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Temperature dependence of hyperfine fields at rare-earth nuclei in iron and nickel
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The temperature dependence of the hyperfine fields [Ho(T)] at "Nd and "Sm nuclei recoil implanted into

polarized Fe and Ni were measured from 4 to 650 K with the ion-implantation perturbed-angular-correlation

technique. Experimental results for Hp(4) are: FeNd, 3.04(71) MOe; NiNd, 1.67(39) MOe; FeSm, 3.14(35)
MOe; NiSm, 1.77(17) MOe. The hyperfine magnetic fields induced at the implanted nuclei by the unquenched

orbital angular momentum of the partially filled ionic 4f shell [H4r( T}]were deduced and the results analyzed

in terms of the interactions of the respective rare-earth ionic states with the internal fields of the hosts.
Interaction models incorporating pure exchange interactions, exchange and crystal electric field interactions,
various implant final-site symmetries, and ionic-excited-state mixing were least-square fit to H4$ T) over

various intervals of the observed temperature range. Crystal-electric-field efFects are shown to be important in

all cases except, perhaps, FeSm. The results of each least-squares-fit analysis are presented and discussed.

I. INTRODUCTION

The unique properties of the lanthanide elements
(rare earths) arise from similar outer-electron
configurations and an incomplete 4f electron shell.
Rare-earth compounds typically involve a trivalent
state arising from the chemical activity of the
outer 6s and 5d electrons. " The stability of this
outermost electron configuration gives the rare
earths a similar chemical behavior, while the
filling of the deep and well-shielded 4f shell re-
sults in a variety of important optical and magnetic
properties. The low-lying energy states of free
trivalent rare-earth ions result from spin-orbit
splitting of LS-coupled 4f electrons into states of
fixed total angular momentum (J). In bound sys-
tems, these states often exhibit a residual split-
ting due to internal electric and magnetic fields.
The additional splitting is characteristic of the
nature, intensity, and symmetry of the perturb-
ing fields, and has stimulated many studies of
unusual rare-earth compounds and the use of rare
earths as probes of internal fields in solids.

The rich variety of phenomena that have been
revealed in previous investigations of rare-earth
systems continues to motivate new studies of
rare-earth ionic level splittings in recently avail-
able materials. Ion-implantation techniques, for
example, are being used increasingly to bypass the
solubility limitations of traditional alloying meth-
ods in the preparation of new and unique systems.
Rare-earth ions implanted into polarized ferro-
magnetic transition-metal hosts are especially
interesting candidates for investigation, since
these systems offer the possibility of displaying

large exchange interactions and a variety of crys-
tal-electric-field effects. The study of such sys-
tems may help in the understanding of various
rare-earth-host exchange interactions by pro-
viding interpretable experimental tests of theo-
retical models involving a known magnetic im-
purity interacting with electrons of known state,
and by elucidating the origin and nature of crystal
electric fields in metals.

This paper reports the results of perturbed-an-
gular-correlation (PAC) measurements of the
temperature dependence of the hyperfine fields at
"'Sm and "'Nd nuclei recoil implanted into polar-
ized Fe and Ni and the analysis of the results in

terms of the interactions of the respective rare-
earth ionic ground states with the internal fields
of the host. The recoil-implantation PAC tech-
nique has the advantage of allowing studies of the
splitting of rare-earth ionic states in Fe and Ni
using lower concentrations than any other avail-
able technique, as well as allowing the use of rela-
tively short nuclear lifetimes. The latter possi-
bility results in simplifying the interpretation of
experimental results by limiting the number of
observable effects. Potential disadvantages of the
recoil-implantation PAC technique are the possi-
bility of radiation-damage effects obfuscating the
hyperfine interaction, and the inherent limited
precision of the data. However, a considerable
body of previous work' ' suggests that under con-
trolled conditions radiation-damage effects can be
minimized; and the uniqueness and quality of the
data obtained are such as to allow meaningful con-
clusions to be drawn. These studies were under-
taken, then, with a view toward understanding new
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and unique rare-earth systems that cannot be pre-
pared by conventional alloying methods, to eluci-
date various nuclear hyperfine interactions, and
to provide data for the extension of nuclear-mag-
netic-moment measurements.

II. EXPERIMENTAL

The basic experimental technique involves the
nuclear Coulomb excitation of rare-earth target
nuclei to a particular state, and their concurrent
recoil implantation into a host lattice, via inter-
action with high-velocity oxygen projectiles from
the Rutgers-Bell tandem Van de Graaff acceler-
ator. The Coulomb excitation of the target nuclei
is arranged so as to highly align the spin of the
selected nuclear probe and to assure recoil im-
plantation into the host lattice to a maximum depth
(-1.5x10' A)." The implantation is completed
in a time ((1 psec) short compared to the half-life
of the excited nuclear state. In the absence of
perturbing fields, the implanted, excited nuclei
would remain in their initial highly aligned state.
However, this alignment is perturbed by internal
electric and magnetic fields. The precession and
attenuation of the nuclear alignment is observed
by measuring the angular correlation of the y rays
emitted in the decay of the Coulomb excited state.

