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Investigations into the microwave surface impedance of superconducting resonators have led to the

development of single photon counters that rely on kinetic inductance for their operation, while

concurrent progress in additive manufacturing, “3D printing,” opens up a previously inaccessible

design space for waveguide resonators. In this manuscript, we present results from the synthesis of

these two technologies in a titanium, aluminum, vanadium (Ti-6Al-4V) superconducting radio

frequency resonator which exploits a design unattainable through conventional fabrication means.

We find that Ti-6Al-4V has two distinct superconducting transition temperatures observable in heat

capacity measurements. The higher transition temperature is in agreement with DC resistance

measurements, while the lower transition temperature, not previously known in the literature, is

consistent with the observed temperature dependence of the superconducting microwave surface

impedance. From the surface reactance, we extract a London penetration depth of 8 6 3 lm—

roughly an order of magnitude larger than other titanium alloys and several orders of magnitude

larger than other conventional elemental superconductors. VC 2017 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5000241

The Landau-Ginzburg model for superconductivity is a

mean field theory that parametrizes the superconducting con-

densate with two key length scales.1,2 The first length scale

is the Pippard coherence length, f, which is the average dis-

tance between Cooper pairs in the condensate. The second

length scale, the London penetration depth, k, describes the

distance over which a magnetic field penetrates into a super-

conductor. The ratio between the Pippard coherence length

and the London penetration depth is commonly used to char-

acterize whether a superconductor is type I (f=k >
ffiffi
1
2

q
), field

expelling, or type II (f=k <
ffiffi
1
2

q
), field penetrating material.3

As such, precise measurements of either the Pippard coher-

ence length or, as in the case of this manuscript, the London

penetration depth are critical for the accurate description of

the superconducting material.

In superconducting radio frequency resonators, the

London penetration depth describes the distance over which

energy is stored in the motion of Cooper pairs. This energy

storage mechanism is associated with a current and therefore

described as a kinetic inductance. Kinetic inductance is

determined, in part, by the equilibrium temperature in rela-

tion to the superconducting transition temperature. This fea-

ture of kinetic inductance has been exploited in a number of

applications including radiation detectors with up to single

photon resolution by the so-called microwave kinetic induc-

tance detectors (MKIDs).4

In this letter, we show that titanium, aluminum, vana-

dium, Ti-6Al-4V, (90% Ti, 6% Al, and 4% V by weight) is a

high kinetic inductance superconductor, that the hexagonal

close packed (alpha) phase is indeed a superconductor con-

trary to suspicion in the previous literature,5 and that additive

manufacturing (AM) enables a parameter space of seamless

resonator designs left unexplored in previous work.6 We

investigate the superconducting properties of bulk AM Ti-

6Al-4V by measurements of the DC resistance, heat capacity,

and microwave surface impedance. Thus, a main result of this

manuscript is a measurement of the London penetration depth

for the most widely used titanium alloy in industry.5

Titanium alloys, and Ti-6Al-4V in particular, are com-

monly used in AM processes (see Refs. 8–10 for examples).

In the present work, we have employed a selective laser

melting (SLM) process11 to fabricate our samples. SLM

works by using a high powered laser to melt and solidify a

metallic powder according to a digitally designed geometry.

The laser power and rastering parameters used to fabricate

the resonator structures under study were optimized for

mechanical performance and minimal porosity.12 In addition,

our samples received a post-processing heat treatment

designed for selecting the bulk microstructure. The heat

treatment involved a half hour duration heat ramp to 900 �C
in atmosphere, which was maintained for an hour, and finally

quench cooled to room temperature with argon gas.

We begin our characterization of Ti-6Al-4V by investi-

gating the bulk microstructure and elemental composition to

compare the AM sample to bulk Ti-6Al-4V. To investigate

the bulk microstructure, we performed a cross sectional cut

on the sample after performing characterization of the super-

conducting microwave surface impedance presented later in

this work. After the cross section, the sample received ana)holland25@llnl.gov
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acid etch (immersed in 10 ml HF, 5 ml HNO3, and 85 ml H2O

for 15 s) to reliably produce contrast between the a and b
phases. After acid etch, shown in Fig. 1(d) is a representative

optical microscopy image from our sample. Qualitatively, the

surface microstructure is as expected—specifically, the sam-

ple is dense and has the expected microstructure [Fig. 1(b)].

