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The main features of the superconductive absorption are:

1) fluctuating character, more evident at low field;
2) reproducibility of some of the fluctuations by varying the field;

3) hysteretic irreversibility strongly dependent on both the extreme

field of the sweep and the modulation intensity;

4) different behaviour in the case of zero-field-cooling (ZFC) and

non-zero-field-cooling (FC}, with magnetic memory eflects;

5) position of the maximum strongly sample dependent. Usually
in the 0.1-20 Oe range for ZFC samples (values up to 100 Oe

have been observed);

6) temperature dependence of field and height of the peak, the last

one being very strong.
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Fig. 1. Ti ure d d of the field-modulated micro-
wave absorplion of ZFC samples for & fixed field scan of 0-94-0
G. The back trace 3Tway$ fesults in a smaller variation of the sig-
nal The received gain was kepi constant from 14-58 K, and then
reduced (o 30% for the signals 21 68 and 77 K, and 10 63% a1 86
K. The fichd modulation amplitude was § G {peak-10-peak).

8w L G0 w0
Fig 1. Temperalure depend ol the of the fiekd-

modulated microwave absomption for the increasing fiekd san
using 3 rero-ficld cooled sample.

for the particular field scan of 94 G. The position of
the broad maximum also shows a temperature de-
pendence, which is depicted in fig. 2. A similar, al-
though much larger variation of the peak positions
was already reported [6,7] for the 1ame material, The
similzrity of the values quoted in ref, [6] with the
indcpendensly determined lower critical field M., [8]
was taken as evidence that the peak position of the
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dx” (8)/dB8-1race can be used to determine H,, in a
simple fashion,

Quite contrary we think that the only indicator for_
H_, is the obscrvauon of hysteresis in the dy” L__I
d.B-curve because flux penetration into_the bulk su-
perconductor is expected anly for field values above
H., with a subscquent modification ol o[thg;uacn:mb
ducting.” ne(work “whose phase slipping is docu-
mented via the fifie”sRAUEE ol the microwave
lbsorpuon T

™ In order to exclude a slow time dependence in the
Mlux penciration, Lhe field scan was stopped at the
highes1 field value for approximately 1 h. The re-
sulting backirace was indistinguishable from the
prompt sweep, thus excluding time-dependent ef-
fecis on the one-hour time scale,

Our hypothesis was further tested by determining
the minimum field sweep range A8, for which not-

_icabie hysteresis could b¢ GbSErVer ai 3 fuiiction of
the ?m plottcd in fig. 3. Here

hysteresis H(T, AB) is defined by 1he ratio of the
diftEreaces in peak amplitades far the | increasing and
Hecreasing Tekrs'ans. respectively, and the puk
amplitude AR for the | mcrcasﬁg‘ﬁ'elﬂ”_mbefﬁ
Erately e detémifed H,, = AR for a vaiue of H({T, -
AR} =30%, The observed qualitative agreement of
Ho=f(T) with a simple H,(T)=H,,(0){1—(T/

Temperatore (1)
930 L} I B L]

L]

s
11171
Fig. 3. Tempersiure dependence of the critical field H.. an de—
duced lrom the b it anset of the mi
scans, The ervor bar were obtained try evalusting the H,, () de-
pendence for hysteretis onsets of 20 and 40, respectively. For
the nomalized plot we used 7, = 92,1 KL
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The signal is associated to the fluxon dynamic within the gran-

ular structure of the compound.

In the framework of the superconducting glass model, the field
position of the absorption peak in a 7ZFC sweep allows us to estimate

the average dimension of the single region of uniform phase.

If we assume that this field is associated with the critical field
H?, where flux slips start to occur, the average projected area of the

superconducting loops in the glassy state is given by:
S = ¢0/2H:1|

where ¢g = 2.07 - 1077G - cm? is the elementary flux quantum.
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The phase factors A;; =x;;H introduce randomness and
frustration in the presence of a magnetic field H because
the system has many competing ground states of almost
the ‘same energy. j; is a random geometric factor.
Hence, after cooling in zero magnetic field the system is in
a Meissner or XY state.”3 On the application of a mag-
netic field, the system is weakly random and changes its

configuration with accompanying flux slips starting at a
critical field HJ.

TABLE I. Variation of HJ in the different superconducting
copper oxides used in the low-field microwave absorption experi-
ments.

Cluster radius

H2Y {gauss) my T. (K)
Bagsiay gsCuOy 135 0.7 26
Sro_:Lal_sCU}Oj 0.8 . 2 35
St’o_zLa]quO.t 0.6 2.3 . 40
Y1>3B3|,1CU301—5 0.5 2.5 90
Y BayCuy0q-5 ~3-20 1.0-0.4 92
YBHJCLHOg-—a ~8 0.6 92

K.W. Blazey, K.A. Miller, J.G. Bednerz, W, Berlinger, G. Amoretti,

E. Buluggiu, A. Vera and F.C. Matacotta, Phys. Rev. B 36, 7241 (1987).

In the framework of the Josephson junctions coupling mech-
anism in a granular medium, the effective junction length can be

estimated from

d ~ ¢D/(2HmaaAL):

H,.o. being the field at the derivative absorption maximum, roughly
corresponding to the half-width of an average Fraunhofer-like diffrac-
tion pattern for the screening supercurrents through the array of

differently sized junctions.

