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Fe impurities in Cd and Zn hosts: Theory and experiment
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In this work we have used the vapor condensation technique to prepare thin Zn and Cd films with low
concentrations of57Fe~0.5 at. %!. The films were obtained at 16 K and 300 K and studied byin situ Mössbauer
spectroscopy and resistivity measurements. Thein situ Mössbauer spectra, measured at 7 K for the as-prepared
films, show that the Fe impurities in the Cd and Zn films mainly occupy lattice sites and have isomer shift
values of 0.70 mm/s and 0.53 mm/s, respectively. While for Fe in Zn the isomer shift value agrees well with
those in the literature, the value for Fe in Cd is significantly larger than the value previously reported.
First-principles calculations of the isomer shift values for Fe impurities on substitutional sites in Zn and Cd,
respectively, agree quite well with the experimentally found values.

DOI: 10.1103/PhysRevB.68.094430 PACS number~s!: 75.30.2m, 75.50.Bb, 76.80.1y
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I. INTRODUCTION

Owing to advances in sample preparation and experim
tal techniques, it is now possible to investigate the beha
of impurities in metals throughout the periodic table. In p
ticular, for the case of57Fe impurities, the method of elec
trodeposition of 57Co was used in the first experiments1

Most information regarding impurities in nonalloying sy
tems has been produced and investigated by recoil impla
tion techniques, combined with online time-differential pe
turbed angular distributions~TDPAD!2 and in-beam
Mössbauer spectroscopy~IBMS!.3 In the present work we
use a different technique, namely vapor condensation, to
troduce low concentrations of57Fe ~0.5 at. %! into Zn and
Cd. Fe is immiscible in both Cd and Zn~Ref. 4! in this
concentration range. The samples were then studied bin
situ Mössbauer spectroscopy andin situ resistivity measure-
ments. Since it is known that fast diffusers have gener
very low solubility,5 we have also investigated the diffusio
of iron in Cd and Zn, following the approach of our rece
works in the Fe:Pb, Fe:Yb,6 and Fe:Ag immiscible systems.7

The isomer shift~IS! of Fe, as measured by Mo¨ssbauer
effect, is sensitive to the local charge density at the nuc
position and provides information about the local surrou
ings of the impurity. The volume occupied by the Fe imp
rity in the host is one of the factors that can affect the
which can actually be used to distinguishing between sub
tutional and interstitial impurity sites.8 First-principles calcu-
lations have been used to obtain trends for the IS of Fe
purities in several metallic hosts across the periodic tab9

The results, which in general agree well with experime
can be understood in terms of a simple model which
presses the charge densities in terms of the number os
electrons around the Fe impurity, multiplied by the probab
ity of finding one of these electrons at the nucleus. In Fig
we show~black squares! the theoretical IS values calculate
by Terrazos and Frota-Pessoˆa.9 for substitutional Fe impuri-
ties in several metallic hosts across the periodic table.
hosts to the left of Fe are shown in Fig. 1~a!, while those to
the right of Fe~including Zn and Cd! are shown in Fig. 1~b!.
Existing experimental IS values for Fe in all the systems
0163-1829/2003/68~9!/094430~7!/$20.00 68 0944
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also shown~empty circles! for comparison. We note that fo
the simple metal hosts in Fig. 1~b!, the experimental values
for the IS of Fe are systematically larger than the theoret
ones. The one noticeable exception is Cd, and this sugg
that the experimental value of the IS for Fe in Cd shown
the figure may be too low.

To the best of our knowledge, up to now, the only Mo¨ss-
bauer studies of dilute iron impurities in Cd~Ref. 1! and Zn
~Refs. 1 and 10! were made with57Co embedded by electro
plating and diffusing at high temperature. Zn and Cd hav
high vapor pressure and similar low melting points, 692
and 594 K respectively, and annealing at high tempera
could lead to Cd or Zn sublimation, favoring the formatio
of small iron clusters10 and some iron-rich alloys as theG2

phase.10 In this work, we use the Mo¨ssbauer spectra~MS! to
obtain the IS values of Fe in Cd and Zn. We also perfo
slightly more accurate first-principles calculations of the
in these systems. A comparison between theory, our exp
mental values, and those in the literature leads to a be
understanding of the problem and contributes to the dete

FIG. 1. Isomer shift values for substitutional Fe impurities
several hosts to the left and right of Fe in the periodic table. E
perimental~open circles! and theoretical~filled squares! results are
given as in Ref. 9.
©2003 The American Physical Society30-1
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nation of more reliable values for the IS of Fe impurities
Cd and Zn.

