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Superconductivity of Ta-Hf and Ta-Zr alloys: Potential alloys for use in superconducting devices
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The electronic properties relevant to superconductivity are reported for bulk Ta-Hf and Ta-Zr body centered
cubic alloys, in a large part to determine whether their properties are suitable for potential use in superconducting
gbits. The body centered cubic unit cell sizes increase with increasing alloying. The results of magnetic
susceptibility, electrical resistivity, and heat capacity characterization are reported. While elemental Ta is a
type I superconductor, the alloys are type II strong coupling superconductors. Although decreasing the electron
count per atom is expected to increase the density of electronic states at the Fermi level and thus the supercon-
ducting transition temperature (7;) in these systems, we find that this is not sufficient to explain the significant

increases in the superconducting 7;’s observed.
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I. INTRODUCTION

Among the candidates for the fabrication of quantum com-
puters, gbit-based devices made from Josephson junctions
enclosed in resonant cavities made from the superconductors
Nb and Ta are of significant interest [1]. Of particular interest
to us have been devices fabricated through the use of the
elemental superconductor Ta in its body centered cubic (bcc)
form [2]. This superconductor is type I, as most elements are,
suggesting that it may be of interest to characterize devices
made from Ta that has been modified. Devices made from
doped bce Ta may have improved properties since Ta is more
noble than Nb, therefore restricting its weathering products,
and finally that it may prove to be advantageous to increase
the 7, of elemental Ta to higher temperatures (i.e., higher than
4.4 K) to increase the temperature differential between the
advent of the superconducting state and the temperature of
device use. In this paper we determine whether alloying the
group V metal Ta with the group IV metals Hf and Zr has
the chance to fulfill those criteria. In the bulk form, which is
what is studied here, we find them to be advantageous in two
of the three criteria. Previous work [3] has shown that HfFO,
is a very good dielectric material, the insulating nature of
ZrO, is widely known, and both Hf and Zr are electropositive
metals and thus the alloys potentially fulfill all three of the
hypothetical criteria for improved gbit performance.

Several solid solutions of metals alloyed into the early
transition metals, i.e., Ti-Mo [4], Ti-Rh [5], and of particular
interest for this work into the group V metals have been
synthesized and studied, i.e., Nb-Ti [6], Nb-7, [7], Ta-Re
[8], Ta-Hf, and Ta-W [9]. According to our knowledge, al-
though the superconducting properties of the solid solutions
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of Ta with its neighboring transition metals have been re-
ported [9], its superconducting properties when alloyed with
Zr have been studied only on a Ta-Zr thin film produced by
cosputtering [10]. Here we provide a detailed analysis of the
superconducting properties of the bulk Ta-Hf and Ta-Zr solid
solutions. We find that both solid solutions, which decrease
the effective electron count per metal atom from that of the
pure group V element Ta, increase 7. from about 4.4 K to
about 6.7 K for TaygHf, and to about 7.1 K for Tag gZrg».
All the doped phases of Ta fabricated by our methods are bcc
in the composition range of interest, and we present clear evi-
dence that the alloyed phases are type II superconductors, not
type I superconductors as is elemental Ta. Finally, focusing
on the materials physics of the two alloy systems, we point
out that the composition-dependent 7, behavior for the Ta-Hf
and Ta-Zr alloys is not solely influenced by the increased
density of electronic states (DOS), which is suggested by the
apparent electron count variation of 7;, concluding that the
Debye temperature of the alloys is at least as important and
possibly the more important factor for determining 7.

II. METHODS

Polycrystalline Ta;_xHfy and Ta;_,Zrx samples were ob-
tained by arc-melting stoichiometric Ta (slug, Alfa Aesar,
99.95%) with Hf (Alfa Aesar, 99.9%) and Zr (Onyxmet,
Zr+Hf 99.9%) inside a high purity Ar-filled arc furnace
(MAM-1 Edmund Buhler GmbH) with Zr as a getter.
Samples were melted four times and flipped upside down after
each time to ensure homogeneity. The weight loss resulting
from the melting procedure was negligible. The as-cast sam-
ples were used for the studies.