A 38-MeV "0"beam entered the target cham-
ber through an annular surface-barrier particle
detector to Coulomb excite nuclei in the enriched
targets. The Coulomb-excited nuclei were re-
coiled into iron or nickel backing foils [Fig. 1(a)]

polarized by a reversible -2.5-koe magnetic field.
The backscattered-particle counting rate was
& 10' particles/sec. y-ray angular correlations
were measured for opposite applied field direc-
tions with four movable 'l. 6 x'7. 6 cm' Nal(Tl) crys-
tals mounted on RCA 8854 photomultipliers (at 10
cm) in time coincidence with backscattered '80
ions. Random coincidence events were accumulated
simultaneously with true plus random events and
subtracted after each run. The coincidence con-
dition helped to insure that detected deexcitation
y rays corresponded to proper implantation and
alignment of "'Nd and '"Sm target nuclei in their
J"=2', m=0 first-excited states. The selective
accumulation of y rays associated with this align-
ment condition resulted in the observation of highly
anisotropic angular correlations. Measurements
were made at 12 or more angles at each observa-
tion temperature for opposite directions of the
applied external polarizing field. The field direc-
tion was changed at least once every 5 min to re-
duce possible systematic effects associated with
electronic drift or changes in counting rate. Data
were accumulated for a preselected number of
backscattered particles, for each external field
direction, under computer control. The data ac-
quisition system allowed the various coincidence
particle and y-ray spectra for each field direction
to be displayed and monitored during each run.
Typical coincidence y-ray angular correlations
for opposite external field directions are shown in
Fig. 2.

Measurements were made over two temperature
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and A»=G»Q»A»; khe~arctan (knur) (k =2,4);
the arrows refer to the applied field direction.
The A.~ coefficients are determined by the spins
of the initial and final nuclear states and the multi-
polarity of the y transition, the Qz are the geo-
metric attenuation factors due to the finite solid
angles of the particle and y-ray detectors, ' and
G~ are attenuation factors due to small randomly
oriented perturbations. e is the Larmor preces-
sion frequency at r is the mean lifetime of the ex-
cited nuclear state.

The products (dr (the precession angles) were
determined by least-squares fitting the observed
angular correlations to E(i. (l). The least-s(luares-
fitting procedure was performed by (i) varying
car while keeping the A„coefficients fixed at theo-
retically determined values' and (ii) by varying
both uT and A~. In all cases the values of u7 de-
rived from both methods were equal to within ex-
perimental uncertaintites (-5%).

Expect for the case of "'Sm in Ni (¹Sm), the
values of G~, as obtained by comparing the A~
coefficients derived from the least-squares-fitting
procedure with the calculated theoretical values,
were always within experimental uncertainty of
G& =1 over the entire temperature range. This
result supports the absence or unimportance of
time-dependent relaxation effects that have been
observed using longer-lived states in other
hosts. ' " The previously observed effects cause
the nuclear alignment to decay almost exponentially
with time. Several models have been used to in-
terpret these effects in terms of a paramagnetic
relaxation of the implanted ion, which speeds up
with decreasing temperature. "' " The present
time-integral perturbed-angular-correlation mea-
surements for ¹Smcannot reveal the time depen-
dence of the observed attenuations. The apparent

absence of attenuations in the case of NiNd may
be due to the much shorter nuclear mean lifetime
involved. Future time-dependent perturbed-angu-
lar-correlation measurements may be useful for
detailed comparisions with various models.

The absence of attenuations in the case of FeSm
(body-centered cubic) and their appearance in the
case of ¹Sm(face-centered cubic) suggests the
possible relevance of the host crystal lattice struc-
ture. Although the distribution of equilibrium sites
for many ions recoil implanted in Fe and ¹iunder
various conditions is still under investigation, a
variety of studies indicate that for heavier im-
plants under the conditions of these experiments,
the predominant final-site distribution is substi-
tutional. "' ' Experimental data for Yb in iron,
for example, yields & 80% substitutional.

