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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 temperatureirusitu Mossbauer spectroscopy, we have
studied the site occupation and magnetism of Fe in Pb and Yb films, as well as their stability with temperature.
5Fe Massbauer 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 neighbosshuer 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 momentioth 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 h¢¥ts) and negligible probability of magnetic Fe
atoms in tetravalent host®h). [S0163-182809)07425-1]

[. INTRODUCTION Mossbauer spectroscopy, the location of the Fe impurity, its
diffusion, and related aging effects. The essential informa-
Studies of the electronic structure and magnetism of imtion about the magnetism is based on thesktmauer spectra
purities in metals have proved to be fruitful to enhance outof the films obtainedjn situ, under an external magnetic
know|edge of magnetic materials. However, experimentéield necessary .tO avoid Spin-la.ttice relaxation foeCtS that
have been limited to thermally stable systefns., those usually happen in the case of diluted Fe atoms in nonmag-
systems formed by elements which have some solubility if€tic hosts, such as Pb and Yb.

equilibrium phase diagratEPD)] and theoretical interpreta- tenl”nrsonkllnec?vf/jr(::teé Pl?ea?rgrir:?srl/i)t/)tlt:ribr:umelzee/ :tli?earceotnvi% r?g;z;ion
tions usually involved phenomenological models. On the ange in the EPD, even in the liquid state. Studies of the

other hand, the study of dilute systems can help us to undef= :
stand the interactions betwedrorbitals, for example, from e/Pb system have been.repor.t('ad b.y S|eler3na.mere they
analyzed by IBM the Fe impurities implanted in a Pb host.

Fe impurities, with conduction electrons in the solid. In SUChTh . s indicated that the Fe at inlv int
studies, a fundamental question is the formation of a local er results indicate at the € atom goes mainly Into

magnetic moment at the impurity. Theoretical calculations |n.terst|t|.al sites, and t_hls information was relevant for the
have shown that Fe atoms can have a magnetic moment (ﬁ;scussmn of our previous wofkwhere we demonstrate the

they are located at interstitial sites in monovalent or divalentsoc;Ub'I'tyd Oftliﬁ In al Pb host, th VQ]; J htﬁ V}/as m?dg by
host metals, while for most of the other hosts, the probabilit))n ependent thermal coevaporation of both elements depos-

of Fe atoms having a magnetic moment at interstitial sites igced onto a substrate kept at low tempera_t(l:ké K). Re- .
negligible. cently, while we performed our work on Fe in an Yb matrix,

5 .

Recently, developments have been made in studies of dlgapoq(et a_I. reported IB‘LEMS and IBDTPAQ studies on Fe
luted impurities in metals: theoretical methddbased on impurities in an Yb host, and their gxpenmental results
first-principles density functional theory, and experimentaIShOW.th"."t Fe atomsohave a magnetic _momg:nt and occupy
techniqueg like in-beam Mssbauer spectroscofjBMS) substitutional site$60%) and interstitial sitg40%.

and in-beam time differential perturbed angular correlation 1€ @m Of this work is to combine the VQ technique and
(IBTDPAC). As is well known, these experimental tech- In situ Mossbauer spectroscopy, performed with and without

niques can be applied to any intermetallic system, even with@" external magnetic field in the temperature range of 7—300

out a solubility region in their EPD, but these experimentsKh’ t'o study tthe fFetlmpurI;ues (';:jfb and Yb'”hoits a‘:’hw,?” as
are very difficult to perform and require in-beam acceleratof €' magnetic features. In addition, we will show that our
facilities. The vapor quenchingvQ) technique with cold experimental condmons can be L.jsefl.“ fo study th_e stability
substrate(He temperaturecan also be used to study such of sgveral Fe species and the diffusion process induced by
systems, since this method may lead to the formation of albeatlng.
Irc;)g izl:/(l)rl?lrg(ljsmble components, due to the fast quenching Il EXPERIMENT

