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MgB, nonlinear properties investigated under localized high rf magnetic field excitation
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The high transition temperature and low surface resistance of MgB, attracts interest in its potential
application in superconducting radio frequency accelerating cavities. However, compared to traditional
Nb cavities, the viability of MgB, at high rf fields is still open to question. Our approach is to study the
nonlinear electrodynamics of the material under localized rf magnetic fields. Because of the presence of
the small superconducting gap in the 7 band, the nonlinear response of MgB, at low temperature is
potentially complicated compared to a single-gap s-wave superconductor such as Nb. Understanding the
mechanisms of nonlinearity coming from the two-band structure of MgB,, as well as extrinsic sources of
nonlinearity, is an urgent requirement. A localized and strong rf magnetic field, created by a magnetic
write head, is integrated into our nonlinear-Meissner-effect scanning microwave microscope [T. Tai et al.,
IEEE Trans. Appl. Supercond. 21, 2615 (2011)]. MgB, films with thickness 50 nm, fabricated by a hybrid
physical-chemical vapor deposition technique on dielectric substrates, are measured at a fixed location
and show a strongly temperature-dependent third harmonic response. We propose that several possible

mechanisms are responsible for this nonlinear response.
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I. INTRODUCTION

The discovery of superconductivity in MgB, in
January 2001 [1] ignited enthusiasm and interest in explor-
ing its material properties. Several remarkable features,
for example a high transition temperature (7, ~ 40 K), a
high critical field, and a low rf surface resistance below 7.,
show great potential in several applications such as super-
conducting wires and magnets. The success of making
high quality epitaxial MgB, thin films provides another
promising application as an alternative material coating
on superconducting radio frequency (SRF) cavities [2].
Over the past decade, the accelerating gradient has
achieved 59 MeV/m in the fine-grain niobium (Nb)
single cell cavity [3]. In order to go further, new high
T, materials with low rf resistance are required for inte-
rior coating of bulk Nb cavities. High quality MgB, thin
films may satisfy the demands for SRF coating materials
because such films can avoid the weak link nonlinearity
between grains, and lead to the possibility of making
high-Q cavities [4].

However, there still exist mechanisms that produce non-
ideal behavior at low temperatures under high rf magnetic
fields, such as vortex nucleation and motion in the film [5].
In addition, due to the presence of the 7 band and o band,
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the intrinsic nonlinear response of MgB, at low tempera-
ture is large compared to single-gap s-wave superconduc-
tors [6,7]. Finally, it has been proposed that MgB, has 6
nodes in its energy gap [8]. The intermodulation distortion
(IMD) measurements show a strong enhancement at low
temperature (T) as Ppp(T) ~ 1/T? [9], similar to the
characteristics of the d-wave nodal YBa,Cu3z0;_s
(YBCO) superconductor [10]. Note that the nodal non-
linear Meissner effect has only been measured by means
of nonlinear microwave techniques up to this point. If
MgB, is a nodal superconductor, the coating of MgB, on
SREF cavities will limit the high-field screening response at
low temperature and therefore degrade the performance of
the SRF cavities. Based on the above concerns, the study of
MgB, microwave nonlinear response in the high frequency
region (usually several GHz in SRF applications) can
reveal the dissipative and nondissipative nonlinear mecha-
nisms and perhaps enable application of MgB, films as
cavity coatings.

In our experiment the localized harmonic response of
superconductors is excited by a magnetic write head probe
extracted from a commercial magnetic hard drive [11].
Based on the gap geometry of the magnetic write head
probe, submicron resolution is expected. We present our
observation of the nonlinear response of high quality MgB,
films below T.. These films were grown on (0001) sapphire
substrates by the hybrid physical-chemical vapor deposi-
tion technique (HPCVD). A (0001)-oriented MgB, film
with (1010) in-plane epitaxial structure was determined by
0-20 and ¢ scans in x-ray diffraction, respectively.
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A detailed description of the growth technique and their
structural analysis has been reported before [12].