II. EXPERIMENTAL PROCEDURE

Cd and Zn display strong disparities in size relative to
with volumes per atom which are 85% and 30% larger th
that of bcc Fe, respectively. Fe is immiscible with Cd in t
entire composition range of the equilibrium phase diagra4

while Fe in Zn is nonalloying for iron concentrations of le
than 5 at. %.4 Both Cd and Zn crystallize in a hexagon
structure, with a highc/a ratio.

The films were prepared in a liquid He cryostat by th
mal co-evaporation of high purity iron~98% enriched in
57Fe), Cd, and Zn~99.999%! metals from two independen
resistively heated Ta ovens. The deposition was perform
onto kapton substrates tilted 45° relative to the vapor m
flux direction and the gamma ray direction, the substr
temperature were 16 K and 300 K, with a base pressur
331029 mbar and residual pressure of 231028 mbar dur-
ing the evaporation. The deposition rates were controlled
ing quartz crystals of 5 MHz frequency and a home-ma
deposimeter. We used deposition rates of 0.01 Å/s and
Å/s for the Fe and the matrix, respectively. All films have
nominal thickness of 4000 Å. Our experimental setup11 is
especially suitable for the present study because it allowin
situ measurements of MS under external magnetic field
resistivity. The MS measurements were performed using a
mCi 57Co:Rh source moving in a sinusoidal mode; sour
and absorber were kept at the same temperature. The IS
ues reported are relative to bcc iron at room temperature

Resistivity measurements were performedin situ by a
conventional four-electrode method. Four points of silv
~99.99% of purity! as electrical contacts were deposited on
the kapton substrate before depositing the Cd and Fe me

III. THEORETICAL APPROACH

Here, we use the real-space linear-muffin-tin orbi
method, within the atomic sphere approximation~RS-
LMTO-ASA!, to obtain the IS of a substitutional Fe impuri
in hcp Cd and Zn. This is a first-principles, self-consiste
RS-LMTO-ASA approach12 which follows the steps of the
LMTO-ASA formalism,13 but uses the recursion method14 to
solve the eigenvalue problem directly in real space. It i
linear method and the solutions are accurate near a g
energyEn , here taken at the center of gravity of the ban
We work in the orthogonal representation and expand
Hamiltonian in terms of tight-binding parameters, neglect
terms of order (E2En)3 and higher. The Hamiltonian ca
then be written as13

H5En1h2h̄ōh̄, ~1!

whereō is a potential parameter andh̄ is a Hermitian matrix,
which can be written in terms of the structure constant a
the potential parameters of the tight-binding LMTO-AS
representation. To solve the eigenvalue problem in r
space, we consider a large cluster to simulate the system
use the recursion method with the Beer-Pettifor terminato15
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to complete the recursion chain. The calculations were p
formed using clusters of 6000 host~Cd or Zn! atoms ar-
ranged in the appropriate hcp structure, with one of the c
tral atoms substituted by Fe. We have considered a bas
s, p, andd electrons~9 orbital per site! and have used 20
levels of recursion. We work within the local spin densi
approximation with the exchange and correlation potentia
von Barth and Hedin.16

The theoretical approach is essentially the one used
Terrazos and Frota-Pessoˆa,9 but while here we include term
in (E2En)2; in the previous work these second-order ter
@related to h̄ōh̄ in the Hamiltonian of Eq.~1!# were ne-
glected. It is clear from Fig. 1 that the first-order approxim
tion describes rather well the IS trends, but since both
and Zn have wides bands, the inclusion of second-ord
terms may be relevant. As in the previous work, the IS at
Fe site is obtained in terms of the calculated electro
charge densityr imp(r ) at the Fe impurity andrFe(r ) at the
Fe site in bcc Fe~taken as reference!, both substituted at the
nuclear region by takingr 50. In units of mm/s, taking the
usual factora to be used in nonrelativistic calculations, w
have

IS5a@r imp~0!2rFe~0!#. ~2!