Our experimental setup allows the preparation of fims Pb—0.5 at. %°'Fe, Yb—0.5 at. %°’Fe, and Yb-5 at. %
using the VQ method at low temperatures to studyirbsitu ~ >’Fe films were prepared in a He cryostat by thermal co-
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evaporation of iron90% enriched in°’Fe) and high-purity
Pb(99.99% and Yb(99.99% metals from two independent < Tm= 7Kl
resistively heated Ta crucibles. The deposition was per- ®1

formed onto Kapton subsrates kept at 20 K during the evapo-
ration. Before the deposition, the residual pressure in the < 80K
cryostat was X 10~ ° mbar, and during the depositions, it N
raised to 7 10”8 mbar. Crystal oscillators were used to con-

trol the deposition rates and the composition of the films, N 7Kl
which have a final thickness of the order of 9000 A, for the o1& )
films with Fe composition of 0.5 at. % and 2000 A for that -

film with 5 at. % of Fe. The details of the evaporation setup
have been given elsewhét@his setup is especially suitable
for the present study because it alloinssitu measurements,
thus avoiding the oxidation of the Pb and Yb metal films. No
x-ray diffraction analysis was performed since the films were
easily oxidized, even at the deposition place, at pressures

above 104 mbar in the case of Pb films and at ambient -

pressure in case of Yb films. = : 7Kl
The films were analyzed bin situ Mossbauer spectros- -

copy in the transmission geometry, in the temperature range "

7-300 K, using 50 mCiP’Co:Rh source moving in sinu- <

soidal mode. The film surface was tilted with an angle of 45° p 300K

with respect to the~ray direction, a geometry defined by our . 1 . . L

experimental conditionThe source and absorber were kept -4 -2 Y 2 4

at the same temperature during the measurements. The Velocity (mm/s)

evaporator-cryostat setup has a superconducting magnet,

which was used for the measurements with external mag- FIG. 1. Temperature dependence of ffEe Masshauer spectra

netic fields Bg,). In these experiments, the fields are parallelof the Pb—0.5 at. % Fe film.

to the y-ray direction. The usual time of measurement of

each spectrum varied from 20 to 72 h, depending on thenat the doublet can be due to small Fe clusters in the Pb
broadening induced by thg,,. host. Most studies are necessary in order to decide among the
The low-Fe-concentration Msbauer spectra of both two above possibilities for the formation of the doublet com-
films with zero external field were analyzed using two com-ponent.
ponents. For the experiments performed with an external From the temperature dependence of thesShmuer spec-
field, the Massbauer spectra were fitted using a random spara (Fig. 1), it is clear that the area of the doublet increases at
tial electric field gradient for a fixed external magnetiC ﬁeld,expense of the Sing|et as the temperature is raised. The sin-
in the case of the component with quadrupole spliti@®).  glet seems to have disappeared at 190 K; however, it can be
The center shiffCS) values are given relative to amFe  seen agairiwith lower intensity after cooling down the film

Relative Transmission

absorber at room temperatui®T). to 7 K. This behavior can be understood if we consider that
Fe atoms in the cubic configuration in a Pb host have a
Ill. RESULTS AND DISCUSSION Debye temperature lower than the one corresponding to the

doublet. At 300 K, the spectrum displays again only the dou-
blet. Figure 2 shows the behavior of relative area of each
The temperature dependence of thesslmauer spectra for subspectrum versus temperature, illustrating the annealing
the Pb-0.5 at. % Fe film is shown in Fig. 1. The spectrum aprocess that occurred in the Pb-0.5 at.% Fe film, as de-
7 K has two paramagnetic components: a singlet, with CScribed above.
=0.533) mm/s and linewidthI") of 0.502) mm/s, which is At this point, we would like to stress that the assignment
the main contribution at this temperatyegound 85% of the of a singlet to Fe at interstitial cubic configurations was
total area and a doublet with CS0.333) mm/s and QS based on the diffusion process, clearly observed in the
=0.673) mm/s. temperature-dependent measurements, and on the similarity
The CS value of the singlet is very close to the one foundf its hyperfine parameters with the results of the implanta-
by Sielemanfwith IBMS, involving sophisticated prepara- tion technique’ On the other hand, the assignment of a dou-
tion and measurement techniques. Thus, since the IBM8let was based on the temperature variation of thesauer
method allows the implantation of isolated Fe atoms at interspectra being attributed to substitutional Fe with another Fe
stitial sites in a Pb host, we may claim that our VQ techniqueatom or a defect located nearby.
is also able to locate Fe atoms at interstitial sites. The other In Fig. 3 we show the temperature variation of tf&e
subspectrunidouble} observed in our experiments has beenMossbauer spectra of the Yb film with 5 at. % of Fe. The
already discussed in our previous wérkeing attributed to  Mossbauer spectrum obtaineti 7K is analyzed with three
Fe atoms at substitutional lattice sites. The nonzero electriparamagnetic components: one singlet with=C8).254)
field gradient was attributed to the presence of Fe or a defeechm/s and’=0.303) mm/s, speaking for a highly symmetric
nearby. However, we need to consider also the possibilitenvironment, and two doublets: doublet 1 with CS

