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The magnetic and electric hyperfine interactions of the probe nutléd on the In site of the ferromag-
netic rare-eartliR) indium compound®,In ( R=Pr, Nd, Sm, Gd, Dy, Ho, Er, and Tirhave been investigated
by perturbed angular correlatid®RAC) spectroscopy. In the paramagnetic phase, the axially symmetric quad-
rupole interaction(Ql) decreases by more than a factor of 20 fr&mPr to R=Er indicating a significant
influence of the 4 electrons on the charge distribution at the In site. In the ferromagnetic phase, the spin and
temperature dependence of the magnetic hyperfine Bgjdand its orientation relative to the axis of
hexagonaR,In have been determined by measuring the combined magnetic and electric hyperfine interaction
as a function of temperature for &lconstituents. The sign d,;, determined by applying an external field of
4 T, is positive for light and negative for heafgln. The comparison of th&Cd hyperfine fields ifR,In and
in R metals suggests that the indirect—-4f coupling is mediated by intra-atomicf45d exchange and
5d-5d interaction of neighborindR atoms rather than byfdexchange with the-conduction electrons. The
spin dependence of the saturation valueBgf(0) and of the Curie temperature RyIn reflect a substantial
difference of thef —d exchange paramet&rbetween the light LR=Pr, Nd, Sm and the heavy HR=Gd, Tb,
...) Roln compoundsI' gr/T'yr=1.51). The deviation of the magnetic hyperfine field from its saturation value
at low temperatures can be explained by the excitation of spin waves. In,Gte low temperature decrease
of By follows Bloch’s T2 relation. In the otheR,In compounds with nonzero angular momentum of fhe
constituent, the temperature dependence Baf is best described by the modified power laW/?
exp(—-A/kgT) which suggests the existence of an energy gap of alddkg~15-20 K in the spin wave
spectrum of these anisotropic ferromagnets. With the exception,bf 8nd NdlIn, where the hyperfine field
vanishes discontinuously at the Curie temperature, the magnetic phase transittghsare 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 thiespins relative to the axis of RyIn have been deduced from the
angle betweemB;,; and the symmetry axis of the electric field gradient.
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[. INTRODUCTION nuclear electric quadrupole interactiq®l) between the
quadrupole moment of the nuclear probe and an electric field
Measurements of magnetic and electric hyperfine interacgradient(EFG) which arises if the charge distribution sur-
tions (hfi) are a useful tool for the investigation of magneti- rounding the probe site has noncubic symmetry.
cally ordered compounds. Electron spin polarizations, un- The magnetic systems investigated by hyperfine spectro-
quenched orbital angular moments, and magnetic dipolecopic techniques range from the pum &hd 4 elemental
moments can give rise to magnetic hyperfine fiels at  ferromagnets to ordered and disordered intermetallics, inor-
nuclei in magnetic compounds. These hyperfine fields proganic compounds, amorphous alloys, nanocrystalline materi-
vide information on the exchange interactions leading taals, etc. Much of the experimental and theoretical hyperfine
spontaneous magnetic order, on the order of magnetic phaggeraction work has been focused on magnetic systems in-
transitions, on spin wave excitations, on relaxation pro-volving the rare eartfiR) elements Ce to TrhBecause these
cesses, and on other parameters characterizing a magnetiements differ in the number of well-shieldedl dlectrons,
system. They can be determined by measuring their interatchey have rather similar chemical properties. THesgins,
tion with known nuclear magnetic moments using techniquesvhich play a decisive role in the exchange interactions, and
such as NMR, Mdssbauer spectroscopy, perturbed anguléie orbital contributions to thef4magnetic moments, how-
correlations(PAC), and uSR. Additional informatione.g,  ever, vary strongly with the number of £lectrons. Conse-
on the orientation of the magnetic moments or on magnetoguently, one finds a large number of isostructural serieR of
elastic distortions, can frequently be obtained from thecompounds that—for differenR constituents—differ only
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slightly in the crystallographic properties, but strongly in the orientation and its changes with temperature, and the varia-
magnetic properties and thus offer very favorable conditiongion of the EFG at the In site across tRgln series.
for the separation of the magnetic from other solid-state pa-
rameters. Il. CRYSTAL STRUCTURE AND MAGNETIC PROPERTIES
There are numerous hyperfine interaction studies of inter- OF R,In
metallic compounds of rare earths with other elemérits.
most of these studies, the hyperfine interaction is observed at The crystal structure dR,In reported by Palenzohand
impurity nuclei or the nuclei of the non-rare-earth constitu-Franceschiis isomorphous with the hexagonalMi lattice.
ents. At theR nuclei (except Gdl one has huge magnetic The un|t_ cell c_ontams two structura!ly d|ffere_ﬁ¢ sites and
fields and electric field gradients, caused by the unquenche®e In site which has 1R atoms at different distancef as
orbital angular momentum of thef &hell and a precise de- hearest neighbor¢NN). There are 6 NNR atoms atd,
termination of the much smaller contributions to the hyper-z(cz/:|-6+""2/3)1/2’_2 NN R atoms atd,=c/2, and 3 NNR
fine interaction produced by the magnetic host may becomatoms atds=a/y3. Both lattice parametera and ¢ (a
difficult. Intermetallic compounds of the rare earths with 3 =0.5534 nmc=0.6893 nm foiR=Pr) decrease linearly with
transition elements have attracted much interest because #creasingR atomic numbera slightly stronger thare. The
the coexistence and interaction of highly localizéd) and ratio c/a therefore increases from/a=1.246 for R=Pr to
itinerant (3d) electrons. Hyperfine interaction studies of in- ¢/a=1.255 forR=Tm> . _
termetallic compounds of rare earth asd elements have  T1he magnetic properties d¥In have been investigated

frequently been aiming at information on the mechanism oY ma_lgneti_zatiloon and rlelsistivit¥ measuremenishy neuz—
the indirect exchange, which couples the spins of the localtron diffraction;™and by °Sn Mossbauer spectroscopy:

ized nonoverlapping f#electrons. In the paramagnetic phase, &bln (except Srain) show

In the present work, we have used the probe nucleu§urie-Weiss behavior of'the susceptibility V\{I'Fh effective mo-
11cq for a PAC investigation of the magnetic and electricments close to the free-ion values and positive paramagnetic
hyperfine interactions in the rare-earth indium compound-urie temperature¢6,=197 K).? In the magnetically or-
RyIn that is part of a systematic study of intermetallic com-dered phase the susceptibility &=Sm, Gd, Tb, and Dy
pounds of rare earth argp elements. Apart fronR,In, the |nd|_cates a transition from ferromagnetic to antiferromag-
R-In phase diagram presents several other intermetallif€tic order as temperature is decreasedsliG@resents a
compounds, offering not only the possibility to vary the Metamagnetic transition at=99.5 K. ForR=Ho, Er, and
magnetic constituent in a given structure, but also to study M the susceptibility shows a maximum at intermediate tem-
the magnetic properties of different structures with the sam@eratures without giving an indication of the type of mag-
R element. netic order.

The particular choice of In rather than anottsgr con- The neutron diffractiqn $tudies ®,In carried out forR
stituent for such a systematic investigation is related to the Gd. Tb, Er(Ref. 10) indicate a ferromagnetic structure
experimental technique employed: In most PAC and som&elow Tc with the 4 moments on botiR sites close to the
Mossbauer studies, the probe nucleus is an impurity in th&€e-ion value. In the antiferromagnetic structure of,i&d
investigated compound, which raises the question of the laf2€low 100 K, the spins are perpendicular to the hexagonal
tice site occupied by the probe atom. Sometimes the hype@XIS. GdlIn presents a helicoidal structure with all spins in a
fine parameters provide an answer to this question, but frediven basal plane parallel to each other and a spiral angle
quently the probe site and the site prefereficecases of ~between subsequent planes of about 60° at 20 KInTis
several nonequivalent lattice sifesannot be determined ferromagnetic down to 45 K with thef4moments in the
from the hyperfine parameters alone, which leads to obviouBasal plane. At lower temperatures, a small helicoidal com-
difficulties for the interpretation of the experimental data.Ponent is observed. Hn also presents a ferromagnetic
This problem does not arise 'Cd PAC studies of In com-  Structure with the magnetic moments tilted out of the basal
pounds. The excited states BfCd, one of the most favor- Plane by an angle of 18)° independent of temperature. At
able nuclei for PAC measurements, are populated by thé-6 K, indications of a helicoidal component have been
electron capture decay of the radioisotdpén. Although the ~ found.
decay makes the daughter isotolJéCd an impurity in In
compounds, the probe site is well known because the recoll Ill. EXPERIMENTAL DETAILS
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 The PAC measurements were carried out with the
of the magnetic and electric hyperfine interactionsd€d ~ 171—245 keV cascade dt'Cd, which is populated by the
on In sites ofR,In, carried out forR=Pr, Nd, Sm, Gd, Dy, electron capture decay of the 2i8sotope*'in. In the first
Ho, Er, and Tm as a function of temperature in the rangestep of the source preparation, In metal was doped with ra-
10 K<T=300 K. Results for THn have been published dioactive**!in (concentration~10-). For this purpose, trace
previously* The questions addressed in this study are themounts of'*in were solute extracted with ethylic ether
spin dependence of the magnetic hyperfine field, the influfrom a commercially available aqueous solutionlbllnCI3
ence of theR constituent on the temperature dependence oénd deposited on a thin In foil. It was found that the radio-
B, the order of the magnetic phase transitions, the spimctivity could be reduced to the metallic state either by melt-

