otherR2In compounds with SOTs,GC is of the same order of
magnitude.

A coexistence of the paramagnetic and the ferromagnetic
phases nearTC becomes manifest in the PAC spectra as a
superposition of two fractions. The temperature dependence
of the paramagnetic fraction is given by the integral14

fparasTd =E
0

T

IsTC8 ;TCddTC8 , s10d

where IsTC8 ;TCd represents theTC distribution swith TC as
most frequent order temperatured. In the ferromagnetic phase
of R2In, the angular correlation is perturbed by a combined
magnetic and electric hyperfine interaction, in the paramag-
netic phase by an axially symmetric QI. The paramagnetic
component in the spectra atT<TC is most easily identified
in the case of111Cd:Nd2In ssee Fig. 8d because of the
strength and the narrow linewidth of the QI in this com-
pound. In the heavyR2In, the QI is much weaker, and the
paramagnetic component is therefore difficult to separate
from the ferromagnetic component, which because of the
critical increase of the line width is strongly attenuated at
T<TC. A fit of Eq. s10d with a LorentzianTC distribution to
fparasTd of 111Cd:Nd2In ssolid line in Fig. 9d gives Tc

=104 K and a width of theTC distribution of aboutGC
<5 K. fNote: The variations of the sample temperature of
,0.1 K are at least one order of magnitude smaller than the
GC values required to reproduce the temperature depen-
dences ofdsTd and fparasTd at T<TC.g

Critical increase of the linewidth and phase coexistence
have been observed in practically all hyperfine field studies
of chemically ordered magnetic compounds reported up to
now. The mechanism leading to local variations of the ex-
change interaction in ordered systems has not yet been iden-
tified. Site disordersatomsA on B sites of ABxd probably
plays a role.

4. The spin orientation

The relative orientation of the magnetic hyperfine field
and the axially symmetric EFG reflects the local spin orien-
tation at the probe with respect to the symmetry axis of the
host lattice. With the exception of Nd2In and Pr2In, the in-
formation on the spin orientation at111In/111Cd in R2In has
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to be extracted from the quadrupole parameternq
u

=s3 cos2 u−1dnq by extrapolating the temperature depen-
dence of the quadrupole frequencynqsTd, measured in the
paramagnetic phase, to the ferromagnetic region. An ex-
ample is given in Fig. 6 for the case of Dy2In. At TC one has
unq

u=s3 cos2 u−1dnqu ,1.8unqu with u,16 deg as the only
solution. The decrease ofnq

usTd with decreasing temperature
implies an increase of the angleu. The variation ofusTd
shown in upper section of Fig. 6 results from the experimen-
tal values ofnq

usTd if the temperature dependence of the QI is
assumed to follow the well knownT3/2-relation nqsTd
=nqs0ds1−BT3/2d observed in many noncubic metals. As the
variation of the QI in the paramagnetic phase is rather weak,
the assumption of a linearnqsTd relation leads to practically
the sameusTd values. Figure 6 also shows the variation of
usTd for a 119Sn impurity on the In site of Dy2In, measured
by Mössbauer spectroscopysfull line in the upper section11d.

The temperature dependencies of the spin orientation at
111Cd derived in the same way from the experimentalnq

usTd
data of the otherR2In compounds are displayed in Fig. 15 vs
the reduced temperatureT/TC. Gd2In and Tm2In are not in-
cluded. In the latter case the QI in the paramagnetic phase is
very small andnqsTd too imprecise for a meaningful analysis
of nq

u=s3cos2u−1dnq. The decrease of quadrupole parameter
with decreasing temperature, however, shows that also in
Tm2In the spin orientation changes with temperature.

In the case of Gd2In, the quadrupole parameter of the
ferromagnetic phasenq

usTd is close to the quadrupole fre-
quency extrapolated from the paramagnetic phase:unq

u /nqu
,1 at all temperatures, but in Er2In this ratio increases from
unq

u /nqu,0.9 at TC to unq
u /nqu,1 at T=10 K. For 0.9

, us3 cos2u−1du,1 there are two possible solutions:u
<35–37° anduù79°. Sinceg-g PAC is not sensitive to the

sign of the QI, one has to recur to data provided by other
techniques to select the correct solution. Neutron diffraction
and119Sn Mössbauer spectroscopy of R2In support the solu-
tion uù79° both forR=Gd and Er.

The experimental error ofnq
usTd is of the order of 2%, so

that qualitatively there is no doubt that the spin orientation in
most R2In—as seen by111Cd—is temperature dependent.
The absolute values ofu obtained fromnq

usTd, however, de-
pend on thenqsTd relation assumed for the extrapolation
from the paramagnetic to the ferromagnetic phase and are
therefore the subject of some systematic uncertainty which
we estimate to be of the order ofDuø10 degrees.