The crystal structures of the arc-melted samples were de-
termined with a Bruker D2 Phaser second generation x-ray
diffractometer equipped with Cu-Ka lamp (A = 1.5404 A)
and XE-T detectors. Due to the ductile nature of the

©2023 American Physical Society
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FIG. 1. The powder x-ray diffraction patterns for pure Ta (a),
Tag.oZro,; (b), TagoHfo1 (¢), TagsZros (d), and TagsHfos (e). Ex-
perimental data points are represented by open circles, whereas a
fitting line (profile refinement) is shown by a red line. The expected
Bragg reflections for the cubic bee (Im — 3m) and for the hexagonal
P63 /mmc crystal structure are represented by red and blue vertical
bars, respectively. The right panel presents the XRD patterns focused
on the (110) reflection.

synthesized compounds, instead of using powders, thin
(~0.1 mm), flat plates were prepared by rolling small pieces
of the samples in a rolling mill (Durston DRM C 130). The
experimental diffraction patterns were refined employing the
LeBail method implemented in BRUKER TOPAS software.

Characterization of the electronic properties relevant to
the superconductivity was performed utilizing an Evercool
II Quantum Design Physical Property Measurement System
(PPMS). Magnetic properties were investigated with the vi-
brating sample magnetometer (VSM) option, using small
pieces cut from the arc-melted buttons. The heat capacity
was determined employing the two-t method and subtracting
the previously measured contribution from the vacuum grease
(Apiezon N). For resistivity measurements, thin (~0.1 mm)
plates initially prepared for x-ray diffraction were used. Each
of them was cut into the desired shape, polished, and then
20-pum-diameter platinum wire leads were spark-welded to the
sample surface.

III. RESULTS

Figure 1 presents a representative selection of the x-ray
diffraction (XRD) patterns obtained on the flat thin cold rolled
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FIG. 2. The lattice parameter and 7, as a function of the con-
centration of Hf (open circles) and Zr (squares) in Ta;_ My solid
solutions. The solubility limit for Zr was revealed to be 0.2, while
for Hf it reaches 0.7.

sheets. The black points represent the experimental data and
the red solid line shows the profile refinement (LeBail) that
was used to calculate the lattice parameters. For the pure
Ta sample, the (110) XRD reflection (see right panel of Fig. 1)
is relatively broad with no traces of K,—K, splitting, which
is likely caused by the stress and defects induced by rolling.
As Hf or Zr is added, the reflections become slightly broader.
Our pure Ta metal forms in a bcc crystal structure with the
reported lattice parameter a = 3.3029 A [11]. As is expected,
since the Zr and Hf metallic radii are both larger than that of
Ta, the refined lattice parameter « linearly increases with x, in
agreement with Vegard’s law, (Fig. 2). The initial slopes for
both series (circles for Ta;_Hfy and squares for Ta;_4Zry)
are identical within error. [The da(x)/dx’s are 0.271(7) and
0.270(9)/0%/mol for the Ta;_ Hf, and Ta;_.Zry series, re-
spectively.] For Zr concentrations above 0.2, a deviation from
linearity is observed, which we take as an indication of the
Zr solubility limit in Ta. For larger Zr concentration the
second phase detected by XRD studies is characterized by the
hexagonal crystal structure of Zr metal. The expected Bragg
reflections for the hexagonal phase (space group P6s;/mmc
no. 194) are represented by vertical blue bars in Fig. 1(d) for
TagsZrys. The refined lattice parameters are a = 3.254(1) A,
¢ = 5.086(2) A. Whereas the a is comparable, the c is smaller
than that reported for a pure Zr metal [12]. For the same
Hf concentration (x = 0.5) the hexagonal phase is not yet

064802-2


http://mostwiedzy.pl

A\ MOST

SUPERCONDUCTIVITY OF Ta-Hf and Ta-Zr ALLOYS: ...

PHYSICAL REVIEW MATERIALS 7, 064802 (2023)

100 1 . . .