In Fig. 1(c), the results of energy-dispersive X-ray spectros-

copy (EDS) demonstrate an elemental composition of tita-

nium (90%), aluminum (6%), vanadium (4%) and a less then

percent contribution from other impurities such as iron.

Further localized EDS and SEM studies in the interior and

near the sample surface were consistent with those shown

with no evidence for spatial inhomogeneities in the phase,

crystal structure, or composition. We therefore conclude that

our samples are qualitatively equivalent to bulk Ti-6Al-4V,

which has undergone a similar heat treatment during cooling,

and that the results presented in this manuscript are not lim-

ited to AM Ti-6Al-4V.

Through previous DC resistance measurements, it is

known that Ti-6Al-4V is a superconductor with a single tran-

sition temperature that varies in the range of 1.3 K–6.3 K

depending on oxidation treatment and post-processing

annealing.13–19 In agreement with this literature, we observe

a bulk material superconducting transition temperature of

4.5 K (Fig. 2, solid green triangles, 90% drop value) through

a four point measurement in a Quantum Design Physical

Property Measurement System. However, by investigating

the low temperature behavior of the bulk heat capacity for

Ti-6Al-4V, we observe two superconducting phase transi-

tions as shown in Fig. 2 (blue dots). The first phase transition

at higher temperatures is in qualitative agreement with our

DC measurements. The second phase transition is observed

at a much lower temperature of 0.95 K. Additionally, the

lower transition temperature is missing from the literature.

The theoretical predictions of a multicomponent supercon-

ducting gap were made in 1959 by Suhl et al.,20 and a broad

overview of multicomponent superconductivity can be found

in Ref. 21 and references within.

From the above characterization, we learn that AM Ti-

6Al-4V may be a robust material to fabricate superconducting

resonators and proceed to characterize its superconducting

microwave surface impedance in the quantum regime (i.e.,

�hx < kbT, and the average photon number in the resonator is

�n � 1). The results presented in this work are part of an ongo-

ing study investigating the role of geometric effects on reso-

nator performance. In designing the resonator structure for

this study, we employed the expanded design space offered

by AM fabrication to explore the relative importance of loss

mechanisms arising from inductive (surface resistance) and

capacitive (dielectric loss tangent) contributions. The resona-

tor under study in this work (see Fig. 3) is a variant of a well-

performing aluminum coaxial quarter wave resonator with

millisecond lifetimes in the quantum regime22,23 designed to

minimize the surface current density on resonance.

Characterization of the superconducting microwave sur-

face impedance was performed using a Janis model JD-250

(wet) He3-He4 dilution refrigeration system. Cryogenic

attenuations of 40 dB are included on the 1 K pot stage and

20 dB on the mixing chamber stage (20 mK base tempera-

ture) to filter the black body noise power down to the that of

the mixing chamber. The Ti-6Al-4V conical resonator and a

gold plated copper box containing planar aluminum coplanar

waveguide resonators were multiplexed on a high purity

oxygen free copper cold finger attached to the mixing cham-

ber. For multiplexing, we used a resistive power dividing

SMA T attached to an SMA connector with post that couples

FIG. 1. Ti-6Al-4V microstructure and elemental composition. (a) Nominal

sketch of the typical bulk microstructure of Ti-6Al-4V before temperature

anneal (see Ref. 7 for more details on the Ti-6Al-4V microstructure). White

regions depict the hexagonal close packed, a phase. Repeating line regions

are body centered cubic, b phase. (b) Sketch of the idealized microstructure

of Ti-6Al-4V for optimal mechanical performance post high temperature

anneal. Now, white regions represent the a phase dispersed within martens-

itic b phase regions. (c) Representative energy dispersive X-ray spectros-

copy of the Ti-6Al-4V surface composition after acid etch. Titanium (90%),

aluminum (6%), vanadium (4%), and iron (<0.5%) are all in percentages as

used commercially for bulk Ti-6Al-4V. (d) Optical microscopy image of the

Ti-6Al-4V microstructure after optimized acid etch.

