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Superconducting and Magnetic Properties
" of Dilute Te-(Fe) Alloys
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: The superconductlng transition temperature To, the upper critical field Hes, and the hyperfine
ﬁeld have been measured for dilute Tc-Fe alloys. The samples prepared by -electrodeposition
and reduction have an almost dirty limit structure. The linear decrease in InTo with respect
to the impurity concentration is consistent with the theoretical prediction for the localized spin
fluctuation system. Observed curves of He2(T) and the small negative value of the saturation
hyperfine field indicate that Fe impurities in T'c do not have well defined magnetic moment, and
that there exist localized spin fluctuations in the Tc-Fe system. This conclusion is not consistent
with the previous results found for arc- -melted Tc-Fe alloys.
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INTRODUCTION

In the years after the paper of Clogston ¢t al.,> considerable effort has been devoted,
both experimentally and theoretically, to understand the magnetlc properties of transition
metal alloys with 3d transition metals as impurities.”> In partlcular a number of studies
have been reported on the effect of 3d impurities on the superconducting property of
4d or 5d transition metals.*~® However, because of the absence of stable isotopes, few
investigations have so far been reported on the Tc host alloys. Koch ¢ al.»" reported
that the magnetic susceptibility of Tc-3.7 at.%Fe is almost independent of temperature
and that the suppression of transition temperature and enhancement of susceptibility by
Fe impurities are much more than those caused by Co and Ni impurities; From their
results, the magnetic character of Fe impurities in Tc is expected to be in the transition
region from the non magnetic to the magnetic state. They used impurity.concentrations
of several at.% up to 8 at.%, for which the effect of the interaction between impurities
has to be taken into account, and direct comparisons with the Kaser’s theory® on the
impurity. concentratmn dependence of transition temperature are not appropriate. By
this reason, it seems to be worthwhile to investigate the superconducting and magnetic
properties with the extremely dilute impurity system of Tc. For better understandmg of
the dilute Tc-Fe alloys, we have measured the superconducting transition temperature
T, and the upper critical field He, of Tc-3d (Fe, Co, Mn) alloys, and also the
Mossbauer hyperfine field Hye of 'Fe impurities in- Tc. Some of the results were
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previously reported.®1®

The impurity concentration dependence of T, and of He(T) reflects magnetic
behaviors of the impurity in the host in question. ‘In the transition region between - the
magnetic and the non magnetic state, the suppression of T, by magnetic impurities  has
been explained either by the localized spin fluctuation (LSF) model'™ or by the non
magnetic resonance model.® In addition, the measurement of Hyr is a good mean to
probe the 3d magnetization, because Hye is assumed to be proportional to the electronic
polarization localized on the impurity site. Since the Mbssbauer measurement is feasible
with very dilute samples (in a low-ppm region), it is possible to obtain information of a
single impurity (non-interacting to each other) by means of this method.

In this paper, we present our experimental results of T,, Hes, and Hye obtained with
extremely dilute Tc-Fe ailoys having an almost dirty limit structure. Comparisons with
the results for well studied 4d-Fe and 5d-Fe systems, and with predlctlons of the LSF
model are: also given. : :

EXPERIMENTAL

1. Sample Preparation

In order to prepare metallic Tc, we have developed a method of sample preparation
by means of electrodeposition and reduction, of which the details were previously
reported.!® Technetium and 3d impurities were electrolytically deposited on a thin film
of iron free nichrome (1.7X8.0mm? vapor deposited on a ceramic base). For electro-
deposition, we used Tc in the chemical form of NH,*Tc¢O, in aqueous solution. As
impurities, we used Fe in the chemical form of FeSO,(NH,);SO, - 6H,0, Co in CoCl; -
6H,0, and Mn in MnCl, - 4H;0. Technetium and one of these impurities were 'simul-
taneously electrodeposited in H,S80; electrolyte (pH 1.0), which contained tracer
amounts of radioactive isotopes, %*Fe, 5Co, and 5*Mn, respectively. By adding “the
electrolyte during deposition, the change in ion concentration was minimized. To elimi-
nate technetium oxide and some disolved gases, the samples were then heat-treatedin a
highly purified hydrogen atmosphere for 4 h at 1000°C. The amounts of *Tc and
impurities recovered from the electrolyte were determined by measuring the activity of
the residual solution with a liquid scintillation counter (*Tc), a Si(Li) detector (**Fe),
an intrinsic Ge detector (*Co), and a Ge(Li detector (**Mn). The thickness of samples
thus prepared was 8~9 pym. The impurity concentration was 0.25 at.9 at maximum.