<

o

o

)

Q

c
& 104 = .
74

T T T T T T 4
0 50 100 150 200 250 300

xin Ta, M,

FIG. 3. Concentration dependence of the residual-resistivity-
ratio (RRR) for Ta,_,Hfy (closed circles) and Ta,_(Zr, (open
squares). The inset shows temperature dependence of the normalized
electrical resistivity p(T)/p(300 K) for selected Ta;_,Hf, samples
(x=0,0.05,0.1,03, 0.5, and 0.7).

present. In summary, alloying Zr or Hf with Ta causes an
increase of the dimensions of the bce unit cell, and the solubil-
ity limits of Zr and Hf in bec Ta are determined to be 20-30%
and 70-80%, respectively. All the data presented hereafter are
only for the samples at or below the solubility limit.

The lower part of Fig. 2 presents the superconducting crit-
ical temperature (7;) as a function of Zr and Hf concentration
in bee Taj_xMy. (The data points are taken from the heat
capacity measurement, which will be discussed later in this
paper.) For both dopants, in the low concentration range (x <
0.2), T, increases with increasing x. For a Hf concentration
between 0.2 and 0.3, well within the bee solid solution region,
a maximum 7 is seen. One can expect similar behavior for
the Ta;_xZry system and in fact 7.(x) shows a tendency to
flatten for x > 0.15 but the 7, value for the samples with
x(Zr) > 0.2 does not change (not presented here) up to 0.5,
further confirming (as indicated by our XRD studies) that the
Zr solubility limit in bee Ta is ~0.2. It should be mentioned
that the slightly higher maximum 7, = 7.5 K (for Zr concen-
tration between 30% and 45%) was observed for Ta-Zr films
prepared by cosputtering [10]. This method likely extends the
Zr concentration limit in the Ta;_4Zry alloy.

The inset of Fig. 3 presents the temperature dependence
of the normalized resistivity p(7)/p(300 K) for selected
Ta;_,Hfx samples (x =0, 0.05, 0.1, 0.3, 0.5, 0.7). A
similar figure for the Ta;_xZrx series is presented in the
Supplemental Material [13] (Fig. S1). Metalliclike behavior
(dp/dT> 0) is seen for all the samples, but the RRR (residual
resistivity ratio) decreases dramatically, from 35 (x = 0) to 1.1
(x = 0.7)—see the main panel of Fig. 3. The RRR parameter
is a ratio, and is determined by p(300 K)/py, where p(300 K)
is the room temperature resistivity and pq is the resistivity at
temperatures just above T,.. This parameter is often used to
compare the quality of metallic compounds. All kinds of
materials imperfections (e.g., vacancies, interstitials, grain
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FIG. 4. Temperature dependence of the normalized electrical re-
SiStiVity p(ﬂ/p(300 K) for Ta (a), T30A95Hf()A05 (b), and Tag.9571¢.05
(c) measured in zero field and under various applied magnetic field
oH as indicated. Panel (d) presents the critical field (u,H.) and the
upper critical field (u,H) vs temperature for Ta, TagosHf( 5, and
Tag.95Zr¢ 05, respectively.

boundaries, etc.) can cause scattering of charge carriers in
addition to phonons. Hence for a very good quality Ta sample
prepared by the electrotransport technique at Ames National
Laboratory, the RRR obtained is 1700 [14], whereas for the
polycrystalline Heusler-type superconductors, RRR is near
2 [15]. The rapid decrease in RRR for the Ta; _,Hf solid solu-
tion is likely to be mainly caused by the Hf(Zr) substitutional
disorder, but the other effects, such as the possible decrease
in the size of polycrystalline grains, may also be important.
The RRR parameter for both dopants is almost identical.

The normalized resistivity at low temperatures, in the pres-
ence of various applied magnetic fields, is shown for the pure
Ta, TagosHfo.05, and TaggsZrg s in Figs. 4(a)—4(c), respec-
tively. A sharp transition to the superconducting state is seen
at 447 K for Ta, 5.61 K for TaggsHf( s, and 5.83 K for
Tag 95710 05. T, as is most commonly done for field-dependent
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FIG. 5. Magnetic data for Ta and Tag¢sHfs. (a)—(c) Normalized field-cooling (FC) and zero-field-cooling (ZFC) volume magnetic
susceptibility measured under low magnetic field (H= 10 Oe). (d)—(f) Volume magnetization vs magnetic field measured at constant
temperatures below T.. The critical field (H) and the lower critical field (H}) for Ta, TagosHf¢ 0s, and Tag¢sZr( s are presented in panels

(g)—(i), respectively.

transitions [16], is estimated as the midpoint of the resistivity
transition, which is the intersection of the resistivity with the
horizontal green line in the figures. As expected, T, shifts to
lower temperature and the transition becomes broader as the
applied magnetic field is increased.

