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Local magnetic behavior of Rh in Ni-Rh alloys: An experimental and theoretical study
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Magnetic behavior of Rh in paramagnetic Ni„Rhl „ for x 0.63 is studied by measuring the ' Rh lo-

cal susceptibility using the time-differential perturbed-angular-correlations method, the bulk magnetiza-

tion, and through local-spin-density calculations. For x -0.6 the measured Curie-Weiss local suscepti-

bility yields a high Rh magnetic moment with a small spin-fluctuation temperature ~ 100 K, while for

x & 0.40 the observed results are consistent with an unstable moment on Rh characterized by large spin-

fluctuation temperatures —10 K. The magnetism of Rh in the Ni-Rh system is found to depend on the

number of Ni atoms in its immediate surrounding. The calculations show that both Ni and Rh atoms

acquire moments in the presence of at least two Ni atoms in the nearest-neighbor {NN) coordination

shell. Further, Ni and Rh moments are found to depend on the geometrical arrangement of the NN Ni

atoms. The increase in the moment value on individual atoms and the enhanced susceptibility comes

from the growing proportion of three-dimensional or isotropic NN Ni configurations over the linear or

planar configurations, which occur for 5-6 or more Ni atoms. Our experimental results, as well as

theoretical calculations, show that Rh magnetic behavior is strongly influenced by the sign of the intera-

tomic exchange interaction. In particular, the observed enhanced Rh magnetic response near x -0.6 is

attributed to the ferromagnetic d-d interaction between Rh and Ni atoms.

I. INTRODUCTION

Magnetic behavior of 4d ions in transition metals, al-

loys, and in metal overlayers continues to generate a
great deal of interest leading to an increasing number of
experimental and theoretical studies over the last few
years. Recently, with the help of time-differential
perturbed-angular-correlation and perturbed-angular-
distribution (TDPAC and TDPAD) techniques, in com-
bination with the recoil-implantation method, it has been
possible to study the occurrence of 4d magnetic moments
and to measure their spin-fluctuation rates in many
difFerent hosts. Measurements in host containing d-band
electrons and exhibiting exchange-enhanced susceptibili-
ty, e.g. , Pd and Pt, have revealed the existence of a large
quasistable magnetic moment on Ru and Rh impuri-
ties. ' Further, it has been observed that the 4d spin-
Quctuation rates and hence the magnetic-moment stabili-
ty strongly depends on the sign and strength of the im-

purity d-host d interaction. ' As far as the magnetism of
4d ions in transition-metal hosts is concerned, most of the
experimental work is limited to Pd and Pt and their di-
lute alloys. It is therefore of interest to study the magne-
tism of 4d ions in other transition-metal hosts with large
exchange enhanced d-band susceptibilities to explore the
possibility of the occurrence of 4d magnetic moments in
such systems.

The magnetic system Ni Rh, „ is known to be
paramagnetic below a critical composition x,„f 0 63;
close to this composition it exhibits high exchange-
enhanced bulk susceptibility with large Stoner factors es-
timated to reach -70. The enhanced d-band susceptibili-
ty in this system has been studied by measuring the mag-
netic behavior of dilute Fe in Ni063Rh() 37 which shows
the occurrence of giant magnetic moment of —12p& per

Fe atom, similar to the behavior of Fe in Pd, thus making
the system an ideal choice for the study of magnetism on
the 4d Rh atom. Using ' Rh Knight-shift and spin-
lattice relaxation rate data obtained from NMR measure-
ments, Narath and Weaver demonstrated that addition
of Ni to Rh causes a large increase in the Rh d-spin po-
larization and argued that the enhancement in local sus-

ceptibility is caused due to the changes in the local densi-

ty of states near the Fermi energy. From the temperature
and field dependence of the magnetization of Ni-Rh al-

loys near the critical composition x =0.63, Muellner and
Kouvel attributed the onset of ferromagnetism to the
divergence of the Curie-Weiss susceptibility component
due to ordering interactions between super paramagnetic
clusters. These clusters, carrying an average moment
&20pz, increase rapidly in concentration as x,„,=0.63
is approached. In view of these results and the different
interpretations, more detailed microscopic investigations
to study the magnetic behavior of Rh in this system are
desirable.

The time difFerential perturbed angular correlation
(TDPAC) method is one of the most suitable techniques
for such magnetic studies. Apart from the measurement
of local susceptibility, this method allows, in suitable
cases, measurement of nuclear spin relaxation rates at
any temperature which can be related to the spin Suctua-
tion properties of the probe atom. Further, the technique
is quite sensitive to small changes in the immediate sur-
rounding of the probe atom so that the measured local
susceptibility data can be correlated to the near neighbor
efFects. ' Hitherto, such studies using TDPAC tech-
nique have not been made for the Ni-Rh system.