FIG. 2. DC resistance and heat capacity. The DC resistance (left y-axis)

plotted as a function of equilibrium temperature (green triangles) of a four

point measurement performed in a quantum design physical property mea-

surement system shows a superconducting transition temperature of 4.5 K.

The heat capacity (right y-axis) plotted as a function of equilibrium tempera-

ture (blue dots) displays two distinct superconducting phase transitions. The

lower transition temperature, 0.95 K, is not observed in the DC resistance

measurements presumably because it is shorted out by other superconduct-

ing pathways.

202602-2 Holland et al. Appl. Phys. Lett. 111, 202602 (2017)



below cutoff through a cylindrical waveguide (evanescently)

to the conical resonator similar to work done in Ref. 24. The

samples were fully enclosed in an Amuneal A4K magnetic

shield attenuating the ambient magnetic field to less than a

milliGauss. The magnetic shielding is thermally heat sunk to

a light tight copper shield blocking stray infrared radiation.

The output of our samples led into two 4–8 GHz PAMTECH

model CTH0408KI isolators in series, providing reverse

isolation in excess of 40 dB, allowing investigations of the

resonators in the quantum regime. An output SMA line of

superconducting NbTiN led to the cryogenic HEMT ampli-

fier at the 1 K pot stage (Low Noise Factory model

LNF_LNC_4_8C), offering 40 dB of gain and roughly 2 K

of added noise. At room temperature, the signal is sent

through another amplifier (MITEQ AMF-5D-00101200-23-

10P-LPN), offering another 40 dB of gain. All measurements

were performed with a Keysight PNA vector network ana-

lyzer model N5230C.

The resonance of the conical Ti-6Al-4V sample at 20

mK was found to be x0=2p ¼ 7:50 GHz, in agreement with

simulation. To study the temperature dependence of the

superconducting microwave surface impedance, we varied

the applied heat delivered to the mixing chamber of our dilu-

tion refrigerator. At each temperature, the samples were

allowed to equilibrate for two hours before measurements

were taken. This time scale was determined by a series of

overnight runs at fixed temperatures of 475 mK and 500 mK

to determine the time constant for the measured jS21j2 to

have only Gaussian noise about a fixed mean and no system-

atic variation. All fits to the measured jS21j2 response from

the vector network analyzer were performed using a complex

coupling quality factor, a resonance frequency, and an inter-

nal quality factor as in Ref. 25.

The temperature dependence of the fractional frequency

shift (df
f ) can be related in a straightforward way to the sur-

face reactance of the resonator.26 In Fig. 4, the fractional fre-

quency shift (green triangles, left y-axis) is plotted as a

function of equilibrium temperature recorded on the mixing

chamber. Along with the results for the Ti-6Al-4V resonator,

we show frequency shift results for a simultaneously mea-

sured planar aluminum resonator (identical to Ref. 27). All

points in the figure represent the average of three measure-

ments of jS21j2, and the size of the points is substantially

larger than the associated error bars. The fractional fre-

quency shift temperature dependence is well fit by a simple

two fluid model28

df ðTÞ
f
¼ �aKI

2 1� T

Tc

� �4
 !þ aKI

2
; (1)

where aKI is the zero temperature kinetic inductance fraction

and Tc is the superconducting transition temperature. From

this fit, we extract a kinetic inductance fraction of aKI ¼ 4

�10��362� 10��3 and Tc¼ 0.95 6 0.1 K. We note that

this fitted value is consistent with the lower transition tem-

perature observed in the heat capacity measurements from

Fig. 2.

We relate the extracted kinetic inductance fraction of

the resonator to the zero temperature London penetration

depth, k0, via the magnetic field, H, and participation ratio,

pmag as24

aKI ¼ k0pmag ¼ k0

ð
H2dAð
H2dV

: (2)

Evaluation of (2) requires a calculation of the magnetic field

energy stored on the surface,
Ð

H2dA, compared to the mag-

netic field energy stored in the volume,
Ð

H2dV. This can be

FIG. 3. AM Ti-6Al-4V conical resonator. (a) A nominally identical cavity is

cut to reveal the internal structure. A resistive SMA T is connected to an

SMA connector which is evanescently coupled to the resonant mode of the

conical resonator. (b) Cross-sectional cut of the Ti-6Al-4V resonator after an

acid etch. On resonance, the current flows along the base of the cone and in

the walls, while the electric field is maximal at the tip of the cone. (c)

Alternative angle, with the SMA connector removed, of the conical resona-

tor, showing the internal geometry and coupling mechanism.

