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Pb–0.5 at. % Fe and Yb–0.5 at. % Fe vapor-quenched films: Location and magnetization
of the Fe impurities
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By combining vapor quenching technique at low temperature andin situ Mössbauer spectroscopy, we have
studied the site occupation and magnetism of Fe in Pb and Yb films, as well as their stability with temperature.
57Fe Mössbauer spectra at 7 K, for as-prepared Pb–0.5 at. % Fe and Yb–0.5 at. % Fe films, have two para-
magnetic components: a singlet, which is attributed to Fe at interstitial sites, and a doublet, assumed to be due
to Fe atoms at ‘‘substitutional’’ sites, with at least one Fe near neighbor. Mo¨ssbauer measurements under an
external magnetic field have been performed in as-prepared films and revealed that Fe atoms, associated with
the doublet, have a magnetic moment inboth systems, while those Fe atoms located at interstitial sites have
magnetic moments only in the case of Yb films. These results confirm theoretical calculations predicting
magnetic moments for interstitial Fe atoms in divalent hosts~Yb! and negligible probability of magnetic Fe
atoms in tetravalent hosts~Pb!. @S0163-1829~99!07425-1#
im
ou
nt

i
-
th
de

ch
c

ns
nt
en
ilit
s

f d

ta

io
h-
it

nt
to

h
a

in

m

its
a-

c
hat
ag-

on
the

st.
nto
he
e
y

pos-

x,
e
s
upy

nd
out
300
as
ur
ility

by

co-
I. INTRODUCTION

Studies of the electronic structure and magnetism of
purities in metals have proved to be fruitful to enhance
knowledge of magnetic materials. However, experime
have been limited to thermally stable systems@i.e., those
systems formed by elements which have some solubility
equilibrium phase diagram~EPD!# and theoretical interpreta
tions usually involved phenomenological models. On
other hand, the study of dilute systems can help us to un
stand the interactions betweend orbitals, for example, from
Fe impurities, with conduction electrons in the solid. In su
studies, a fundamental question is the formation of a lo
magnetic moment at the impurity. Theoretical calculatio1

have shown that Fe atoms can have a magnetic mome
they are located at interstitial sites in monovalent or dival
host metals, while for most of the other hosts, the probab
of Fe atoms having a magnetic moment at interstitial site
negligible.

Recently, developments have been made in studies o
luted impurities in metals: theoretical methods,1 based on
first-principles density functional theory, and experimen
techniques,2 like in-beam Mössbauer spectroscopy~IBMS!
and in-beam time differential perturbed angular correlat
~IBTDPAC!. As is well known, these experimental tec
niques can be applied to any intermetallic system, even w
out a solubility region in their EPD, but these experime
are very difficult to perform and require in-beam accelera
facilities. The vapor quenching~VQ! technique with cold
substrate~He temperature! can also be used to study suc
systems, since this method may lead to the formation of
loys of immiscible components, due to the fast quench
rate involved.

Our experimental setup allows the preparation of fil
using the VQ method at low temperatures to study, byin situ
PRB 600163-1829/99/60~2!/1111~6!/$15.00
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Mössbauer spectroscopy, the location of the Fe impurity,
diffusion, and related aging effects. The essential inform
tion about the magnetism is based on the Mo¨ssbauer spectra
of the films obtained,in situ, under an external magneti
field necessary to avoid spin-lattice relaxation effects t
usually happen in the case of diluted Fe atoms in nonm
netic hosts, such as Pb and Yb.

Iron/lead~Fe/Pb! and iron/ytterbium~Fe/Yb! are two sys-
tems known to be immiscible in the entire concentrati
range in the EPD, even in the liquid state. Studies of
Fe/Pb system have been reported by Sielemann3 where they
analyzed by IBM the Fe impurities implanted in a Pb ho
Their results indicated that the Fe atom goes mainly i
interstitial sites, and this information was relevant for t
discussion of our previous work,4 where we demonstrate th
solubility of Fe in a Pb host, by VQ. This was made b
independent thermal coevaporation of both elements de
ited onto a substrate kept at low temperature~20 K!. Re-
cently, while we performed our work on Fe in an Yb matri
Kapoor et al.5 reported IBMS and IBDTPAC studies on F
impurities in an Yb host,5 and their experimental result
show that Fe atoms have a magnetic moment and occ
substitutional sites~60%! and interstitial site~40%!.