Figure 4(d) presents the temperature dependence of the
critical field (H,) for a pure Ta sample (open circles) and the
temperature dependence of the upper critical field (H,,) for
Tag.9sHf 05 (closed circles) and Tag 9sZr¢ o5 (open squares).
In the following sections we will confirm type I superconduc-
tivity in Ta and type II superconductivity in the solid solution
samples. The solid lines presented in this figure are a fit to the
expression

The fit gives the zero Kelvin critical fields uoH.(0) =
042(1) T for Ta, /J,()HLQ(O) = 157(8) T for Ta()'95HfQ'05, and
woH»(0) = 1.73(3) T for Tag 95Zr¢ 05. The woH.(0) for pure
Ta is much larger than the reported value of critical field
(0.083 T) [17], thus suggesting the presence of filamentary
regions that display type II superconductivity. A similar effect
was observed in elemental rhenium, in which the shear strain
causes changes in the M(H) shape and almost double the
critical temperature [18]. The estimated poH(0) values for
the whole series of Ta;_xMx are presented in Fig. 6(b). The
largest value of woH», = 11.9(3) T is seen for TagsHfys.
The n parameter of the fit changes from 1 to 1.34. A nearly
linear H.»(T) has been previously reported for WB4, [19],
as well as for several iron based superconductors [20,21] and

T\" Nb,Pdg s Ss [22]
Ho(T) = noH2(0)|[ 1 — | = . 1 2EFdo.g195 .
HofleoT) = ot )[ (Tc> i| M The next figure presents the magnetic measurements.
The temperature dependence of the zero field cooled (ZFC)
064802-4
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FIG. 6. The concentration dependences of the lower critical field
u,H, (a), upper critical field uyH., (b), and thermodynamic critical
field u,H.. Note that, since Ta is a type I superconductor, only p,H,
is marked. The red solid lines are guide lines.

and field cooled (FC) volume magnetic susceptibility (xy =
Mvy/H) in a field of H= 10 Oe is presented in Figs. 5(a)-
5(c) for Ta, TagosHf.05, and Tag95Zrg s, respectively. [The
data are normalized by 1/47 and are also corrected for
the demagnetization factor N. At the lowest temperature, the
superconducting signal exceeds that expected (in the CGS unit
system) suggesting a full Meissner state in both samples, and
we therefore take yy = —1/4w (1 — N).] Compared with the
ZFC data, the FC magnetic susceptibility signal is roughly
15% weaker for Ta and 90% weaker for TaggsHf 5. Since
this measurement was performed in very low field (10 Oe),
the flux pinning effect in the mixed state is unlikely. The other
scenario assumes that the magnetic flux is trapped during the
FC cooling at the grain boundaries. Comparing the FC signals
strength of Ta and Tag 9sM( s (M= Hf, Zr) we can conclude
that our pure Ta can be characterized as an almost single
crystal. While the ZFC Meissner fraction stays constant at
100%, in the Ta;_, Hf, solid solution, as the Hf concentra-
tion increases, the relative ratio of the FC to ZFC magnetic
susceptibility decreases from 10% for Tag ¢sHf g5 to 1% for
Tag3Hf( 7 (see Fig. S1 in the Supplemental Material [13]).
Figures 5(d)-5(f) present the volume magnetization (My)
vs magnetic field (H), measured at constant temperature, be-
low T, for elemental Ta and the Ta osHf o5 and Ta gs5Zr o5
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FIG. 7. (a) Penetration depth (1), (b) coherence length (£), and
(c) the Ginzburg-Landau parameter k vs concentration of the M atom
in Ta;_ M, solid solution (M= Hf and Zr). The red solid lines are
guide lines.

alloys. The measurements show a linear response with the
minimum value between 430 and 450 Oe. For elemental Ta
[Fig. 5(d)], the shape of My (H) suggests type I superconduct-
ing behavior. The lack of a rapid drop below the minimum
of My (H) is caused by a demagnetization effect. In contrast,
type II superconductivity is suggested by the Mvy(H) curves
for the Tag osHf 05 and Tag.95Zrg o5 samples. Assuming a full
Meissner effect, the initial slope of My (H) can be used to
estimate the demagnetization factor N, 4w xy = 4nMy/H=
—1/(1 — N). For Ta, Tag9sHf 05, and Tag 95Zr¢ o5 the N val-
ues are 0.44, 0.37, and 0.57 respectively.