It should be noted that the SRF cavities function at very
low temperature and in rf magnetic fields of varying
strength, depending on location in the cavity. However,
our microscope functions at temperatures down to 5 K, and
with a localized high rf magnetic field. Therefore our
microscope is best suited for finding the localized electro-
magnetic response of the surface. We expect to find elec-
tromagnetic contrast due to surface defects on the materials
of the cavities. In this paper, we report the MgB, experi-
mental nonlinearity data from localized areas. These data
will be interpreted as a combination of several nonlinear
mechanisms including intrinsic nonlinear responses [7,8]
and vortex nonlinearity [5].

II. EXPERIMENTAL SETUP

The experimental setup for amplitude and phase mea-
surements of the superconductor harmonic response is
shown in Fig. 1. An excited wave (fundamental signal) at
frequency f comes from the vector network analyzer
(VNA) and is low-pass filtered to eliminate higher harmon-
ics of the source signal. This fundamental tone is sent to the
magnetic write head probe to generate a localized rf
magnetic field on the superconductor sample. Two insets
in Fig. 1 show close-up views of our magnetic write head
probe on superconducting samples. Because of the intense
nature of this field, the superconductor responds by
generating screening currents at both the fundamental
frequency and at harmonics of this frequency. The gener-
ated and coupled harmonic signal is high-pass filtered
to remove the fundamental signal V; and an unratioed
measurement of Vs is performed on port 2 of the VNA.
In order to get a phase-sensitive measurement of the 3rd
harmonic signal coming from the superconducting sample,
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FIG. 1. Setup of phase-sensitive harmonic measurement in
nonlinear microwave microscopy. The frequency offset mode
(FOM) of a vector network analyzer (VNA: model PNA-X
N5242A) is used in this measurement. Inset 1 shows the mag-
netic write head probe assembly on top of a superconducting thin
film and inset 2 is a picture of the rf microcoil of the probe above
the sample.

a harmonic generation circuit is connected to provide a
reference 3rd harmonic signal, and the relative phase dif-
ference between the main circuit and reference circuit is
measured. Further details about this phase-sensitive mea-
surement technique can be found in Ref. [13]. In this way

we measure the complex third harmonic voltage of

V;;mp *(T) or the corresponding scalar power P;i}mp (7).

The lowest noise floor in our VNA is —130 dBm for the

unratioed power measurement. A ratioed measurement of
sample

the complex V3:"(T)/ V?}f is also performed at the same

time. An alternative method to lower the noise floor is to
remove the VNA and use a stable synthesizer on port 1 and
a phase-locked spectrum analyzer on port 2. The noise
floor of our spectrum analyzer (model number: ESA-E
E4407B) is —145 dBm. In this paper we only discuss the

. sampl
unratioed measurements of P;z}mpe

(T) and qualitatively
discuss the mechanisms of third harmonic response of

the MgB, film.

III. THIRD ORDER NONLINEAR
MEASUREMENT RESULTS

The measurement of the 3rd order harmonic power (Psy)
is performed near the center of several epitaxial MgB,
films with the same thickness, 50 nm. The T, of these
samples are around 32-35 K measured by the four point
resistance method. These samples are all grown on sap-
phire substrates under the same deposition conditions by
the HPCVD method. These samples can be grouped into
two classes: Group A are the samples which are not well
isolated from the ambient environment after growth.
Group B are the samples which are kept in desiccated
conditions immediately after deposition. At least two
samples are measured from each group to examine their
rf microwave properties. Figure 2 shows a representative
temperature-dependent P54(T’) curve for the sample from
group A at the excited frequency 5.33 GHz and excited
power +14 dBm. Above 40 K a very small signal begins to
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FIG. 2. Temperature dependence of 3rd harmonic power P3f
from a 50 nm thick MgB, of group A measured with an excited
frequency of 5.33 GHz at +14 dBm.
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arise above the noise floor of the spectrum analyzer. This
P is from the magnetic write head probe itself. We have
measured the P3; of the magnetic probe when it is placed
on the surface of a bare sapphire substrate and in general
this probe nonlinearity is negligible at excited powers
under +14 dBm. Although excited powers above
+14 dBm excites stronger nonlinearity from the probe,
this nonlinearity is almost temperature independent in the
helium cooling temperature range. Therefore probe non-
linearity, if it is present, can be treated as a constant
background signal above the noise floor of the spectrum
analyzer/VNA. The mechanism of probe nonlinearity is the
hysteretic behavior of the yoke material, and has been
discussed previously [11].