The constanta520.24 is given in units ofa0
3 mm/s. A

more detailed description of the IS calculations, as well a
simple model to interpret the results, can be fou
elsewhere.9

The magnetic properties of Fe in Al, Cd, and Zn are
teresting and have been investigated experimentally
theoretically by several groups. Theoretically the momen
Fe in Al vanishes when lattice relaxation is taken in
account,17 while the Fe impurities in Cd and Zn seem
retain their moments in the presence of relaxation.18 Mag-
netic studies using Fe implantation and the TDPAD te
nique reported for the Fe:Cd system by Funk19 suggest that
Fe impurities in Cd could be magnetic, with high Kond
temperatures over 370 K. But to our knowledge, in spite
the theoretical predictions, no evidence of magnetism for
in Zn has been detected so far. Here we do not address
magnetic properties, which will be discussed in a followi
paper. But considering that the existence of moments is c
troversial in these systems, the IS of Fe was obtained c
sidering both spin-polarized and nonmagnetic Fe impuri
in Cd and Zn.

IV. RESULTS AND DISCUSSION

Here we present our experimental results for Fe:Zn ~Sec.
IV A ! and Fe:Cd ~Sec. IV B!. In the case of Fe in Zn the
Mössbauer spectra suggest that the Fe impurity occupies
type of site, while for Fe in Cd the MS results indicate th
more than one type of site can be occupied by Fe. In S
IV C we consider the Fe impurities in both Zn and Cd an
with the help of theoretical calculations, establish values
the IS of substitutional Fe sites in these systems. These
ues are discussed and compared with those in the litera
0-2
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Fe IMPURITIES IN Cd AND Zn HOSTS: THEORY . . . PHYSICAL REVIEW B68, 094430 ~2003!
A. Fe:Zn

We have prepared several samples of Fe in a Zn ma
using vapor quenching at low temperatures; however,
best sample, as revealed by Mo¨ssbauer spectroscopy, wa
obtained with the substrate at 300 K. Figure 2~a! shows the
in situ MS for this sample at two different temperatures, 7
and 300 K. The spectrum shows a narrow slightly asymm
ric paramagnetic doublet, which has been associated w
component corresponding to a single-type Fe location.
asymmetry of the spectra was attributed to the presenc
texture effects. This is confirmed by additional MS measu
ments showing the expected angular dependence of
asymmetry@see Fig. 2~b!#. The hyperfine parameters are
50.53(1) mm/s and the quadrupole splitting is 0.5 mm
the linewidth in all ranges of temperatures considered w
0.28 mm/s, indicating that the sample is stable and confi
ing that the Fe impurities are present in a unique phase.
values of isomer shift, within the measurement error, a
quadrupole splitting~QS! are in good agreement with th
values of IS50.51 mm/s and QS50.5 ~Refs. 1 and 10! re-
ported in the literature for Fe in Zn.

B. Fe:Cd

The in situ Mössbauer spectrum at 7 K, for the as- pr
pared57Fe:Cd film, is displayed as the top spectrum in Fi
3. It consists of a main doublet~doublet I! with isomer
shift IS(I)50.74(1) mm/s, quadrupole splitting QS(
50.61(1) mm/s, and 91% relative absorption area~RAA!.
The large positive IS value found for the doublet~I! is ex-
pected for substitutional Fe sites in hosts with large Wign
Seitz~WS! radius, since in the case of large atomic volum
the s-electron density at the nuclear site is small (DR/R

FIG. 2. ~a! MS measured at 7 K and 300 K for the film
Fe0.005Zn0.995, prepared at 300 K, the measurements were p
formed as indicated in Sec. II,~b! MS measured at 300 K and at 90
between the film plane and theg-ray direction.
09443
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,0, for 57Fe). Near zero velocity, a small doublet~II !
is observed with IS(II)50.08(1) mm/s and QS(II)
50.55(2) mm/s. This subspectrum reflects a higher elec
density at the nuclear site and could be due either to F
interstitial sites or to small iron clusters.