The critical field (H}) for the Ta sample was calculated
at each temperature, as shown in Fig. 5(d), and H} (1.9 K)
is marked by an arrow. (The same method was used for ob-
taining the critical field for CaBi, [23].) The shape of My (H)
for Tag 9sHf .05 suggests type II superconductivity. The lower
critical field (H}}) is the field at which the first deviation
from the Meissner state is observed [see the vertical arrow
in Figs. 5(e) and 5(f)]. In order to estimate H},, we used the
method described in Ref. [24]; the obtained values are pre-
sented in Figs. 5(h) and 5(i) for Tag9sHf 05 and Tag.95Zr o5,
respectively. The values of H}(0) and H},(0) extrapolated to
0 K are the fitting parameters in the widely used formula for
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FIG. 8. Zero-field temperature dependence of the heat capacity
C,/T for (a) Ta (open circles), (c) TagosHf¢ s (closed circles), and
(e) Tag.95Zro s (open squares). (b),(d), (f) C,/T (T) under magnetic
field of 3 T which is above the upper critical field for each sample.

the critical field (type I) and the lower critical field (type II):

T\2
Hc*(l)(T) = Hc*(l)(o)|:1 - (F) :| )

The fits give 920(12), 247(6) Oe, 140(5) Oe and hence cor-
recting by a demagnetization factor [HC(I)H;‘(I) /(1=N)], we
obtained H.(0) = 1650 Oe, H.;(0) = 394 Oe, and H,(0) =
332 Oe for pure Ta, Tag 9sHf o5, and Tag 95Zr¢ o5, respectively.
The estimated critical field value for elemental Ta is larger
than reported in Ref. [17] and will be discussed later. The
noH:1(0) values for the whole series of Ta;_xMy are plotted
in Fig. 6(a) in ST units (mT) for easier comparison with other
critical fields shown in panel (b) and panel (c). Since there are
only four points, which are scattered, it is difficult to comment
on a tendency for the Zr series. For the Hf series we conclude
that as the Hf concentration increases, the lower critical field
decreases by a factor of 2.

Knowing the lower and upper critical fields, several addi-
tional superconducting properties can be calculated. From the

Ginzburg-Landau formula for H,,,

(O
2mER

we can obtain the superconducting coherence length &gr.. In
the above formula ®y = hc/2e is the flux quantum. Having
&gL and H,|, one can numerically calculate the superconduct-
ing penetration depth AgL from the formula for the lower
critical field:

H»(0) = 3

o) 1 AGL
—In —.
47T)\.GL EGL

The next parameter that relates to the calculated coherence
length and penetration depth is the Ginzburg-Landau parame-
ter kgL = AgL/&GL-

The estimated values of Agr, £gL, and kgy, for the Ta;_ Hf
and Ta;_xZry alloys are presented in Fig. 7. The penetration
depth increases with the dopant concentration from ~900 to
~1500 10\, whereas in contrast the coherence length decreases
almost three times as x increases from 0.05 to 0.2 and then be-
comes x independent at £gp.~50 A for the Hf content x > 0.2.
The lowest value of kg, is obtained for the lowest concentra-
tion of Hf and Zr substitution, kg, = 5.9 and 7.2 respectively,
which are both larger than 1/4/2, thus confirming type II
superconductivity for both TaggsZrg s and TaggsHfygs. In-
creasing the substitution level results in an increase in the «gL.
parameter and saturation at a value ~30. Finally, using the
formula

H.(0) =

“

H.H» = HInxgy, )

we can obtain the thermodynamic critical field H.(0). These
values are plotted in Fig. 6(c). Although the points are rather
scattered, one can conclude that the thermodynamic critical
field increases from poH.(0) = 0.165 T (pure Ta) and reaches
the maximum at 0.37 T for the Hf concentration x = 0.4.

