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Continuous formation of localized moment in Ir-Pt(Fe)
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Mossbauer measurements of Fe impurities in Ir& „Pt„(0~x ~0.50} alloys have been per-

formed at temperatures in the range 1.5 to 40 K in external magnetic fields up to 80 kOe. From
each spectrum the distribution of effective hyperfine field was derived. Then the distribution

curve vvas decomposed into components characterized by the number of Pt nearest neighbors N.

As ¹increases from 0 to 9 the temperature and field dependences of the hyperfine field shift

continuously. These dependences are appreciably affected by the difference in the number of
next-nearest Pt neighbors. The results indicate that the magnetic state of Fe impurities in Ir-Pt
hosts changes smoothly from the localized spin fluctuation state to the giant moment state with

the aid of polarization of nearest and also next-nearest Pt neighbors.

I. INTRODUCTION

The problem of local moment formation of dilute
impurities in paramagnetic binary alloys has been ex-
tensively investigated. ' Mossbauer study in this field
has been concentrated upon the Nb-Mo(Fe) sys-

tem, ' ' because the magnetic character of Fe impuri-
ties in the constituent elements has been well known.
Earlier experiments on the system' qualitatively
supported the model of Jaccarino and Walker. Ac-
cording to the model, the moment formation is a
discontinuous process where the Fe impurity carries a
full moment if surrounded by 7 or 8 Mo nearest
neighbors (NN's). However, the latest experiment
by Maley et aI.' indicates that the magnetic behavior
of Fe impurity depends more continuously on the
NN configuration. This result is in agreement with
the model recently proposed by van der Rest, ' where
the magnetic moment is built up smoothly depending
both on NN configuration and on host composition.
In addition, it is pointed out that the moment in-
duced on NN atoms is essential to the moment per
impurity when NN atoms have a large magnetic sus-
ceptibility.

In the presen~ paper, we report a Mossbauer study
of Ir-Pt(Fe) alloys. Ir(Fe) is not a simple nonmag-
netic system such as Nb(Fe), but a localized spin
fluctuation (LSF) system with an LSF temperature of
225 K.' The hyperfine field of "Fe in Ir is much
smaller than those of usual Kondo systems and the
saturation hyperfine field increases in proportion to
the external field up to 80 kOe. ' On the other
hand, Pt(Fe) shows a free spin behavior of the giant
magnetic moment of 6.46@,~ at temperatures above 4
K," and the Kondo temperature, is far below 0.1 K.'

From magnetic-susceptibility measurements of
(Ir) „Pt„)099Feoo~, Geballe er al. ' showed that the
effective magnetic moment per Fe atom changes

from 0.53ps (x=0) to 6.2ps (x=1).
Mossbauer study of the ternary alloy system

Irt „Pt„(Fe) is therefore expected to give microscopic
information about the transition process from the
LSF state to the giant moment state. Ir and Pt met-
als form a series of solid solutions having the fcc
structure. An Fe impurity atom at regular lattice site
of Ir-Pt alloys has 12 NN's and 6 NNN's. Since Ir
and Pt have a large photon cross section for 14.4-keV
Mossbauer y rays of "Co, the source technique is
more effective than the absorber technique. In addi-
tion, the source technique has the advantage that one
can use a sample with extremely low impurity con-
centrations.

II. EXPERIMENTAL

A. Sample preparation

Mossbauer sources of Iri „Pt„(57Co) (x =0,0.05,
0.10,0.17,0.30, 0.50) were prepared by diffusing "Co
into host alloys. The host alloys except for x =0
were arc cast from high-purity elements. As a host
of x =0, a 50-p, m Ir foil (99.99'k pure ) was used.
Appropriate amounts of Ir and Pt metals (99.99'/0

pure, 100-mesh powder) were melted in a cold
copper crucible under Ar atmosphere. The alloys
were annealed at 1100'C for 7d, and then sliced off
into disks of about 0.3 mm thickness and 9 mm di-
ameter. Onto the disk area of 35 mm2, 0.4—2 mCi of
"Co was electrodeposited from an ammoniacal solu-
tion. Diffusion was carried out at 1400'C for 5 h in
a mixed atmosphere of H2 and Ar. The disks were
subsequently cooled to room temperature at a rate of
600 C/h. The surface was chemically etched in a di-
lute solution of HC1 and HNO3. In order to avoid
precipitation, each sample was again heat treated at a

4437 1982 The American Physical Society



4438 T. TAKABATAKE, H. MAZAKI, AND T. SHINJO 25

temperature higher by 100'C than the miscibility
temperature. ' The sample was sealed in a quartz
capsule under a partial pressure of Ar. After heat
treatment for 3 h, the sample was rapidly quenched
into water. Finally, the surface was again chemically
etched.