In order to investigate possible cluster formation due
atomic diffusion in the films, we have performedin situ
Mössbauer measurements at higher temperatures. The c
sponding MS can also be seen in Fig. 3. In the first ann
ing, as the temperature is increased to 250 K, a new
component appears~doublet III! with IS(III) 50.30 mm/s
and QS(III)50.50 mm/s. Changes in the relative absorpti
area during annealing, as well as values for the IS and
QS, are given in Table I. One can see that as the tempera
rises from 7 K to 250 K, the RAA ofdoublets II and III
steadily increases while the RAA of doublet I decreases
the heated sample is again cooled down to 7 K the process is
not completely reversed: part of the new phase~doublet III!
remains and retains a significant RAA of 22%. We note t
in the cooled sample, the RAA of doublet II increases fro
9% to 15%, while that of doublet I decreases from 91%
63%, when compared to the as-prepared system. The di
ences in the RAA observed at 250 K and 7 K indicate that
doublet I has a lower Debye temperature than doublets II
III. As the temperature is again increased to 300 K, we
serve an increase in the relative areas of doublets II and I
the expense of the main doublet I. The behavior descri

r-

FIG. 3. In situ MS at different temperatures for the Fe0.005Cd0.995

film prepared at 16 K.
0-3
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TABLE I. Hyperfine parameters of the Fe0.005Cd0.995 film, Ts516 K. IS and QS are in mm/s; RAA is
in %.

Doublet I Doublet II Doublet III

T~K! IS QS RAA IS QS RAA IS QS RAA

7 0.74~1! 0.61~1! 91 0.08~1! 0.55~2! 9
160 0.72~1! 0.62~1! 73 0.08~1! 0.51~2! 12 0.33~2! 0.5~5! 15
250 0.70~1! 0.58~1! 54 0.09~1! 0.47~2! 18 0.35~1! 0.54~2! 28
7 0.70~1! 0.60~1! 63 0.10~1! 0.45~2! 15 0.37~1! 0.52~2! 22

300 0.70~1! 0.52~1! 31 0.08~1! 0.44~2! 31 0.37~1! 0.51~2! 38
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above for this low-solubility system is different from th
observed in Fe:Pb and Fe:Yb.6 In these systems, after annea
ing at 300 K, all isolated Fe atoms diffuse, forming sm
clusters, and the signal corresponding to the isolated imp
ties disappears. Here a fraction of the main doublet rema
but analogy suggests that the new phase III could be rel
to the formation of small iron clusters such as dimers, tri
ers, etc.

After annealing the sample up to 250 K the isomer sh
value of the doublet I decreases by 0.04 mm/s and remain
0.7 mm/s up to 300 K and the quadruple splitting decrea
by 0.02 mm/s, which could be due to annealing of defe
present in the quench-condensed film. Thus, after annea
the sample has a rather crystalline structure.

It is well known that the vapor condensation of nonm
cible metals at high temperatures favors metal cluster
Thus, to investigate if the appearance of doublet III and
increase in RAA of doublet II could be correlated to t
formation of Fe clusters during annealing, we have prepa
a sample with a 0.5 at. % of57Fe at 300 K, using deposition
rates and vacuum conditions similar to those of the sam
prepared at 7 K. The MS, taken at different temperatu
between 11 K and 300 K, is shown in Fig. 4. Analysis
these data shows that the MS consists of two doublets
hyperfine parameters similar to those observed before, w
we denote as doublets II and III. In Fig. 5 we show t
relative RAA variation for doublets II and III in the Fe:Cd
samples prepared at 300 K. The RAA of the site correspo
ing to doublet II, when measured at low temperatures
higher than that of the site identified with doublet III, ind
cating that it has a lower Debye temperature. The same
havior was observed for doublets II and III in the samp
prepared at 16 K, reinforcing the assumption that these d
blets are really associated with small Fe clusters in Cd.