The final method that we used to characterize supercon-
ducting properties of Ta;_yMx is the low heat capacity at
temperatures near those of 7;.. The zero-applied-field tempera-
ture dependent C,,/T values for Ta (open circles), Tag 9sHf o 05
(closed circles), and Tag 9sZrg s (open squares) are shown in
a Figs. 8(a), 8(c), and 8(e), respectively. The bulk supercon-
ducting transition temperatures, estimated by using the equal
entropy construction method (solid lines), are thus 7, = 4.45,
5.21, and 5.31 K for pure Ta and the 5% substituted Ta-Hf
and Ta-Zr alloys, respectively. Although for the Ta sample the
critical temperature is almost the same as obtained from the
other techniques, this is not the case for the doped samples.
The higher T, value observed by p(7T) and x(T) is caused by
the surface superconductivity and has been observed for many
compounds (see for example Ref. [25]). Figures 8(b), 8(d),
and 8(f) present the C,/T vs T? data under a 3-T applied mag-
netic field. This field exceeds the upper critical field for both
tested samples, and hence the normal state can be fitted using
the equation G, /T =y + BT? + 8T*. The first term here rep-
resents an electron contribution (y T) and the last two terms are
phonon contributions to the specific heat. The fits are shown
as the solid lines and the values y = 6.02(9)mJ mol~! K2,
B =0.110(8) mImol"' K™, and § = 0.4(1)wJmol~' K~
are obtained for Ta, the values y = 6.64(11)mJ mol~! K2,
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FIG.9. (a) Hf and Zr concentration dependence of the
Sommerfeld coefficient (y), (b) Debye temperature (®p), and (c) a
normalized specific heat jump (AC,/yT.). The red solid lines are
guide lines.

B =0.110(13) mJmol~' K=, § = 0.8(3)uwJ mol~' K¢ and
y = 6.64(14)mIJmol~' K2, 8 =0.107(16) mJImol~! K™,
8§ =0.6(3)uJ mol~' K¢ are obtained for TagosHf( s and
Tag 95710 05, respectively. Knowing B, one can calculate the
Debye temperature by using the expression

127*Rn\'"?
o ()

where n = 1 (the number of atoms per formula unit) and
R=8.31Jmol~!. The Debye temperatures thus obtained for
Ta and for the Tag osHf( o5 and Tag 9sZr¢ o5 alloys are Op =
256(6) K, 260(10) K, and 263(13) K. The one we obtain for
elemental Ta (256 K), is very close to the one reported in the
literature for pure Ta metal (246 K) [26].

Having the Sommerfeld coefficient (y), an important su-
perconducting parameter can be calculated: (AC/yT.). The
Bardeen-Cooper-Schrieffer theory predicts that for a weakly
coupled superconductor, the normalized specific heat jump
AC/yT. = 1.43. The values we obtained are 1.53 (Ta), 1.71
(Tag.osHfp.05), 1.70 (TaggsZrges), and suggest moderately
strong coupling superconductivity for the alloys. Figure 9
gathers the Sommerfeld coefficient, the Debye tempera-
ture, and the normalized superconducting jump in the heat
capacity for the Ta;_,Hfyx and Ta;_(Zr. alloy series. As

x increases, y increases, reaching a maximum value of
y = 7.82(16)mJ mol~' K2 for x(Hf) = 0.2. Although this
is a relatively large value, the Sommerfeld parameter for
the Nb;_4Zry and V;_Tiy alloys is even larger, reaching
~11mJ mol~! K~2 [27].

Having the Sommerfeld parameter and critical tempera-
ture, we can calculate the thermodynamic critical field by
using the equation provided by the & model [28,29]:

H,(0) _\/? ;
(chz)l/z - ;Ot. ( )

In this equation the « parameter was obtained from the

following relation:
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where apcs = 1.764. For pure Ta we obtained o = 1.806
and taking y = 5800ergcm > K2 [in Eq. (7) CGS units
are used] the thermodynamic critical field is H, = 837 Oe
which is in perfect agreement with the critical field value
[830(4) Oe] provided from the precise ballistic-induction
measurement [17].