In this paper we present our results on the magnetism
of Rh in the alloy system Ni„Rh, „obtained from bulk
magnetization studies and Rh local susceptibility mea-
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surements using the TDPAC method. Complementing
the experimental studies, we have also performed local
spin density calculations using the linear combination of
atomic orbitals forming molecular orbitals (LCAO-MO)
method to estimate the spin magnetic moments on Ni
and Rh atoms in Ni-Rh alloys as a function of nearest-
neighbor Ni and Rh atom coordination. Our results
show large spin magnetic moment for Rh- in the Ni-rich
alloys with x-x,„„while in the Rh rich alloys the re-
sults are consistent with the existence of an unstable mag-
netic moment on Rh characterized by a high-spin fluctua-
tion temperature. They also indicate that the Rh mag-
netic moment and its stability varies strongly with the
number of Ni atoms in the near-neighbor shell. Prelimi-
nary experimental results of ' Rh local susceptibility and
bulk magnetic susceptibility for Nip6Rhp4 have been
presented elsewhere.

In Sec. II we briefly discuss the experimental tech-
niques and the results are presented in Sec. III. Theoreti-
cal calculations using the LCAO-MO method are
presented in Sec. IV, followed by a discussion of our re-
sults and conclusions in Sec. V.

direction k, leads to a selection of an ensemble of aligned

nuclei in the intermediate state I. The second y ray,
emitted in a direction kz, will have an anisotropic distri-

bution of intensity with respect to k&. In the presence of
external magnetic fields, the nuclear spin I precesses with

a Larmor frequency coL resulting in a time-dependent
variation of the y-ray anisotropy. By detecting these
time modulations of the anisotropy the perturbing
magnetic-field strength experienced by the nucleus can be
extracted. "

In the present measurement we have used the 75 keV,
I =2+ level in 'mRh (T&&z =235 ns and go =2. 15}as the
nuclear probe for the detection of magnetic interaction.
The magnetic response of Rh was measured in the range
25 —700 K in an external magnetic Seld of 11 kG. Time
spectra were recorded using three NaI(T1) detectors
placed in the (+135'} geometry. The normalized ratio
functions

N(135', t) —N( —135', t)
N (135',t)+N( —135', t)

II. EXPERIMENTAL APPROACH

Polycrystalline Ni-Rh alloys were prepared by arc
melting the desired stoichiometric compositions of high-
purity elements Ni and Rh in argon atmosphere. Atomic
compositions of Ni and Rh in the alloys were indepen-
dently checked by energy dispersive analysis of x-rays
method. The alloys were further characterized by x-ray
difFraction technique and found to have fcc structure for
all compositions, and their lattice constants were found
to be in agreement with those reported in the literature. '

Bulk magnetic susceptibility for Ni„Rh& „ in the com-
position range 0.09&x ~0.6 was measured from 77 to
300 K in a magnetic field of 6 kG using a Faraday bal-
ance. The measurements were extended down to 5 K for
Nip 6Rhp 4 alloy. Figure 1 shows the inverse susceptibili-
ty (1/y) as a function of temperature for all compositions
after correcting for the Rh background, along with the
y(T} data for Nio6Rho~. None of the alloys studied
showed magnetic ordering in the measured temperature
range.

Microscopic studies on the magnetic behavior of Rh in
Ni-Rh alloys were carried out by measuring local suscep-
tibility of ' Rh produced during the electron capture
(EC} decay of 'Pd. The parent ' Pd (half-life=3. 6
days) was produced by the heavy-ion reaction s Y
(' O,p4n) using a 95-MeV ' 0 beam provided by the Pel-
letron Accelerator facility at TIFR, Bombay, and were
recoil implanted into thin foils (typically 5 mg/cm ) of
Ni-Rh alloys. The concentration of ' Pd in Ni-Rh alloys
was typically less than 1 ppm.

TDPAC method In the pert.urbed angular correlations
(TDPAC) method, a parent isotope is introduced into the
sample system. The required y-y cascade is populated by
a preceding decay (either P or EC decay) from the parent
isotope. The daughter nucleus, initially formed in an ex-
cited state I;, decays to ground state If by successive
emission of two y rays via an intermediate state I having
a lifetime ~. The detection of the first y ray in a fixed
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FIG. 1. Temperature dependence of inverse bulk magnetic
susceptibility, y, for several Ni-Rh alloys measured in a field

of 6 kG. The top panel shows the y vs T plot for Nip 6Rhp4
measured in a field of 15 kG.
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FIG. 3. The parameter P as a function of inverse temperature
for various Ni-Rh alloys.

the magnetic moment on Ni in metallic systems is found
to be between 0.6—1.0p~, we are led to acknowledge that
the Rh atoms also acquire substantial spin polarization.
Using reasonable values pN;=0. 4pz for x 0.4 and

pN;=0. 6p~ for x -0.6, in conformity with our theoreti-
cal calculations (see Sec. IV), we estimate the magnetic
moments pRh on the Rh atoms, which are listed in Table
I. We find that for 0.9 &x &0.6, both Ni and Rh atoms
are magnetic. The values for pRh are found to be 0.4@~
for Nip p9Rhp», which decrease to 0.29@~ for Nip 6Rhp 4.