A. Sites assignment and diffusion effects
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FIG. 2. Temperature variation of the relative area for the para-

magnetic components observed in the ddloauer spectra of the
Pb—-0.5 at. % Fe film. The arrows indicate the temperature cycles

=—0.053) mm/s and Q$0.492) mm/s and doublet 2 with
CS=0.206) mm/s and QS 1.0(2) m/s. The relative area of
doublet 2 at 7 K, for as-prepared films is smaltound 10%

FIG. 4. Temperature variation of the relative area for the para-
magnetic components observed in the ddloauer spectra of the
Yb-5 at. % °"Fe film. The arrows indicate the temperature cycles.

area is partially recovered by cooling down the film to 7 K,

compared to the other components. The spectra obtained ghd we concluded that the behavior at 110 K is determined
higher temperatures indicate that the area of doublet 2 inhy two facts:(a) the Debye temperature of Fe atoms in a
creases mainly at the expense of the singlet, while the rela:ypic configuration in a Yb host is smaller than the two other
tive fraction of doublet 1 apparently remains nearly constangomponentgdoublets 1 and 2 and (b) there was a partial
throughout all the temperature range, within our experimentransformation of the singlet to the doublet. By further rais-
tal resolution and fitting precision. At 110 K, almost only the ing the temperature to 300 K, the spectrum again displays
doublets 1 and 2 are observed in the spectrum. The singlgjnly the doublets. In Fig. 4, the variation of the relative areas
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FIG. 3. Temperature dependence®d#Fe Mtssbauer spectra of

the Yb-5 at. %°"Fe film.

of each component with temperature illustrates the behavior
of the Massbauer spectra mentioned above and gives us a
better understanding of the annealing process of Fe in Yb
films. This behavior is similar to Fe in Pb films, allowing us
to conclude that Fe atoms at interstitial sites, in both systems,
have a low Debye temperatures and they diffuse easily, lead-
ing to the formation of doublets.

In order to understand the origin of the doublet 2 and to
study the magnetic properties of different Fe species in a Yb
host, we have prepared another sample with lower Fe con-
centration(0.5 at.%. The results are displayed in Fig. 5,
showing that the spectrunt @ K has two paramagnetic com-
ponents, a singlet and a doublet 1; both components have
been already found in the previous films with 5 at. % of Fe,
while the spectrum at 300 K displays the doublet 1 with
about 97% of relative area and a small fraction of the singlet
still persists at this temperature. Therefore, the behavior of
the Massbauer spectra with temperature depends on the Fe
concentration. For a film with 0.5 at.% Fe, the singlet is
transformed into a doublet 1 with increasing temperature,
while for a film with 5 at. % Fe the singlet transforms to a
doublet 2, and the doublet 1 seems to keep constant relative
intensity. This may be an artifact due to the broader line-
width of doublet 2, which disturbs the definition of doublet
1. On the other hand, it is expected that in a film with higher
Fe content(5 at.%, the probability of having Fe nearest
neighbors is higher and we may correlate doublet 2 with Fe
clusters. The formation of such clusters will occur easily for
a film with 5 at. % than 0.5 at. % of Fe. This may explain
why there is no observable contribution of doublet 2 in the
Mossbauer spectra of Yb film with 0.5 at. % of Fe.
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FIG. 5. 5Fe Mossbauer spectra of the Yb—0.5 at.¥ke film
obtained at 7 and 300 K.