From Fig. 2, a clear P5/(T) peak centered at 35 K shows
up above the noise floor. This peak arises from the modu-
lation of the superconducting order parameter near 7, due
to the enhanced sensitivity of superconducting properties
as the superfluid density decreases to near-zero levels. This
peak at 7. is also phenomenologically predicted by
Ginzburg-Landau theory, and is discussed further below.

We also note the onset of a temperature-dependent P3
nonlinearity below 29 K, followed by a peak near 27 K, and
then a gradually increasing P3; down to 12.5 K. Finally, the
Py decreases below 12.5 K.

Measurements of the dependence of P3¢ on P, are
shown in Fig. 3 for the 50 nm thick MgB, film (group A)
at some selected temperatures. In the normal state of MgB,
(T = 42 K), the measured nonlinearity comes from the
probe itself and shows a slope steeper than 3 at high excited
power above +15 dBm. Near T, the slope is 2.74, close to
the value of 3 as predicted for the intrinsic nonlinear
response [14]. Based in part on this evidence, we believe
that in the high temperature region close to 7, most of the
P3; comes from the intrinsic nonlinear mechanism related
to the modulation of the order parameter near 7. In the
intermediate and low temperature regime, the slopes of P3
vs Py are between 1-2. This value is similar to that pre-
dicted by many phenomenological models (between 1-2)
for YBCO films at low temperature [10,15], implying that
several possible nonlinear mechanisms are involved at low
temperature for MgB, films. It should be noted that the
low temperature nonlinearity can be easily excited at low
power. Figure 3 shows the P34-P; slope evolution from an
intrinsic nonlinear region around 7. to a regime with
different behavior at lower temperature.

The representative curve of P3f(T) from a sample of
group B is shown in Fig. 4. Compared with the measure-
ment of P3,(T) from the sample of group A, as shown in
Fig. 2, many temperature-dependent nonlinear features are
consistent and reproducible. From Fig. 4, the first peak at
32 K represents the first 7, of this sample. A second peak at
22.5 K, similar to that at 27 K (Fig. 2) is distinctly visible in
Fig. 4. The only difference is a second deep dip around
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FIG. 3. (top frame) Power dependence of P3; on Py for the
50 nm thick MgB, film of group A. (bottom frame) Fitted slope
at selected temperatures for the film of group A. The marked dip
describes an almost nonlinearity-free region from the MgB,
sample and its small slope is likely due to the probe nonlinearity.

20 K for the sample from group B, versus a shallow dip at
25 K for the sample from group A in the P3/(7) measure-
ment. The position of the dip and its depth also change with
the excited power. This sharp dip indicates the near can-
cellation of all nonlinear mechanisms at this temperature.
For both groups of samples, the nonlinearity gradually
increases with reduced temperature below the second dip,
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FIG. 4. Temperature dependence of 3rd harmonic power P3f
from a 50 nm thick MgB, of group B measured with an excited
frequency of 5.33 GHz at different excited powers.
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FIG. 5. Power dependence of P3; on P, for the 50 nm thick
MgB, film of group B.

followed by a saturation and finally a decrease at tempera-
tures below 10 K, at least for lower excitation power.

