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Microwave Properties of MgBThin Films

N. Klein, B. B. Jin, R. Woérdenweber, P. Lahl, W. N. Kang, Hyeong-Jin Kim, Eun-Mi Choi, Sung-IK Lee, T. Dahm,
and K. Maki

Abstract—The microwave surface impedance Z, = HTS [19]-[22], and are therefore most appropriate to be used
R, + jwpo of MgB, thin films was measured via advanced for high-precision\(7)) measurements on high quality MgB
dielectric resonator (DR) techniques. First, the temperature samples [15], [16].

dependence of the penetration depth\ measured with a sap- . . .
phire puck at 17.9 GHz can be well fitted from 5 K close to For a superconductdi, is proportional to the conductivity of

T. by the standard BCS integral expression assuming the re- thermally excited quasiparticles. The s-wave nature of the order
duced energy gapA(0)/kT, to be as low as 1.0-1.1 assuming parameter of MgB suggests an exponential temperature depen-
A(0) = 100-110 nm. These results clearly indicate the s-wave dence ofR, in the low temperature region (below about 20 K)
nature of the order parameter. Similar good fits were achieved by [15], [17], [18], if the impurity and defect related residual sur-

an anisotropic one gap and an isotropic two-gap model. Second, h . )
the temperature dependence of surface resistande,, as measured face resistanc&, (T — 0) is low enough. In contrast to oxide

with a rutile puck, indicates an exponential behavior below about Superconductors, grain boundaries do not exhibit weak link be-
T./2 with a reduced energy gap being consistent with the one havior, i.e., one important potential source of extrinsic residual
determined from the A data. The R, value at 4.2 K was found to  |gsses is expected not to be present. However, the presence of a
be as low as 19uk at 7.2 GHz, which is comparable with that  ga)| energy gap is expected to cause high intrinsic losses by

of a high-quality high temperature thin films of YBa,Cuz;07. A - . . .
higher-order mode at 17.9 GHz was employed to investigate the quasiparticle absorption down to relatively low temperatures.

frequency f dependence ofR,af™T). Our results revealed an Therefore, a careful study of the surface impedance is necessary
decrease ofn with increasing temperature ranging fromn = 2  to judge whether this material may become a possible candidate
below 8 Kton = 1 close toT.. Finally, the microwave power of replacement of Nb or Nb alloys for cavity applications.
handling of MgB,, films was deduced and compared with values
for YBazCuz O films. We found that the power handling of MgB,,

is comparable or even better than that of YBaCuz O~ films for IIl. SAMPLE PREPARATION AND MEASURMENT TECHNIQUES

temperature below 30 K. MgB,, thin films were deposited by pulsed laser deposition
Index Terms—Energy gap, microwave measurement, penetra- and post-annealing on a plane para]ldl02] oriented sapphire
tion depth, superconducting films. substrate of 1& 10 mn? in size. The samples exhibit a sharp

resistive and inductive transition at transition temperatures up
to 39 K (onset temperature of resistive transition). The detailed
process is described in [23]. The film thickness was 400 nm.
HE discovery of superconductivity in magnesium diborid&-ray diffraction analysis indicates a high degree:@fxis-ori-
has stimulated extensive theoretical and experimentstation perpendicular to the substrate surface and no detectable
studies on this material [1]-[18]. Microwave measurements @mount of MgO or any other crystalline impurity phases.
the surface impedancg, = R, +jX,, whereR, isthe surface  The microwave surface impedance was determined using a
resistance and\; the surface reactance, play an importarfielectric resonator technique [24], [25]. The sample is placed
role in understanding the physics and in finding potentighderneath a dielectric puck. The resonant mode (commonly
applications of this material [15]-{18JX is proportional to TE,s; mode) is excited by coaxial loops as transmission res-
penetration depth\, which is related to the superconductingnator. The unloaded quality fact@ and resonant frequency
electron density and can provide information on order param-yere recorded as a function of temperature. The temperature
eter symmetry [19]. Microwave measurements have proveddependence of the variation of the effective penetration depth
be the most sensitive tool to determine the temperature depgixe') and surface resistan¢®:") were determined from the
dence of) of both thin film and bulk single crystal samples oftemperature dependence of the resonant frequeficyand un-
loaded quality factof)o(7'). The notation effective represents
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Fig.1. log &A= vs.T. /T representation of the penetration depth data for two 0,0 0,2 0,4 0,6 0,8 1,0
MgB, samples. The solid line represents BCS fits with parameters as describe:
in the text. t=T/T c

Fig. 2. A2(0)/A*(T") dependence for the sample S071601(open square). The

. . full lines represent BCS fits using (0)/kT. as fit parameter. The predictions
The sapphlre resonator mentioned above allows for the the one-gap anisotropic (dot line) and two-gap isotropic model (solid circle)

termination of R with a systematic error of 0.1§h which is  are also drawn.