FIG. 4. Temperature dependence of the superconducting microwave surface

impedance. Green triangles (small triangles are finer resolution data in this

temperature region) show the fractional frequency shift of the Ti-6Al-4V

conical resonator as a function of equilibrium temperature. Shown on the

same scale for reference is the fractional frequency shift as a function of

temperature (green squares with smaller squares being finer resolution data

in this temperature region) of a coplanar waveguide aluminum resonator.

Blue dots show the resistance of the Ti-6Al-4V resonator as a function of

temperature.

202602-3 Holland et al. Appl. Phys. Lett. 111, 202602 (2017)



trivially calculated in an electrodynamic solver such as

ANSYS HFSS or COMSOL. For this manuscript, both soft-

ware suites were used and agreed upon a value of 537 m�1 for

the conical geometry with a relative uncertainty of 1% when

accounting for numerical inaccuracies and machining toleran-

ces. This is well within a factor of two of what one can calcu-

late via closed form analytic solutions of a conventional

coaxial geometry. Using this value of the magnetic participa-

tion ratio, we extract k0¼ 8 6 3 lm. This length scale is quite

large when compared with aluminum (52 nm),24 niobium

(32 nm),28 or even titanium nitride (575 nm).29 We note that

although this manuscript focuses on the results of a single

conical cavity, we find consistent kinetic inductance perfor-

mance in other more conventional coaxial cavity designs

(k0¼ 15 6 10 lm) whose description is outside the scope of

this manuscript. Specifically, these results are reproducible

across different resonator designs, and we conclude our find-

ings to be an intrinsic property of Ti-6Al-4V. Therefore, Ti-

6Al-4V stores a tremendous amount of energy in the motion

of the Cooper pairs as compared to other commonly used

superconductors in microwave applications.

Finally, we investigate the resistive part of the supercon-

ducting microwave surface impedance by transforming the

extracted internal quality factor (Qi� 3� 104 in the quantum

regime). This is accomplished by relating the measured

internal quality factor at various temperatures, Qi(T), to the

temperature dependent surface resistance, Rs(T), through the

magnetic participation ratio, the permeability of free space,

l0, and the resonance frequency in angular units, x0, as30

RsðTÞ ¼
l0x0

pmagQiðTÞ
: (3)

In Fig. 4, on the right in blue dots, we plot the surface

resistance as a function of equilibrium temperature on the

mixing chamber. We fit the measured surface resistance with

a functional form that is comprised of a BCS component

(exponential), a metallic, Fermi liquid, component (qua-

dratic), and a residual resistance (constant)

RsðTÞ ¼
A

T
exp � D0

kbT

� �
þ BT2 þ R0: (4)

At high temperatures, the dominant contribution to the

surface resistance is from quasiparticle loss (exponential)

and the superconducting gap (D0) is consistent with the frac-

tional frequency shift. However, at lower temperatures, the

temperature dependence is dominated by a T2 behavior con-

sistent with a classical Fermi fluid contribution.31 Power

dependent measurements of this resonator displayed no

appreciable power dependence in the internal quality factor,

indicating that dissipation due to low energy defects was not

a dominant source of loss in this system.26 Given the explicit

T2 dependence at low temperature and the lack of a strong

power dependence, we attribute the low temperature residual

resistance to conductive losses in the normal metal part of

the microwave surface impedance.

In conclusion, we present a measurement of the London

penetration length of one of the most abundant titanium

alloys (Ti-6Al-4V) of 8 6 3 lm. Through careful temperature

dependence studies, we extract the effective transition

temperature governing the surface impedance at microwave

frequencies to find a superconducting gap consistent with

heat capacity measurements of the same sample. Unique to

this work, we demonstrate proof of principle additive

manufacturing based fabrication and geometry optimization

of superconducting resonators which could not be constructed

out of one contiguous piece by conventional fabrication tech-

niques. Finally, this work demonstrates that Ti-6Al-4V is a

high kinetic inductance material.
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