IV. ANALYSIS OF THE MEASURED PRECESSION ANGLES

Previous work" "has shown that excited nuclei
recoil implanted into a polarized ferromagnetic
host interact with both static and dynamic hyper-
fine magnetic fields. The static hyperfine mag-
netic interaction occurs after the recoiling ion
stops. The intensity of the static field (H,) in most
cases is about the same as that of the internal
magnetic hyperfine fields acting on nuclei in dilute
ferromagnetic alloys, as would be deduced from
M5ssbauer or NMR measurements. The dynamic
hyperfine magnetic interaction occurs as the re-
coiling ions slow down in the ferromagnetic host
prior to stopping. The results of a number of
studies indicate that this (transient) field arises
from interactions of the magnetic moments of re-
coil nuclei with polarized electrons in the stopping
medium" "

The impulse nature of the transient field inter-
action and the resulting small rotation of the an-

TABLE I. Summary of hyperfine field temperature data for I"e ~ Sm. H,.~(300) = 0.161 and
H (300) = 0.133(13) MOe, g(2+) = 0.273(24), and v(2+) = 69.1(1.5) peec.

Temperature
(K)

hlgTg

(mrad)
co& T& —b,f(T= 0)cr(T)

{mrad)
Hp

(MOe)
H4~

(Moe)

4.5
20
77
77

112.5
150
200
297
502
553
652

-299(17)
-309(17)
-304(17)
-288(16)
-269(16)
-274(13)
-253(13)
—223(6)
-205(12)
—170(10)
-142(9)

-286(20)
-296(20)
-291(20)
—275(19)
-256(19)
-261(16)
-240(16)
-210(9)
-193(15)
-158(13)
-130(12)

3.14(35)
3.25(37)
3.20(36)
3.01(34)
2.S1(33)
2.87(31)
2.64(29)
2.31(23)
2.12(25)
1.74(21)
1.43(18)

2.84(36)
2.95(38)
2.9O(37)
2.71(35)
2.51(34)
2.57(32)
2.34(3O)
2.O2(24)
1.83(26)
1.46(22)
1.16(19)
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TABLE II. Summary of hyperfine temperature-dependence data for» ~ Sm. H (300)
= 0.161 and H (300) = 0.036(4) MOe, @2+)= 0.273(24), and g2+) = 69.1(1.5) pace.

Temperature
(K) (mrad)

cur 7.&-6$(T= Q)0(T)
(mrad)

Ho

(Mo )

H4~
(Moe)

2

4

20
77

302
427
527
537

-167(5)
-164(3)
-157(3)
-112(5)
—64(4)
—43(3)
—22(2)

0.0(5)

-164(6)
-161(4)
-154(4)
-109(6)
—61(5)
—40(4)
—20(3)
+ 2(1)

1.80(18)
1.77(17)
1.69(16)
1.19(13)
0.67(8)
0.44(6)
0.22(4)

-0.03(1)

1.60(18)
1.57(17)
1.49(16)
0.99(13)
0.49(9)
0.27(6)
0.08(4)

-0.16(2)

gular correlation allow the experimentally mea-
sured precession angles (&ur) to be expressed as

~r ~6'+~n7; ~r~ —g(C'/g) —g(ps/I) (&or),

(2)

where 4 is the precession angle induced by the
transient field interaction, (AppT is the precession
angle induced by the static hyperfine interaction
after the recoiling ion stops, g is the g factor of
the excited nuclear state, p,„is the nuclear mag-
neton, and Hp is the static hyperfine magnetic
field.

The reduced transient field precession angles
(4)/g) were calculated for the cases of "'Sm and
"'Nd slowing down in Fe and Ni hosts, "and are
summarized in Tables I-IV together with the re-
spective nuclear g factors and mean lifetimes
adopted in this work. Tables I-IV also include the
the net hyperfine magnetic fields at the implanted"Sm and '~'Nd nuclei after stopping, as deter-
mined from the observed precession angles using
EQ. (2).

V. COMPONENT OF THE MEASURED HYPERFINE FIELD
OWING TO THE UNQUENCHED ORBITAL ANGULAR

MOMENTUM OF THE 4f SHELL

The effective hyperfine magnetic fields at rare-
earth nuclei implanted in Fe and ¹ican be ex-

pressed as the sum of three effects: (i) Fermi
contact interactions involving polarized s elec-
trons associated with an exchange-polarized rare-
earth ionic core (core polarization), (ii) Fermi
contact interactions involving polarized conduc-
tion electrons (conduction-electron polarization),
and (iii) the net spin and orbital angular momen-
tum contributions of the partially filled 4f shell.
The dominant contribution to the magnitude and
temperature dependence of the observed hyper-
fine fields at Sm and Nd nuclei in Fe and Ni, over
most of the observed temperature range, is due
to the 4f orbital angular momentum and to the
splitting of the rare-earth ionic ground state by
the internal fields of the host. The core and con-
duction-electron polarization and spin dipolar
effects result in about 10% contributions to the
observed fields. A knowledge of these small con-
tributions is important, however, for an under-
standing of the behavior of the observed fields at
low temperatures. The procedures used to esti-
mate these contributions are discussed below.