To identify the components observed in the $dbauer T T T T T
spectra of Fe in Yb film, we follow two known idea&l) Fe 3 2 - () 1 2 3
atoms located at interstitial sites undergo a fast diffusion Velocity (mm/s)
process, and (2) CS values of Fe in metals show a quite
good systematic trend for substitutional and for interstitial FIG. 6. >’Fe Mossbauer spectra of the Pb—0.5 at*¥e film
sites® For an interstitial site, there is strong increase inrecorded &7 K without and with external magnetic fieldB 4, as
s-electron density and, therefore, a more negative CS can Hadicated in the figure.
expected, due to a reduced volume of the Fe Wigner-Seitz

cell. Thus the singlet is considered to be due to interstitial Feionzero electric field gradient. In principle, it can be induced
atoms and the doublet 1 to Fe at substitutional positionspy the presence of one Fe near neighbor in the lattice sites or
From the temperature dependence of thessmuer spectra g g |ocal distortion, which means defects of the lattice in-
of Yb—-0.5 at. % Fe, it is possible to attribute the doublet 2 toy,ceq by our sample preparation method. Therefore, the Fe
small Fe clusters with more than one Fe near neighbor, bul; g psiitutional sites formed with our technique have fea-
leading to a nonmagnetic subspectrum, even at low temperg; o gistinct from the one obtained by implantation, the
tures. Our |nterpretgt|on, as outlined abgve, is d|_fferent fro ain reason for that being a higher probability of having two
e ore sy g by KamomialS i v v s cr s, v o e
P from the fast diffusion process that occurs for interstitial Fe

foils, and the Masbauer emission spectrum looks very simi-Confi urations. even durina deposition at low t ¢
lar to ours. However, the Misbauer spectra have been ana- 9 ’ g dep emperatures.

lyzed in a different way, i.e., with two single lines: one line
has the same CS as our singlet, and another line corresponds
to the right line of the doublet 1. The fitting procedure
adopted here, with one single line and one doublet, is based In order to study the formation of the magnetic moments
on the occurrence of the diffusion process and on the shapsf different Fe species in both systems, i.e., Fe in Pb and Fe
of the Mossbauer spectra under applied magnetic fields, a# Yb, we have performeéh situ Mossbauer measurements
will be shown in the next section. at 7 K under external magnetic fields. TiBg, has been

In case of Fe in Pb systems, only the fast diffusion pro-applied to avoid spin-lattice relaxation, but with the magni-
cess was used to justify the assignment of Fe to interstitidiude used in our measurements no saturation condition was
sites, since the CS of this component does not follow theachieved.
systematic behavior of metallic hosts. More theoretical cal- The spectra at low temperatufe K) as a function 0B,
culations must be performed to clarify the discrepancy in theare shown in Fig. 6 for the Pb film containing 0.5 at. % of Fe.
CS behavior of each component fofFe in Pb system. For the experiment performed at 1.5 and 3.7 T, thesMo

Finally, we would like to comment on the electric field bauer spectra were fitted considering the two subspectra at
gradient that appears at the substitutional Fe atoms in our P4ero field, using a pure magnetic interaction for the singlet
and Yb films. Since both metals have a fcc crystalline strucand a random distribution of the directioné§, (main com-
ture, a zero electric field gradient would be expected for Fe gponent of electric field gradient tengaelative to the direc-
substitutional and interstitial sites. However, the doublet intion of B, for doublet with the same value for the electric
the Pb film and doublet 1 in Yb film are clear evidence of aquadrupole interaction parameteXEg) taken for the zero-

B. Magnetic moment of the Fe species
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TABLE I. Hyperfine parameters obtained from the $gbauer

spectra of the Pb—0.5 at.9%Fe film for different external magnetic
fields values. The center shif€S values are relative te-Fe at
300 K. c

9
Doublet Bo=0T  Bo=15T Bu=37T g
CS (mm/9 0.33(3) 0.33(6) 0.33(3) %
AEq (mm/9 0.67(3) 0.68(2) 0.68(3) =
I (mm/9 0.46(2) 0.50(7) 0.54(7) <L
Begt (T) 1.9(1) 5.0 (4) ®

)

x
Singlet Bee=0 T Bee=15T Bee=3.7T
CS (mm/9 0.53(3) 0.52(3) 0.53(3)
' (mm/s 0.50(2) 0.52(3) 0.52(3)
Be(T) 16(2) 3.82)

i 1 1 1 1

! i ) -3 2 1 0 1 2 3
field case. Table | summarizes the results of the hyperfine Velocity (mmvs)

parameters obtained from the fitting procedure as described

above for Fe in Pb film. FIG. 7. 5"Fe Massbauer spectra of the Yb—0.5 at.¥Fe film