A. Sample preparation and equipment
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ing the foil in a hydrogen atmosphere or by diffusion, heat- G =S £.GL(1). ()

ing the In foil to 400 K for 1 h. The metallic state was ik

confirmed by taking a PAC spectrum of the doped foil. Both, (with 3;f,=1) is the relative intensity of thih fraction.

procedures lead to the well-known PAC spectrunt'd€d in In magnetically ordere®&,In the probe nuclet*in/1tcd

In metal. Most of the investigated samples were produceg@re subject to a magnetic hyperfine field and an EFG related

using the simpler diffusion process. In the second step of thgy the noncubic point symmetry of the In site. The hyperfine

sample preparation, the doped In was arc-melted in an argafk|d interacts with the nuclear magnetic moment and the

atmosphere with the rare-earth metals in the stoichiometriggg with the nuclear electric quadrupole moménof the

ratio. _ o intermediate state of the cascade. In the most general case,
R,In compounds are known to rapidly oxidize in &0 the theoretical perturbation function for a combined mag-

avoid degradation, the samplésietallic spheres of about netic and electric hyperfine interaction depends on five inter-

30 mg were not ground to a powder, but immediately afteraction parameters and on the nuclear dpifihe interaction

production transferred to the vacuum of a closed-cycle Hgyarameters are the magnetic frequengy=g upBne/h (g

refrigerator which was used to cool them to 16K  represents the nuclear factor, uy the nuclear magneton

=300 K. The temperature was stabilized to about 0.1 K. Thgpe quadrupole frequency,=eQV,/h, the asymmetry pa-

PAC measurements were carried out with a standarggmeter 7=(VicVyy)/V,, and the Euler angle® and ¢

4-detector Baf setup. . which describe the relative orientation of the magnetic hy-
Inactive samples dR,In with R=Pr, Nd, Sm, Gd, Dy, Ho,  perfine field and the EFG tensaf; = 2V/ 8i2(i=x,y,2) are

Er, and Tm were characterized by x-ray diffraction measure, g principal-axis components of the EFG tensor witfy

ments. The compounds were ground to a powder in an argog Vil <[Vi.

atmosphere and mixed with water-free silicon grease. In all A)éy expected from the crystal structure and confirmed by

cases except Kn, the diffraction pattern of the Min gtrug- the PAC spectra of the paramagnetic phése below, the
ture reported by Palenzohavas observed. Contaminations EFG at the In site of th&,In is axially symmetric(7=0)

by foreign phases were not detected,lPrwas found to
oxidize very rapidly even under the silicon grease cover an
only slight indications of the diffraction peaks were ob-
served.

ith respect to the axis. In this case, the energy eigenvalues

f the combined interaction are independent of the Euler
angleg, and for a given nuclear spirthe perturbation factor
depends on only three parameterg;, v, and the angled
betweenB,; and the symmetry axis of the EFG.
) ) The number of independent parameters, which can be ex-

The angular correlation of two Successiyerays of 2 tracted from the PAC spectra ¢t'Cd:RylIn is further re-

y-y cascade, expressed by angular correlation coeffiCientg,ceq py the fact that in moBbIn compounds the magnetic
Ax, (k=2,4) may be modulated in time by hyperfine inter- jaraction is much stronger than the quadrupole interaction.
actions in the intermediate state of the cascade. For polycrysESee below. For vy, > 1, the eigenvalues of the Hamiltonian
talline samples, this modulation can be described by the pekye to first order givenquM:th+C| hg(3 co2d-1) and
turbation factoiG,,(t) which depends on the multipole order, consequently the quadrupole frequém;;and the angles
the symmetry and time dependence of the interaction, and ofhnnot be determined independently by a measurement of
the spin of the intermediate statéor details see, €.9., the interaction energies. In most cases, the experimental re-
Frauenfelder and Stefféh). For a static hyperfine interac- gyits are therefore expressed in terms of the magnetic inter-
tion, the perturbation factor can be written as a sum of 0scilztion frequency »y, the quadrupole parameten’

latory terms: =(3 cog6-1)v,, and the relative widttd of the hfi distribu-
Gud) =0+ > Secodwexp(— 2o t). (1) tom
n

B. Data analysis

. . . . IV. MEASUREMENTS AND RESULTS
The frequenciesw, are associated with the energy differ-

ences between the hyperfine levels into which the nuclear PAC spectraf,,G,,(t) of *!Cd in R,In spectra were re-
state is split by the hyperfine interaction. Except for a fewcorded for the constituen®=Pr, Nd, Sm, Gd, Dy, Ho, Er,
simple cases where analytical expressions for the perturband Tm as a function of temperature between 10 K and
tion factor are available, the frequencies and the ampli- 300 K. The hyperfine parameters’dtCd: Th,In are given in
tudess,, have to be determined by diagonalization of theRef. 4.
interaction Hamiltonian. The number of terms in Et). de- The Curie temperatures derived from the present PAC
pends on the spihof the intermediate state. The exponential data differ considerably from those found in tH&Sn Méss-
factor accounts for possible distributions of the static hyperbauer study oR,In (Refs. 11 and 12 (see belowin which
fine interaction caused by structural, chemical, and other dehe samples had a Sn content of about 0.5%. To investigate to
fects, which lead to an attenuation of the oscillatory PACwhich extent this relatively high concentration of Sn impuri-
pattern. The parameteis the relative width of a Lorentzian ties (compared to the In concentration of10°8) affects the
distribution. order temperature, th&'Cd PAC measurements were ex-
Frequently, several fractions of nuclei subject to differenttended to Gelng osSM o5
hyperfine interactions are found in the same sample. The The sign of the magnetic hyperfine field was determined
effective perturbation factor is then given by for R=Nd, Sm, Gd, Dy, and Tm by applying an external
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R,In series it has increased to the point that only the initial
decrease of the anisotropy fits into the 600-ns-time window
of Cd. The values of the quadrupole frequency derived
from these spectra are listed in Table I. In the analygig
and 6 were treated as free fit parameters. As a measure of the
temperature dependence of the QI, Table | also gives the
quadrupole frequency, at T~ 1.05T¢ in the paramagnetic
phase close to the transition. In most cases, the asymmetry
parameter wag)=<0.15, with the exception of Rn. In this
compound, the asymmetry parameter increased substantially
with decreasing temperature. Close to magnetic phase tran-
sition, one hasp=0.45. The relative linewidths of the QI
distribution was found to increase across i series from
6~0.07 for PgIn to 6=0.3 at the end of the series. In the
case of EjIn the QI is too weak—compared to the time
range available—for a determination gfand 8. The quad-
rupole frequency of Bin is therefore subject to a systematic
uncertainty of the order of 100%. Some of tRgn spectra
showed a second compongnt,~ 100 MHz, »=0, relative
intensity less than 10%ndicating a slight contamination by

magnetic field of 4 T at 4.2 K and observing the rotation ofa nonidentified phase.
the integral angular correlation in a time-window of 3 ns. In

the lightR,

In, R=Nd, Sm the hyperfine field was found to be . . , o '
i e T B. Combined t d electric h fi t tl f
pOSItIVG, ie. parallel, in the heaszln, R=Gd, Dy, m ompbined magnetic and electric nypertine interacuons o

negative, i.e., antiparallel to the external field. For a compari-

11cd in the magnetically ordered phases oR,In

son with R,In, the measurements were extended to some The PAC spectra observed in the magnetically ordered

rare-earth metals Sm, Gd, Dy. As in R,In, the sign of the
1lcd hyperfine field is positive in lightSm) and negative in
heavy( Gd, Dy) R metals.