due to neglecting the temperature dependent background losses

of the cavity and the finite microwave lossgB, ~ 107° Q) the low A(0)/kT. (<1.76, BCS weak-coupling limit) is

of the Nb reference film. Indeed, MgBseems to compris&, difficult to understand within a standard BCS type s-wave
values of the order or less than this error margin, becalise theory. Recently, theoretical and experimental evidences have
(4.2 K) for a MgB, was found almost to be the same as witBhown that MgB should be an isotropic two-gap [2], [4]-[8]
niobium film. In order to improve the measurement resolutiong an anisotropic one-gap superconductor [3], [9], [10]. Thus,
rutile puck has been used to measif# because of its higher the small gap in our measurement represents the smallest
dielectric constant [27], [28]. In this case the field energy comomponent of a double or a strongly anisotropic gap. In this
centration inside the puck works more effectively and the maxsase the temperature dependence\ @it 7' < 7. would be
imum Qo with a niobium reference sample is about a factor efetermined by its minimum values, becaugd’) probes the

ten higher. We have employed tH&,;s mode at 7.18 GHz thermal excitations with the lowest activation energy. Fig. 2
and theTE4;s mode at 17.9 GHz to study temperature and frghows the temperature dependenca?f)/A2(7") for sample

guency dependence &f;. S071601 (open square), which represents the normalized
superfluid densityp,;. As expected from Fig. 2, a very good
[Il. PENETRATION DEPTH RESULTS agreement with single gap BCS theory (solid line) is achieved.

However, the lowA(0)/kT. value determined from the fit

Two MgB, samples (S071601 and S103001) were Megay he regarded as a violation of BCS theory. Therefore, more
sured, and the results are depicted in Fig. 1liogas \°f versus advanced modeling is required.

T./T representation. It should be noted that the penetrationg i an isotropic two-gap and an anisotropic one-gap BCS
depth studied here is in fact the penetration depi, lplane  o4e| have been used to explain our measurement. In the
(Aap) due to thec-axis orientation of the thin films. The nearly sse of the one-gap anisotropic model an ellipsoidal energy
linear behavior in this semi-logarithmic plot clearly showg,, fnction is assumed with a minor axis within the ab-plane
the existence of a full gap. Therefore, the symmetry of the,y 5 major axis along direction [9]. The temperature de-
order_parameter is s-wave, which also has been found by OtBEF\dence of the gap and the gap ratds..(T = 0)/kT.
techniques [2]-{6], [13], [14]. and A,,in(T = 0)/kT,. are determined by a self-consistent

A straightforward idea is to use BCS theory to explain thgy|tion of the anisotropic weak-coupling gap-equation with
results. In the local limit the temperature dependencg cén only one parametef = Apax/Amin. This model predicts

be calculated as follows: that A, is mainly determined by the small energy gap,
which is consistent with our measurements. The dashed line

[ [1_2 /°° _0f(e) £ e in Fig. 2 represents the calculation with a maximum gap
AZ(T)  A%(0) Jaw Oe g2 — A%(T) ratio A,.x (T = 0)/kT. = 3.85 and a minimum gap ratio

1) An(T = 0)/kT. = 1.09. However, the assumed energy

with f(e) = [exp(e/kT) + 1]7! representing the Fermigap anisotropy cannot explain upper critical field behavior, as

function and A(T) the temperature dependence of energyiscussed in [29].

gap[19]. The quantities\(0)/kT. and A\(0) are used as fit A two-gap isotropic model has also been used to calculate the
parameters. The parametex$0)/kT. = 1.13, A(0) = 102m temperature dependence)of, using the Eliashberg formalism
for sample S071601 an(0)/kT. = 1.03, and\(0) = 107 m and the results of first principles electronic structure calculation.
for sample S103001 yield a very good agreement betwe€he results are shown in Fig. 2 (solid dot). A very good agree-
experimental data over the entire temperature range. Howevaent can be obtained X,,(0) = 39.2 nm is assumed [11].
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Fig. 3. R (T) — R, (5 K) measured at 7.18 GHz plotted verslig T" for
sample S103001. The temperature dependende.dbelow 20 K is shown
in the inset. The full lines correspond to an exponential fit with @) /kT.
obtained from penetration depth.

Fig. 5. Comparison of the measured power handling capability of a YBCO
coplanar resonator at 1.4 GHz with simulations of a similar device made from
MgB, based on a model developed in [32]. Taking into account that for MgB
the thickness can be increased largely, a higher power handling capability can
be expected from MgBcoplanar resonator faf < 30 K.