For the Mossbauer measurement, a source of 5Co incorporated in Tc was prepared
by a similar method. The carrier free $Co (in CoCly) and Tc (in NH,TcO, were
simultaneously electroplated on a Tc film previously electroplated on'" a Gu substrate
(150 mm?). The sample was reduced for 46 h at 900°C. The radioactive intensity of
"Co was 35 pCi, corresponding to 0.5 ppm of the host Tc. Although the :concentration
of Co is extremely small in terms of the optimum Méossbauer condition, the effect of
interactions between Fe impurities can be conveniently neglected.

An 'X—ray diffraction study of these samples confirmed the hep structure of metallic
Tc, and revealed that the ¢-axis is preferentially oriented perpendicular. to the sample
surface. Analysis by a scanning electron microscope showed ‘that the metallic: Tc . pro-
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duced on the nichrome base was granular having a diameter of 2. 1~2.9 ym. Impurity
analysis was made by using an X-ray microprobe analyzer. Diffusion of the basic
nichrome -into Tc:was not over the threshold for- detection, 100 ppm  for Ni, .and no
appreciable maldistributions of Fe, Co, and Mn in the host were observed.’

Measurements of T, and H,,

The transition temperature T, was determmed by measuring the ac resistance -as a
function of temperature. The value of T, was taken as the midpoint of  the transition.
A detailed. description of the measuring techniques is given in ref. 12, The conventional
ac four-probe technique was employed, where the current through the sample was 10
.uA; 1 kHz.- The temperature of samples. was measured with a calibrated Ge: thermome-
ter. o i .
Measurements of 7T, were also performed by the inductive method. For pure Tec,
T, was determined as 7.46+0.02 K by both methods (ac resistive and inductive), but
for others containing impurities, T obtained by the inductive method was slightly smaller
(<(29%) than- that by the ac resistive ‘method. This difference may be due to some
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- Fig. 1. Schematic diagram of the cryostat for measurements of the upper
critical field: A) Liquid nitrogen, B): Level meter of liquid helium
made by Nb-Ti superconducting wire, C) Liquid helium, D) Copper
sample holder, E) Superconducting magnet, F) Silk thread, G) Ge
thermometer, H) Heater (manganin wire), I) Bamboo needle,
J) Sample. Radiation-shields around the sample room are not shown -

:in the figure. ‘
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inhomogeneity in these samples, but was considered not -to be critical for the present
experiment.

The upper critical field He,(T) was determined by measuring the resistive transition
of samples. The experimental arrangement is shown in Fig. 1. The external magnetic
field supplied by a superconducting magnet was perpendicular to the sample surface.
The sample holder made by copper was arranged so as to eliminate the temperature
difference between the sample and the Ge thermometer, and to ‘minimize the effect of
the magnetic field to the thermometer. At a fixed temperature (<+5 mK), the field
was increased until the superconductivity was quenched. The value of He; was defined
as the field at which the resistivity reached half its normal-state value. The amount of
hysteresis was never greater than 4% of Hes. ‘The width of the transition was .approxi-
mately 10% of H,.

3. Méssbauer Measurements

The Maossbauer experiment was performed in the temperature range of 1.5~4.2 K
and in the external magnetic field Hex: up to 50 kOe. From measurements of He,, it
was confirmed that the superconducting state was definitely quenched in the magnetic
field applied here. The sample was placed at the center of a superconducting magnet
and was attached to a copper holder by Apiezon N grease. Temperature measured by
vapor-pressure of ‘He was stable to better than 29 during measurements of about 10 h.
The absorber used was stainless steel containing 1.0 mg/cm? of *"Fe, which was kept at
room temperature. The calibration of the veloéity was made by the known magnetic
splitting of a-Fe. The external field was perpendicular to:the sample surface and was
* parallel to the y-ray direction.