A. Hyperfine field owing to core polarization

In the first half of the lanthanide series, the
orbital angular momentum (1.) of rare-earth im-
purities in Fe or Ni is aligned antiparallel to the
applied field and produces large positive hyper-

TABLE III. Summary of hyperfine field temperature-dependence data for I'e 6Nd. H,.&(300)
=0.111 and + $300)=0.133(13) MOe, g(2+) =0.22(4), and ~(2+) =31.8(3.2) pace.

Temperature
(K)

(di Tp

(mrad)
~LTN -6p(T= 0)0'(T)

(mrad)
Ho

(MOe)
H~

(MO )

4
77

150
301
452
624
652

—102(4)
-100(3)
—96(4)
—81(4)
—72(5)
—59(6)
—57{4)

—93(6)
-91(5)
-87(6)
-72(6)
-63(7)
-51(8)
-49(6)

3.04(71)
2.97{68)
2.84(66)
2.35(56)
2.06(51)
1.67(45)
1.60(41)

2.80(72)
2.73(69)
2.60(67)
2.11(51)
1.83(52)
1.45(46)
1.38(42)
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TABLE IV. Summary of hyperfine field temperature-dependence data for» 4 Nd. H (300)
=0.111 and H«p(300) =0.036(4) Moe, g(2+) =0.22(4), and &{2+)= 31.8(3.2) psec.

Temperature
(K) (mrad)

co&7& —D@(T= 0)0(T)
{mrad)

Bo
(MOe)

B4~
(Moe)

4
20
77

302

—53(3)
-61(4)
-48(3)
—21(3)

51(3)
59(5)
46(3)
19(3)

1.67(39)
1.93{46)
1.50(36)
0.62(17)

1.52(39)
1.78(47)
1.36(36)
0.48(17)

fine magnetic fields via its magnetic moment.
is antiparallel to L in the first half of the rare-
earth series and is therefore parallel to the ap-
plied field. The net spin S of the 4f shell polar-
izes the rare-earth ionic core via exchange inter-
actions with core electrons in closed inner s
shells. Watson and Freeman" have estimated the
strength of this induced hyperfine magnetic field
for rare-earth ions as

H~ -—0.090(g~ —1)J MOe,

where g~ is the Lande g factor, J is the total an-
gular momentum of the 4f shell, and the term
(g~- 1)J is the projection of S on the 4 axis. This
approximation is believed to be accurate to within
(10-20)% and is expected to underestimate the ef-
fect slightly as Z increases across the rare-earth
series. " We have adopted Eq. (3) in this work to
evaluate the H contribution for Sm and Nd. The
values of H~ calculated in this manner are
H„(300)=+0.161 MOe for Sm and H~(300) =+0.111
MOe for Nd. Very little work has been reported
concerning the temperature dependence of H p.
In this work, we assume that the temperature de-
pendence of H,p is identical to that of the host
magnetization.

B. Hyperfine field owing to conductionwlectron polarization

Conduction-electron polarization (CEP) resulting
from exchange mechanisms involving both host
and impurity moments produce contributions to the
hyperfine magnetic field at impurity nuclei via the
Fermi contact interaction. CEP effects provide
relatively large negative contributions to the
hyperfine magnetic fields observed at transition-
metal nuclei in Fe and Ni hosts. " The smoothly
varying behavior of these fields, and the probable
similarity of conduction-electron wave functions
in the vicinity of an impurity to the wave functions
of its outer bound electrons, have allowed the use
of empirical relations to predict HcEp based on the
hyperfine field induced by a free atomic m state. "

This procedure may not be applicable to rare-
earth impurities in Fe and ¹i.The antiparallel
coupling of L and S by Hund's rule initially sug-

gested an antiferromagnetic coupling between S
and the host d electrons and conduction elec-
trons. ' ' " Conduction electrons polarized anti-
parallel to the applied field direction would pro-
duce a positive H«p contribution at the impurity
nuclei. Recently, Qomes and Bernas, "using the
results of Campbell, ~ have suggested that the con-
duction-electron magnetization for rare-earth
impurities in Fe may be negative. This would
give a conduction-electron spin alignment parallel
to the applied field and a negative H«p.

