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Construction of the Magnetic Phase Diagram in
Small-volume HTS by an OFC Magnetometer

S.G. Gevorgyan, T. Kiss, M. Inoue, T, Olyama, M. Takeo, T. Mutsushita, and K. Funaki

Abstract—We applicd the OF(C magnctomeser for simdic of
varter dynamics in small-veiume HTS. The subsistution of the
subenobd cotl by 3 Mat one in o tunsel diode mcillaior made the
ouil’s Milling fscter mavimal for Mal specimens enabling o resch
1-3A absulute snd 107" relstive changes of the pesetrativn depth,
A of RF magnetic fichd ioto FTS flms, Our technique nperates
in bigh magnetic felds and measures linear changes of & in imm
range with high resolution, 10 is also an excellent Q-meter for de-
tection of changes ~107"W of the sbsorption in HTS wmples.
Such shilitics allow it ta be applied in many fclds of scicoce and
techaology. In particnlar, detection of the mapmetic fickd-
deprodent changes of the frequency sad smplinede of 3 13IMHz
mollater enablcd limes oo the magnciinc phase disgram for YV-Bs-
Cu-0) film to be comytructed. 1t seems o have many similarities

a3 compared to the diagrams defined for belk HTS by the otbher
methods. However, how clse s the relation in fact, may be re-
vealeil nfrer additional fests on the same quality specimens,

Fredex Terms— Nas dynamics, magnetic phase diagram, small-
vilume HTS, opea-Nat coll (OFC) magneiometer.

1. IS ROEm s Tees

W vanious applicatons of small-voleme plate-like HTS
the comstruction of the magnetic phase diagram over wide
ranges of iemperature and magnetic field, preferably dur-

Ing a simple experiment, is a task of primary importance ot
present. In this context the penetrathion depth, &, is o useful
testing parameter, which is sensitive (o changes induced by
the external fields and besides, it claracterizes the supercon-
ducting state from muny sides. In the case of magnetic field-
dependent studies on A, the experiments are performed by use
of the resomam methods, where sample is placed in a resona-
tor o near it or forms a part of 2 teding resonator. I s so,
because the changes in A vs. the field are small for many stud-
s 2 compared 1o its revo-field value, and thos, high resolu-
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tion is reguired [1]. Comparison among the methods for A
tests permits to conclude that the “LC resonator™ method,
used in a frequency range of MHz, has advaniages [I]. Due 10
low freguency il enables to avoid the quasiparticle excitanon
by a testing field, which is important at studies near T, But, it
is suitable for tests in bulk samples only, Massive LTS crys-
tals used in this technique allow to incréase the Alling fhetor
and reach an excellent absolute resolution ~<0.2A (with a good
relative resolution ARA-2107%) [3]. This method, however,
gives the resolution 1 most 10-20A [1] when it is applied 10
the plate-like HTS, because of low filling factor of solenoid
coils arising from the small sample volume. To overcome the
problem one can approximate the codd size o the sample &-
mension [4]. But this can’t be final dectsion for a task, espe-
cially for the films with a thick substrate, We developed an
improved “LC resonator” technique (named In [2] as “OFC
magnetometer” for A tests In such small-valume flat HTS, 1
has Ak=1A (AMA-10"%) resolution, attainable with SQUIDs,
encugh 1o solve the task. Besides, it is simple, can operaie in
wide ranges of iomperature and magnciic field and measure in
wide dynamic ranges of the testing parameters. Its better reso-
kation. compared o othars, becomes evident especially 2t
tesis near T, All the above faciors allow to apply this tech-
niue in many fields of science, instrumentation and advanced
technolozy, to ¢reate new types of testing and controlling de-
vices and for basic stody. In particular, we are using it of pre-
sent to study the peculiarities of the vorex motion in plate-
like HTS specimens near T,, Here we report on ihe possibility
to construct some lines on the magnetic phase diagram for Y-
Ba-Cu-0 film by this method, illustrating the usefulness and
usabifity of the improved “LC resonator” techmigque.