The effective field Heee acting on the 5’Fe nucleus contained in the sample as
impurities is given by the sum of the external field Hext and the induced hyperfine field
Hys, i, Herg=Hexs+ Hyr, of which the value is determined from the hyperfine spectra. By
taking into account the existence of texture in the present sample, analysis of the spectra
was made by assuming the Lorentzian line shape and the ideal intensity ratio of
3:0:1:1:0:3. This assumption is good enough for estimations of Hesr, because of -the
small quadrupole splitting, -0. 13 mm/s.}®

RESULTS AND DISCUSSION

1. Superconducting Transition Temperature

In Fig. 2 are shown the superconducting transition curves of pure Tc and three
samples containing Fe impurities, observed by the ac resistive method. The observed
curves involve the resistive change in the nichrome base. However, because of the small
change in resistivity of the nichrome film, being less than 39 from 293 K to 4.2 K, this
effect can be neglected. As seen in the figure, for pure Tc, a sharp transition is ob-
served at T,—=7.46 K, where the transition width is about 0. 1 K. For the Tc-Fe system,
broader transition curves were observed, proving the existence of some inhomogeneity in
these samples. The residual resistivity is 100~200 pf2cm and the value of ["is 2.2~2. 5,
where I' is the ratio of resistance at 295 K to that at 8 K. The large value of residual
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Fig. 2. Typical transition curves (resistance Fig. 3. Logarithmic value of the reduced
versus temperature) for wvarious transition temperature, In(To/Teo),
Tec-Fe alloys. a) Pure Tc, b) Tc- versus the impurity concentration
0. 10 at.% Fe, ¢) Tc-0. 14 at.% Fe, n for Tc-Fe, Tc-Co, and Tc-Mn
d) Tc-0.21 at.% Fe. alloys.

resistivity and the small value of I” compared to usual bulk samples prove that the pres-
ent samples have very dirty structure. :

In Fig. 3:is shown In(7,/Te,) versus the impurity concentration n of Fe, Co, and
Mn, where T, is the transition temperature of pure Tc. The initial decrease in T, with
respect to n, —(dT,/dn) ., are 2.9, 1.2, and 0.6 K/at.% for Fe, Co, and Mn, respec-
tively.  Our values for Tc-Fe and Tc-Co are about three times larger than those by
Koch ¢t al.® with arc-melted samples, i.e., 0.85 and 0.47 K/at.%. Discussion about this
discrepancy will be given below. In both experiments, however, the Fe impurity sup-
presses T,, more intensely than others. This suggests that the magnetic nature of Fe
impurities has the responsibility for suppression of T,. In the systems of Ru-3d and of
Ir-3d, a similar behavior has been repor‘ted. The injtial decreases of T, are 0.28 and
2.06 K/at.% for Ru-Fe* and Ir-Fe,® respectively. These systerxis are known to be the
LSF system from both the impurity concentration dependence of 7,5'® and the tem-
perature dependence of resistivity.!4#9 '

According to the LSF model, a localized spin at the impurity site fluctuates with a
characteristic frequency wesr=kglss/#%, where T is spin fluctuation temperature regarded
as a phenomenological parameter, and the electron scattering by LSF at the impurity site
is responsible-for the suppression of T,. Recently, Réssler and Kiwi!? proposed a formu-
la for T, as a function of =,

To=Teoexp[ —An(l—Bn)7], (H
where
@2l+Dasz (Ko1-5/6) (I'/21's)
A= ) | @
_ @I+ | aet+5/641". )
xl'sN(0) 141,

Notations used in the above relations are given in ref. 11. Equation (1) is a generaliza-
tion of the Kaiser’s theory, i.e., the LSF effect is taken into account in this case. From
the equation, the initial decrease in In(7o/Te,) with respect to n is nearly linear. The
present result for the Tc-Fe system is, as seen in Fig. 3, slightly downward or linear,
suggesting that Tc-Fe alloys be the LSF system.

(49



" T, TARABATAKE and H. MAZAKI ‘-

The discrepancy in (d7o/dn),., between the present experiment and fhe “previous
ones®" indicates that the pair breaking by Fe impurities is enhanced in almost dirty limit
Tc. The reason for this enhancement can be understood if the effect of LSF associated
with ‘Fe impurities-increases in dirty Tc. In other words, for extremely short mean -free
path of electrons, the interaction between impurities which tends to suppress the effect
of LSF rarely takes place.!®