Assuming the average depth of diffusion is 20 p,m,
the average concentration of "Co corresponds to
10—50 atomic ppm depending on the amount of elec-
trodeposited "Co. The composition of host alloys
was approximated by the known initial weights of
constituent elements.

B. Apparatus and measurements

Mossbauer measurements were performed in a
longitudinal geometry with a fixed cold source and a
moving room-temperature absorber. A schematic of
the Dewar system with the spectrometer is shown in
Fig. 1. The sample was mounted in the supercon-
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ducting magnet capable of attaining fields up to 80
kOe. The magnet was operated in a persistent
current mode. The axis of field was perpendicular to
the sample surface and was parallel to the y-ray
direction. Temperatures belo~ 4.2 K were obtained
by pumping down the inner cell of the sample holder,
into which liquid He distills from the He bath
through a needle valve. Sample temperature was
measured and regulated to better than +0.05 K
between 1.5 and 40 K using a calibrated carbon glass
resistor and a temperature controller. Although the
resistor is slightly field sensitive, the effect was
corrected by means of a field insensitive thermocou-
ple, Au —0.07 at. % Fe vs Ag —0.37 at. % Au.

As a single line absorber, potassium ferrocyanide
containing 1.0 mg/cm of Fe was used. In the ar-
rangement of Fig. 1, the fringing field acting on the
absorber is about 3% of the field at the magnet
center, resulting in a broadening of the line width.

Measuring period for a spectrum is 14—58 h.
Longer periods were required for samples with higher
Pt concentration, because they give low counting
rates and poor signal/noise ratios resulting from the
larger diffusion depth of Co.

In a high field, say 80 kOe, the effect of stray field
on the velocity transducer becomes serious. '0 To
avoid this, a magnetic shield case was prepared. As
shown in Fig. 1, the shield case consists of three
boxes; the outer is made of pure Fe, the middle by
Fe5qNi45, and the inner by Fe22Ni78(Mo, Cu). When
the external field of 80 kOe is applied, the stray field
at the top of the case is 260 Oe. Inside the case,
however, the field is reduced to less than 1 Oe,
which permits us to neglect the effect on the trans-
ducer. Thus, velocity calibration was made with the
known magnetic splitting of u-Fe under zero field.

III. RESULTS AND DISCUSSION

3.0 cm

3C
I

27.6 cm

FIG. 1. Dewar system and spectrometer for high-field
M6ssbauer measurement. A: superconducting magnet; B:
sample ( Co in Ir-Pt); C: absorber (potassium ferro-
cyanide); D: proportional counter; E: Al rod; F: magnetic
shield case, 0: drive rod; H: velocity transducer; I: Bakel-
ite spacers; J: Be windows; K: Mylar windows; L: carbon
resistor thermometer; M: needle valve; N: Al foil; 0: car-
bon glass resistor thermometer; P: heater, Q: Cu chips; R:
thermocouple (Au —0.07 at. % Fe vs Ag —0.37 at. % Au); S:
Cu radiation shields.

Prior to discussing spectra obtained under external
magnetic fields, we present the result in zero field.
The values of isomer shift (IS) and of full width at
half-maximum (FWHM) were evaluated by fitting
the spectrum to a Lorentzian shaped line. Table I
lists the results obtained using an absorber of potassi-
um ferrocyanide containing 0.5 mg/cm of Fe,
which has 0.34-mm/s FWHM against a Rh(5 Co)
source (New England Nuclear).

As sho~n in the table, FWHM increases with Pt
concentration. The broadening is exclusively attri-
buted to the distribution of IS of "Fe impurities with
various neighbors. Somewhat large line width for
x =0 may be due to inhomogeneity caused by the
omission of the fast quenching procedure in the sam-
ple preparation. At the lowest temperature 1.5 K, ad-
ditional line broadenings for any x are less than 6%
of the value at 290 K, indicating that no spontaneous
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TABLE I. Summary of results at room temperature in
zero field for sources of Co diffused into Ir~ „Pt„hosts.
IS is the isomer shift relative to n-Fe, FWHM is the experi-
mental line width against a K4|Fe(CN)6] 3H20 absorber
containing 0.5 mg/cm of Fe.
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magnetic ordering occurs down to 1.S K.
In Fig. 2, IS at temperatures of 290 and 4.2 K is

plotted as a function of Pt concentration, where IS is
for sources and hence more negative shifts corre-
spond to a decrease in electron density at "Fe nu-
cleus. The figure shows that the electron density gra-
dually decreases as Pt concentration increases.