(L ExverpaEs 1AL METHOD

S0, we applied the improved techmgue for high-resolution
detection of the magnetic transition curves (the frequency and
amplitude vs, (he field ai the S/ transition) in Y-Ba-Cu-()
filma. It dilfers from the raditional technigue (3], [5] by o re-
placement of the solenoid testing-coil by the flat (open-Thced)
one driven by a stable-frequency tunnel diode (TD) oscil lator
12, 16}47]. Fig.l shows the schematics of our technique. The
changss emabled W make the coil's [Mling factor about 2 wnit
for flat specimens. resulting in an increase of the resofution of
this method by 4 orders of magnitude. For comparison. the
typical vales of o filling factor for solenoid colls are
10710 for film samples. In the new technique the measur-
ing effects arc defermined by a distortion of the coil testing
field's configuration near its fae and also by the shsorption
ol the field's energy by a sample (due to extemal influences).
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These result in the changes of the oscillator frequency or/and
amplitnde, Compared with & traditional method, in this tech-
nique the ficld is densely disiributed near coil. Besides. due 1o
flat geomenry (providing maximal filling factor) the flat sem-
ple at its SN transition distorts it much strongly during the
penetration of the flux of a testing ficld, generated by & coil.
inti the sample. And alsa, the insignificant changes in testing
lield’s power absorption by a sumple result in (ar stronger
changes of the ascillator amplitude in this technigue with a
flat coil, It is also due 10 dense field distribution near coil.

In onder 1o determine vortex-related parameters in HTS
specimen pressed 1o the face of the flat coil, it is necessary 10
measure hoth the shifts in frequency and the changes in Q-
factor of the resonant circuit, These data, extracied from the
lests of the frequency and amplitude, will give complete in-
formation on the impedance of the sample. But, for cormect
determination of the physical characteristics of samples by
this rechnique there is a need 1o calibrate properly both the
shifts in oscillator resonant frequency (inductance) and the
changes in its amplitude (Q-factor, losses). In this sense the
problem here is far more complicsted as compared 10 the so-
case of & thin plate-ike sample the calibration dats are
stramgly dependent on the sample’s position and size.

Due 1o pape limitation we present here the frequency cali-
bration data only enough, for discussion the results (more on
the calibration see [B]). The measurcd change in oscitlator
frequency. BF. can be connccted with the length, Ae. of mag-
netic shielding by a sample of the testing field generated by a
coil: Ay=—G-8F. In general, the shielding length As, we deal
at the tests, is not the same as the London penetration depth,
Ay, in Meissner state or the pinning depth. A in mixed state.
But, the leagths ). and iy may, spparently, be idemified On
the other hand, if the sample is in mined state, the measured
eifective length, A can be directly related to the A, and the
flux Mow resistivity [9]-10]. However, how these lengihs are
related 1o each other quantitatively can be specified by a di-
rect calibration of the setup (8], The method of calibration of
the coil’s ficld configuration with normal conducting copper
plates, we realized, enables correct transferring of the meas-

ured shifts in frequoney, 8F, to the changes in distance from
the coil, d, We made it by moving different diameter (G=2R)
disk-shaped thin copper plotes towands the coil face up-to the
given distance, d,, and back. This changss the ficld configura-
tion and permiss 0 get the geometric G-factor as the coeffi-
cient for the resonant frequency (coil inductance) modulation,
Changing the position of the metallic object, tne can deter-
mine the value of the G-facior as the relation between the fre-
quency modulation 8F and the change in position 8d (Fig.2a)
Figures 2-3 illusirate the resulls of the calibration for the
wsed technique. It is seen how the determined G{d, . 5)-factor
depends on the sample’s area, S, and position, d,. near coil.
In fact. the G-foctor determines the resolution of the rech-
migue. 1t allows 1o rransfer the measured shifts in frequency 1o
the changes in distance by: 8d=—G(d..S)-5F (in particular, 1o
the real pan of the A by Gle—G({d _5)&F, important for the
extraction of the material parameters in HTS). Fig2 shows
exponential drop of the sensitivity of our technigue with a dis-
tance due 1o deerease of the field's density, G,~0.9A/Hz s
typical value of a peometric factor achieved at the optimal
workpoint. The high stability of our TD oscillstor (typically,
AF s~ 1-THz 3 F o, =T3MHz [ 2]} enabled to reach the reso-
lution of about Bd-8As=G AF s~ 1-3A in our device.
Figure 3 allows to estimate the optimal cross-sectional size
for the samples. For such samples {lmm<R<3mm) the fre-
quency shift is proportional 1o the aren (8F/S=const). Fig 1
shows also the ficld configeration near coil, which ix almost
similar to the calculated diagram of the field linss presented
along the X-aus, e comparison. Fig.d illustrates also the
imperfections of our hand-made coil design (~1mm-size bole
in its center), causing sharp decrease of the sensitivity for
small samples (R<1mm), becase of distortion of the Geld
lines near coil cemer. But, for the used Smm disk-shaped thin
film the main mistakes at the frequency tosts (cmsad by the
field inhomogeneity ) are less than { Immy{ Smm=1/25=4%
dug to hole in the coll centeér and less than 7% because of the
lield inhomogeneity on the rest parts of the sample (see the
line dy=1400um in Fig 31 It is small enough 10 be neglectad
in this study. in [8] we discuss ways how one can overcome
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1. RESULTS AND DISCLSSION
Below, we present the resulis of the study of the magnetic
ransition curves in Y-Ba-Cu-0 thin film detecied by the fre-
guency and amplitude of the Fou23MH:z TD escillmor si-
multancously. The @=5mm disk-shaped sample was paiterncd
by the chemical ctching method from the e-axis oniented snd
1. 2pm thick film [11]. The duta enabled to construct the mag-
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netic phase diagram for the tested small-volume Y-Ba-Cu-0
thin film. During the tests by this technique we could detect
an anomalows absorption of the testing RF field's power by a
film close to the end of its magnetic SN ransition.