2. Upper Critical Fields

The‘temperature dependence of He, for three kinds of samples, pure Tec, Te-Fe.
(0._14— at:%), and Tc-Fe(0.21 at.%) has been measured. As shown.in Fig. 4,_ Hey(0) for
pure Tc is 29 kOe, which is about 10 times larger than that reported for arc-melted
pure Tc, 2.6 kOel” The large value of H,(0) observed here is due to the very dirty
structure of our sample. In the case of dirty limit superconductors, the slope of Hey(T)
for |T To| LT, is given by'®

dch — 12k13(,‘ . . o
T zogel” o B

where kg is the Blotzmann constant, op is the Fermi velocity of Tc and [ is‘theele’ctr‘on‘
mean free path. Using vp=1.8X10%cm/s!® in Eq. (4), we get [=5 A, ednﬁfihing the
almost dirty limit structure. This value of I is the order of the lattice constant and much
smaller than the grain size (=500 A), suggesting that electrons are malnly scattered by
lattice defects in a grain. _

The temperature dependence of pair breaking (or weakening) due to impurities‘ can
be expressed by the palr breaking parameter a(T), which is related to He, by?®

[a(T):l _ [Heo(D) Jpuro—[Heo (D) Jatsor ‘ « )
'af‘c,. imp [ch( ):Ipure

where aer is the. critical value of pair breaking required to depress 7T, to zero. Our

measurements indicate that [a(T)/aer limp increases. as: temperature decrease. The tem-
perature dependence can not. be explained without taking into consideration .that Fe
impurities in Tc are not simply non magnetic. A possib:le,explanation is that, under an
applied field near Hez, some effective moment is induced at the Fe impurity site and the
exchange field due::to the effective moments depresses the observed . Hy, in the low

30

e Tc

A Te-014%Fe
| Te-0.21%Fe
20

Hee (kOe)

T(KI .
Fig. 4. Temperature dependence of thée upper critical field ch oo
for pure Tc and two Tc-Fe alloys. '
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temperature region.

Hyperﬁne Fields

Typical Mossbauer spectra taken at 4.2 K for different external ﬁelds are shown in’
Fig. 5., The solid lines are the results of a computer fit, from which the value of Hes
was obtained. A small asymmetry in the specfra is due to the quadrupole interaction.
Since the concentration of ¥Co in the sample is very small, the statistical accuracy of
the spectra is not satisfactory.

In Fig. 6 is shown Hy(=Hets— Hexy) versus Hex/T for Hexs=30 ard 50 kOe From
the ﬁgure, the saturation hyperfine field Hsss which depends on Hegs, is estlmated as
— 4,441 kOe for 30 kOe and —7.4+1 kOe for 50 kOe. The local susceptibility
Hit/Hoxy for Hexy=30 and 50 kOe is determmed as —0.145+0.009 from the average
of all. data in Fig. 6.

The saturation hyperfine fields given above are much smaller than those for the
case where an Fe irﬁpurity has a well defined magnetic moment, even for the case
where the Kondo effect exists. This suggests that the Fe impurity in Tc has no well
defined inagrfetic moment. Although Hyr includes the Van Vleck type contribution
H,, béing' proportional to Hexs, from excited electronic” states, the term Hy is usually
pOSlthC and is only a few percent of Hegy(for example, 3% for Mo-Fe?? and 19 for
Nb- Fe,“’ both 4d hosts). In the present case, Hy was not measured, but can be 1gnored
within expenmcntal errors. Thus, the observed small negative H,; is attributed to the
local magnetization of Fe impurities.

1 T 1 ] T

8+ Hext=50k0e
g
= t / Hext=30k0e
1 /

L . :
T
o . —

[¢] 10 20 30
Hext/T {kOe/K)

Fig. 6. Hyperfine field of "Fe in Tc from
Msssbauer experiments as a function
of Hext/T, where the external field
Hux;=30 and 50kOQOe, and’tempera-
ture is 1. 5<7T<4.2K.

RELATIVEV TRANSMISSION °

Fig. 5. Mbssbauer spectra of 5"Fe impurities
in Tcat4,2K in different external
magnetic fields. The direction of y

[ 1 I I L rays is parallel to the external field.
-2 0 2 ’ The absorber is stainless steel con-
VELOCITY (mm/s) taining 1. 0 mg/cm? of *Fe.
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4. Comparisons with Nb, Mo, Ru, and Ir Hosts

Clogston el al. showed from susceptibility measurements that the magnetic character
of Fe impurities in the series of 4d transition metals is well correlated with the average
number of outer electrons, N. However, in the measurement, they used 5d Re instead
of 4d Tc. This replacement may be due to the difficulty in handling radioactive Tc. In
order to understand the magnetic character of Fe impurities in Tc, it is worthwhile to
compare our results with those of other well studied 4d-Fe or 5d-Fe systems.