In view of the lack of experimental systematics
involving Hcpp for rare earths in Fe and ¹i,and
in view of the theoretical uncertainties, for the
purposes of the analysis described below we have
estimated the sign and magnitude of Hcpp at Sm
and Nd nuclei in Fe and Ni hosts using the mea-
sured hyperfine magnetic fields at Qd nuclei im-
planted in Fe at room temperature. The 4f shell
of Qd" has zero orbital angular momentum (L =0).
In the absence of an orbital magnetic moment, the
hyperfine field at Qd nuclei in Fe or Ni was taken
as

Ho(300) = H~(300) +HcEp(300) . (4)

A previous measurement of H, (300) for Gd gave a
value of —0.200(50) MOe." We have remeasured
the hyperfine magnetic field for this case (using
the 4+ state of '"Qd) and obtain a value of
—0.182(18) MOe, in agreement with the previous
result. Using Eq. (3) gives H~(300) = —0.315 MOe
for Gd (in reasonable agreement with an experi-
mental value of —0.340(20) MOe obtained using
other techniques. " Substituting these values in

Eq. (4) gives HcE~(300) =+0.133(13)MOe at Gd
nuclei in Fe, and assuming a proportionality to
the host bulk magnetic moment gives HcEp(300)
=+0.036(4) MOe at Gd nuclei in Ni. In the anal-
ysis described below, we have adopted these val-
ues for the HcEP(300) of Sm and Nd in Fe and Ni
as well. The positive sign for HCEp is consistent
with the calculations of %atson and Freeman"
which give a total negative spin density at large
distances from the 4f shell and support an anti-
ferromagnetic coupling between S and the host
magnetization, as implied by the signs of the mea-
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sured hyperfine fields at rare-earth nuclei in Fe.
An H«p temperature dependence identical to that
of the host magnetization was adopted in the anal-
ysis described below.

C. Hyperfine field owing to the 4f shell

The total measured hyperfine magnetic fields
(Ho), as given in Tables I-IV, were taken at a
given temperature as the sum of the three com-
ponents discussed above, i.e.,

Ho(T) =H~(T) +H (T) +HcEp(T),

1.0

0.8

Hp)

HFg 04

0.2-

0

&(T)/o-(0)

I I I I I I I

where H~ is the hyperfine field owing to the 4f
shell. Values of H~(T) were obtained as a function
of temperature using the relation

H~(T) =Ho(T) —[H~(300) +HcEp(300)] [o'(T)/o(300) j,
(6)

where a(T) is the measured" value of the host
magnetization at a given temperature.

VI. ANALYSIS OF 4f HYPERFINE FIELD TEMPERATURE
DEPENDENCE

Values of H&(T) derived in Sec. V are listed in
Tables I-IV and are plotted as a function of tern-
perature in Figs. 3-6. The solid and dashed
curves represent the results of least-squares fits
using various models described below. The val-
ues of H~(T) are normalized to H„, (0), the free-
ion value, which is the calculated hyperfine mag-

I.O-. =—

0.6-
HOf

HF~ 04—

100 200 300 400 500 600 700
T(oK)

FIG. 4. Results for "Sm implanted in Ni. See Fig. 3.

netic field" expected at 0 K for a free ion.
We note the following qualitative features of the

observed data: (i) ln each case, the individual
measured values of H~(T) increase as the tem-
perature decreases until at some low temperature
(T,) a saturation occurs and below this tempera-
ture H~(T) remains approximately constant. This
occurs, for example, at about 100 K for I'8Sm
(Fig. 3). (ii) The average saturation values (H,)
of H~(T) or the projection of H, onto the ordinate
at 0 K usually falls below the free-ion value by
about 50%. The exception is the EeSm system,
which approaches the free-ion value to within
-10%. (iii) The only system that exhibited any
attenuation of the perturbed angular correlations
was NiSm. In this case magneticlike relaxation
attenuations were observed at temperatures
&20 K (Sec. III).

These physical features suggest several possi-
ble models which might explain the observations
over all or part of the observed temperature
range.

02—

I I II I I I

100 200 300 400 500 600 700
T('K )

I.O-

0.8—

~'[T»o-(o)

FIG. 3. Deduced values of the 4f hyperfine magnetic
field at Sm implanted in Fe normalized to the free-
ion value HF& vs temperature. The solid line through
the data points represents the results of the least-squares
fit to the pure exchange model discussed in Sec. VI A.
The dashed line represents the results of the least-
squares fit to the exchange-plus-crystal-electric-field
model discussed in Sec. VI B. The upper solid curve
[0(T)/o (0)] illustrates the host magnetization vs temper-
ature.

Hpz
0.4—

0.2—
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IOO 200 300 400 500 600 700
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FIG. 5. Results for '4 Nd implanted in Fe. See Fig. 3.
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FIG. 6. Results for ~4~Nd implanted in Ni. See Fig. 3.