A. The quadrupole interaction of *)Cd in paramagnetic R,In

Some of the'**Cd PAC spectra,,G,,(t) observed in the
paramagnetic phase &%In at 290 K are shown in Fig. 1.

phase ofR,In at 10 K are collected in Figs. 2 and 3. There
are noticeable differences between the spectra of the heavy
(Fig. 2 and the light(Fig. 3) RyIn. Typically, the spectra of

the heavy constituent®=Gd, Dy, Ho, Er, and Tm show a
large number of periodic oscillatiorwith the corresponding
frequency decreasing froR=Gd to Tm), with the oscilla-

tion amplitudes slowly modulated in time. The periodic os-
cillations are caused by the magnetic interaction; the ampli-

For the light constituent®=Pr, Nd the spectra show the tude modulations reflect the much weaker @l,> v,). For
periodic modulation of the anisotropy typical for a perturba-the light constituent®=Pr, Nd, Sm one observes nonperi-

tion by a well-defined axially symmetric Qly<0.1). As
one moves from the light to the heafln, the strength of
QI decreases drastically: The precession period gl

odic modulation patterns, indicating that the ratio between
the electric quadrupole and the magnetic dipole interaction in
the light R;In is larger than in the heavig,In. This is con-

more than 3 times larger than in Rt and at the end of the sistent with the increase of the QI observed in the paramag-

TABLE |. Experimental hyperfine interaction parameters'tfCd in R, In: The magnetic interaction
frequencyry(0), the coefficienB, and the energy gap/kg [see Eq(8)] derived from the low temperature
variation of the magnetic frequencyy(T), the Curie temperaturd, the quadrupole parameteylg|
=(3 cogh- 1vq at 10 K, the quadrupole frequenay in the paramagnetic phase at 290 K and close to the
magnetic phase transitigim =~ 1.05T¢).

R m(0)(MHz) B(107*K?3) A/kg(K) Tc (K)  2J(MHZ)  4(290 K)(MHZ) 1q(T~1.05T¢)(MHz)
Pr 201) 54 =381 38.3 64.7:7=0.45
Nd 39.6 4.32) 223) 104 1,=54.55) 325 48.6

sm 51.0 4.00) 543) 163 681) 26.3 345

Gd 72.1 2.71) 191  22.05) 13.1 17

Tb 59.6 3.51) 134) 163 9.a5) 11.72) 15.7

Dy 51.7 5.83) 205) 122 17.05) 10.31) 14.3

Ho 40.6 11.42) 152) 83 16.55) 7429 13.8

Er 26.3 292) 132) 43 10.75) 154115 8.3

m 15.4 15935) 153) 17 4.83)
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00 FIG. 4. PAC spectra of'Cd in DylIn at different
0.1 Tm,In temperatures.
00 all compounds, also those with a large distribution of the QI
- ] in the paramagnetic phase.
0 50 100 150 200 250 300 350 The typical evolution with temperature of the PAC spectra

t (ns) in magnetically ordered heavg,In is illustrated in Fig. 4,
using DyIn(T:=122 K) 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-
netic phase from Em to PrIn. The parameters of the mag- pletely wiped out(See the 120 K spectrum in Fig.)4fhis

netic and electric hyperfine interaction and the relative Wid”behavior which has been observed in all heRyin, reflects
6 of the Lorentz distribution were extracted by fitting the , itica) increase of the Lorentzian linewidshclose toTc.
theoretical perturbation function for a combined interactionpa jinewidth 8 and the magnetic hyperfine frequeney

to the measured spectra. Based on the results for the pargarived from the spectra in Fig. 4 are shown in Fig. 5 as a
magnetic phase, it was assumed that the QI in the ferromaganction of temperature.
netic phase has axial symmetry.

ForR=Gd, Dy, Ho, Er, Tm, and Sm, one hag > v, and

FIG. 2. PAC spectra of*'Cd in heavyR,In; R=Gd, Th, Dy, Ho,
Er, Tm at 10 K.

In the paramagnetic phase, the QI is expressed by the
quadrupole frequency,, in the magnetically ordered phase
therefore only the quadrupole parametgr (3 co$6—1)v, by the quadrupole parametef=(3 co$6-1)v,. The varia-

could be determined unambiguously. The valuerpi0), o of these parameters with temperaturef9€d in Dy,In
extrapolated from the temperature dependence of the mags shown in the lower section of Fig. 6. The magnetic hyper-
netic hyperfine frequenc{see Sec. VB and Vg at 10K

are listed in Table I. The Lorentz widt which in the mag-
netically ordered phase mainly describes the distribution of
the magnetic hyperfine field, was of the order&s£0.03 in

- 0.20

- 0.15

£ 010 «©

- 0.05

- A, 0,0

0.00

T (K)

FIG. 5. The temperature dependence of the magnetic hyperfine
0 50 100 150 200 250 300 frequency of**¥Cd (full triangles in Dy,In (left-hand scale The
solid line corresponds to the molecular-field magnetization calcu-
t (os) lated for the angular momentud=15/2 of Dy3*. The full circles
FIG. 3. PAC spectra of*!Cd in light RoIn; R=Pr, Nd, Sm at  show the relative linewidtt of the magnetic hyperfine fielaight-
10 K. hand scalg
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FIG. 6. The quadrupole frequenay, and the parametersg 0.0 4 N ™ty ison)
=(3 cogg-1)y, of **'Cd in the paramagnetic and the ferromag- \_,_/\1_%
netic phase, respectively, of By as a function of temperature. The 0.1 -
upper section shows the anghebetween the direction dB,; and 7 200K
the symmetry axis of the EFG in ferromagnetic,Dy derived from 0.0 .

the experimental values oﬁ(T) (lower section, assuming that the T T
temperature dependeneg(T) measured in the paramagnetic phase 0 100 200 300
can be extrapolated to the ferromagnetic redidashed line in the t (ns)

lower section. The solid line in the upper section corresponds to  F|G. 8. PAC spectra of*'Cd in Ndin at different
the temperature dependence of the artlderived from the quad-  temperatures.

rupole interaction of the prob8%n in DylIn. (Ref. 11).

were therefore analyzed assuming two fractions of probe nu-
fine frequencies(T) of all heavyR,In compounds investi-  clei, one with the relative intensit,,., describing probes in
gated in this study are collected in Fig. 7. the paramagnetic phase, the other one with intensity
" As an example of the temperature dependence of thei-f,,,) describing probes in the ferromagnetic phase. The

'Cd PAC spectra in the lighR,In, we show in Fig. 8 a resulting variation of the paramagnetic fraction with tem-

series of spectra observed in Mu These present several perature is shown in the lower section of Fig. 9.
interesting aspects. One is the observation that the amplitude The second interesting aspect of JN#—and
of the PAC pattern in the paramagnetic phase, which is #@r,In—concerns the order of the magnetic phase transition.
measure of the fraction of the sample in the paramagnetic

state, decreases continuously as one approaches the magnetic 40 | L 60
phase transition af=104 K from higher temperatures and B ¥ . g
finally gives way to the nonperiodic pattern of the ferromag- 2 50 &
netic phase. Such behavior is evidence for a coexistence of @ >7
the paramagnetic and the ferromagnetic phases in a small 40
temperature interval around the magnetic order transition
(Ref. 14). The spectra ot*'Cd:Nd,In (Fig. 8 close toT¢ g
5 E
g 70
(<3 e N
& 60 "'"*-r.\“" . \\
ANy \"'v AN
50 T v N T,
\\vt\\w \\
-“.\ \\\\\ “\‘v\\\
30 AR A
20 c\ T‘:‘\ § \‘X ‘“\‘Q ,§ 05
- ‘\ “\ % v‘ \\ ‘g
10 \§ ! \‘ \ 3 \ 00 ]
0 Tm\l;:' Ho {Dy |m {Gd % 100 110 120
0 50 100 150 200 T (K)
T FIG. 9. The magnetic interaction frequengy, the quadrupole

FIG. 7. The temperature dependence of the magnetic hyperfingequencyr,, and the anglé between the magnetic hyperfine field
frequency off*Cd in heavyR,In; R=Gd, Th, Dy, Ho, Er, Tm. The  and the symmetry axis of the EFG Hf'Cd in Nd,In as a function
solid lines represent the molecular-field magnetizations, calculatedf temperature. The bottom section shows the temperature depen-
for the respective angular momedtof the R constituents. The dence of the ferromagnetic fraction in the vicinity of the magnetic
dotted lines are to guide the eyes. first-order transition alT-=104 K.
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FIG. 10. The temperature dependence of the magnetic hyperfine
frequency of'*'Cd in light RyIn; R=Pr, Nd, Sm. The solid line ;
represents the molecular-field magnetization of Sm, calculated Wit?

FIG. 11. The variation of the electric field gradigBFG) V,, of
cdin R,In at 290 K(full circles in the lower section calculated
rom the measured quadrupole frequengy The dotted line in the
lower section shows the lattice contribution to the EFG for the In
charge stat&Z=+2. The full circles in the upper section represent
the electronic contribution Sgto the EFG, estimated from the mea-
sured values and the calculated lattice contribution. The open tri-
Figure 10 displays the temperature dependence of the magngles in the upper section correspond to the root mean square
netic hyperfine frequency of-'Cd in the lightRoIn, R=Pr,  radius(r%,)'/2 of the 4-wave function.