Interesting behavior is observed for the composition
dependence of the Debye temperature. Considering the uncer-
tainty in the estimation of ®p, one can conclude that for x <
0.2 it does not change in the Hf series and slightly decreases
in the Zr series. For x(Hf) > 0.2, the Debye temperature
decreases by 40% and flattens at around 155 K for Hafnium
concentrations x(Hf) > 0.5. Since the molar mass of Zr and
Hf are smaller than the molar mass of Ta, and thus the De-
bye temperature is expected to decrease, the behavior shown
in Fig. 9(b) cannot be explained by a simple monoatomic
model with decreasing atomic mass. The obtained values are
in agreement with those reported earlier, but it should be
noted that the authors provide ®p only for Ta, Tag 7Hf( 3, and
Tag 39Hf o 61

Figure 9(c) presents AC,/yT, for both of the Ta;_.M;
series. The heat capacity jump increases monotonically from
AC,/yT. = 1.53 (Ta) to AC,/yT. = 2.2 for Tag,Hfg. This
large value (significantly different from the BCS weak cou-
pling superconductor value of 1.43) is comparable to the
values reported for the strong coupling superconductors
Pb (2.66) [30] and Pb-Bi alloys (2.9-3.0) [31].

Figures 10(a)-10(c) present the temperature dependence
of G,/T under zero and low magnetic field in the vicinity
of the superconducting transition. The data were collected
by using a single, large heat pulse (A7T= 80% of the base
temperature) and reprocessed by using the single-slope post-
processing method provided by the PPMS MULTIVU package
(Quantum Design). Obviously different behavior is observed
for Ta [Fig. 10(a)] and the Tago¢sHf( s [Fig. 10(b)] and
TaggsZroos [Fig. 10(c)] alloys. Whereas for TaggsHf( s
and TagogsZroos a suppression of the AC/T, is observed,
this is not the case for pure bcc Ta, for which the
AC/T. initially increases and then decreases with ap-
plied magnetic field. This behavior is an indication of
the crossover from a second- to first-order phase transi-
tion and proves [32] that Ta is a type I superconductor.
The absence of this effect for TagosHfy 05 and TagosZrg s
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FIG. 10. (a)—(c) Heat capacity C,/T vs T in the vicinity of the superconducting transition under magnetic field: 0, 40, 80, 120, and
160 Oe. The experimental data points were obtained by using a large, single heat pulse (A7 80% of the base temperature) and then reprocessed
by using a single-slope postprocessing method. (d)—(f) C,/T H-T phase diagrams for Ta, Tag 9sHf( o5, and Tag 95Zr¢ o5, respectively.

samples means that the alloying causes a transition from type
I to type II superconductivity. Experimental data obtained by
this method with a magnetic field step of 20 Oe allow us to
plot the contour map of C,,/T as a function of temperature and
applied magnetic field. A similar analysis (Fig. S3) is provided
for pure Nb metal in the Supplemental Material [13]. Nbis a
rare example of an element in which type II superconductivity
is observed.

The next superconducting parameter that can be obtained is
the electron-phonon coupling constant (Aep), typically calcu-
lated by using the inverted McMillan formula [33]. However,
since the AC/yT, value is large and increases with the Hf
or Zr content of the alloy (for x = 0.5, AC/yT, =2.2), it
is likely that alloying shifts the system from moderately to
strongly coupled superconductivity. Hence, the Allen-Dynes
formula [34] should be used:

©))

1.04(1 + &
T. = (ﬁ)exp[— (1 + Aep) ],
12 hep — 107 (1 + 0.627¢p)

where p* is the Coulomb repulsion parameter and wj, is
the logarithmically averaged phonon frequency, which can be
determined from the specific heat capacity jump at 7;:

AC .\’
[ ”} = 143 1+53<—) 1n<ﬂ> .0
T |1 @ 3T,

Taking p* = 0.13, we obtain A, = 0.65, 0.84, and 0.83
for Ta, TaggsHf¢ g5, and Tag.o5Zr¢ s, respectively, consistent
with the large AC/y T, values deduced from the alternative
analysis. Finally, knowing the A, and y values, the electron
density of electronic states at the Fermi energy DOS(EF) can
be calculated using the relation [35]