Secondly, the Curie-Weiss temperature 8~ derived
from the susceptibility data show strong dependence with
the Ni concentration, varying from a quite high ——3000
K for x =0.09 to 42 K for x =0.6. It is interesting to
note that 8& changes sign when x increase from 0.4 to
0.6.

the existence of large spin susceptibility arising from the
polarization of the core and/or the conduction electrons.
In systems where the probe atoms acquire a magnetic
moment the measured local susceptibility data show
Curie-Weiss —type temperature dependence; P( T)—1
=CI( T+T'), where C is the Curie constant and T' is a
characteristic temperature analogous to the paramagnetic
Curie-Weiss temperature, known from the bulk suscepti-
bility data.

III. EXPERIMENTAL RESULTS

A. Bulk magnetization

Bulk magnetic susceptibility data taken in a field of 6
ko for all alloy compositions in the series Ni„Rhi „(see
Fig. 1) show paramagnetic behavior down to 77 K. The
data were fitted to a Curie-Weiss law g=CI(T 8t ) to-
extract the efFective paramagnetic moment p,s per unit
cell and the Curie-Weiss temperature 8~. The results for
the various parameters are summarized in Table I. Our
results for C and 8~ are in good agreement with the cor-
responding values we could extract from the susceptibili-
ty data reported by Cottet et a/. ' An initial analysis of
the data assuming that Rh atoms are nonmagnetic and
the entire temperature-dependent magnetic susceptibility
arises from magnetic moments on Ni atoms only results
in unrealistically high magnetic moments on the Ni
atoms, pN;&&1, especially in the Rh-rich alloys. Since

B. TDPAC measurement —'~Rh local susceptibility

For all Ni-Rh alloys, the R (t) spectra [see Fig. 2(a) and

Fig. 2(b)] show high anisotropy and well-defined oscilla-
tions at all temperatures indicating that most of the recoil
implanted 'Pd ions come to rest at unique lattice sites in
the host. Most probably, the ' Pd ions occupy Rh sites
in all the Ni-Rh alloys. In the random alloys under in-

vestigation, Rh atoms are expected to have a distribution
in the near-neighbor (NN) atomic configuration. Howev-

er, the limited accuracy of our measurements does not
permit observation of distinctly resolved frequencies cor-
responding to different near-neighbor configurations.
The local susceptibility P—1 derived from the observed
I.armor frequency co&, therefore, corresponds to an aver-

age value over all possible NN configurations.
The magnetic response of ' Rh in Ni„Rh, „alloys

with low Ni concentrations, x &0.4, show temperature
independent local susceptibility with P(T) values close to
unity. For Nip 4Rhp 6 the P value at room temperature
was obtained to be 0.95, which was also found to have lit-
tle variation with temperature, indicating enhanced spin
susceptibility at the Rh probe site. On further increasing
the Ni concentration, the P(T) data was found to show

large deviations from the nonmagnetic P=l behavior
along with strong temperature dependence. We like to
note that our Rh local susceptibility values in the Ni-rich
alloys, i.e., x & 0.6, are slightly higher compared to those
reported from the NMR measurements. ' The measured

P( T) results for Rh in Nip 6Rhp 4 and Nip 62Rhp 3s could

TABLE I. Summary of Curie-Weiss fit parameters to the bulk susceptibility data in Ni„Rhl „.x is
the composition, C is the Curie-constant, Hp is the paramagnetic Curie-Weiss temperature, p,& is ex-

tracted effective magnetic moment per unit cell, and pRh is the magnetic moment on a Rh atom.

Composition
X

0.09
0.18
0.40
0.60

C
(emu K/mol)

0.33
0.39
0.60
0.41

Hp

(K)

—3227
—1331
—870

42

1.63
1.76
2.03
1.90

0.41
0.45
0.58
0.29

1.10
1.65
2.40
2.93

'From bulk susceptibility data.
Calculated.
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be fitted to a Curie-Weiss law (see above). The derived C
and T' values come out to be —37 K, 100 K, and —39
K, 63 K, respectively (also see Table II). The high nega-
tive value of the Curie constant C for ' Rh in Ni Rh,
alloys is consistent with the presence of large spin polar-
ization around the probe Rh atom. Considering the Rh
magnetic behavior arrived at from the bulk susceptibility
data and the electronic structure calculations (see below)
the temperature independent P( T) values observed in the
low-Ni concentration alloys (x &0.4) can be consistent
with high-spin-fluctuation temperatures, T*—10 K for
the Rh moment.