The aim of this work is to combine the VQ technique a
in situ Mössbauer spectroscopy, performed with and with
an external magnetic field in the temperature range of 7–
K, to study the Fe impurities in Pb and Yb hosts as well
their magnetic features. In addition, we will show that o
experimental conditions can be useful to study the stab
of several Fe species and the diffusion process induced
heating.

II. EXPERIMENT

Pb–0.5 at. %57Fe, Yb–0.5 at. %57Fe, and Yb–5 at. %
57Fe films were prepared in a He cryostat by thermal
1111 ©1999 The American Physical Society
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1112 PRB 60PASSAMANI, MORALES, AND BAGGIO-SAITOVITCH
evaporation of iron~90% enriched in57Fe) and high-purity
Pb ~99.99%! and Yb~99.99%! metals from two independen
resistively heated Ta crucibles. The deposition was p
formed onto Kapton subsrates kept at 20 K during the eva
ration. Before the deposition, the residual pressure in
cryostat was 931029 mbar, and during the depositions,
raised to 731028 mbar. Crystal oscillators were used to co
trol the deposition rates and the composition of the film
which have a final thickness of the order of 9000 Å, for t
films with Fe composition of 0.5 at. % and 2000 Å for th
film with 5 at. % of Fe. The details of the evaporation set
have been given elsewhere.6 This setup is especially suitabl
for the present study because it allowsin situ measurements
thus avoiding the oxidation of the Pb and Yb metal films. N
x-ray diffraction analysis was performed since the films w
easily oxidized, even at the deposition place, at press
above 1024 mbar in the case of Pb films and at ambie
pressure in case of Yb films.

The films were analyzed byin situ Mössbauer spectros
copy in the transmission geometry, in the temperature ra
7–300 K, using 50 mCi57Co:Rh source moving in sinu-
soidal mode. The film surface was tilted with an angle of 4
with respect to theg-ray direction, a geometry defined by ou
experimental conditions.6 The source and absorber were ke
at the same temperature during the measurements.
evaporator-cryostat setup has a superconducting mag
which was used for the measurements with external m
netic fields (Bex). In these experiments, the fields are para
to the g-ray direction. The usual time of measurement
each spectrum varied from 20 to 72 h, depending on
broadening induced by theBex.

The low-Fe-concentration Mo¨ssbauer spectra of bot
films with zero external field were analyzed using two co
ponents. For the experiments performed with an exte
field, the Mössbauer spectra were fitted using a random s
tial electric field gradient for a fixed external magnetic fie
in the case of the component with quadrupole splitting~QS!.
The center shift~CS! values are given relative to ana-Fe
absorber at room temperature~RT!.

III. RESULTS AND DISCUSSION

A. Sites assignment and diffusion effects

The temperature dependence of the Mo¨ssbauer spectra fo
the Pb–0.5 at. % Fe film is shown in Fig. 1. The spectrum
7 K has two paramagnetic components: a singlet, with
50.53~3! mm/s and linewidth~G! of 0.50~2! mm/s, which is
the main contribution at this temperature~around 85% of the
total area! and a doublet with CS50.33~3! mm/s and QS
50.67~3! mm/s.

The CS value of the singlet is very close to the one fou
by Sielemann3 with IBMS, involving sophisticated prepara
tion and measurement techniques. Thus, since the IB
method allows the implantation of isolated Fe atoms at in
stitial sites in a Pb host, we may claim that our VQ techniq
is also able to locate Fe atoms at interstitial sites. The o
subspectrum~doublet! observed in our experiments has be
already discussed in our previous work,4 being attributed to
Fe atoms at substitutional lattice sites. The nonzero elec
field gradient was attributed to the presence of Fe or a de
nearby. However, we need to consider also the possib
r-
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that the doublet can be due to small Fe clusters in the
host. Most studies are necessary in order to decide amon
two above possibilities for the formation of the doublet co
ponent.

From the temperature dependence of the Mo¨ssbauer spec
tra ~Fig. 1!, it is clear that the area of the doublet increases
expense of the singlet as the temperature is raised. The
glet seems to have disappeared at 190 K; however, it ca
seen again~with lower intensity! after cooling down the film
to 7 K. This behavior can be understood if we consider t
Fe atoms in the cubic configuration in a Pb host have
Debye temperature lower than the one corresponding to
doublet. At 300 K, the spectrum displays again only the d
blet. Figure 2 shows the behavior of relative area of ea
subspectrum versus temperature, illustrating the annea
process that occurred in the Pb–0.5 at. % Fe film, as
scribed above.