Figure 5 shows the dependence of P3; on Py for the
sample from group B. At T, (32 K), the slope of the power
dependence is almost 3. Below T, the slope drops to a
value between 1-2, the same as many published results on
MgB, [16,17], excluding the points near 20 K at which the
slope drops below one. This point (the second dip) shows
very small nonlinearity from the superconductor below
10 dBm excitation. For high excitation power (above
10 dBm), the majority of the nonlinearity signal comes
from the probe itself. In addition, at some temperatures
(20, 15, and 6 K), the power dependence curve shows
several changes of slope. This implies that the nonlinear
behavior is more complex at intermediate and low tem-
peratures. Therefore based on the similar nonlinear behav-
ior of many measured MgB, samples, we next discuss
several possible mechanisms that may account for the basic
common features of our experimental data.

IV. INTRINSIC NONLINEARITY OF MgB,
AROUND T,

The modulation of superconducting order parameter
generates nonlinearity under excitation by an applied field.
While the excitation field is much lower than the critical
field, nonlinearity will be generated due to the perturbation
of the ordered parameter. This phenomenon is generally
known as a nonlinear Meissner effect (NLME). When the
excitation field approaches the critical field, the mecha-
nism of intrinsic nonlinearity is still similar to the NLME
and becomes more significant. For example, around T,
this nonlinearity comes from the backflow of excited qua-
siparticles in a current-carrying superconductor, which
results in an effective decrease of the superfluid density
[7,8,18]. A two-band quasiparticle backflow calculation
has been applied to the MgB, intrinsic nonlinearity.
Based on the work of Dahm and Scalapino [7], the tem-
perature and induced current density dependent superfluid
density n,(T, J) can be written as

4.87 X 10 A/cm? and J, = 3.32 X 108 A/cm? are the
pair-breaking current densities for the two bands. For a
50 nm thick MgB, thin film, the generated third harmonic
power P5/(T) is estimated by substituting Jy;, into the
following equation derived from the assumption of d
(thickness) << A (penetration depth) [14],

22 AT (K,
Piy() = =557 d(6J)4 ((T)rf) “ P
0 NL (2)
[ K*(x, y)dx

I'(Ky) = Lot dy,

(nydx)2

where w is the angular frequency of the incident wave,
A(T) is the temperature-dependent magnetic penetration
depth, Z, is the characteristic impedance of the transmis-
sion line in the microscope, [ is the total current flowing
through a cross section right beneath the bottom of the
probe, and I'(K,¢) is a geometry factor. The value of the
geometry factor depends on the distribution of surface
current density [K(x, y)] on the superconducting plane.
We calculate the surface current from the Karlqvist equa-
tion [19], which gives the magnetic field distribution out-
side the gap in the x-z plane as schematically shown in
Fig. 6. Under the treatment of the Karlqvist 2D assumption,
the fields are invariant in the y direction along the gap. By
only considering the x component of magnetic field (H,)
on the superconducting surface, which is doubled with
respect to free space by the boundary condition of the
surface, the surface current K, can be written as

Yoke Gap Yoke

/
P AN
X-component
tield (H,)
along x-axis
—— X
o o] N Iheight(h)

d superconductor

FIG. 6. Schematic illustration of the 2D magnetic write head
on the top of the superconductor. The origin is at the bottom of
the head centered at the middle of the gap. Gap length (/,) and
film thickness (d) are not to scale.
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K, = 22¢ aret [ e ] 3)
, = —— arctan ,
T mo X2+ 22 = (1,/2)

where B, is the maximum field strength inside the gap, /, is
the length of the gap, and x, z are distances in the x and z
directions with the origin centered in the middle on the
bottom of the gap. In reality, the gap is of finite thickness in
the y direction as shown in the schematic yoke picture of
Fig. 10 with thickness /,. By assuming that the currents are
uniform in the y direction between y = 0 and y = [/, and
ignoring the return currents, the current distribution ge-
ometry factor I' can be approximated as

_l f@K;fdx.