We also estimate the magnetic moment corresponding
to the total spin polarization seen by the Rh probe in
Ni-Rh system. The Curie constant obtained from the Rh
local susceptibility is related to net spin polarization and
hence magnetic moment seen by the Rh atom via the re-
lation C =2@ it(tS, +1 B)(0) /3 kswhere B(0) is the con-
tact hyperfine field at the Rh nucleus and S, is the sum of
the spin at the probe atom, S „b„and the spin polariza-
tion Sz„, coming from the surrounding atoms. The core
polarization hyperfine field B(0) for most 4d ions have
been estimated and also experimentally measured' to be
—350kG/ps. Using B(0)=—140 kG corresponding to
a spin Sp pb =0.2 at the probe atom, consistent with the
magnetic moment values of Rh found from our bulk sus-
ceptibility data, we estimate S, and the total magnetic
moment p„,=2S, seen by the probe Rh atoms in
difFerent Ni-Rh alloys. The values are listed in Table II ~

The derived values are quite high, p«, -10p~, even

higher than those observed for some 4d ions in transition
metals, e.g., Rh and Ru in Pd. ' The high value of the
total spin and Rh magnetic moment for x N;

-x„;, sug-

gests that even on the paramagnetic side of x,„„Rh
atoms acquire significant spin polarization present on the
surrounding Ni atoms. We like to note that if we use
B (0)——190 kG/ps, as suggested by Narath and

Weaver, our results for S, and p„, would come out to be
even higher. This variation in B(0) does not change the
essential conclusions we have drawn below.

IV. THEORETICAL CALCULATIONS AND RESULTS

In conjunction with the experimental measurements,
we also carried out an illustrative theoretical study of the
local magnetic behavior of Ni and Rh atoms in Ni-Rh al-
loys as a function of the number and position of Ni and
Rh atoms in their immediate environment. To this end,
we perform electronic-structure calculations via the ab

H (r)=( —1/2)&'+ Vc(p)+ V (p ), (3)

where Vc(p) is the conventional electron-electron plus
electron-nucleus Coulomb potential and V (p ) is a lo-

cal spin(ir)-dependent exchange correlation potential of
the form derived by von Barth and Hedin. ' Molecular-
orbital eigenfunctions P, (r) of the above Hamiltonian
are expanded on a basis of numerical atomic orbitals:
3d, 4s, 4p on Ni atoms and 4d, 5s, 5p on Rh atoms; the
deeper-lying atomic orbitals in each case are treated as
nonvariational. The resulting variational secular equa-
tion is finally solved iteratively to self-consistency using
Hamiltonian and overlap matrix elements determined by
three-dimensional numerical integration on a pseudoran-
dom grid, except for a systematic polynomial integration
within a sphere of radius 2 a.u. around the M& atom, ex-

pressly to ensure precision in the hyperfine field. From
the resulting one-electron eigenvalues, eigenfunctions,
and occupation indices f, , the charge and spin magneti-

zation densities,

initio self-consistent-field LCAO-MO method within the
local-spin-density approximation' using atomic clusters
to simulate the bulk. Since this technique has been
severally described' in detail before, only those aspects
relevant to the present calculation and subsequent
analysis of results are given here. Essentially, typical 19
atom clusters MiM, zM6 (M=—Ni or Rh) comprising two
full coordination shells of atoms in fcc lattice geometry
around a central (probe) atom M, are chosen for explicit
treatment of their wave functions and eigen values.
Different environments for the central probe atom (M, )

are simulated by placing a varying number of Ni and Rh
atoms in the coordination shells. As a binomial expan-
sion in the concentration x shows, they reflect actual
configurations occurring in a Ni„Rh& „alloy, their rela-
tive abundances changing with x. Previously, calcula-
tions' of the paramagnetic spin susceptibility of Ni-Rh
alloys as a function of concentration x within the
coherent potential approximation have been reported and
have alluded to the dependence of atomic moments on
the local NN environment. In the present work, the ap-
proach is reversed: our accent is on considering specific
NN configurations directly and attempting to construct
an effective moment to compare with experimental sus-

ceptibilities.
The one-electron Hamiltonian for a cluster, as a func-

tional of the electron charge density p(r), is given in

atomic units by

p (r)=g f, iP, (r)~', (4a)

Composition
X

0.60
0.62

C
(K)

—37{1)
—39(1)

T*
(K)

100{15)
63(15)

S

4.9
5.2

9.8
10.4

TABLE II. Summary of derived parameters from the Curie-
Weiss fit to the ' Rh local susceptibility in Ni„Rh& . C is the
Curie-constant, T is the characteristic temperature, S, is the to-
tal spin, and p„, is the extracted total moment per Rh atom.