At this point, we would like to stress that the assignme
of a singlet to Fe at interstitial cubic configurations w
based on the diffusion process, clearly observed in
temperature-dependent measurements, and on the simi
of its hyperfine parameters with the results of the implan
tion technique.3 On the other hand, the assignment of a do
blet was based on the temperature variation of the Mo¨ssbauer
spectra being attributed to substitutional Fe with another
atom or a defect located nearby.

In Fig. 3 we show the temperature variation of the57Fe
Mössbauer spectra of the Yb film with 5 at. % of Fe. T
Mössbauer spectrum obtained at 7 K is analyzed with three
paramagnetic components: one singlet with CS520.25~4!
mm/s andG50.30~3! mm/s, speaking for a highly symmetri
environment, and two doublets: doublet 1 with C

FIG. 1. Temperature dependence of the57Fe Mössbauer spectra
of the Pb–0.5 at. %57Fe film.
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520.05~3! mm/s and QS50.49~2! mm/s and doublet 2 with
CS50.20~6! mm/s and QS51.0~2! m/s. The relative area o
doublet 2 at 7 K, for as-prepared films is small~around 10%!
compared to the other components. The spectra obtaine
higher temperatures indicate that the area of doublet 2
creases mainly at the expense of the singlet, while the r
tive fraction of doublet 1 apparently remains nearly const
throughout all the temperature range, within our experim
tal resolution and fitting precision. At 110 K, almost only th
doublets 1 and 2 are observed in the spectrum. The sin

FIG. 2. Temperature variation of the relative area for the pa
magnetic components observed in the Mo¨ssbauer spectra of th
Pb–0.5 at. % Fe film. The arrows indicate the temperature cyc

FIG. 3. Temperature dependence of57Fe Mössbauer spectra o
the Yb–5 at. %57Fe film.
at
n-
a-
t
-

let

area is partially recovered by cooling down the film to 7
and we concluded that the behavior at 110 K is determi
by two facts:~a! the Debye temperature of Fe atoms in
cubic configuration in a Yb host is smaller than the two oth
components~doublets 1 and 2!, and ~b! there was a partia
transformation of the singlet to the doublet. By further ra
ing the temperature to 300 K, the spectrum again displ
only the doublets. In Fig. 4, the variation of the relative are
of each component with temperature illustrates the beha
of the Mössbauer spectra mentioned above and gives u
better understanding of the annealing process of Fe in
films. This behavior is similar to Fe in Pb films, allowing u
to conclude that Fe atoms at interstitial sites, in both syste
have a low Debye temperatures and they diffuse easily, le
ing to the formation of doublets.

In order to understand the origin of the doublet 2 and
study the magnetic properties of different Fe species in a
host, we have prepared another sample with lower Fe c
centration~0.5 at. %!. The results are displayed in Fig. 5
showing that the spectrum at 7 K has two paramagnetic com
ponents, a singlet and a doublet 1; both components h
been already found in the previous films with 5 at. % of F
while the spectrum at 300 K displays the doublet 1 w
about 97% of relative area and a small fraction of the sing
still persists at this temperature. Therefore, the behavio
the Mössbauer spectra with temperature depends on the
concentration. For a film with 0.5 at. % Fe, the singlet
transformed into a doublet 1 with increasing temperatu
while for a film with 5 at. % Fe the singlet transforms to
doublet 2, and the doublet 1 seems to keep constant rela
intensity. This may be an artifact due to the broader lin
width of doublet 2, which disturbs the definition of doubl
1. On the other hand, it is expected that in a film with high
Fe content~5 at. %!, the probability of having Fe neares
neighbors is higher and we may correlate doublet 2 with
clusters. The formation of such clusters will occur easily
a film with 5 at. % than 0.5 at. % of Fe. This may expla
why there is no observable contribution of doublet 2 in t
Mössbauer spectra of Yb film with 0.5 at. % of Fe.