For comparison with the111Cd PAC results, the spin ori-
entations of R2In obtained by neutron diffraction and111Sn
Mössbauer spectroscopy are included in Fig. 6sDy2Ind and
Fig. 15. In the case of119Sn Mössbauer spectroscopy, the
information on the spin orientation comes, as for111Cd:
R2In, from the quadrupole parameternq

u=s3 cos2 u−1dnq. In
contrast tog-g PAC, however, in the case of combined in-
teractions Mössbauer spectra are sensitive to the sign ofnq

u.
Delyaginet al.11 have reported that forR=Sm, Gd, Tb, Dy,
and Tmnq

us119Sn:R2Ind at 4.2 K is positive, forR=Ho and
Nd negative. The assumption of a positive sign of the EFG
then leads to the conclusion that in the case ofR=Sm, Gd,
Tb, Dy, and Tm one hasuùuM, whereuM is the “magic”
angleuM =54.7°, i.e., the magnetic moments are in the basal
plane or close to it. ForR=Ho and Nd one hasuøuM, i.e.,
the moments are parallel or close to thec axis of the hex-
agonalR2In lattice.

A temperature dependence ofnq
u has been reported only

for the case of119Sn:Dy2In where the sign ofnq
uwas found to

change from positive to negative, as temperature increased
from 40 K to 80 K sindicated by the full line in the upper
section of Fig. 6d. In the case of119Sn:Nd2In an anomaly in
the temperature variation of the magnetic hyperfine field be-
tween 25 K and 40 Kssee triangles connected by a dashed
line in Fig. 10d has been attributed by Delyaginet al.11 to a
spin reorientation fromu=0° tou=20°. With111Cd, a similar
anomaly has not been observed.

The comparison of the111Cd PAC, the119Sn Mössbauer,
and the neutron diffraction results shows that the local spin
orientation is affected by the probe properties, presumably
by local changes of the crystal field parameters. Pronounced
differences between neutron diffraction and PAC results are
found, e.g., in the case of Tb2In s u=90° and 65°, respec-
tively, at 10 K; see Fig. 15d. The results of111Cd PAC and
119Sn Mössbauer spectroscopy differ in practically allR2In
compounds. A prominent example is Dy2In ssee Fig. 6d: At
the site of119Sn, the angleu increases strongly with decreas-
ing temperature fromu,0° to 90°. At111Cd, the spin orien-
tation changes in the same temperature range, but only from
u,20° to ,40°. A low temperature angle ofu,90° can be
definitely excluded for111Cd, because on the way fromu
,20° to u,90° one would pass through the magic angle
uM =54.7° where the PAC pattern is that of a pure magnetic
interaction. This has not been observed.

VI. CONCLUSION

The magnetic and electric hyperfine interactions of the
probe nucleus111Cd on the In site of the ferromagnetic rare-

FIG. 15. The angleu between the direction of the111Cd hyper-
fine field and the symmetry axis of the EFGsfull squaresd in some
R2In as a function of temperature. The full triangles are theu values
deduced from119Sn Mössbauer measurementssRef. 11 d, the stars
corresponds to the orientation of the 4f moments relative to thec
axis determined by neutron diffractionsRef. 10d.
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earth indium compoundR2In have been investigated by per-
turbed angular correlation measurements as a function of
temperature for differentR constituents. The main results of
this study are summarized in the following paragraph.

The QI in the paramagnetic phase decreases drastically
from the light to the heavyR constituents, suggesting a
strong influence of the 4f electrons on the charge distribution
at the In site. The comparison of the magnetic hyperfine field
of 111Cd in R2In and in theR metals shows that the main
contribution toBhf comes from the nearest R neighbors of
the probe. This observation favors intra-atomic 4f −5d ex-
change and interatomic 5d−5d interaction rather than 4f ex-
change with thes-conduction electrons as mechanism of the
indirect 4f −4f interaction. The spin dependence of the hy-
perfine field reflects a stronger degree of 4f −5d overlap in
the first half of theR group. The temperature dependence of
the magnetic hyperfine interaction atT/TCø0.5 can be ex-
plained by the excitation of spin waves. ForR constituents
with nonzero orbital angular momentum,BhfsTd follows the

modified Bloch relationT3/2 exps−D /kBTdd, suggesting an
energy gapD /kB<15–20 K in the spin wave spectrum of
R2In. The PAC spectra provide evidence for a spatial varia-
tion of the exchange interaction in chemically ordered inter-
metallic compounds that is probably due to some degree of
site disorder. The spatially varying exchange leads to a dis-
tribution of the Curie temperature with a width of,2–5 K
and to the coexistence of the ferromagnetic and the paramag-
netic phase in a similar temperature interval around the phase
transition. The temperature-induced changes of the orienta-
tion of the 4f spins relative to thec axis of R2In have been
deduced from the angle betweenBhf and the symmetry axis
of the EFG.
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