5p(r) =p t(r) —pi(r), (4b)

are constructed and their Mulliken population analysis
yields the site-specific local spin density of states (LDOS).

The main contribution to the hyperfine field Hzz seen

by a magnetic or nonmagnetic probe atom comes from
the Fermi contact interaction, which can be calculated in
terms of the spin magnetization density at the nucleus,
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Hhf =H, = —ps[pt(0) —pl(0)]
8~ ts

=524.2[5p(0)], „kG . (5)

To this first approximation, the orbital contribution to
Hhf is neglected because of quenching of the orbital angu-
lar momentum. We can further single out two contribu-
tions to Hhf for separate treatment. A core-polarization
contact field Hhf" results from the polarization of core-s
electrons due to the spin imbalance in the d shell. From
the states close to the Fermi energy, the polarized con-
duction band s electrons associated with the impurity and
the tails of the orbitals on the surrounding host atoms
contacting the probe nucleus together give a "band" con-
tribution Hhf'. This latter is a direct by-product of our
self-consistent calculations.

The present approach is particularly suited for looking
at local properties, determined by overlap and bonding
within the immediate atomic environment, rather than
band effects. Previous work has shown that, considering
the size of the representative cluster, the charge and spin
density in the central region of the cluster, i.e., that asso-
ciated with the M, atom, is adequately bulklike; however,
the results for the two outer sets of atoms, M&2 and M6,
are subject to "surface" effects deriving from incomplete
coordination and, hence, reduced orbital overlaps and hy-
bridization. These include an upward shift in energy lev-
els, narrower LDOS, and larger orbital local moments.

Table III is a summary of our calculated results for the
valence orbital Mulliken population charges and local
moments, the density of states at the Fermi energy EF,
and hyperfine levels at a Ni atom site in Ni-Rh a11oys.
Table IV is, likewise, a similarly presented collation of
our results for a central probe Rh atom. The first four

columns in each table give details of the clusters used to
represent alloys of varying concentrations. The descrip-
tion of the clusters indicates the inequivalent sets of Ni
and Rh atoms in the first- and second-neighbor shells,
which are treated separately in the variational procedure.
As we move down the rows, the number N of Ni nearest-
neighbors (NN) increases in steps of 2. The cluster sym-

metry is intended to indicate the particular placement of
the coordinating atoms. Only a few highly symmetric
configurations of the total number of g„'2 '2C„=4096 pos-
sibilities have been studied at each 8; nevertheless, they
are adequate for the purpose of exhibiting trends with N

and typical values of the parameters considered.
The host lattices and the alloy systems in the middle

four rows (8=4 to 8) have undistorted fcc geometry with
NN distance d =a/~2. The lattice constants a for the
alloy systems are obtained by interpolating between the a
values for the host elements, using the host bulk modulii
and I. However, for the case of isolated and decorated
impurities, we find it important to allow for local relaxa-
tion of only the first-neighbor atoms in adjustment to the
different sizes of the Ni and Rh atoms [r, (Ni)=1.24 A,
r, (Rh) =1.34 A]. Displacements of further neighbor
atoms are expected to be an order of magnitude less, and
so they are left undisturbed.

For the host Ni and for the host Rh, our results for the
charge density, the local density of states and the local
moments are in good agreement with the conventional
local-density band-structure calculations by Moruzzi,
Janak, and Williams, ' which give NF =1.69 statesjeV
and )M=0. 58)Ms per Ni atom, N+=1.35 statesleV per
atom and p=Opz per Rh atom.

We find an isolated Ni impurity in Rh (n =0) to be
nonmagnetic, in agreement with the experimental re-
sults, ' but only after allowing for the inward relaxation

TABLE III. Calculated parameter values for Ni atoms in Ni-Rh alloys, with nearest-neighbor Ni atom coordination number (N )

varying in steps of 2 from 0 to 12: valence orbital Mulliken population charges (n ~ +n ~ ) and magnetic moments (n t
—n ~ ) in pz, net

ionicity (Q) and net local moment p, local density of states at E~(N~) and contact hyperfine fields (H„„)with core and valence contri-
butions. Details of the molecular clusters used in the calculations are also given.