-

.
FIG. 4. Temperature variation of the relative area for the pa

magnetic components observed in the Mo¨ssbauer spectra of th
Yb–5 at. % 57Fe film. The arrows indicate the temperature cycle
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To identify the components observed in the Mo¨ssbauer
spectra of Fe in Yb film, we follow two known ideas:~1! Fe
atoms located at interstitial sites undergo a fast diffus
process,3 and ~2! CS values of Fe in metals show a qui
good systematic trend for substitutional and for intersti
sites.3 For an interstitial site, there is strong increase
s-electron density and, therefore, a more negative CS ca
expected, due to a reduced volume of the Fe Wigner-S
cell. Thus the singlet is considered to be due to interstitial
atoms and the doublet 1 to Fe at substitutional positio
From the temperature dependence of the Mo¨ssbauer spectra
of Yb–0.5 at. % Fe, it is possible to attribute the doublet 2
small Fe clusters with more than one Fe near neighbor,
leading to a nonmagnetic subspectrum, even at low temp
tures. Our interpretation, as outlined above, is different fr
the one recently given by Kapooret al.5 In their work,
Coulomb-excited57Fe atoms were recoil implanted into Y
foils, and the Mo¨ssbauer emission spectrum looks very sim
lar to ours. However, the Mo¨ssbauer spectra have been an
lyzed in a different way, i.e., with two single lines: one lin
has the same CS as our singlet, and another line corresp
to the right line of the doublet 1. The fitting procedu
adopted here, with one single line and one doublet, is ba
on the occurrence of the diffusion process and on the sh
of the Mössbauer spectra under applied magnetic fields
will be shown in the next section.

In case of Fe in Pb systems, only the fast diffusion p
cess was used to justify the assignment of Fe to interst
sites, since the CS of this component does not follow
systematic behavior of metallic hosts. More theoretical c
culations must be performed to clarify the discrepancy in
CS behavior of each component for57Fe in Pb system.

Finally, we would like to comment on the electric fie
gradient that appears at the substitutional Fe atoms in ou
and Yb films. Since both metals have a fcc crystalline str
ture, a zero electric field gradient would be expected for F
substitutional and interstitial sites. However, the doublet
the Pb film and doublet 1 in Yb film are clear evidence o

FIG. 5. 57Fe Mössbauer spectra of the Yb–0.5 at. %57Fe film
obtained at 7 and 300 K.
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nonzero electric field gradient. In principle, it can be induc
by the presence of one Fe near neighbor in the lattice site
to a local distortion, which means defects of the lattice
duced by our sample preparation method. Therefore, the
at substitutional sites formed with our technique have f
tures distinct from the one obtained by implantation, t
main reason for that being a higher probability of having tw
near-neighbor Fe atoms in our case, whose origin com
from the fast diffusion process that occurs for interstitial
configurations, even during deposition at low temperatur

B. Magnetic moment of the Fe species

In order to study the formation of the magnetic mome
of different Fe species in both systems, i.e., Fe in Pb and
in Yb, we have performedin situ Mössbauer measuremen
at 7 K under external magnetic fields. TheBex has been
applied to avoid spin-lattice relaxation, but with the mag
tude used in our measurements no saturation condition
achieved.

The spectra at low temperature~7 K! as a function ofBex
are shown in Fig. 6 for the Pb film containing 0.5 at. % of F
For the experiment performed at 1.5 and 3.7 T, the Mo¨ss-
bauer spectra were fitted considering the two subspectr
zero field, using a pure magnetic interaction for the sing
and a random distribution of the direction ofVzz ~main com-
ponent of electric field gradient tensor! relative to the direc-
tion of Bex for doublet with the same value for the electr
quadrupole interaction parameter (DEQ) taken for the zero-

FIG. 6. 57Fe Mössbauer spectra of the Pb–0.5 at. %57Fe film
recorded at 7 K without and with external magnetic fields (Bex), as
indicated in the figure.
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field case. Table I summarizes the results of the hyper
parameters obtained from the fitting procedure as descr
above for Fe in Pb film.

The observed effective magnetic hyperfine fieldBeff at the
Fe nucleus is given byBeff5Bhf1Bex. From our analysis, we
conclude that the Fe species corresponding to the single
Beff values close to the applied external fields, which me
that the Fe atoms in this cubic configuration in a Pb host
not have a magnetic moment. However, the Fe atoms a
ciated with the quadrupolar component~doublet! display a
Beff value larger than the applied field and consequently
its own magnetic moment. The sign of the magnetic hyp
fine field (Bhf) and the magnitude of the Fe moments we
not determined, since the saturation of the magnetic m
ments could not be achieved in our experimental conditio
Therefore, as was predicted by the theory,3 the interstitial Fe
atoms at a tetravalent host, i.e., Pb host, do not have a m
netic moment.

Figure 7 displays the Mo¨ssbauer spectra of the Yb film
with 0.5 at. % of Fe at 7 K under different external magneti
fields. For the experiment performed at 1.8 and 3.7 T,
Mössbauer spectra were analyzed as in the case of Pb
containing 0.5 at. % of Fe: using a pure magnetic interac
for the singlet and a random distribution of the direction
Vzz relative to the direction ofBex for doublet 1. Table II
summarizes the results of the hyperfine parameters obta
from the fitting procedure as describe above for Fe in
film.