s
1 tot

(4
r Ly = ] K,dx, 4)
—{

where ¢ is the distance from the center of maximum
current to the node of minimum current as shown in the
inset of Fig. 7. In addition, Fig. 7 shows the height (h)
dependence of I' when evaluating K, at z = h. In our
calculation, we assume B, = 1 Tesla, [, = 100 nm and
probe height 7 =2 um above the superconducting sur-
face. Therefore the value of the I can be estimated to be
8.3 X 10° A3/m>. We note that the probe geometry factor
is a strong function of height and can lead to surface fields
above the critical field of the superconductor [20].
Finally, the P3/(T) calculated results from (2) for the
50 nm thick film at a 5.33 GHz excited frequency is
shown as the solid red line in Fig. 8, assuming the cutoff
of MT — T.), Jni.(T — T.) and a Gaussian distribution of
T, [14]. This intrinsic response has measurable values

1010
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O
= 108
10°
0 1060 20IOO 3060 40I00 5000
height (h) (nm)
FIG. 7. Calculation of height dependence (4 is the +Z direc-

tion) of the probe geometry factor I'(K,;) for the longitudinal
magnetic write head probe. The black line in the inset shows the
integral path of Eq. (4) on the plot of the surface current density
simulated by the ANSYS high frequency structure simulator
(HFSS) under the assumption that the magnetic writer is 2 um
away from a perfect conductor surface. Red corresponds to large
current while blue corresponds to small current. The value of ¢ is
on the scale of the outside edge dimension of the magnetic yoke,
which is 1.5 um in the HFSS simulation, and is effectively
infinite in the Karlqvist calculation since the return currents
are not considered.
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FIG. 8. The blue dots are the MgB, P;/(T) data (from
group A) at an excitation frequency of 5.33 GHz and excitation
power of 18 dBm. The solid red line is the simulated result of the
intrinsic nonlinearity from superconducting order parameter
modulation near 7, of MgB, with thickness 50 nm under the
assumption that the magnetic probe provides a field described by
a geometry factor I' = 8.3 X 10° A3/m?. Other parameters used
in this calculation include A(OK) = 100 nm, Jy (T — 0K) =~
6.5 X 1012 A/m?, Ao = 800 nm, Joyoe =4.2X 101 A/m?,
and 7, = 34.6 K with a standard deviation of Gaussian spread

of 6T, =13 K. The noise floor in the experiment is
—143 dBm.

above the noise floor only in the high temperature region
near T.. The experimental data of the MgB, films from
group A under a +18 dBm, 5.33 GHz microwave excita-
tion is shown as blue dots. It is clear that this model
predicts very low nonlinear response at low temperature.
Hence, other mechanisms must be responsible for P5/(T)
at temperatures below 7.