Cluster
employed

Cluster
symmetry

No. of
NN Ni

()

Cluster
geometry

3d

(n ~ +n ~ )(Ni&)
(n ~

—n ~ )(Ni&)
4s 4p

Q(Ni))
p(Ni))
(e,p~)

W, (Ni, )

states/eV

Hcore +H val
hf hf

=Hhf(N)) )

(kG)

Ni)Rh)pRh6

Ni)(Ni2Rh8Rh2)
(Rh4Rh2)
Ni )(Ni4Rhs)
(Ni2Rh4)
Ni)(»6Rh6)Ni6
[planar NN Ni6]
Ni, (Ni6Rh6)Rh6
[3D NN Ni6]
Ni)(wisRh4)
(Ni4Rh2)
Ni)(Ni~NisRh2)
(Ni4Ni&)

Ni lNi 12Ni6

0

D4a

D

D

D4

D2.I

0

10

12

a =3.80
d =2.61
a =3.80
d =2.61
a =3.71
d =2.62
a =3.67
d —2.59
a =3.67
d =2.59
a =3.62
d =2.56
a =3.52
d =2.51

a =3.52
d =2.49

A 8.94
A 0.00
A 893
A 037
A 8.90
A 0.43
A 896
A 038
A 892
A 0.74
A 888
A 076
A 8.92
A 059
A 8.94
A 058

0.43
—0.01

0.45
—0.01

0.48
—0.02

0.45
—0.02

0.39
—0.015

0.49
—0.015

0.44
—0.02

0.40
—0.02

1.26
0.01
1.29
0.01
1.40
0.01
1.23

—0.03
1.13

—0.025
1.28

—0.005
1.56

—0.05
1.16

—0.02

—0.63
0.00

—0.67
0.37

—0.78
0.42

—0.64
0.33

—0.44
0.70

—0.65
0.74

—0.92
0.52

—0.50
0.54

2.03

1.91

1.70

1.70

1.52

1.60

1.76

1.64

—37—23
= —60

—43—39
= —82

—38—44
= —82

—74—37
= —111
—76—35
= —111
—59—55
= —114
—58—62
= —120

(expt. = —76)
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TABLE IV. Calculated parameter values for Rh atoms in Ni-Rh alloys, with nearest-neighbor Ni atom coordination number (I )

varying in steps of 2 from 0 to 12: valence orbital Mulliken population charges (n ~ +n ~ ) and magnetic moments (n ~
—n ~ ) in p&, net

ionicity (Q) and net local moment p, local density of states at EF(Nz) and contact hyperfine fields (H„,) with core and valence contri-
butions. Details of the molecular clusters used in the calculations are also given.

Cluster
employed

Cluster No. of
symmetry NN Ni

(+)

Cluster
geometry

(n ~+n ~ )(Rh&)
(n g

—n ) )(Rh, )

4d 5s Sp

Q (Rh))
p(Rhi)
(e,pz)

NF(Rh, )

states/eV

Hcore +Hval
hf hf

=Hhf(Rh] )

(kG)

Rh )Rh)2Rh6

Rh)(Ni2RhsRh2)
(Rh4Rh2)
Rh )(Ni4Rh8)
(Ni2Rh4)
Rh )(Ni6Rh6)Ni6
[planar NN Ni6]
Rh)(Ni6Rh6)Rh6
[3D NN Ni6]
Rh )(NisRh4)
(Ni4Rh2)
Rh)(Ni2Ni8Rh2)

(Ni4Ni2)
Rh)Ni)2Ni6

D4

D

D4

0

10

a =3.80
d =2.69
a =3.80
d =2.61
a =3.71
d =2.62
a =3.67
d =2.59
a =3.67
d =2.59
a =3.62
d =2.56
a =3.52
d =2.51
a =3.52
d =2.51

A 805
A 0.00
A 8.09
A 055
A 803
A 050
A 8.16
A 059
A 8.09
A 095
A 803
A 087
A 8.09
A 081
A 8.14
A 0.80

0.33
0.00
0.30

—0.005
0.39

—0.005
0.28

—0.015
0.23

—0.01
0.37

—0.02
0.27

—0.01
0.24

—0.015

1.03
0.00
0.93
0.035
1.28
0.05
0.82

—0.005
0.76
0.00
0.91
0.03
1.39

—0.01
0.68
0.005

—0.41
0.00

—0.32
0.58

—0.70
0.545

—0.26
0.57

—0.08
0.94

—0.31
0.88

—0.75
0.79

—0.06
0.79

1.44

1.47

1.47

1.23

1.15

1.38

1.41

1.30

—118—18
= —136

—].08 —31
= —139

—127—53
= —180

—204 —13
= —217

—187—33
= —220

—174—72
= —246

—172—77
= —249

(expt. = —225)