A. Simple exchange splitting at temperatures above saturation

The saturation of H~(T) at a value less than

HR (0) for T & T, is similar to the effects of crys-
tal-electric-field interactions observed in other
rare-earth systems (e.g. , SmFe garnets"). Crys-
tal-electric-field interactions become stronger
at low temperatures and can be negligible at high
temperatures. H&(T) exhibits a smooth decrease
for high temperatures characteristic of a
Brillouin-like dependence. Therefore in order to
first investigate the extent to which the observed
temperature dependencies could be understood in
terms of a simple exchange splitting of the rare-
earth ionic ground state, the values of H~(T) for
T greater than T, were least-squares fit to a
Brillouin-function temperature dependence. In
this simple model, the degeneracy of the ionic
ground-state angular momentum (J ) is removed
by an exchange interaction involving only the S
component of J. The exchange energy is

E,„=2 ps(g~ —1)JH,„(T),
where H,„(T) is the effective exchange field. The
substate population of the split ground state varies
with temperature according to a Brillouin func-
tion, i.e. ,

parameter) was varied. The results are given in
Table V and shown as the solid line in Figs. 3-6.
In the cases of ¹iSm and NiNd the available data
and low saturation temperatures were such as to
not allow this procedure to yield conclusive re-
sults.

Table V also includes, for comparison, our
similar analysis of data for FeTm based on results
of Bernas and Gabriel" obtained using an isotope-
separator implanted radioactive source and the
perturbed-angular-correlation technique to study
H&(T). The impurity doses in this case were
much greater than those employed in the present
work, thus possibly being subject to greater dose
and radiation-damage effects.

The values of Ho(T) given in Tables I-IV were
also least-squares fit directly in an attempt to fit
H~ +Kcpp as well as H~(T) as given in Eq. (8).
The results for the fitted value of H„+HcEp were
unphysical based on previous arguments and the
overall fit was not improved conclusively.

In the cases of FeSm and NiSm, the effect of
the exchange mixing, at higher temperatures, of
the first-excited ionic state (J= ~2) of the Sm"
ion (1100 cm ' above the ground state) was also
investigated. H~(T) for FeSm and ¹Smwas least-
squares fit for the temperature dependence re-
sulting from exchange mixing of the J=& state.
The ground-state wave function which includes the
exchange mixing of the J=~2 state, in first-order
perturbation theory, is

I)IJ = —'„M)),
(10)

where the reduced matrix elements have been tab-
ulated for all rare-earth 3' ions by Elliott and
Stevens. ' The temperature dependence of K~(T)
is given by the thermal average over all substates,

0)
Z. &II,.(M)IH. IC..(~)) e "~' "'

H~(T) = H~(0) B~(X), (8)

where Bz(XJ, with X=E.,/kT is the Brillouin func-
tion for a state of total angular momentum J. The
temperature dependence of the exchange field
H,„(T)was taken as identical to that of the host
magnetization [o(T)], i.e.,

H- (T) =H-(0) [o(T)/o(0. )] .
Host: impurity

Fitted &,„(0)
(Moe)

TABLE V. Pure exchange splitting for T & T~.

Equation (8) was least-squares fit to H&(T) at
T& T, for the systems FeSm and FeNd. The am-
plitude of the Brillouin function [H~(0)] was set
equal to H„, (0), and H,„(0) (the shape-determining

EeNd
I'e 8m

From Ref. 33. See text.

—2.28(19)
—2.78(20)
—1.20(3)
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where N~ is a hyperfine operator defined by Elliott
and Stevens. ' This procedure yielded results which
which appeared to slightly improve fits to data at
high temperatures but did not improve the quality
of the fits to data extending over the entire tem-
perature range.

the crystalline potential between substates of a
particular angular momentum J. The explicit
form of the exchange-plus-CEF Hamiltonian is

X =[2pz(g~ —1)S H,„]
+ [B,(O' + 504) +Bs(O, —210,}], (13)

B. Exchange and crystal-electric-field splitting over entire
temperature range

In the case of pure exchange splitting, the ionic
ground-substate population reaches a distribution
at T=0 K for which H~(0) =H„,(0). The presence
of an electric field at the impurity site in the host
lattice can produce additional splitting. This ef-
fect becomes strongest at T = 0 K and results in
a saturation of H~(0) at less than Hr, (0). With
the exception of FeSm, the systems studied in
this work exhibit a low-temperature saturation of
H~(T) which is substantially less than H,-, (0), sug-
gesting the presence of additional splitting due to
crystalline electric fields (CEFs).

In order to investigate the influence of CEF
splitting, H~(T) was least-squares fit to a func-
tion which included both exchange and electric
field interactions. The interaction Hamiltonian
(X) was written

X =E,„(H,„)+ V„(q}, (12)

where E,„(H,„) is the exchange energy described
above and V.~(q) is the CEF potential. A point-
charge model was used as a first-order approxi-
mation to V,~(q}. Previous applications of this
model'4 to rare-earth-metallic systems have in-
dicated inconsistencies between CEF field
strengths predicted a priori by the model and
field strengths derived from its use in the anal-
ysis of experimental data. The computational
simplification resulting from attributing the CEF
at the impurity to effective point electric charges
on nearest-neighbor lattice ions results in neglect-
ing possibly important aspects of the interaction,
such as the actual lattice ion and conduction-elec-
tron charge distributions and various shielding,
polarization, and overlap effects involving elec-
trons of the impurity and host. However, in view
of the complexities of the complete interaction,
the theoretical uncertainties, and the limits of the
experimental data, the use of a Hamiltonian based
on the point-charge description having the correct
symmetry is a reasonable parametrization con-
venient for comparative studies. Such an analysis
can help to determine the strengths of at least
lower-order CEF terms from the experimental
data available.