2000 — T T T
o 7a8GHz | 4 ] dence can be assumed to have a fornf'®f wheren = 2 is
1s00f L e 20 referred to as the square law. For comparigqrat 7.18 GHz is
g% % N also plotted. The crosses represent the scAledalues at 17.9
X + . .
— Ea Linearfit + oA ] GHz obtained fromR, at 7.18 GHz according to a square law.
%}_ 1000 [ 2 P +++AAAA ] It can be seen that the square law is approximately valid only at
it ohasssncopas B ++AAM 1 very low temperatures up to about 8 K. At high temperatures
o 500l % ;;’K) 35%“%;‘26“ 1 increases up to about= 1 for temperatures close 8. (inset
o of Fig. 4).
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Td(s) We have shown previously that for epitaxial weak- link free
Fig. 4. The temperature dependenceRgfvalues at 7.18 GHz (open square)YB_CO thin films the power ha”d“”g capability is U|t|mat?|y
and 17.9 GHz (open triangle) for sample S103 001. The crosses repfesent limited by the dc critical current density [31]. Furthermore, itis
17.9 GHz obtained from the values at 7.18 GHz assunfihdependence and, assumed that in textured MgBveak links do not affect the crit-
f dependence, however, is assumed in the inset. ical properties due to the larger coherence length of MgBn-
pared to that of HTS material [32]. Therefore, we expect that
However, such a low value is inconsistent with experimentalen for MgB, with weak links the power handling capability
findings by other groups [13], [14]. is determined by the dc critical current density. Fig. 5 shows a
In summaryg, b-axis penetration depth data do not allow tg@omparison of the power handling capability of a YBCO and
distinguish between these two models. a MgB, coplanar resonator. For the high-material experi-
mental and theoretical values are given, whereas the data for
MgB, are derived from the model [31] using experimental data

. _ for J.(0K,0T) ~ 107 Alcm* and linear temperature depen-
Fig. 3 shows the temperature dependenc#afl) — £, (5 dence [33]. For YBCO thin films on technical sapphire sub-

K) for sample S103001 at 7.18 GHZ.' Here the th|ck_nes_s eﬁes‘irates, the film thickness is usually limited due to the critical
has been corrected. The observed linear behavior in this se I ness to & < 300 nm or using an optimized deposition
logavithmic plot at low temperature confirm the s-wave Sym_rocess [34]¢ < 700 nm. Taki,ng into account that for textured
:{(Ia)t(rxzf/g% %fﬁ;v?;r\?vri?ﬁ g'/];r;evgjlﬂélgg ggg?;?ﬁ:g?ré?n%l]g% films large thickness achieved, large microwave power
the penetration depth data. The inset shé&ywalues below 20 handling capability are expected from MgBThis is a direct

K indicating R, = 19.4 4 at 4.2 K. Frequency scaling 5c.consequence of the larger coherence length and the larger crit-

cording to an assumed square law result&in= 37.6 40 at ical thickness of MgB thin films compared to HTS thin film.

10 GHz, which is comparable to that of high-quality YBCO thi Thus_, forT” < 30 K MgB, m|ght_ be_a very promising material
film. This value is also in accordance with data obtained by the' high power microwave applications.
other group [30].

We have also measured a high-order m@@i&,;5) with a
resonant frequency of 17.9 GHz to obtain information about By employing advanced dielectric resonator techniques, the

the frequency dependence®f (Fig. 4). The frequency depen-microwave surface impedance has been determined-dois

IV. SURFACE RESISTANCEMEASUREMENT

VI. CONCLUSION
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oriented MgB thin film. The s-wave nature of order parameter [11] A. A. Golubov, A. Brinkman, O. V. Dolgov, J. Kortus, and O. Jepsen,
is clearly demonstrated with(0)/kT. values around 1.1. The
temperature dependence otan be well fitted by BCS theory
in the entire temperature range beldwesulting inA(0) values

about 100 nm. The temperature dependence of superfluid den-

sity p., can be well explained both by an anisotropic one-gapq4
and an isotropic two-gap model. The temperature dependence

of R, at 7.18 GHz shows an exponential behavior below 2d15]
K in accordance with the penetration depth data. The measurg—e]
ment of the frequency dependenceltf shows that the square
law is only valid at low temperatures. For higher temperaturedl’]
the exponent of the frequency dependence decreases down to

n —=

1 close to7.. The R, values at low temperatures (19.4

(12]

(13]

pQ at4.2 K, 17040 at 20 K and 7.18 GHz) are still dominated [18]
by residual losses. The promise for possible cavity applications,
e.g., to replace niobium, resides on a dramatic improvement gf9]
the residual surface resistance. In turn, the residual surface re-
sistance represents an important figure-of-merit for progress i{,2|0]
MgB, thin film preparation. Microwave power handling capa- [21]
bility simulations show that MgBis also a promising candidate 22]
for high power microave applications compared to HTS wherl
taking lower temperatures @f < 30 K into account.
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