Typical curves for 5F, 8k and 8A vs. Hile) & different
temperatures arc shown in Figs.4-6. First of all the figures
demonsirate that the technigue operates in up 10 12T ficlds,
measyres the changes of the shiclding length in 3 rangs ~imm
and shows 1067*-107 resoluion (depending on film's size),
which iz superior to SQUID's. It enables 1o detect the chanpes
~10°*W of a power shsorption by a film, onginated from the
variation of the flux distribution nside i1, which is superior to
SOUILD's too, Besides, our technigue has an excellent resolu-
tion near T, which is due (o the flat shape of the coil.

The Figs. 4-6 show also that the frequeney transition curves
are finally saturmed at the same constant value for high
enough H. The frequency after the satuiation eorresponds to
s value in the normal state (1o an accusey of the oseillator
parimeters’ temperature dependence), The background drift
in frequency und amplitude over the duration of the tesis was
negligible. Besides, no magnetic hysteresis was observed al
the further decreasing of the field at any lested temperature
{provided thal the tempernture is stabile enough). Thus, one
can determine the upper critical feld by the field value al the
saturation point. Fig. 7 shows the Hep(T) curve { @), 1t aliows
W determine the T=88.7K and the value of dH AT(T,)=
=0.73 £0.02T'K by a linear axtrapolation o T, of the H{(T).
The HeT) data obey the Heat Oy {I<T/T)] dependence
with the Ho{0r= (69.3 £1.5)T and B=1.26 20,02

We could also etimate the line, H'(T). comesponding 1o
the percotation limit for the unpinned clusters, (#). The insel
in Fig 6 illustrates the method of determining of the H' by the
omsct point of a deviation from the linear dependence of the
amplitude curve at small fields. Seems the H'(T) line i al-
most identical 1o ihe depinning line (M), Hee ™ T(T), deter-
mined by the 4-probe iransport test method using similar
quality lmm-long and 200pm-wide bridge [12] (which is
equal 1o the vortex Glass-Liquid transition line, He (T)). The
H'(T) data obey the H 01 [1-(T/T,¥)" dependence too with
the H(0)= 0.8 £ 11T and §=1.49 £0.03 close 1o T,
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By this technique we detected also an anomalous absorp-
tion of the testing field’s power by a film close to the end of
its $/N transition (W), Ha(T), which lays between the H'(T)
and Heyf T) lines on the phase diagram shown in Fig.7. The
peciliurities registered on the frequency transition curves pt
H,. (Figs.5-6) are also due to the absorption. because of the
known dependence of the circuit’s resonant Irequency on jis
(-lactor by F= 12rILCI] 1-0nl/(Qe | R, 1) #41 [7] Mere Ry is
TI's negative-di{fenential resistance and wy=1 ALC, What we
consld detect is not a device effect, The similar elTect was de-
tected alsn in Y -Ba-Cu-O crysial [13]. 1 becomes noticeable
when the absorption s large. Moving the specimen far from
the coil or testing small samples, and also if the escillaor is
tuned far from its steady operation threshold, one can detect
the clean (without peculiaritics) frequency transition curves.
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Flowever. the final onderstanding of the nature and the e
sons of such an anomalous sbsorption need additional study
THnlmhniqmdemmﬂwcﬂhLbﬁmﬂum,
due to its specific Mat design has advantages and is irreplace-
uble a1 studies with small-volume samples, especially near T,

In conclusion, we developed o flat coil-based testing tech-
nlque and applied it for studies of vortex dynamics in HTS. It
strangly improves the abilities of the traditional “LC resona-
tor"" method, especially al tests in smallsvolume samples with
a small signal. 1t is also an excellent RF Q-meter for the de-
tection of small changes of absarption in HTS. Besides, our
technique is irreplaceable in sensitivity eipecially ut 1ests near
T, Some of its capabilities are superior to SQUID'S, These
allow use it to study fine peculiarities of the superconductive
state in small-volume HTS at the beginning of its formation,
probably, innoticeable for the other technigues Besides, the
simultancous {requency and amplitude measurements allow to
construct the magnetic phase diagram in thin-film HTS. This
is important for many applications, because there are no un-
disturbed testing methods sl present, especially sensitive near
T_Mmmmm;iNdme
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