The obsgrve_d effective magnetic hyperfine filg a_t the obtained at 7 K, without and with an applied external magnetic
Fe nucleus is given bBs=Bys+ Bey. From our analysis, we fields of 3.7 T

conclude that the Fe species corresponding to the singlet has

Bet values close to the applied exteral fields, which Meangicted by theoretical calculatiodsThe formation of mag-

that the Fe atoms n this cubic configuration in a Pb host d‘?’netic moments of Fe atoms at interstitial sites is not common,
not have a magnetic moment. However, the Fe atoms assQr 4 it happens only in a few hosts

ciated with the quadrupolar compone(giouble} display a
B value larger than the applied field and consequently has
its own magnetic moment. The sign of the magnetic hyper- IV. CONCLUSION

fine field (B.hf) and_the magnitude Qf the Fe moments_ were Comparing our results to those obtained by the implanta-
not determined, since the saturation of the magnetic mo,

. i . ~""“fion technique, it is possible to conclude that interstitial Fe
ments could not be achieved in our experimental conditions q b

) . " atoms in Pb and Yb hosts have similar electronic configura-
Therefore, as was predlcted.by the thedtie interstitial Fe tions independent of the preparation method. Moreover, in-
atoms at a tetravalent host, i.e., Pb host, do not have a m

netic moment arstitial Fe atoms in nonequilibrium alloys like Pb and Yb
Figure 7 displays the Ksbauer spectra of the Yb film have similar behavior relative to the diffusion process. How-

. . . ever, the neighborhood of Fe atoms in substitutional sites
with 0.5 at. % of Fe a7 K under different external magnetic X :

, : h h he V
fields. For the experiment performed at 1.8 and 3.7 T, th depends on the preparation method because by the VQ

Mossbauer spectra were analyzed as in the case of Pb fil thOd a quadrupolar interaction is fou_nd which may be
. : g "Shributed to the presence of one near-neighbor Fe atom or a

containing 0.5 at. % of Fe: using a pure magnetic m'[eractloQjefect around Fe atoms, which was not observed by the im-

for the singlet and a random distribution of the direction Ofplantation method '

V,, relative to the direction oB,, for doublet 1. Table I From our resullts we have demonstrated that the vapor

summarizes the results of the hyperfine parameters obtained '

from the fitting procedure as describe above for Fe in Yb

f"m'h ich fine fi . spectra of the Yb—0.5 at.%dFe film for different external magnetic
T _e ob_served r_nagnetlc yperfine fiddy at Fe nuclei at fields values. The center shif€S) values are relative ta-Fe at
two sites is also given bB.=By+ Bex. From our observa- 350 k.

tion that|Bey|<Beyx=1.8 and 3.7 T at both sitesee Table

TABLE Il. Hyperfine parameters obtained from the ssbauer

II), we can conclude thd ;<0 for Fe in both sites in Yb  poublet 1 Be=0 T Be=18T Be=37T
film. Part of this result does not agree with Ref. 5: by mea:

suring the spin rotation of Fe implanted in Yb metal, it wasCS (mm/9 -0.05(3 —0.04(3 —0.03(2
shown there thaB, is negative for interstitial Fe sites, but AEq (mm/g 0.49(2) 0.49(2 0.49(2)
positive for the substitutional one. In order to understand thid’ (mm/s 0.36(2) 0.46(1) 0.56(7)
different magnetic response, we have to conclude that ouBes (T) 16(2 2.6 (4)

concept of a “substitutional” site and the one mentioned in_.

Ref. 5 are distinct, as is also indicated by the different value$ N9t BoO T Boc18T  Bem37T

of Cs andA EQ. CS(mm/s —0.25(4) -0.27(3) -0.26(3)
It is important to emphasize that the values of the mag{ (mm/g 0.30(4) 0.31(4) 0.33(3)

netic hyperfine field at interstitial Fe sites in Yb film leads usg, (T) 0.8(2) 2.2(2)

to conclude that Fe atoms have magnetic moments, as pre
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guenching technigue can be used to prepare diluted Fe iments. However, as predicted theoretically, Fe in interstitial
most metallic hosts, as already demonstrated in our previousites in a divalent Yb host has its own magnetic moment,
work of Fe diluted in rare-earth quenched filfhs. while in a tetravalent Pb host it does not.

Moreover, the Masbauer spectra, for both systems, show
that Fe atoms located at interstitial sites have low Debye
temperatures compared to those located at substitutional ACKNOWLEDGMENTS
sites.
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