V. NONLINEARITY DUE TO SECOND 7. WITH
LEGGETT MODE AT LOW TEMPERATURE

Theoretically, the nonlinear response of a two-band
superconductor should show a strong peak at the second
T, for completely decoupled bands [18]. With increasing
interband coupling, the peak due to the second 7. will
gradually shift to higher temperature and have a reduced
peak value [18]. Therefore based on theory, it is possible
that in addition to the nonlinearity coming from the first
T,, a proximity-enhanced second 7, also contributes to the
intrinsic nonlinearity. From the P;(T) data shown in
Figs. 2 and 4, the second peak at 27 K (Fig. 2) or at 23 K
(Fig. 4) may be due to this intrinsic mechanism. Another
P54(T) experiment was carried out with a loop probe which
utilizes a smaller rf magnetic field and a large excitation
area. The loop probe, providing an almost 1 mT in-plane
magnetic field on the MgB, surface, is made of a non-
magnetic coaxial cable with its inner conductor (200 xm
in diameter) forming a ~500 wm outer-diameter semi-
circular loop shorted with the outer conductor [20]. This
measurement is performed on the MgB, sample from
group A and the loop probe is positioned on the same
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region of the sample where the magnetic write head probe
was placed. In order to compare to the result measured by
the magnetic write head probe, both P;/(T) curves are
lined up to —100 dBm at their peaks around 27 K, as
shown in Fig. 9. The loop probe measurement shows
only one peak at 27.8 K almost the same temperature as
the second peak measured by the magnetic write head
probe. The lack of a peak at the first T, for the loop probe
measurement is due to the weak magnetic field and there-
fore a small value of I in Eq. (2) at the highest T'.. The inset
of Fig. 9 shows the power dependence of Ps;; on Pg
measured by the loop probe at the peak temperature. The
slope of P3; on Py is 2.85, very close to 3, the theoretical
value for the intrinsic nonlinear Meissner effect. However,
the slope of P3; on Py obtained with the magnetic write
head probe at this temperature is just 1.68. This implies that
our magnetic write head probe excites another nonlinear
mechanism in this temperature region and there is inter-
ference with the nonlinearity from the second 7,.. The
magnetic write head probe provides more intense and
localized parallel magnetic fields on the superconductor
sample surface. A comparison of magnetic fields generated
by the magnetic write head probe and the loop probe are
reported in Ref. [11]. It is unclear why the nonlinearity
from the proximity-enhanced second 7. is more significant
than that from the first 7, in the loop probe measurement.

Besides the intrinsic nonlinearity from the proximity-
enhanced second T, an additional intrinsic nonlinearity
arising from Josephson coupling between the o and o
bands would be expected [21] below the second peak at
27 K in Fig. 2 or at 23 K in Fig. 4. This nonlinear response
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1 rom spectrum Analyzer)
-110 4
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1204 F
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FIG. 9. Temperature dependence of P3; from a 50 nm thick
MgB, film (group A) measured by the loop probe (red curve)
and magnetic write head probe (black curve), respectively. The
excited frequency for both measurements is 5.33 GHz. The
excited power is 20 and 14 dBm for loop probe and magnetic
write head probe, respectively. Note that the VNA is used to
perform the measurement with the write head probe and the
spectrum analyzer is used in the measurement done by the loop
probe. The VNA has higher noise floor ~ — 130 dBm. The inset
shows the P3; vs P dependence for the loop probe measurement
at 27.8 K.

(arising from the Leggett mode) comes from the variable
phase difference of the superconducting order parameters
in the two bands of MgB,, and will only be excited when a
nonequilibrium charge imbalance appears both at short
length scales and at temperatures where the proximity-
induced 7 band becomes superconducting [21]. In our
magnetic write head experiment, the perpendicular com-
ponent of the rf magnetic field results in a charge
imbalance and excitation of the Leggett mode would
be expected. From the experimental data of P;4(T) in
Figs. 2 and 4, the nonlinearity below the second peak
gradually increases with decreasing temperature before
saturation. In this temperature regime, the nonlinearity could
arise from the Leggett mode mechanism, although no calcu-
lation of this nonlinearity exists, to our knowledge. However,
the observed temperature dependence of P5/(T) is reminis-
cent of that arising from Josephson weak links [22] or
Josephson vortices in a large Josephson junction [20]. The
absence of this signal in the macroscopic loop probe mea-
surement is consistent with the charge imbalance mechanism.

VI. NONLINEARITY FROM THE REPORTED
NODAL GAP SYMMETRY

Although MgB, is commonly believed to be a conven-
tional s-wave superconductor, Agassi, Oates, and Moeckly
claim that MgB, has line nodes in the superconducting
gap, and they claim further that the gap has six nodes,
as A(¢p, T) = Ay(T) #sin(6¢) where ¢ is the azimuthal