Nd, and Sm. While the transition in Sin is of second

order—as in the heavig,In compounds—the hyperfine field potha andc decrease slightly from Pr to Tm. The resulting
in Nd,In and PgIn vanishes discontinuously at the transition yariation of the EFG has been estimated by calculating the
temperature, indicating a first-order transitiROT). The |attice contributionV!2 in a point-charge model. The contri-
PAC observation of a FOT in Nth agrees with the result of pytions of theR and the In sublattice to the total EFG can be
the 11%n Mossbauer study of this compound. For a compariexpressed in terms dflL—7y,)V/a/Z, where (1-7,)=30 is

son, the Mossbauer data extracted from Ref. 11 are includg@ie Sternheimer correctidhfor C#* andZ the charge state
in Fig. 10. o ~ of theR and In ions, respectively. Between,Prand Egin

In Smyin, the QI is still much weaker than the magnetic yhe contributions(1-7,,)V2/Z of the R and In sublattices
interaction and therefore only the QI parametef \ary from -1.28 to ~1.52 and from +0.44 to +0.48 units
=(3 co$ 0-1)v, can be derived from the measured spectrags 16i%//cm?), respectively. While it appears safe to use
In the light Pein and Nglin, however, one no longer has z_-+3 for theR ions, the charge state of the In ions is less
vg<wy and therefore the quadrupole frequengyand the  opyipus. Since the electronegativity of In is slightly larger
angle ¢ between the symmetry axis of the EFG @ can  than that of theR elements, one would expect that the In
be separated in the analysis. The temperature dependencedp,farge state irR,In has a smaller value than in In metal
the angled of Nd,In is shown in the topmost section of Fig. (Z,,=+3). 15%Gd Méssbauer studies of the isomer shift in
9. In the case of Bin, the analysis with respect to the angle GdIn (Ref. 17 suggest a charge transfer of 0.25
0 is complicated by the fact that, as one approaches the phag&jecirons/Gd from Gd to In. To explain the trend of the
transition, the QI shows a considerable asymmetry whickEFG of 21Cd in RIng, Mishra et all® had to assum&,,
introduces the Euler angleas an additional parameter. With _ 1 |, Fig. 11 we compare the measured E¥G to the

the asymmetry parameter fixed to the value in the paramagziice EFG (1-y,)V! calculated for the In charge staZe
netic phase close td., the spectra of the ferromagnetic 2

! ' ; = +2 (dotted line in the lower section of Fig. 1IThe com-
phase, yvh|ch_are practically independent of temperature, arﬁarison shows that the lanthanide contraction produces a
compatible with an anglé<10°.

slight increase o(l—«yoc)v'z""zt across theR,In series. Other In
charge states lead to the same trend, but different absolute
V. DISCUSSION values of(l—yx)v'zazt. The strong decrease of the measured
A. The electric field gradient of 1'Cd in Ryln EF(_B with increasingR atomic number must therefore be
attributed to changes of the valence and conduction electron
The electric field gradientEFG) V,, of **'Cd in Ryln at  contribution to the EFG. Aab initio calculations of the EFG
290 K, calculated from the measured quadrupole frequencin R,In are not available, we write the total EFG—for a
vy (see Table )l with the quadrupole momer@=0.8010)b qualitative discussion—as a sum of a lattice and an elec-
of the 245 keV staté’ decreases st(;lo7ngly V\2Iith increasiRg  tronic contribution,
atomic number fromV,,=2.0(2) X 10*'V/cm* for PrIn to _ lat I
V,,=0.15X 107 V/cm? for Er,In. This decrease cannot be Var= (1= 7V + Vaz ®
explained by the variation of the lattice parameterandc ~ Assuming that the two contributions have opposite signs, as
across theéR,In series. Because of the lanthanide contractiorsuggested by the systematic of impurity EFG’s in noncubic

the angular momeni=5/2 of Sn¥*. The open triangles represent
the hyperfine interaction of the probe nucléd®sn in NaIn [nor-
malized towy(0) of 1*'Cd]. The dotted lines are to guide the eyes.
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metalst® the trends of the experimental EFG and (df Because of the small spatial extension of tlieekectrons,

- vV in Fig. 11 imply that the electronic pakt®, de- magnetic order in rare-earth compounds requires a mecha-

creases strongly with increasii@atomic number. The varia- hism of indirect exchange between the electrons. Mainly

tion of VE, derived from the experimental EFG for the In two mechanisms of indirectf4 4f coupling have been pro-

chargez,,=+2, is shown in the upper section of Fig. 11. As posed: In the Ruderman-Kittel-Kasuya-Yosid&®KKY)

the number of # electrons is the main parameter changingtheory the coupling is mediated by trigeconduction elec-

between Pr and Er, this variation is likely to be related totrons, which are spin polarized by exchange with thekec-

changes in the properties of thé dlectrons. Remarkably, trons. In an alternative concept, which was proposed by

the Z dependence of the electronic EFG contribution is veryCampbelB* the indirect coupling is provided by intra-atomic

similar to that of the root mean squaréradius, which char- 4f-5d exchange and interatomid5 5d interaction between

acterizes the radial extension of thé wave function.(See  the spin polarized & electrons of neighborin@R atoms. In

open triangles connected by the dashed line in the uppepite of considerable experimental and theoretical effort, a

section of Fig. 11, values ofr3)*? taken from Ref. 20.  clear picture of the indirect coupling in intermetallic com-

Both quantities show a strong decrease in the group of theound RM, of rare earths andsp elements has not yet

light R and a much weaker variation in the group of theemerged. There is experimental evidence that, e.gRMh

heavyR. This similarity between the radial extension of the (M=Cu, Ag, Mg andRin; the indirect coupling is mainly

4f wave function and the contributiov?, to the EFG sug- Mediated bysp electrons® but in a number of cases the

gests that the EFG at the In siteR{in is sensitive to thed ~ €Xperimental data are partially in conflict with the RKKY

charge distribution, possibly by overlap of the probe valencdormalism and suggest that thel-glectrons play an impor-

electrons with the & and & electrons of the rare earths tant role in the indirect exchange interactfon.

which are hybridized by the interaction with thé ghell. In the RKKY theory, a spin located at positiét induces
The QI of 1%n in RyIn (Ref. 1) shows a completely & sp_atlally nonuniform spin polarization in a sea of free con-

different behavior. The EFG values scatter betwbgp-0  duction electrons,

for Enln and V,,~7.3 137 V/cm? for Gd,In [calculated

with Q=-0.0613)b (Ref. 21)] without a pronounced differ- on2-T

ence between light and hea®sln or any other systematic P(r)=- oF

trend. This is remarkable since the data available on the F

EFG’s of the probe nucléit’Cd and*!°sSn in the same non-

cubic meta®? show that the'!®Sn EFG is systematically Er andkg are the free-electron Fermi energy and wave vec-

larger than thé!'Cd EFG by about a factor of 3. The reason tor, respectivelyl is an effectives-f exchange constarias-

for the drastically different EFG trends bf'Cd and''®Snin  sumed to be independent of the electron wave vigctord

R,In is presently not clear. Although the site occupied by theF(x) =[xcogx)-sin(x)]/x* is the oscillating RKKY function.

probes has not beerétgigentifielqlgxperimente_\IIy, there is Nqhe spin polarization induced by spH, interacts with a
reason to assume thatSn and™Cd are on different posi- second spirS,, localized atR,,. The resulting indirect cou-

tions in RyIn. . . - .
Precise data on the temperature dependence dfteel  Pling can be described by the Hamiltoniei,=—jnmSh S

QI in the paramagnetic phase Rfin could be obtained only As the total angular momentudrather than the spiSis the

for R=Nd, Sm, Gd, Tb, and Dy. The values of constant of motion, the spin has to be substituted by its pro-

(91n v,/ dT)s00 k COver a small range, extending from jectiqn (g-1)J on _the totalzangular momentuth(Ref. 29,

_31(1)10—4 K1 for R=Gd, Th to ~-25 104K for R Iead'lng toHnm:_Jnm(g_.l) J(J+1) I'n the RKKY theory,

=Nd, Sm, Dy. A quite different behavior has been reporteothe interaction constarjt,,, is proportional to the square of

for 1'Cd in the rare-earth metad Here (d In v/ dT) 300 « iS thezs-f exchange parametdr and the RKKY functionj,p,

about a factor of 2 smaller and shows a strong linear de“r7 F(2keRym), so that the Curie temperature is proportional
0

o . . {02
crease with increasing atomic number. t

(SHF(2Kelr = Ry). (4)

2(y— 1)2
B. The magnetic hyperfine interaction TexI%g-1J+1). (5)

1. The spin dependence and sign of the saturation fielg(®) The indirect coupling via intra-atomicf4 5d exchange and
The magnetic hyperfine field at the nuclei of non-rare-5d-5d interaction can be described phenomenologically by
earth atoms in magnetically ordered compounds is caused liie same Hamiltonian. In this coupling scherheywould be
the Fermi contact term in the nucleus-electron interactiora measure of thef4 5d exchange and the long-range RKKY
and reflects the spin polarization of the electronsAp  function has to be replaced by a function which adequately
=[p1(0)-p|(0)] at the probe nucleus. A finite-electron  accounts for the radial dependence of tlde-5d interaction.
spin density may arise from the spin polarization of the host As long as orbital angular momentum contributions to the
conduction electrons, the polarization of the electron core ogpin polarizatio®®2° are excluded, one therefore expects in
the probe by a localized spin, and the overlap of the valencboth coupling schemes the hyperfine field to be proportional
electrons of the probe with spin polarized valence electronto the 4 spin and the respective exchange paramBEten
of the magnetic ions. the case of RKKY coupling, all 4spins contribute so that

094404-8



MAGNETIC AND ELECTRIC HYPERFINE..