In Fig. 6 we show the results ofin situ ac resistivity
measurements performed on a Cd film with iron concen
tion of 0.5 at. %, prepared at 16 K. Initially, as we heat t
sample, the electrical resistivity increases, i.e., it has a p
tive temperature coefficient up to about 120 K. Howev
above this temperature the temperature coefficient of the
sistivity is becoming negative, indicating that defects are
ing annealed. Cooling the sample back from 220 K to l
temperatures, the resistivity curve shows that the anne
sample has a resistivity which is a factor of about 2 sma
than that of the as-prepared sample. This relative sm
09443
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change in the resistivity and the small variation of the hyp
fine parameters observed in the MS measurements of
annealed sample confirm our interpretation that the
prepared Fe-Cd film has a rather crystalline structure c
taining some defects. Increasing the temperature again to
K, the resistivity curve was reproduced, showing the co
pletely reversible behavior of the annealed sample typical
a rather crystalline sample. In the range of temperatures
cessed in our experiment no indication of Kondo-like beh
ior was observed.

C. Substitutional Fe impurities in Cd and Zn

As shown in Fig. 1, first-principles LDA calculations fo
the IS of substitutional Fe impurities in a large number

FIG. 4. MS measured at different temperatures for the fi
Fe0.005Cd0.995 prepared at 300 K.
0-4
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Fe IMPURITIES IN Cd AND Zn HOSTS: THEORY . . . PHYSICAL REVIEW B68, 094430 ~2003!
metallic hosts give results which reproduce well the o
served experimental tendencies. These results,9 which can be
understood in terms of a simple model, were obtained us
the RS-LMTO-ASA approach in the first-order approxim
tion, in which the termh̄ōh̄ of Eq. ~1! is neglected. As men
tioned before, we observe that for simple metal hosts to
right of Fe @Fig. 1~b!#, the calculated IS values~black
squares! are systematically lower than the experimental v
ues reported in the literature~empty circles!. The noticeable
exception is Cd, suggesting that the reported experimenta
value for Fe in this host may be too low.

Here, we present new measurements for the IS of F
two hosts: Zn~which, in the comparison of Fig. 1 followe
the expected trends! and Cd ~which apparently did not!.
Since the second-order termh̄ōh̄ may be of some importanc
in the case of hosts with broads bands, the IS calculation
for substitutional Fe in Zn and Cd were repeated, tak
these terms into account. As in the measurements, th
values were obtained using bcc Fe as the reference sys

FIG. 5. Relative absorption area~RAA! vs temperature varia
tions for the Fe0.005Cd0.995 film prepared at 300 K.

FIG. 6. Electrical resistivity as a function of temperature
as-prepared Fe:Cd film. Reversible branches of the curves
marked with double arrows.
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In Table II are shown the theoretical results for the IS
substitutional Fe impurities in Zn and Cd. The results we
calculated using the procedure described in Sec. III and,
the reasons discussed there, both the spin polarized~SP! and
nonpolarized ~NP! situations considered. As note
previously,9 IS results for the spin-polarized case are usua
lower than the ones obtained for the nonmagnetic impu
and this can be seen for Fe in Zn and Cd. We also know fr
previous calculations9 that the core contributions should b
small. Here, in all cases, core contributions are respons
for less than 10% of the IS value.

In Table II, together with the theoretical results, the e
perimental IS values for Fe in Cd and Zn are also shown
comparison. In the case of Cd, where several components
present, the value corresponding to doublet I was assume
represent substitutional Fe impurities in Cd, since, as
discussed in Sec. IV B, the other doublets are probably a
ciated with small Fe clusters. Since resistivity measureme
suggest that the Cd film, deposited at 16 K, as prepa
might be with some disorder, we have taken the of
50.70 mm/s associated with the rather crystalline films
Table I to represent the experimental value for Fe impurit
in Cd. Considering that in first-principles calculations no a
justable parameters are used, the agreement between th
and experiment in Table II is rather good, suggesting that
IS of Fe in Cd is really much larger than previously report
and confirming our assignment of doublet I as correspond
to substitutional Fe impurities in Cd.