High-field Mossbauer measurements were per-
formed in external magnetic fields H,„,up to 80 kOe
between 1.5 and 40 K. In the presence of H,„t, the

Fe nucleus feels an effective magnetic field H, ff,
i.e., H,qq=H, „t+H~. The magnitude of hyperfine
field H~ depends on the local environment of the Fe
impurity. In random Ir-Pt alloys, the probability that
an Fe atom has N NN Pt atoms is given by the ap-
propriate binominal distribution.

Figure 3(a) shows a typical set of spectra obtained
at 4.2 K and 80 kOe, where solid lines are deduced
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FIG. 2. Isomer shift of ~7Fe in Ir~ „Pt„hosts as a func-
tion of Pt concentration. Shifts are given with respect to o.-

Fe, where isomer shifts are for sources (rather than ab-
sorbers) and hence more negative shifts correspond to a de-
crease in electron density at 57Fe nucleus.

FIG. 3. (a) Mossbauer spectra of Ir) „Pt„( Fe) in a
longitudinal field of 80 kOe at 4.2 K. Solid lines are the fits
with effective hyperfine field distributions presented in
(b) (see text). (b) Effective hyperfine field distribution
derived from the spectra in (a). Solid lines are obtained
by means of the smoothed histogram method. Dotted
lines indicate decomposed components of Fe atoms with
N nearest-neighbor Pt atoms. Arrows mark the mean effec-
tive hyperfine field of the component characterized by N
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from the analysis of the distribution of effective field
(see below). These spectra depend remarkably on Pt
concentration. Slight asymmetry in the spectra is
mainly due to the distribution of IS.

Analysis of these spectra was made by two distinct
methods; one is based on the model of discontinuous
moment formation, and the other allows a continu-
ous moment formation. First, in accordance with the
discontinuous model, we tried to fit the spectra using
two components, i.e. , high-field (magnetic) and low-

field (nonmagnetic or weakly magnetic) components.
It is assumed that each component consists of four
Lorentzian lines with the ideal intensity ratio of
3:0:1:1:0:3and equal line widths. The peak position
and line width of each component are treated as free
parameters. In Table II are listed the parameters
analyzed for x =0.05, 0.10, and 0.17, but the spectra
of x =0.30 and 0.50 could not be well fitted by this
method.

The features derived from two-component fitting
are as follows: (1) H~ of each component is not in-

dependent of Pt concentration x. As to the low-field
component, H~ varies from —15.0 to —28.6 kOe
when x changes from 0 to 0.17. (2) The line width
of the low-field component increases rapidly with Pt
concentration. (3) As listed for the samples of
x =0.05 and 0.10, comparison of relative areas of two

components with the probabilities of binominal distri-
bution suggests that Fe atoms with 0 or 1 Pt NN's

correspond to the low-field component, and those for
X ~ 2 to the high-field component. This suggestion
cannot account for x =0.17, where relative area for
the high-field component is 0.45, being much smaller
than the statistical probability 0.63. This discrepancy
cannot be explained even by taking into account the
effect of NNN Pt atoms, because they enhance the
probability of high-field component, but do not
suppress it.

Above characteristics suggest that the discontinu-
ous model is not appropriate to understand our data,
i.e., the spectra are not composed of two components
with distinct H, ff, but are superposition of widely dis-

tributed H, ff. Based on this fact, we next attempt to

obtain the distribution of effective field P(H, rr) in
two ways; one is the Fourier-series method developed
by Window" and the other is the smoothed histo-
gram method by Hesse and Rubartsch. ' These
methods have been successfully applied for the
analysis of broad, overlapping spectra of binary alloys
such as Cu-Fe and Fe-V.""In our analysis, the dis-
tribution of IS is taken into account by supposing that
the shift in IS is in proportion to H&f. The maximum
(cutoff) field is properly chosen so as to see no peaks
beyond the field. When both methods present simi-
lar P(H, rr) curves, we adopt it as a reliable result.

In Fig. 3(b) are shown P(H, rr) curves determined
by the smoothed histogram method. Negative values
appeared in the figure are probably caused by an un-

physical oscillation related with the analysis method. '

The figure clearly shows that the curves do not con-
sist of two distinct peaks with fixed positions expect-
ed from the discontinuous model, but have more
complex profiles and are widely distributed especially
for x =0.30 and 0.50. From the curves, the spectra
given by the full lines in Fig. 3(a) are obtained.