PHYSICAL REVIEW B 71, 094404(2005

40 ~
- L5 Q LR HR \M_,
0] 2" 5 0200 L 250
1 Aaea 10 P . D
e = = = \ y 2 -
. 0 05 N A 200
o ar 150 n\\ B /
20)]° % \ % 150
100{ /
40— —— \ ﬁ/ - 100
2 1 0 1 2 3 4 LW / o B®
@ 507 N £
FIG. 12. The spin dependence of the magnetic hyperfine field of "\-\Ig c
1Icd in Ryln (full circles, left-hand scaleand the relative coupling 0+ ; - : — 0

constantl,o;m> Bri/ (g—1)J (triangles, right-hand scalewith the 5 0 5 10 15
normalizationI” Gd)=1.
norm( d) (g-1)2 J(J+1)

FIG. 13. The Curie temperaturé: (full triangles, left-hand
(6) scalé and the quantity™?3 (open squares, right-hand scates a
function of the de Gennes fact@=(g-1)2J(J+1). B is the coef-
The paramete€ accounts—in the case of impurity probes— ficient of theT®2 term in Eq.(8). The right section shows the data
for the modification of the host's-electron spin polarization ©f the heavy rare earth8R=Gd, Tb, Dy, Ho, Er, Tm, the left
by spin-dependent electron scattering at the impuritysection those of the lightR=Sm, Nd, Pr.

.20 . )
potential™ In the case of intra-atomicf4 5d exchange, the y y,q order temperaturds of the R,In series. The variation
hyperfine field is produced by the overlap of the spin polar-o¢ Tc of R,In (see column 5 in Table) las a function of the

ized & electrons with the valence electrons of the probeqe Gennes paramet&=(g-1)2J(J+1) shown in Fig. 13 is
Since the 8 electrons are more strongly localized than she approximately linear with clearly different slop& for the

electrons, one would expect that the hyperfine field is mainlyjght and the heavyR,In. Excluding To(GdyIn) which fits
determined by the numbét of nearesR neighbors and their o011y into the linear trend, one obtains the raligs/T g

distanceR; to the probe. Even without detailed knowledge of =1 7q25), or including Tc(GdyIn) the ratio is I'\z/Thr

the radial dependence, it can be presumed that the contribu_»—l_5525)_ Within the errors, both values agree with
tions of the NN spins, symbolized bf(R,), increase with I r/Tyr=1.51) deduced from the spin dependenceByf.
decreasing distanc® Qualitatively, these factors can be Numerous other intermetallic compounds of rare earths and
summarized by the expression, sp elements present similar differences. From the order tem-
peratures ofRAl, and RCd, e.%., one estimatek, /Ty
=1.7. TheBy/(g-1)J values of'*°Sn inRAI, (Ref. 31 also
differ considerably between the light and the hedRAi.,.
One of the interpretations proposééhvolves an orbital an-
Equations6) and(7) show that independent of the details of gular momentum contribution to the spin polarization. When
the coupling mechanism, the spin dependence of the hypegttributed to different spin exchange constants only, the spin
fine field in a series of isostructural compounds of rare earthgependence ofB,(*°Sn:RAl,) corresponds to a ratio
and sp elements reflects thR dependence of the effective I' gr/T'yg=1.45.

exchange parametdt, provided theR positions vary only For a closer inspection of thR dependence of the ex-
slightly across the series. This is the caseRgin where the  change parametdr in R,In, the upper section of Fig. 12
lanthanide contraction changes the lattice parameters bshows the relative coupling constalit,,(R) =B/ (g—1)J
tweenR=Pr andR=Tm by less than 5%. In Fig. 12 we have with the normalizatiod,,,,+(Gd)=1. A strong change occurs
therefore plotted the saturation valugg(0) of the magnetic  between the light and the hea®gIn, but the variations in
hyperfine field of**'Cd in R,In, calculated from the experi- each group are relatively weak. For most of the heByiy,
mental values ofy,(0) (Table ) with the nuclearg factor  the ratiosBy/(g—1)J and(T/G)Y? (see columns 4 and 5 in
g=0.301, versus the spin projectiqg—1)J. Both for the  Table Il) are constant within a few percent, decreasing only
group of the light and the heaW constituents, one observes at the end of the series. At this point, it is interesting to
in a first approximation a linear relation betwep and the  compare the hyperfine fields &f'Cd in R,In to those of the
spin projection. The slopes of these relations, which with theprobe 11%n in the same series. THE’Sn data taken from
above assumptions are a direct measure of the exchange gRef. 11 are listed in Table Ill. The ratio of the hyperfine
rameter I', however, differ considerably between both fields B,(***Cd)/B,«(*'%Sn) (see column 4 of Table Ijlis—
groups. Afit of linear relations to the experimental data leadsvithin a few percent—constant across tRgn series. This

to a ratiol' g/I'ygr=1.51), wherel' g andI'yr are the ex- probe-independence strengthens the interpretation of the ra-
change parameters for the lighPr, Nd, Sm and the heavy tio By:/(g—-1)J as a relative measure of the effective ex-
(Gd, Tb, ..., Tm R;In compounds, respectively. The conclu- change parameter of the host compound.

sion that the effective exchange in the lighdin is substan- Some insight into the coupling mechanism may be gained
tially stronger than in the heavy compounds is also supportefly comparing thé*'Cd hyperfine field inR,In to that in the

Bt = CI'(g = 1)I2 F(2KeRym).

n#m

N
By CI'(g - DI f(R). )
i=1
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TABLE II. The spin dependence of the saturation value of the magnetic hyperfine fittdCaf in RyIn
and inR metals.(g—1)J is the projection of the spin on the total angular momentuand G=(g—1)2J(J
+1) is the de Gennes factdd, ((R,In)/By(R) andTc(RyIn)/ T(R) are the ratios of thé''Cd hyperfine fields
and of the Curie temperatures, respectivelyRgih and theR metals.

R,In R metal
R (@ D) ByM™ By/@-DAT) (T/GMAKM By mr  Sb
Pr -0.8 (+)8.65 (-)10.8 8.2 0.16
Nd -1.227 +17.9 -13.8 7.5 (+)7.65,° 2.21 0.19
Sm  -1.786  +219 -12.2 6.0 +24.8e 0.90 0.67
Gd 35 -30.9 -8.8 35 -34.99 0.91 0.65
Tb 3 -25.6 -8.5 4.1 (-)27.59 0.96 0.71
Dy 2.5 -22.3 -8.9 4.1 -22.19h 1.00 0.69
Ho 2 (-)17.4, (-)8.7 4.3 (-)14.99 1.14 0.67
Er 15 (-)11.3, (-)7.5 4.1 (-)11.69 0.97 0.51
m 1 -6.6 -6.6 3.8 (-)6.09 1.1 0.30

aThis work.
bReference 4.
‘Reference 47.
dSign: this work.
®Reference 48.
fReference 49.
9Reference 50.
hReference 51.

R metals, if one assumes comparable coupling parameters fég. (7). On the other hand, the free-electron RKKY sum
a givenR element. InR,In, the probe nucleus has 11 nearestX, . F(2keR,) of Roln (Ref. 9 is roughly 2/3 of the RKKY

R neighbors at a slightly smaller average distancesum of theR metals?’ as one would expect if in a simplify-
(Pr:0.348 nm, Tm:0.332 nnthan that of the 12 NN in the ing picture 1/3 of the magneti® atoms are replaced by
R metals(Pr:0.367 nm, Tm:0.354 nmIn the case #-5d nonmagnetic In atoms.

exchange anddrobe overlap, one would therefore expect a  In the case ot'!Cd (see column 7 of Table llone finds a
hyperfine field ratio ofBp(R,In)/Bn(R)=11/12=0.92 or hyperfine ratio of B,y R,In)/By(R)~0.9-1.1 (except R
larger values in case of a strong radial dependendéR)fin ~ =Nd) close to the ratio of the number of nearBsteighbors

TABLE lIl. The spin dependence of the saturation value of the magnetic hyperfine fiétdSof in R,In
(Refs. 11 and 1Rand inR metals. The Curie temperaturesif In have been derived from the temperature
dependence of the magnetic hyperfine field'86n. B,(***Cd)/By,¢(*1°Sn) is the ratio of the hyperfine fields
of the probe nuclet*’Cd and%Sn inRyIn, By(RyIn)/By(R) the ratio of the hyperfine fields dt°Sn inR,In
and inR metals.