Finally, in Fig. 7, we show trends in the IS for substit
tional Fe impurities in several hosts to the right of Fe in t
periodic table. Theoretical results of Terrazos and Fro
Pessoˆa ~black squares! and experimental results found in th
literature~empty circles! are shown together with the new I
theoretical~open square! and experimental IS results for F
in Cd and Zn obtained from MS in this paper~cross!. We
note that our experimental value of 0.53~1! mm/s for the IS
of Fe in Zn is in good agreement with those of 0.51~1! mm/s
and 0.53~1! mm/s found in the literature, but for Fe in Cd ou
present value of 0.70~1! mm/s is substantially higher than th
one ~0.45 mm/s! previously reported. This lower old valu
actually is closer to that of doublet II and may be associa
with clustering or other defects in the sample. If our res
~cross! is considered, the experimental result for the IS of
in Cd is slightly higher than the theoretical one, and fi
perfectly into the trends established by the behavior in ot
hosts. These trends can be understood in terms of a sim
model where the IS of Fe is mainly governed by the W
radius of the host that gives the volume available for the
when introduced substitutionally into a given host. Inters
tial Fe impurities tend to have more negative IS values si
re

TABLE II. Theoretical and experimental IS for substitutional F
in Cd and Zn hosts, SP and NP mean spin polarized and nonp
ized, respectively.

Host SP~mm/s! NP ~mm/s! Expt. ~mm/s!

Zn 0.47 0.53 0.53~1!

Cd 0.57 0.66 0.70~1!
0-5
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compression increases the electronic charge density a
nucleus.8 Similarly, as the volume occupied by the substit
tional Fe impurity in the host increases, the IS at the impu
increases, reflecting a lowers-electron charge density at th
Fe nucleus. Since the WS radius of Cd~3.24 a.u.! is larger
than that of Zn~2.98 a.u.!, the IS for Fe in Zn should be
smaller than that of Fe in Cd and this is in fact observed
the present results.

V. CONCLUSIONS

Here we have used the vapor condensation method to
duce Zn and Cd films with low concentrations of57Fe and
have shown that reliable, stable samples of these nonallo
systems can be obtained using this technique. The films w

FIG. 7. Isomer shift values for substitutional Fe impurities
several hosts to the right of Fe in the periodic table. Some exp
mental~empty circles! and theoretical~black squares! results as in
Ref. 9 are given together with the new experimental IS values
Fe in Zn and Cd~cross! and theoretical IS values~empty squares!,
obtained here.
es

.,

y
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then studied, at several temperatures, usingin situ Möss-
bauer spectroscopy andin situ resistivity measurements. In
the case of Fe in Zn, we found that the Fe occupies only
site, with IS50.53(1) mm/s and a QS50.5(1) mm/s, even
for deposition with the substrate at room temperature. T
behavior is different from what we have found for Fe in P
and in Yb films,7 and it would be important to understan
this difference. For Fe in Cd, the situation is more compl
and at higher temperatures the MS indicate coexistenc
three different Fe sites. To identify the sites we have p
pared the Cd films not only at 16 K, but also at a mu
higher temperature~300 K!, where formation of Fe cluster
is favored. Doublet I, which dominates at low temperatu
with an IS of around 0.70~1! mm/s and a QS
50.60(1) mm/s, has been associated with substitutiona
impurities, while the other two doublets are associated w
the formation of small Fe clusters.

We have also performed first-principles calculations
the IS of substitutional Fe impurities in Zn and Cd. Th
identification of doublet I with substitutional Fe impurities
supported by these calculations.

We used experimental and theoretical approaches to
vestigate the behavior of the isomer shift of Fe impurities
Cd and Zn. The experimental IS values agree well with th
obtained in the calculations and follow the expected trend
a function of the volume available for the Fe,9 which, in the
case of substitutional impurities, is determined by t
Wigner-Seitz radius of the host. Our experimental value
0.53~1! mm/s for the IS of Fe in Zn is in good agreeme
with those reported in the literature.1,10A new, more reliable
IS value of 0.70~1!mm/s has been determined for substit
tional Fe impurities in Cd, confirming that the previous val
of 0.45 mm/s~Ref. 1! was too low.
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