In order to analyze P(H, rr) curves, it is assumed
that Ir and Pt atoms are distributed randomly and
that H&f of "Fe impurity is mainly correlated to the
configuration of NN shell. We discuss below in some
detail the procedure how to decompose P(H, ff)
curves into components characterized by the number
of NN Pt atoms.

(i) First, we treat x =0.05. Comparing the curve
with that of x =0, it appears that the main peak for
x =0.05 corresponds to Fe atoms with zero Pt NN.
The isolated peak at amund 19 kOe can be attributed
either to the component for N = 1 or to 2, but the re-
lative peak intensity supports that this peak comes
from N =2. Note that the mean value of H~ for
N =2 cannot be determined uniquely, because in the
presence of H,„, the sign of H, ff is unknown
(H~= —80 219=—61 or —99 kOe). Subtracting the
peak of N =0, one can emboss the component of
N =1, given by the dotted line in the figure. The
configurations of N ~ 3 are of negligible probabilities
( &0.02).

TABLE II. Summary of parameters obtained by the trial fitting of the spectra in Fig. 3(a) using two components with distinct

K,ff. For x=0.30 and 0.50, the spectra could not be well fitted by this method. N is the number of Pt nearest neighbors.

(kOe)

Low-field component
FWHM Relative
(mrn/s) area

Probability
for N =0, 1

K~f
(kOe)

High-field component
FWHM Relative
(mm/s) area

Pro babihty
for N«2

0
0.05
0.10
0.17

—15.0
—21.4
—26.5
—2&.6

0.529
0.549
0.657
0.728

0.82
0.64
0.55

0.882
0.659
0.370

—58.2
—63.7
—67.2

0.617
0.655
0.645

0.18
0.36
0.45

0.118
0.341
0.630
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(ii) From the assumption of binominal distribution,
P(H, rr) curve of x =0.10 is expected to include
another component of N =3 with the intensity of
0.085. This component is brought out by subtract-
ing the peaks of N =0, 1, and 2 from the total curve.
As pointed out in (i), Hhr for N =2 has two possible
values, -64 and —96 kOe, but the fact that the abso-
lute value of Hhf for N =3 should be larger than that
for N =2 gives Hhf =—111 kOe for N =3.

(iii) For x =0.17, we notice two other peaks. The
peak near 73 kOe is identified as the component of
N =4 and the isolated peak near 101 kOe is con-
sidered to be the component of N =5. Similar to (i)
and (ii), Hhr for N=2 is —67.5 or —92.5 kOe. How-

ever, assuming that the absolute value of Hhf in-
creases with Pt concentration, one can reasonably
choose at this stage that Hhr(N =2) =—61, —64, and
—67,5 kOe for x =0.05, 0.10, and 0.17, respectively.

(iv) As to x =0.50, the symmetry in the probability
of binominal distribution with respect to N =6 makes
the analysis easier than the case of x =0.30. Thus,
peaks of N =3—9 were generated so as to fit to the
total curve. The probability of other N can be ignored.

(v) The gently sloping feature of the curve for
x =0.30 makes the analysis difficult. The result of
x =0.50 gives a clue towards the determination of
peak positions for N =1—5. %e therefore started the
decomposition with N =7 and successively proceeded
to N =1. Hhf of N = 2 was determined as —97 kOe
in accordance with the assumption that Hhq increases
with Pt concentration.

Decomposed peaks in Fig. 3(b) reveal that both
position and width of each component depend on x,
i.e., the mean value as well as the width of Hhf in-

crease with Pt concentration. A remarkable change
occurs between x =0.17 and 0.30. This tendency can
be explained by the difference in the number of
NNN Pt atoms M(~6). For example, the probabili-

ty of M «3 remarkably increases from 0.066 to
0.256 in the range of x =0.17—0.30. Increase of M
inevitably results in the enhancement of Hhf. In ad-

dition, various configurations of NNN shells become
possible, and this yields the broadening of Hhf.