of the NN Rh atoms from their nominal unrelaxed dis-
tance d =2.69 A in the host to d =2.61 A. This distance
is just 0.03 A larger than the sum of atomic radii of Ni
and Rh. In the absence of an energy minimization pro-
cedure to determine the exact NN distance, we can only
suggest that d lies between 2.58 and 2.61 A. Within this
0.08 A relaxation, the local d-moment on the central Ni
is quenched from 0.62p& to Op&. A similarly small local
relaxation, arising from size mismatch, has been shown to
account for the nonmagnetic behavior of isolated Fe
atoms in Al. ' An isolated Rh impurity in Ni (8'= 12) ex-
hibits a substantial local d moment of 0.80(ua. This value
is larger than the 0.59p~ value calculated by Zeller, '

which would suggest that the Rh atom simply acquires
the polarization of the surrounding Ni atoms. A Rh
atom in Ni is, however, not isoelectronic to a Ni atom, so
a different p value is plausible.

At the high n end of the tables (if &6), the NN Ni
atom coordination mostly re6ects situations within
Ni„Rh, alloys in the ordered ferromagnetic regime
(1 & x & 0.63). Here, the Rh d moment is consistently
&0.8p~ and increases slightly as the NN Ni atoms de-
crease and move further away. The d moment on the Ni
atoms also increases gradually with decreasing I, from its
bulk value of 0.58pz to a maximum of -0.75p~. The
low n end of the tables (8 + 6) is representative of
Ni Rh, „alloys in the wide paramagnetic region
(x & 0.63). Here, the Ni d moment quickly saturates
with NN Ni decoration to -0.4pz, while the Rh d mo-
ment remains at 0.5—0.6'&. The variation in the calcu-
lated p values for small changes in NN distances up to
0.03 A do not exceed +0.05pz. The striking feature is
that atomic spin moments on both Ni and Rh atoms per-
sist for all n 2 at least and hence, by implication,

throughout most of the Ni concentration range.
Clearly, too, the strength of the local moment peaks

for certain NN configurations near 5 =6. The underlying
mechanism of moment formation has also a topological
dependence, as is revealed by the two 8'=6 clusters stud-
ied. Atoms with a three-dimensional (3D) NN Ni atom
arrangement typically exhibit the higher moment values;
when the decoration of NN Ni atoms is planar or linear,
the lower p values are obtained. This geometrical
inhuence is expected to show up for other NN arrange-
ments, not studied here, in the middle range of 8; for
larger 8, of course, nearly all the arrangements tend to be
three dimensional. The dominance of the latter, more
spherically symmetrical, type of configurations over the
lower-dimensional ones becomes significant beyond a
threshold value 8-6. The ponderance of these NN Ni
atom configurations in Ni-rich regions coincides with the
sharp rise observed in the bulk susceptibility for x & 0.5.
Thus, for both Ni and Rh atoms we obtain two charac-
teristic signatures each for the spin moments, with com-
paratively only slight variations in the magnitude of each.
For less symmetric NN atom arrangements than the ones
considered here, realistically speaking we can only say
that the arrangement-geometry criterion explored above
must still hold, so that two sets of moment values would
still be obtained.

Note also, in all cases, the small, but significant, mo-
ments on the conduction band s orbitals, antiferromag-
netically aligned relative to the d moments. Since this is
also true of the valence orbitals on the surrounding
atoms, we suggest that this d-s hybridization is the
source of the magnetic screening in the system. It is to be
pointed out here that both the s and p moments calculat-
ed are overestimated, since these extended orbitals are
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"ferromagnetic" alloy. For Rh, we find bonding and an-
tibonding orbitals -5 eV on either side of EF. The for-
mation of a local moment on Rh is related to the fact that
of the nonbonding orbitals straddling EF, the majority
(spin-up) orbitals are increasingly pulled below EF as n

increases; the resulting exchange splittings near EF are
0.55 eV for 5 =4, 0.65 eV for 5 =8 and 0.70 eV for
8=12. For Ni, the peak of the nonbonding orbitals
remains pinned to EF, while the corresponding exchange
splittings near EF are 0.45 eV for 8=4 and 0.7 eV for
K=8.

For both Ni and Rh atoms, NF, the density of states at
Ez, is almost wholly of d character. Its general trend is a
decrease with increasing 8, more pronounced for Ni
(20% across the table) and slighter for Rh ((10%),
punctuated by an anomalous dip near n=6, which
reflects the transition to more spherically symmetric ar-
rangement of Ni atoms and coincides with the peak in
JM(if ) for both types of atoms.