R,In R metal
11

R Te(K) Bo(T) o Bu(T) s
Nd 111 +21.91) 0.77

Sm 160 (+)27.31) 0.79

Gd 198 236 -37.31) 0.84 -32.344)° 1.16
Th 172 -32.81) 0.81 (-)24.16)¢ 1.37
Dy 131 -27.11) 0.82 (-)18.55)¢ 1.47
Ho 91,5 (-)22.31) 0.76 (-)12(1)d 1.85
Er 50 (-)15.21) 0.74 ~12.44)¢ 1.23
™m 23,5 -8.41) 0.79 (—)7.2(12)d 1.20

aReference 11.
bReference 12.
‘Reference 52.
dReference 53.
®Reference 54.
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N(R,In)/N(R)=0.92. For!'®sn (see column 6 of Table IjI
the ratio is even largem,;(R,In)/B{R)~1.2—1.8. Thus,
for both probed, ;(R,In)B«R) is much larger than the ratio
of the RKKY sums(~0.60. This implies that the # spins
beyond the NN shell of the probe contribute little to the
hyperfine field and favors f45d exchange and &probe
interaction rather than long-range RKKY interaction as cou-
pling mechanism. NMR measuremetitsf By, of 7Zn in
pseudobinanR; ,A,Zn (A=La, Y, S9 have led to a similar
conclusion. In these compounds, about 80% of the hyperfine
field comes from the NN #spins. The fact that fol*°Sn the
ratio B,,{(R,In)/By(R) is substantially larger than fdt'Cd is

0 1000 2000 3000

possibly related to the difference of the probe volumes. The
atomic volume of Sr{27 A%) which is comparable to the T (Km)
volume of the Wigner Seitz cell of the In site d¥In FIG. 14. The magnetic hyperfine fiel; of 1*'Cd in Gain

. 3 . 3) i i
(Pr:29 A3 Er:26 A% is larger than the atomic volume of (full squares, in Galng 4SMy o (OPEN squarés in Smyin (open
Cd(22 A®) which could lead to a stronger overlap of the SN circles, and of'19Sn in GaIng 0esSy oo (full triangles; Ref. 12),

valence electrons with the spin polarized &ectrons. as a function of temperature onT&’? scale. The full line through
The Curie temperatures &In andR metals are related the *'Cd: Smin data is the result of a fit of Eq8) to the experi-

asTc(RyIn)=2/3 Tc(R) (at least for heaviR—see column 8  mental values.

in Table 1l). This supports the picture @&,In as a magneti-

cally dilutedR metal with a comparable exchange parameter, 2 The temperature dependence of the magnetic hyperfine

since in diluted ferromagnets above the percolation ligit interaction
scales with the concentration of the magnetic atoms, inde-
pendent of the coupling mechanism. The variation of the magnetic interaction frequengy

The larger exchange parameter in the lighin deduced with temperature was determined in &jIn between 10 K
from the hyperfine field measurements reflects a higher deand the order temperatufie.. The main results of the mea-
gree of 4-5d overlap which can be understood qualitatively surements are illustrated in Figs. 5, 7, 10, and 14. In all
by comparing the radial extensions of thieathd 5 electrons  heavy RyIn, the magnetic hyperfine interaction decreases
in the first and the second half of tfeseries. According to continuously toward3.. The decrease afy, is accompanied
Delyagin et al,'>33the degree of overlap can be expressedby a critical increase of the linewidth of the magnetic inter-
by the ratioR,;/Ryy. Here the root mean squard dadius  action, which is evidence for a spatial variation of the ex-
Ry=(r3)¥? and the NN distanc®,, are measures of the change interaction and a corresponding distribution of the
radial extensions of thef4 and the B-wave functions, re- Curie temperaturgSee Sec. V B B
spectively. In an isostructural series, both parameters de- In light RyIn, a second-order transitiof6OT) is found
crease with increasing. The decrease oRyy (lanthanide only in Smyin. In Nd,In and Pgin the hyperfine field van-
contraction between Pr and Tm usually amounts to only aishes discontinuously at the Curie temperature. The observa-
few percen(~5% in RyIn). The 4 radius, however, shows a tion that the QI in the paramagnetic phase oftPbecomes
strong Z dependence, in particular in the first half of the axially asymmetric as one approaches the phase transition
rare-earth group where it decreases by about 20%. In thesee Section IV Ais an indication of lattice distortions near
second half, the decrease is about 103ee the dotted line Tc and suggests that these first-order transitidf@T9 are
in the upper section of Fig. )1Consequently, the degree of driven by magneto-elastic effects.
overlap decreases from Pr to Tm, leading to weaker ex- In Fig. 7, the temperature dependencevgfT) of **'Cd
change in the second half of tlieseries. in heavyR,In compounds is compared to the prediction of a

The sign of the magnetic hyperfine fieBj; of 1**Cd on  molecular field model for localized momentsolid lines.
the In site ofR,In has been determined f®=Nd, Sm, Gd, For all heavyR,In, the experimental trend ofy(T) is
Tb, Dy, and Tm. As a rule, in lighR,In By is parallel, in  slightly below the molecular field curve. It is interesting to
heavyR,In is antiparallel to the external fieB,,. An exter-  note that in spite of the phase transitions from antiferromag-
nal field of 4 T is not sufficient to break the spin-orbit cou- netic to ferromagnetic order in Glth and Smin at 100 K
pling of the R moments; the external field therefore alignsand 145 K, respectively, the hyperfine frequencies'dtd
the total angular momentuth According to Hund’s rule, for  (and!'°Sn, Ref. 11 in these hosts vary smoothly across the
light R elements the spiBis antiparallel, and for heaigit ~ phase transitions. As pointed out by Delyagihal,'! the
is parallel to the total angular momentum. The positive andabsence of a singularity dBy,; suggests that the NN spin
negative sign ofBy; in light and heavyRyIn, respectively, arrangements in the ferro- and antiferromagnetic phases are
therefore implies that in alR,In the spin polarizatiomp; rather similar and calls for a small interlayer turn angle of the
=[p1(0)-p| (0)] at the*'Cd site is antiparallel to the rare- spin spirals of Ggin and Smin.
earth spinS. The same holds for the rare-earth metals, and as At low temperatures, the excitation of spin waves causes
shown by Delyagiret al.!! also for the probe nucled®n  the magnetization to deviate from its saturation value, which
in Ryln. is frequently expressed in terms of a temperature power law
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T«. The T®? temperature dependence of the magnetizatiorof Eq. (8). This analysis, which presumes that the hyperfine
predicted by Bloch’s spin wave theory for a bilinear Heisen-coupling constantA relating the hyperfine field to the
berg ferromagnet with nearest-neighbour interactions hagagnetizatio?® [vy(T)=AM(T)] is temperature indepen-
been experimentally verified in a large number of cases, budent, leads to a finite paramet&rkg for all non-S stateR
other exponents have also been observéd. constituents. The values @f,(0), B andA/kg derived from

In Fig. 14 we have plotted the magnetic hyperfine field ofa fit of Eq.(8) to the vy(T) data in Figs. 7 and 10 are listed
11Cd in GaIn and Smin vs the temperature onB/2 scale.  in columns 2—4 of Table I. In the case of,Pr, the accuracy
Clearly, B,((T) of **'Cd in Gd,ln is well described by 32  of the _data(see Sec. IV Bis insufficient for a meaningful
relation, but substantial deviations from Bloch’s law occur in@nalysis of the temperature dependence. _
Smyin and the otheR,In compoundgnot shown in Fig. 1% N the heavwyRyIn, the gap energi/kg~133)K is prac-
with nonzero orbital angular momentum. An analysis of thetically independent of th& constituent and of the same or-
temperature dependence of the magnetic hyperfine frequenék}ar of magmtudti as the magnon gap of Tb and Dy metals. In
w(T) of Cd in Ryin in terms of a single temperature the light RIn R=Nd, Sm, the gap energy is substantially

power lawT* leads to significant differences in the exponentlarger’ reflecting a stronger CEF interaction which is prob-
x. Afit of (1-BT*) to the data in Fig. 7 foT/ To=0.5 results ably a consequence of the larger radial extension of the

T _ 4f-wave functions in first half of thef4series. In contrast to
in x=1.435) for Gdyln, x=1.695) for Thyln and 1.8<«x  the gap energy, the paramet@rof the temperature depen-