In Fig. 4, Hhf is plotted as a function of N. The
value for N =12 is derived from the data on
Pt(Fe)." The figure shows that Hhr increases rather
smoothly with increasing N and that relatively sharp
increase in Hhf occurs between N =2 and 3. As dis-

cussed before, the dispersion in Hhf for N = 2—5 can
be related to the difference in M

At T = 4.2 K and H,„,= 80 kOe (H,„,/T =19
kOe/K), the hyperfine field is considered to be al-
most saturated. Since the saturation hyperfine field
is generally assumed to be proportional to the magni-
tude of the localized magnetic moment associated
with the impurity, the dependence of Hhf on N re-
flects the dependence of the localized moment on N.
Consequently, in the Ir-Pt(Fe) system the magnitude
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of localized moment increases continuously with the
number of NN Pt atoms.

This conclusion is contrary to the previous works
with Nb-Mo(Fe), ' which support the discontinuous
formation of localized moment. The origin of this
opposition can be found in the different magnetic
character of Fe impurities in the host elements.
Ir(Fe) is more magnetic than Nb(Fe) for the follow-
ing reason: The magnetic character of the latter is
simple nonmagnetic and Hhf of 'Fe in Nb is +1 kOe
at T =4.2 K and H,„t=60 kOe. '9 Whereas, dilute al-
loy Ir(Fe) is an LSF system and Hqr of "Fe in Ir is
—15 kOe at 4.2 K and 80 kOe. ' Besides, it is well
known that Fe impurity in Pt makes up a giant mag-
netic moment by the polarization of near-neighbor Pt
atoms. ""In this case, the fluctuation in spin densi-
ty in the d band of Pt metal plays an important role.
Therefore, it is likely that in Ir-Pt(Fe) alloy the spin
polarization of the host promotes the continuous for-
mation of localized moment of Fe impurities in the
LSF state. The appreciable contribution of NNN Pt
atoms to Hhf also supports the polarization of NN
shells. A similar result has been reported for binary
alloy Fe-V with bcc structure. ' For this sytem, the
moment per Fe as a function of the number of Fe
NN's increases almost linearly, but has a slight S-like
deviation.

The temperature and field dependence of Hhf give
more detailed information on the formation of local-
ized moment. For this purpose, extensive measure-
ments were carried out with the hosts of Ir09Pto ~ and
Iro, 5Pt05. In Fig. 5, Hhr(N) of "Fe in these two hosts
is plotted as a function of H,„,/T, where H,„, is fixed
at 80 kOe. The figure shows that the curves of Hhf
shift depending on N The data of Ir05Pt05 were fit-
ted to a Brillouin function

Hhr H tBJ(p,H,„,/kT)

Y I I I l I I I I

0 I 2 3 4 5 6 7 8 9 10 II 12

Number of Pt NN

FIG. 4. Hyperfine field of Fe in Ir& „Pt„hosts at 4.2 K
and 80 koe as a function of the number of Pt nearest neigh-
bors. The result for N =12 is derived from the data on
Pt(57Fe) of Ref. 11.
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not be explained by the model of discontinuous for-
mation of localized magnetic moment. Instead,
analysis of the distribution of hyperfine field sho~ed
that the saturation hyperfine field of '7Fe increases
smoothly with increasing the number of NN Pt
atoms. Besides, an appreciable contribution of NNN
Pt atoms to the hyperfine field was observed.

The dependences of hyperfine field on temperature
and on external field were studied for the hosts of
Ir09Pto ~ and Ir05Pto 5. For the former, the saturation
hyperfine field of Fe impurities with 0—3 Pt NN's in-
creases in proportion to the external field up to 80
kOe. This property closely resembles that of LSF
system Tc(Fe)s and of Kondo system Cu(Fe). 2c "
The behavior of Hhr(H, „,/T) and of H,Q(Hggt) as a
function of the number of Pt NN's suggests a
smooth transition of the magnetic character of Fe im-
purities. As to Fe impurities with 9 Pt NN's,
Hhr(H, „,/T) follows closely a Brillouin function with
a large magnetic moment of p, =4.93@,~, which is at-
tributed to the polarization of near-neighbor Pt
atoms. In the case of Fe impurities with 3 Pt NN's,
the LSF temperature is considerably affected by the
NNN configuration. Unfortunately, the shift in T,f

could not be estimated from the present data due to
the absence of appropriate theoretical prediction.

These experimental results lead to the conclusion
that the magnetic moment associated with Fe impuri-
ties in Ir-Pt hosts is formed continuously with the aid
of polarization of Pt atoms in nearest- and next-
nearest neighbor shells. This conclusion is in basic
agreement with the prediction of van der Rest's
theory. 7 In summary, we can say that the magnetic
state of Fe impurities in Ir-Pt hosts changes smoothly
from the LSF state to the giant moment state
depending on the local environment.
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