To correlate the moments calculated above for
different 8 with the measured bulk and local susceptibili-
ty data for different alloys Ni„Rh& „,we interpolate on
the moments calculated for even 8 to obtain those for odd
8 values, and assume a binomial distribution in 8 for NN
Ni and Rh atoms at each concentration x. This pro-
cedure yields an efFective local moment p,& per unit cell
as a function of x, values of which are given in the last
column of Table I for comparison with the p,i extracted
from the bulk susceptibility. We see that the calculated
values increase more sharply and continuously with x,
and have a higher peak value @=2.95lus at x-2/3;
beyond this, they fall off again to the bulk Ni moment
value, @=2.32@&, thereby mimicking the experimental
trend. However, given the few and restricted geometries
for which the calculations are carried out, it is not
surprising that the detailed structure of the trend, espe-
cially the narrow peak near x,„„is not reproduced.

V. DISCUSSION

The bulk susceptibility as well as the ' Rh local sus-
ceptibility results presented above show the existence of
large stable magnetic moments on Rh in Ni„Rh& „al-
loys with x =0.60 and 0.62. Keeping in mind that the
bulk susceptibility data in low Ni concentration alloys as
well as the theoretical results reflect the presence of mag-
netic moments on the Rh atoms, the observed tempera-
ture independent local susceptibility data with P(T)-1
for ' Rh in these alloys can be reconciled with high
spin-fluctuation temperatures, which are estimated to be
&10 K for Rh in Ni„Rh, for x &0.4. The paramag-
netic Curie-Weiss temperatures 0~ obtained from the
bulk susceptibility data, which can also be used to scale
the spin-fluctuation temperature, come out to be very
high in this concentration range (see Table I), implying
unstable moment for Ni as well as Rh. Also, in this re-
gime the calculations indicate antiferromagnetic d-s cou-
pling, which probably is strong enough to screen the mo-
ments. Further, the antiferromagnetic nature of the ex-
change interaction is also reflected in the negative sign of
0& in these alloys. It is interesting to note that for

x-x„;,=0.63 the magnitude of 0~ values are found to
decrease quite sharply with a concomitant change in sign,
suggesting that the coupling between the various magnet-
ic moments is predominantly ferromagnetic in nature.
This is also supported by the fact that long-range fer-
romagnetic ordering sets in the alloy system beyond
x =0.63 indicating increasingly stable moments on Ni
and perhaps on Rh as well. Comparing the bulk and the
local susceptibility data, we feel that the presence of
stable Ni magnetic moment in the vicinity of the Rh
probe atom and the ferromagnetic nature of the intera-
tornic exchange coupling makes the Rh moment quite
stable leading to the observation of a Curie-Weiss like

P( T).
The derived values of S, and p„, for x -x„;,are quite

high, even higher than those observed for some 4d ions in
transition metals, e.g., Rh and Ru in Pd. ' The high
value of the total spin and the Rh magnetic moment for
x-x„;, suggests that even in the paramagnetic side of
x„;„Rh atoms acquire significant spin polarization
present in the surrounding Ni atoms.

We now attempt to correlate the magnetic response of
Rh in Ni„Rh& „alloys across the concentration range to
near-neighbor atomic environment. The fcc lattice of a
Ni-Rh alloy with a coordination number of 12 is randorn-

ly occupied by both Ni and Rh atoms resulting into a dis-
tribution of atoms in the near-neighbor atomic shells.
We consider only the nearest-neighbor (NN) atomic shell,
since further shell effects are negligible in our local sus-

ceptibility measurements. The probability distribution of
Rh having difFerent numbers of Ni atoms in the NN shell

along with the observed Rh local susceptibility data indi-

cates that Rh acquire large spin polarization beyond a
threshold value of N-6. Similar results have also been
reported for Rh in Fe-Rh systems, where Rh is suggested
to acquire magnetic moment when surrounded by four or
more Fe atoms in the NN shell. '

In summary, we have made a detailed investigation of
the magnetic behavior of Rh in Ni„Rh& alloys for
several compositions 0.045(x (0.62 below the critical

composition x =0.63 for appearance of ferromagnetism

by measuring local susceptibility at ' Rh and the bulk
magnetization. Complementing the experimental studies
we have also performed local-spin-density calculations
for atomic spin moments on Ni and Rh atoms having
different NN configurations. For x ~0.4, Rh is found to
have unstable magnetic moments with high spin-
fluctuation temperatures (Ts„—10 K). Near x =0.63
large spin polarization surrounding the Rh probe atoms
result in the appearance of increasingly stable high Rh
magnetic moment with p„,—10pz. The increase in

pN; and pRh is correlated with the growing number of
three-dimensional and more spherically symmetric
configurations of the NN Ni atoms when the number of
Ni near neighbors exceeds a threshold value of -6. Our
experimental results as well as theoretical calculations
show that Rh magnetic behavior is strongly influenced by
the sign of the interatomic exchange interaction. In par-
ticular, the observed enhanced Rh magnetic response
near x-0.6 is attributed to the ferromagnetic d-d in-

teraction between Rh and Ni atoms.
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