=2.2 for the otherR constituents. dence[Eq. (8)] shows a strong variation with tHe constitu-
Similar differences between Gd and the other rare-eartlgnt, increasing continuously froB=2.7x 1074 K32 for Gd

elements have been observed in the thermal decrease of theB=159x 1074 K=3/2 for Tm. In the spin wave theory of
magnetization of the purB metals. In Gd metaf the low-  isotropic Heisenberg ferromagnets with Hamiltonidt
temperature variation of the magnetizationTdTc=0.17is =-7S;S, and three-dimensional dispersion relation, the
well described by &% relation. In TF® and Dy3” however, relative deviation of the magnetization from its saturation
larger critical exponents~2-2.5 are required to reproduce value is for small wave vectors given KyAM(T)/[M(0)]}
the decrease of the magnetization with a single temperature{1/9)[(ksT)/(3 S1°%. (Note: This proportionality also
power law. These differences in the low-temperature trend oholds in the presence of anisotropy energfedhe coupling
the magnetization have been attributed to the differences iparamete(7 may be replaced by the order temperature since
the crystal electric field interactionCEP) of Gd and the J«Tc/S(S+1). This substitution leads to the relati®1>
other rare-earth elements. In contrast to the ofhelements, = T[S/3/(S+1)] between the coefficier® of the (1-BT*/?)
the charge distribution of the half-filledf4shell of Gd is temperature dependence of the magnetizationTan@Note:
almost spherically symmetric. In Gd compounds, the anisoln the case of th& ferromagnetsS stands for the spin pro-
tropic CEF interactions between thd-dharge distribution Jjection (g—1)J]. In the range of spins of interest in this pa-
and the electric field produced by the surrounding chargeBer, $°/(S+1)= const=0.52 and one therefore expects a
are therefore weak, while for the othrelements one finds practically linear relation between the Curie temperailie
extremely large anisotropy energies. It was pointed out byand the parameteB %%, . . . )
Niira®” that a magnetic anisotropy caused, e.g., by a CEF. To compare our experimental observquons with this pre-
interaction may produce an energy gapin the magnon dlCtIOfJZ(/)sf the spin wave theory, we have included the param-
spectrum of a ferromagnetic syst#mand that such a gap has €t€rB " (see Table)iin Fig. 13, where the Curie tempera-
a substantial effect on the low-temperature dependence of ghure Te IS plotted _\’2?3 Fhe de Gennes fact@=(g-1)%J(J
magnetization. +1), and find thaB™='° indeed follows theG-depepdence of
For hcp rare-earth metals, the CEF can be expressed i€ order temperature very closely. The experimeBtl*
terms of the anisotropy energi&®(1=2,4,6) relative to the V"i‘lzlfses of aIIRZIn,Z/esxcept Néin, satisfy the linear r_g!?t_lon
hexagonak axis and the basal plane anisotrog§. In this B =2.344) TcS™/(S+1). In the case of Ngn, B™%is
o6 ; about 50% larger than expected from this relation, which is
case, the CEF leads to an energy gap (1/)vKaKginthe  hooqipiy related to the fact that the magnetic phase transition
sg)zn wave spectrum and the resulting modification of Bloch’sy¢ Nd,In is of first order.
%2 law can be written &8 For T/Tc=<0.5, the temperature-induced decrease of the
magnetic hyperfine field of*’Cd:R,In can thus be consis-
- tently related to the spin wave excitations of the host. Our
M(T) = M(0)| 1 -BT¥2X n*Pexp(-nA/kgT) |.  (8)  data also suggest that the response of the electron spin po-
n=1 larization to the spin wave excitations, described by the hy-

With energy gaps of about/ks~20-30 K, Eq.(8) fully perfine coupling constamt, depends on the properties of the
accounts for the deviations of the low-temperature magnetiProbe atom. In Fig. 14 we have included tBg(T)-data of
zation of Tb and Dy metal from Bloch$%? relation. %n in Ggln, extracted from Fig. 3 of Ref. 12. As for

Because of the hexagonal symmetryRyn, substantial ~Cd, By(T) of **%n follows aT*? law; the coefficient
CEF effects should be present for &Iconstituents except B(*'°Sn:GdlIn)=2.011) X 104 K23, however, is consider-
R=Gd and one may therefore expect similar differences irably smaller than that of'*'Cd in the same host
the temperature dependence of the magnetization as iR the[B(*'!'Cd: GdIn)=2.7 10* K372,
metals. We have analyzed the experimental temperature de- At higher temperatures, the variation of the magnetic hy-
pendencies ofy(T) in the range foiT/Tc<0.5 on the basis perfine field may be discussed in terms of the molecular field
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model. For rare-earth ferromagnets, the CEF interactionith an exponent of the ordegd~ 0.3—0.45. At T=T. small
changes the equidistant molecular field splitting of (@@  variations of the Curie temperature therefore produce broad
+1) m states, and the Boltzmann averaging of these leveldistributions ofvy, while at low T the magnetic frequency
then results in a different temperature dependence of theemains sharply defined. As shown in Ref. 14, for a SOT
magnetization. Including the Hamiltonian of a CEF interac-with critical exponents and a LorentzianTc-distribution,

tion with hexagonal point symmetry into the molecular field characterized by the center temperafliggand the widthl'c,
model, we have found that anisotropy coefficiermg the resulting temperature dependence of the relative line
~-(100-200 K and K2/K2~Ol.111§re required to reproduce Width &'is given by

the measured,,(T) curves of d:R,In (except Gdlin). _ _ p-1

These values are comparable to the coefficients observed in A1) = (B Tc/2Te) (T (1 = TTe)™ . ©

the R metals. A precise determination of the coefficients is The extraction of the paramet&i; from the critical in-
difficult because similar temperature dependences can haease ofd(T) is discussed in detail in Ref. 14 With the
produced by different combinations mg and Kg. This is  critical exponen{3 fixed to 8=0.35 and a Curie temperature
because the magnetization is given by the Boltzmann aveef To=1221)K deduced fromwy(T) of Dy,In using vy

age over allm states, in contrast, e.g., to inelastic neutrone (1-T/Tc)?, the &T) data of Dyln in Fig. 5 correspond to
scattering which directly provides the-state energies. The a Tc-distribution with a line width oflc=1.82)K. In the
contributions of thekg andK§ terms to CEF energy are to0 otherR,In compounds with SOTd,¢ is of the same order of
small to be detected in tha,(T) curves. magnitude.

The Curie temperatures of moBgIn derived from the A coexistence of the paramagnetic and the ferromagnetic
Hicd PAC measurements ofy(T) (see Tables | and lllare  phases neaf. becomes manifest in the PAC spectra as a
systematically smaller—by up to 10 K—than those obtainedsuperposition of two fractions. The temperature dependence
from the'°Sn Méssbauer spectf@able Ill). To investigate of the paramagnetic fraction is given by the intetfal
whether this difference is related to the Sn content T
(~0.5% of the Mdssbauer samples, we have measured :f ,. ,

Bni(T) of 1¥Cd in Gdylng ¢Sy o5 These data, included in Tpare(T) 0 (TeiTo)dTe, (10
Fig. 14, show that there is some increase of the saturation

field and of the order temperature upon addition of this reIa-Wherel(Té;TC) represents thdc distribution (with Tc as

tively large Sn concentration. The effect, however, is tooM0St frequent order temperatiirén the ferromagnetic phase
small to explain the substantial difference in the order tem©f Reln, the angular correlation is perturbed by a combined

peratures deduced from the PAC and the Mdssbauer spectf@gnetic and electric hyperfine interaction, in the paramag-
netic phase by an axially symmetric QI. The paramagnetic

component in the spectra @t= T is most easily identified
in the case of''Cd:Nd,In (see Fig. 8 because of the

As pointed out in Sec. IV B, there are two features in thestrength and the narrow linewidth of the QI in this com-
PAC spectra nealf: that reflect a spatial variation of the pound. In the heavyR,In, the QI is much weaker, and the
exchange interaction and a corresponding distribution of th@aramagnetic component is therefore difficult to separate
order temperature iR,In. These ardi) the critical increase from the ferromagnetic component, which because of the
of the relative line width of the magnetic hyperfine figkke  critical increase of the line width is strongly attenuated at
Figs. 4 and 5, for exampleand (ii) the coexistence of the T=Tc. Afit of Eq. (10) with a LorentzianT distribution to
paramagnetic and the ferromagnetic phase in a small tenfpa(T) of 'Cd:Ndin (solid line in Fig. 9 gives T,
perature interval nedf¢ (Figs. 8 and @ Evidence for Curie =104 K and a width of theT distribution of aboutl'¢
temperature distributions has earlier been found in disor=5 K. [Note: The variations of the sample temperature of
dered ferromagnetic systembs spreads of the order of a ~0.1 K are at least one order of magnitude smaller than the
few K, resulting in critical line broadening and phase coex-I'c values required to reproduce the temperature depen-
istence neaifc have been observed by Mossbdfiét and  dences of5(T) and foara(T) @t T=Tc.]
PAC (Ref. 42) spectroscopy in concentrated and dilute, dis-  Critical increase of the linewidth and phase coexistence
ordered alloys. The concept of spatially varying Curiehave been observed in practically all hyperfine field studies
temperaturé$44 has also been invoked to explain the of chemically ordered magnetic compounds reported up to
smoothness of the phase transitions in strongly disorderedow. The mechanism leading to local variations of the ex-
magnetic alloys such as Invar where the transition may exehange interaction in ordered systems has not yet been iden-
tend over temperature ranges of the order dfH0(See, for tified. Site disordefatomsA on B sites of AB,) probably
example, Ref. 45 plays a role.