In Table I are listed the data of initial depression of 7, and of the saturation
hyperfine field Hgy of Nb-Fe, Mo-Fe, Tc-Fe, Ru-Fe, and Ir-Fe systems. The value
of Hgas determined by Mossbauer measurements is generally assumed to be proportional
to the magnitude of the effective localized moment. Since Hias generally depends on
Hexs, the values found for Hexy=50~62 kOe are adopted in the Table.

The magnetic character of Fe impurities in Nb(#N =5, bcc) is simple non magnetlc 22,23
The initial depression of To and Hge are both the smallest among five systems listed
in the Table. In contrast, Fe impurities in Mo (N=6, bcc) have a well defined
magnetic moment, and indeed the Kondo effect has been observed.2»28 Both the initial
depression of T, and the Hey are the largest among those given in the Table. In the
Ru-Fe case, both values are comparable to those of Nb host, but the existence of LSF
is supported by the impurity concentration dependence of T, and by the temperature
dependence of the resistivity, from which the spin fluctuation temperature Ty is esti-
mated to be more than 700 K.!» Judging from our results of the Tc-Fe system, the
magnetic character of Fe impurities in Tc is considered to be in the intermediate region
between Mo-Fe and Ru-Fe.

It is interesting to compare the results of the Tc-Fe system with those of the Ir-Fe
system. In the 5d series, the critical region from the non magnetic to the magnetic state
occurs at Ir(N=9, fcc), which has been confirmed by bulk susceptibility measurements.?®
In addition, in the Ir-Fe case, the suppression of T,® and the characteristic tempera-
ture dependence of resistivity!#!® have been explained as the effect of LSF. Two
different values of Ty for this system have been reported, 28 K!¥ and 225 K.

The similarities in ~(d7,/dn) soo and Hgay between Tc-Fe and Ir-Fe systems indicate
that the enhanced depression of T, and the small value of Hgay for the Tc-Fe system
are attributed to LSF. The possible explanation for the small negative values of Hgay in
Tc-Fe and Ir-Fe systems are as followings: In these systems, a high external magnetic
field of 50 kOe or more may induce a localized spin at the impurity site. Although . this

Table I. Initial Depression of Transition Temperature and Saturation Hyperfine Field of
4d-Fe and Ir-Fe Alloys. N is the Number of Outer Electrons of the Host Metal

Host Nb Mo Tec Ru Ir
N 5 6 7 8 9(5d)
— (dTo/dn) 40 0.22% 260%9 2.9 0.28 2. 06
(K/at.%) «
Hiar +122 —110% —7.4 —-120 —1L. 787
(kOe)
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induced spin fluctuates in time with the intrinsic frequency which is much higher “than
that of the nuclear Larmor precession, it spends more timé in the parallel- spin. state to
the external field. In this circumstance, Fe nuclei involved as impurities experience . the
time-averaged Hps, which can be observed by the Mossbauer effect measurement.

CONCLUSIONS.

The suppression of T, of Tc by Fe inipuritieé is more ihtéﬁse than th_bse’- by, other
3d. impurities .(Co, Mn). The linear decrease in InT,. with respect to impurity concerntra-
tion of dilute Tc-Fe alloys is consistent with the theoretical prediction for the LSF sys-
tem. Observed curves of upper critical field He, of Tc-Fe alloys and the small negative
value of saturation hyperfine field of *Fe in Té suggest' that -an effccti\(é :momcnlt is

“induced at-the impurity site: by an external field: C - oo

Experimental evidence and discussion given in thxs paper: lead us. to - the concluswn
that the magnetic character of Fe impurities in Tc is the intermediate state between non
magnetic and magnetic, and that there is LSF in this alloy. The present conclusion is
not consistent with the previous result” found with arc-melted Tc-Fe alloys. However,
because of the limited data so far obtained, it is difficult to draw any quantitative
conclusion, such as.for spin fluctuation temperature. Further studies of the Mossbauer
hyperfine field and ot the electrical resmtlvny in the extended temperature region should
be considerable interest.
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