The observed magnetic hyperfine fieldBeff at Fe nuclei at
two sites is also given byBeff5Bhf1Bex. From our observa-
tion that uBeffu,Bex51.8 and 3.7 T at both sites~see Table
II !, we can conclude thatBhf,0 for Fe in both sites in Yb
film. Part of this result does not agree with Ref. 5: by me
suring the spin rotation of Fe implanted in Yb metal, it w
shown there thatBhf is negative for interstitial Fe sites, bu
positive for the substitutional one. In order to understand
different magnetic response, we have to conclude that
concept of a ‘‘substitutional’’ site and the one mentioned
Ref. 5 are distinct, as is also indicated by the different val
of Cs andDEQ .

It is important to emphasize that the values of the m
netic hyperfine field at interstitial Fe sites in Yb film leads
to conclude that Fe atoms have magnetic moments, as

TABLE I. Hyperfine parameters obtained from the Mo¨ssbauer
spectra of the Pb–0.5 at.%57Fe film for different external magnetic
fields values. The center shift~CS! values are relative toa-Fe at
300 K.

Doublet Bex50 T Bex51.5 T Bex53.7 T

CS ~mm/s! 0.33 ~3! 0.33 ~6! 0.33 ~3!

DEQ ~mm/s! 0.67 ~3! 0.68 ~2! 0.68 ~3!

G ~mm/s! 0.46 ~2! 0.50 ~7! 0.54 ~7!

Beff ~T! 1.9 ~1! 5.0 ~4!

Singlet Bex50 T Bex51.5 T Bex53.7 T

CS ~mm/s! 0.53 ~3! 0.52 ~3! 0.53 ~3!

G ~mm/s! 0.50 ~2! 0.52 ~3! 0.52 ~3!

Beff~T! 1.6 ~2! 3.8~2!
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dicted by theoretical calculations.1 The formation of mag-
netic moments of Fe atoms at interstitial sites is not comm
and it happens only in a few hosts.7

IV. CONCLUSION

Comparing our results to those obtained by the implan
tion technique, it is possible to conclude that interstitial
atoms in Pb and Yb hosts have similar electronic configu
tions independent of the preparation method. Moreover,
terstitial Fe atoms in nonequilibrium alloys like Pb and Y
have similar behavior relative to the diffusion process. Ho
ever, the neighborhood of Fe atoms in substitutional s
depends on the preparation method because by the
method a quadrupolar interaction is found which may
attributed to the presence of one near-neighbor Fe atom
defect around Fe atoms, which was not observed by the
plantation method.

From our results, we have demonstrated that the va

FIG. 7. 57Fe Mössbauer spectra of the Yb–0.5 at. %57Fe film
obtained at 7 K, without and with an applied external magne
fields of 3.7 T.

TABLE II. Hyperfine parameters obtained from the Mo¨ssbauer
spectra of the Yb–0.5 at.%57Fe film for different external magnetic
fields values. The center shift~CS! values are relative toa-Fe at
300 K.

Doublet 1 Bex50 T Bex51.8 T Bex53.7 T

CS ~mm/s! 20.05 ~3! 20.04 ~3! 20.03 ~2!

DEQ ~mm/s! 0.49 ~2! 0.49 ~2! 0.49 ~2!

G ~mm/s! 0.36 ~2! 0.46 ~1! 0.56 ~7!

Beff ~T! 1.6 ~2! 2.6 ~4!

Singlet Bex50 T Bex51.8 T Bex53.7 T

CS ~mm/s! 20.25 ~4! 20.27 ~3! 20.26 ~3!

G ~mm/s! 0.30 ~4! 0.31 ~4! 0.33 ~3!

Beff ~T! 0.8 ~2! 2.2 ~2!
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1116 PRB 60PASSAMANI, MORALES, AND BAGGIO-SAITOVITCH
quenching technique can be used to prepare diluted F
most metallic hosts, as already demonstrated in our prev
work of Fe diluted in rare-earth quenched films.8

Moreover, the Mo¨ssbauer spectra, for both systems, sh
that Fe atoms located at interstitial sites have low De
temperatures compared to those located at substituti
sites.

With measurements under external magnetic fields, it w
possible to establish that substitutional Fe in Pb and Yb fi
obtained by the VQ method have their own magnetic m
r,

cia

R
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in
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ments. However, as predicted theoretically, Fe in intersti
sites in a divalent Yb host has its own magnetic mome
while in a tetravalent Pb host it does not.
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