The operator-equivalents method of Stevens"
was used for evaluating the matrix elements of

H~(T) =Hr, , (0) (Nz), (14)

where (Nz) is the thermal average of Nz. H,„(0)
was varied as a free parameter. The results are
given in Table VI and are shown by the dashed
curves in Figs. 3-6. Crystalline-electric-field
contributions to the splitting of the ionic ground
states appear to explain the observed lower satu-
ration values of H,z(0}. In addition, crystalline-
electric-field effects seem to improve the fits at
high temperatures by requiring a lower value of
H, „(0). For completeness, Table VI also includes
the results of a similar analysis of the data of
Bernas and Gabriel" for Fe'Tm.

The effect of first-excited-state (J'=+) mixing
of Sm" was also investigated for cases of ex-
change and crystalline-electric-field splitting.
The results did not indicate a conclusive improve-
ment of the least-squares fits over those using
only a ground-state splitting.

Recently deWijn and co-workers"'" have dis-
cussed the use of strong J mixing to explain the
temperature-dependent magnetic properties of
Sm" in various CEF systems. The three lowest
J multiplets were used in their analysis. This
gave a nonzero sixth-order term, rather than just
a fourth-order term as in the case when only the
J=~2 ground state is used. This procedure was

where the O~'s are operator equivalents of matrix
elements within a given J manifold. The coeffi-
cients &4 and B, for different cubic coordinations
are given by Hutchings. " The numerical results
of Hutchings" were used to complete the evalua-
tion of the matrix elements. An eightfold cubic
symmetry of point charges (with charge q) was
used to describe V„(q}at an implant having a
substitutional site in the bcc lattice of the Fe host
and a 12-fold cubic symmetry was used to describe
V„(q) at a,n impla. nt having a substitutional site in
the fcc lattice of the Ni host. The charges g re-
side on nearest-neighbor lattice sites, and since
(r')~ and (r')~ are not expected to vary greatly
for Nd" and Sm", the CEF model in its simplest
form would imply equal Q' in a given host. The
customary procedure, however, is to regard
either B4 and &„or q for different coordinations,
as parameters to be fitted. The temperature de-
pendence of the interaction that was used to least-
squares fit H&(T) over the entire temperature
range is
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TABLE VI. Fitted exchange-plus-crystalline-electric-fieM parameters.

ig

Host: implant (a.u. ) Hex X B4
Exchange

mixing

FeNd

&&Nd

-5.0(5)

+ 0.99(2)

-0.185(3) a.u. 0.67
= -3.16(5) MG

-0.029(3) a.u. 9.82
=-0.50(5) MG

-5.39(54) x10 7 a.u.
= —0.17(2) K

3.34(50) x10 7 a.u.
=0.10(2) K

4.43(44) x10 9 a.u.
= 0.0014(1) K

1 33(20) x10-s a.u.
= -0.0040(6) K

No

No

FeSm

NiSm

+ 3.69(67) -0.151(15) a.u. 0.58
=-2.58(26) MG

+ 1.37(40) -0.025(4) a.u. 0.19
=-0.43(7) MG

294(53) x10 a.u.
=0.92(16) K

3.14(1.02) x 10 a.u.
=0.99(32) K

No

Yes
»500 K

FeTm ~ + 0.65(22) 0.069(002) a.u. 1.91
= l.18(3) MG

1.71(58) x10 a.u.
= 0.005(2) K

2 51(85) x10-8 a.u.
=7 9(2 7) x10 6 K

No

From Ref. 33. See text.

applied" in a preliminary manner to the data pre-
sented in this work and yielded a physically real-
istic range of values for the strengths of B4 and
B„which included within experimental uncer-
tainties the field strengths derived using only
fourth-order fields as described above and shown
in Table VI. The present experimental resolution
is not sufficient to resolve the effects of excited-
state mixing for the EeSm system.

VII. DISCUSSION

The models used in this work to analyze the
temperature dependence of H~(T) may be sum-
marized as follows: (a) pure exchange splitting
for T&T forcing H~(T=O)-HF, , and (b) ex-
change plus point-charge cubic crystal field over
the entire temperature range, making no initial
assumptions about the relative influence of CEF
versus pure exchange on the 4f splitting [and thus
H~(T) j at T=0. Each of these models is a limit-
ing case of the real physical system, yet the qual-
itative and quantitative features of the data pa-
rametrization with these models has helped to
elucidate the relevant physics and suggest areas
of future research.