Recently, it was noted that distributions of the order tem-
perature may also occur in chemically ordered intermetallic
compoundst A T distribution produces a critical increase  The relative orientation of the magnetic hyperfine field
of the linewidth, in particular at second-order transitionsand the axially symmetric EFG reflects the local spin orien-
(SOT), because at low temperatures the magnetic frequenagtion at the probe with respect to the symmetry axis of the
vy varies little with the Curie temperature, but closeTi@  host lattice. With the exception of Neh and Pglin, the in-
vy decreases critically with decreasiiig: vy = (1-T/Tc)?  formation on the spin orientation &tin/*Cd in R,In has

3. Evidence for Curie temperature distributions in 4

4. The spin orientation
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sign of the QI, one has to recur to data provided by other

20 / "-\,_Nd’ln techniques to select the correct solution. Neutron diffraction
ole’ AN and***Sn Mossbauer spectroscopy ofiRsupport the solu-
Wy tion §=79° both forR=Gd and Er.
T SmyJn The experimental error ofg(T) is of the order of 2%, so
= 60l \ that qualitatively there is no doubt that the spin orientation in
g o most RIn—as seen by'*’Cd—is temperature dependent.
— /" The absolute values dof obtained fromvg(T), however, de-
e — Tb,in pend on thevy(T) relation assumed for the extrapolation
%b 60 — from the paramagnetic to the ferromagnetic phase and are
304 =, - therefore the subject of some systematic uncertainty which
- - H In we estimate to be of the order Af9< 10 degrees.
B s For comparison with thé*’Cd PAC results, the spin ori-
904 v Erln entations of RIn obtained by neutron diffraction and'Sn
1w : Mossbauer spectroscopy are included in FigD§,In) and
704 Fig. 15. In the case ot'®Sn Mossbauer spectroscopy, the
00 02 04 06 08 10 information on the spin orientation comes, as fdfCd:
7T, R,In, from the quadrupole parametef=(3 co$ 6-1)vq. In

contrast toy-y PAC, however, in the case of combined in-
FIG. 15. The angle between the direction of the'Cd hyper-  teractions Méssbauer spectra are sensitive to the sigi. of

fine field and the symmetry axis of the ERill square$ in some Delyaginet al!! have reported that faR=Sm, Gd, Tb, Dy,
RyIn as a function of temperature. The full triangles aredivalues  gnd Tm ,,g(1193n:R2|n) at 4.2 K is positive, foR=Ho and
deduced from*®Sn Mésshauer measuremefief. 11), the stars  Ng negative. The assumption of a positive sign of the EFG
corresponds to the orientation of thé homents relative to the then leads to the conclusion that in the cas&RefSm, Gd,
axis determined by neutron diffractigRef. 10). Tb, Dy, and Tm one ha$= 6,,, where 6y, is the “magic”

angle 6,,=54.7°, i.e., the magnetic moments are in the basal
to be extracted from the quadrupole parameteg plane or close to it. FOR=Ho and Nd one hag< 6y, i.e.,
=(3 cog 6- 1)vq by extrapolating the temperature depen-the moments are parallel or close to thexis of the hex-
dence of the quadrupole frequeney(T), measured in the agonalRgln lattice.
paramagnetic phase, to the ferromagnetic region. An ex- A temperature dependence gf has been reported only
ample is given in Fig. 6 for the case of Py. At Tc one has  for the case of *Sn: Dy,In where the sign ofgwas found to
|Vg:(3 co2 o- 1)vg| ~ 1.8/ 74 with ¢~16 deg as the only change from positive to negative, as temperature increased

solution. The decrease mﬁ(T) with decreasing temperature front1_ 40 I?ép 80 t((i[r;]dicated t?{g;he. I{IUHI line in the l:pper
implies an increase of the angle The variation of6(T) section of Fig. 8 In the case of “Sn:NdIn an anomaly in

shown in upper section of Fig. 6 results from the experimen-the temperature variation of the magnetic hyperfine field be-

) . _tween 25 K and 40 Ksee triangles connected by a dashed
tal values ofv!(T) if the temperature dependence of the Qlis, ~~ ' = . ET]
q
assumed to follow the well knownr*2relation vy(T) line in Fig. 10 has been attributed by Delyagen al.” to a

. . spin reorientation fron®=0° to #=20°. With 1*Cd, a similar
=,4(0)(1-BT*?) observed in many noncubic metals. As the aﬂomaly has not been observed.

variation of the Qlin t_he paramagn_etic phase is rathgr weak, The comparison of théllcd PAC, the''%sn Mossbauer,
the assumption of a linear,(T) relation leads to practically 4nq the neutron diffraction results shows that the local spin
the sameel(;l') values. Figure 6 also shows the variation of grientation is affected by the probe properties, presumably
6(T) for a **%n impurity on the In site of Dyn, measured by |ocal changes of the crystal field parameters. Pronounced
by Mossbauer spectroscofiyll line in the upper sectioll).  gifferences between neutron diffraction and PAC results are
The temperature dependencies of the spin orientation gbund, e.g., in the case of JIm ( #=90° and 65°, respec-
'''Cd derived in the same way from the experimendT) tively, at 10 K; see Fig. 16 The results of-'Cd PAC and
data of the otheR,In compounds are displayed in Fig. 15 vs 1157 M@ssbauer spectroscopy differ in practically RJIn
the reduced temperatuiié Tc. GdoIn and Tmn are not in-  compounds. A prominent example is Dy (see Fig. & At
cluded. In the latter case the QI in the paramagnetic phase {e site of'!°Sn, the angle increases strongly with decreas-
very small andv,(T) too imprecise for a meaningful analysis ing temperature fron#~ 0° to 90°. At**!Cd, the spin orien-
of vg:(3co§0— 1)v,. The decrease of quadrupole parameteration changes in the same temperature range, but only from
with decreasing temperature, however, shows that also ie~ 20° to ~40°. A low temperature angle @~ 90° can be
Tmy,ln the spin orientation changes with temperature. definitely excluded fort*!'Cd, because on the way from
In the case of Ggn, the quadrupole parameter of the ~20° to #~90° one would pass through the magic angle
ferromagnetic phasewg(T) is close to the quadrupole fre- 6,=54.7° where the PAC pattern is that of a pure magnetic

quency extrapolated from the paramagnetic phé@:vd interaction. This has not been observed.

~ 1 at all temperatures, but in fn this ratio increases from

v0Iv~0.9 at Tc to [vf/v~1 at T=10K. For 0.9 VI. CONCLUSION

<7(3 cog6-1)|<1 there are two possible solutions The magnetic and electric hyperfine interactions of the

~35-37° and¥=79°. Sincey-y PAC is not sensitive to the probe nucleus''Cd on the In site of the ferromagnetic rare-
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earth indium compoun®&,In have been investigated by per- modified Bloch relationT®? exp(-A/kgT)), suggesting an
turbed angular correlation measurements as a function afnergy gapA/kg~15-20 K in the spin wave spectrum of
temperature for differenR constituents. The main results of R,In. The PAC spectra provide evidence for a spatial varia-
this study are summarized in the following paragraph.  tion of the exchange interaction in chemically ordered inter-
The QI in the paramagnetic phase decreases drasticallyetallic compounds that is probably due to some degree of

from the light to the heavyR constituents, suggesting a sjte disorder. The spatially varying exchange leads to a dis-
strong influence of thefdelectrons on the charge distribution tihution of the Curie temperature with a width 6f2—5 K

at the In site. The comparison of the magnetic hyperfine fiel
of 1¥Cd in RyIn and in theR metals shows that the main
contribution toBy,; comes from the nearest R neighbors of
the probe. This observation favors intra-atomic-8d ex-
change and interatomials 5d interaction rather thanfdex-
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 ¢f%d overlap in
the first half of theR group. The temperature dependence of
the magnetic hyperfine interaction atT.<0.5 can be ex-
plained by the excitation of spin waves. Harconstituents Two of the authorgM.O.D and S.D.$would like to ex-
with nonzero orbital angular momentur®,T) follows the  press their gratitude for financial support by FAPESP, Brazil.

nd 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 4 spins relative to the axis of R,In have been
deduced from the angle betweBp; and the symmetry axis
of the EFG.
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