3y
2k2(1 + Ae)

DOS(Ep) = (11)

For both the Ta;_,Hfy and Ta;_4Zry alloys, the thus de-
termined wp,, Ae, and DOS(Eg) values together with the
measured superconducting critical temperature are presented
in Fig. 11. [Note that instead of x, the valence electron num-
ber per atom (N /at.) is used in this figure, allowing us to
compare our results directly with those reported in Refs. [9]
and [27].] The Allen-Dynes formula [34] for the supercon-
ducting transition temperature includes the logarithmically
averaged phonon frequency and the electron-phonon coupling
parameter.

As we decrease the valence electron number (increase of
the Hf or Zr alloying element content) A, increases whereas
iy stays constant or decreases in the whole doping range. The
consequence of the opposing behavior of the two parameters
that combine to yield the superconducting transition tempera-
ture for the Ta;_ Hf, series is the observed maximum of the
critical temperature, which occurs for N, = 4.7 el/at. This is
not the value for which the maximum of DOS(Ef) is seen
(Nep.~4.9el/at.).

IV. CONCLUSION

In summary, we have synthesized and explored the
superconducting characteristics of the two solid solution
systems Ta;_,Hfy and Ta;_4Zrx in bulk form. The refined
cubic lattice parameter a of the bcc phases formed increases
linearly with Zr and Hf concentration at low substitution
levels, and the increases are almost identical. The solubility
limit for Hf (between x = 0.7 and 0.8) is much larger than
for Zr (between x = 0.2 and 0.3). The transition temperature
to the superconducting state increases for both systems.
Our magnetization and specific heat capacity measurements
confirm that pure Ta is a type I superconductor and further
show that the lowest degree of Zr or Hf alloying (0.05) causes
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FIG. 11. Valence electron count (Ng/at.) dependence of
(a) the logarithmically averaged phonon frequency (wy,), (b)
electron-phonon coupling constant, (c) electron density of states
at the Fermi energy [DOS(EF)], and (d) superconducting critical
temperature (7;). The red solid lines are guide lines. The top axis
shows the Hf or Zr concentration (x) in Ta;_,M,.

a transition of the Ta to type II superconductivity. The lower
critical field for the doped Ta;_xMy alloys shows a decrease
of H,, whereas the upper critical field reveals a maximum
of H., for x = 0.5. Similar behavior is observed for the
thermodynamic critical field, but the maximum occurs at
lower Hf concentration (x = 0.4).

The Sommerfeld parameter, calculated based on the spe-
cific heat capacity results, initially increases and reaches
maximum for the Hf doping level of x = 0.2. Our most
intriguing results, we argue, concern the behavior of the
Debye temperature of the alloys. A small level of alloying
does not affect the Debye temperature, and then a decrease
in ®p is observed for Hf concentrations of 0.2 < x < 0.5,
and finally for x above 0.5 the Debye temperature reaches
a constant value of about 155 K. This is unexpected behav-
ior and should be verified by other experiments, as well as
by phonon density of states calculations for the Ta-Hf solid
solution.

The observed change of the calculated electron-phonon
coupling value as well as the normalized specific heat jump
at the superconducting transition suggest that the Ta;_y My
systems studied here change from moderately to strongly cou-
pled superconductivity with increasing alloying. The observed
AC/yT. = 2.2 value for Tag3Hf( 7 is very large and compa-
rable to the values reported for Pb and Pb-Bi alloys, which
are known to be strong coupling superconductors. Our results
confirm a maximum of 7, for N, between 4.7 and 4.8 elec-
trons/atom [7] in the Ta;_,Hfy system. This behavior cannot
be explained by the change in the DOS(E) alone, which is
why we emphasize that the logarithmically averaged phonon
frequency is an important parameter to explain the behavior
of the critical temperature for the Ta;_,Hfy solid solution
system. Finally, we conclude that the superconducting char-
acteristics of the Ta-Hf and Ta-Zr alloy systems, especially at
the alloying levels of 5-20%, make them worthy of study in
thin film form in superconducting gbit-based devices.
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