-~

angle in the ab plane of the hexagonal crystal, and Ay (7T) is
the weakly temperature-dependent amplitude of the gap
function at low temperatures [8]. From their IMD mea-
surement on MgB, films, the temperature-dependent
Pivp(T) shows an upturn around 7' < 10 K and increases
as 1/T? [9]. Therefore, based on these observations and
proposals, we would also expect our measurement of
P54(T) to show an increase in the same temperature range.
However, all of our experimental data show that P5.(T)
tends to decrease at temperatures 7 << 13 K. If the predic-
tion of the nodal gap symmetry is correct, the observed
downturn may be due to the interference between the
Leggett mode nonlinearity (or some other nonlinearity)
and the nonlinearity from this nodal gap behavior.
Another possibility may be that the rf magnetic fields
employed in our experiment are too strong, or the tem-
peratures are not sufficiently small to see the intrinsic
NLME due to the nodes. Yet another possibility is the
nonlinear response of the Andreev bound state, arising
from a sign change of the superconducting gap, on the
surface of MgB, [23,24]. Further investigation at lower
temperature is required.

VII. NONLINEARITY FROM MOVING VORTICES

Vortex nucleation and penetration into the film induces a
dynamic instability and generates harmonic response [25].
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FIG. 10. Schematic illustration of the magnetic flux coming
from the yoke of the magnetic write head to the superconductor
(SC) where [, w, and [, represent the width, the thickness, and
the length of the gap, respectively. The length /, is on the order
of 100 nm for our write head probe. The width (/) is 200 nm and
thickness (w) is around 1 wm. The figure is not to scale.

Considering the relation of the penetration depth of MgB,
(~140 nm) and our film thickness (50 nm), the tendency
to create a straight vortex parallel to the film surface will be
suppressed. However, due to the magnetic field distribution
from the magnetic write head probe, a significant vertical
magnetic field is expected. Figure 10 shows a schematic
illustration of our experiment in which the rf magnetic field
from the magnetic write head probe interacts with the
superconductor underneath the probe. A vortex and an
antivortex nucleate perpendicular to the film and will
move under the influence of the rf screening currents.
One can model this situation with an equivalent point
magnetic dipole that is placed above the superconducting
thin film [26]. The creation, motion, and destruction of
perpendicular vortex and antivortex pairs will generate
high order harmonic response in the experiment. The non-
linear measurements in films from group A and group B
would have nonlinearity from moving vortices in the entire
temperature region under high rf magnetic field. In addi-
tion, vortex nonlinearity due to weak link coupling be-
tween each grain under the localized rf field may be
another mechanism. The nonlinearity from weak link vor-
tices in a YBCO bicrystal grain boundary has demonstrated
a significant increasing nonlinearity with decreasing tem-
perature following the temperature dependence of the
critical current of the junction [20]. From the P;/(T)
measurement of MgB, in Figs. 2 and 4, the trends of
temperature-dependent nonlinearity below 30 K are very
similar to the nonlinearity from the weak link vortices in a

YBCO granular structure, except for the deep dip around
20 K in Fig. 4. Comparing the films of group A to that of
group B, both Abrikosov vortex nonlinearity and weak link
vortex nonlinearity of the films from group A would be
expected to be more significant due to the exposure to air,
which will degrade the film and therefore decrease the
lower critical field of the weak links and grains. Models
based on the creation and annihilation of perpendicular
vortices and the weak link vortices are currently under
development.

VIII. CONCLUSIONS

A strongly temperature-dependent third harmonic re-
sponse is found from near field microwave microscopy
measurement on high quality MgB, films. From the inves-
tigation of the third harmonic response as a function
of temperature and input power level, the nonlinear
mechanisms in high quality MgB, films appear to be quite
complex. The nonlinear response near 7, can be well
understood by a model relating modulation of the super-
conducting order parameter near 7,. However, the non-
linear response at temperature less than 7. shows several
different possible nonlinear mechanisms. The first is the
intrinsic nonlinearity from the proximity-induced second
T.. The second is the intrinsic nonlinearity arising from
Josephson coupling between the o and 7r bands. The third
is the potential nonlinearity from the proposed nodal gap
symmetry of MgB,. Finally is the nonlinearity due to the
perpendicular vortex pairs as well as the inevitable weak
link vortices created in the high quality MgB, films by the
high rf field probe.
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