The exchange-plus-crystal-field model (b)
yields good fits to the data, but also provides a
physical explanation for the saturation of H~(T-0)
in terms of CEF. Moreover, the H,„derived from
model (b) agree within errors with those derived
from model (a) for FeTm, FeSm, and FeNd
(Tables V and VI). This implies that CEF effects
are important mainly at low temperatures, and
that fits to model (b) derive H,„mostly from the
higher-temperature (T & T,) data. In this sense,
model (a) is realy a limiting case of model (b) and
is useful as a consistency check. The assumption

of substitutional sites for FeSm (eightfold coordi-
nation) gave excellent least-square fits to Eq. (14),
with physically reasonable values for p. Previous
CEF studies have yielded conservation of the sign
of g for a given rare earth in various hosts. "'"
Applying conservation of q in the present work
yields excellent least-square fits for substitutional
iViSm (12-fold coordination} and very poor least-
square fits for body-centered interstitial (sixfold
coordination} NiSm. The least- squares analysis
of the NiSm was improved using exchange mixing
for T&500K and Eq. (14) for T&500K. Since it
was unnecessary to invoke exchange mixing for
FeSm where H,„ is much larger, some other effect
may be responsible for the decrease in the NiSm
field above 500 K. Similarly, the assumption of
substitutional sites for FeNd (eightfold cubic co-
ordination) yielded excellent least-square fits of
Eq. (14) to H~(T). Variation of the B,/B, ratio
decreased the quality of least-square fits. The
analysis of the NiNd results was significantly im-
proved assuming substitutional sites of 12-fold
coordination rather than sixfold and eightfold co-
ordinates.

The variation in the sign of g from one metallic
host to another has been observed previously for
Nd impurities. " However, the relatively poor
quality of the best fit to the NiNd data shown in
Fig. 6 indicates that either the simple-exchange-
plus-crystal-field model is less appropriate for
this system (possibly because of additional effects,
such as a distribution of final sites and radiation-
damage effects) or that improved experimental
resolution of the observed temperature dependence
is required. The relatively small temperature
dependence due to low saturation values of H~(T)
and smaller precession angles contributes to the
experimental difficulties involved in precession
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measurements of the temperature dependence for
Ni systems. In addition, for NiNd, the uncertainty
in the "6Nd g factor (15%) and the estimated errors
in H,~+HcEp resulted in relatively larger uncer-
tainties in H&(T) for all temperatures.

The fitted CEF strengths for all cases studied
are comparable to those derived by Williams and
Hirst'4 from susceptibility data on AIR and AgR
solid solutions (B,/P ='lOK) and are of the same
order as those found for praseodymium calco-
genides and pnictides by Tuberfield et al."using
neutron scattering (&,/P = 150 K), if one takes
into account the differences in (r )~, (r )~, and
nearest-neighbor distances used to calculate the
relevant parameters.

The exchange fields (H,„}derived using model

(b) for the Fe hosts are in good agreement with
those derived assuming a simple exchange split-
ting for T&T, [model (a)]. In addition, the coor-
dinations for best fits with model (b) corroborate
the assumption of substitutional implants (Sec.
III).

Table VII gives ratios of total hyperfine fields
[H,(4.2)] at Nd and Sm nuclei in various systems
to the respective free-ion fields [H„,(0)]. The
values for the implanted EeNd, FeSm, and ¹Nd
systems are comparable within experimental un-
certainties to similar trivalent metallic com-
pounds, However, the NiSm ratio is about a fac-
tor-of-2 smaller than the value for FeSm and
other metallic Sm compounds. This appears con-
sistent with the possible relaxation effects dis-
cussed above in relation to the observed finite
PAC attenuations at T &20 K and the behavior of
H~(T} in the case of NiSm

The analysis of the present results exhibits suf-
ficient sensitivity to the expected crystal-field

TABLE VII. Comparison of hyperfine magnetic fields
[Hp(4. 2)j at Nd and Sm nuclei in various systems with
the respective free-ion fields fHpt(0)] .

System &p/~rr System Hp/H) (

FeNd
N&Nd

NdA1 b

NdCo2

NdRu2

NdIr2 b

NdNi~

0.72(17)
0.40(9)
0.82(1)
0.83(2)
0.55(2)
0.50(2)
0.55(2)

FeSm ~

&iSm
SmFe2
SmNi
SmAl2
Sm
SmIQ

0.95(11)
0.54(5)
0.95(5)
0.95(10)
1.03(5)
1.01(5)
0.84(5)

Present work.
See Ref. 40.
See Ref. 41.
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