Typically, with Ag = 5004, a field of 10 G will produce a quan-

tum flux through a junction when d = 20um.
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It seems by now well established that in the ceramic supercon-
ducting oxides the H-modulated non-resonant microwave absorption
signal, as detected below T, by a conventional ESR spectrometer,

comes out essentially from two distinct contributions:

- one of them, drastically dependent on preparation, annealing
and (in powdered samples) grain size, is predominant in the
low-field and low-temperature region. It is generally very intense
and probably related to viscous flux motion or to phase slippage

processes in the intergrain network of Josephson junctions;

- the other, observed in a more restricted temperature range near
T, and almost independent of the preparation details, appears to
be strictly related to the resistivity drop and then to intragrain
effects. It is comparatively weaker and reaches its maximum

intensity in a moderate field (H ~ 50 Oe).
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An ESR spectrometer measures the change in reflection coef-

ficient of the microwave cavity, due to energy absorption, which is

proportional to the surface resistivity of a superconducting sample.

Dissipation in superconducters due to viscous flux motions dri-
ven by the induced microwave currents is characterized by an effec-

tive surface impedance

Z = R—iX = —iXo(1 + 2B/B,)'/?,

where

Xo = 41rwz\¢”/c2.

and

Bo = S?l'wAszﬂ/%.

In an increasing magnetic field fuxons first enter the weak links
or Josephson junctions of a granular superconductor and then the

bulk material only when the field exceeds H,,;.

The dominant absorption we observe is due to fluxons in the
Josephson junctions. In fact, the microwave absorption {(MWA) is
inversely proportional to the viscosity, which has been estimated to
be six order of magnitude lower in the junctions than in the bulk.

This can be seen easily without using modulation techniques:
a change in slope in the absorption is observed when fluxons start
entering the bulk, where tiuay contribute less, taking inte account
also that they are sampled by the microwaves a skin depth in from
the surface.

MWA can also arise from resistive losses in the normal cores of
flux vortices in the mixed state, or from dissipation due to Josephson
junction resistance in low fields.

It is then not surprising that hysteretic phenomena are present,
related to trapped flux. In particular, when the external field is
removed, the microwave absorption decreases, but not to its zero-
field starting value: there is a remanent absorption, which is due to

the remanent magnetization of the sample.



i

R (a.u.)

o 200 %00 500
a) "
Fig. 4. - Single marks refer to measurements of the reflected power R of the cavity as a function of the

cxternal magnetic field B for different temperatures T<T.. ¥ 23.0K, m 34.6 K, 0 70.5K, A 76.0 K,

@ 83.5 K. Continuous lines show the best fit of the data obtained by using eq. (1) and an adjustable
parameter B*,

R. F.\st;m?; , N.Guva, R.Marcon amd C. MatacoRa
Euvophys. Letk. 6 (13m1) 25 -
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FIG. 1. Microwave absorption of granular ¥-Ba-Cu-O vs ap-

plicd dc magnctic field. (2) T=85 K. Solid curve dH/dt > 0

and dashed curve dif/di <0 coincide. (b) T'=135.5 K. Solid

curve dH/dt >0 and dashed curve dH/dr <0 form hysteresis

toop. () T=6 K. Dotted curve, initial Feld application,

dM/dT > 0. Dashed cucve, dM/d: <0, and solid curve,

dM/dt >0, form subsequent hysteresis loop exhibiting large
remanent absorplion st H =D.
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FiG. 2. Microwave absorplion of granular Y-_B_a-Cn-O vs ap-
plicd magnctic field, T=6 K. Dashed curve, initial !ifld appli-
cation. Solid curve, subsequent hysteresis Joop, i posilive.
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Another class of phenomena is connected with modulation ef-
fects. An ESR spectrometer measures normally the field derivative
of the MWA by superimposing a small ac field parallel to the ex-
ternal one and detecting the a.bsprptign signal sincronously to this

modulation field using lock-in techniques.

This is not always the case with superconducting samples, since
MWA depends on their magnetization, which is not always reversible

due to flux trapping even at low fields.

A prominent low-field hysteresis in signals recorded by means
of field modulation was also observed, which was absent in curves

recorded without modulation.

The MWA signal depends on the modulation amplitude and
on the sign of the field sweep, but is insensitive to the modulation

frequency and the rate of field sweep.



At small amplitudes, the signal changes sign with field reversal.
As the modulation increases, the field-increasing and field decreasing
curves came together from high fields, with the resulting curve an

odd function of field.

This behaviour has its origin in the superconducting critical
state that exists at the surface. Two processes contribute to the
modulated absorption signal:

- one js due to the modulation of fluxon density and is indepen-
dent of the direction of the external field sweep;
- the second is due to the surface critical current, changing sign

sign with the field sweep.

In the limit of small modulation amplitudes and microwave field
strength, the signal shapes are found to exhibit a peculiar evolu-
tion with the temperature, which can be interpreted in terms of loss

mechanism in intergranular Josephson Junctions.
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Fig. 1. - Modulated absorplion of a ceramic superconductor YBayCuyO4 at different temperatures. P = P"——
Microwave power wan 1 WV and modulation amplitude 100 mOe. 1+ 0

I cos*y
(VR)(h/2e) wey)?

KA

EUROPHYSICS LETTERS

1 €] ng~0.7 )
Fin) 5
. 2 2 ]
. PR (L1209 A U AP t
M : ] T yprAtm M Sz COSw
. , (VR)YW2e) wm ¥ (1 + Y2 dH 4 M
- a0 17 -9% o -]
0.90
1 Q1
I me= 70 r
b) o)
/s, 5 sis.
a . L L L .
-5 o [ X 0 FIET [+ 5
(1A
Fig. 2. = @) The diffeaction patiern sl ils envelope (23 used na the reduction faclor for the eritieal vt - 4 594 (t%‘ﬂ)
currenta in Joscphson Junctions. 5 Caleulated mberownye sbsorplion signnls for different values of g, A D\LlCLf— 9‘7 a'l ’ Eu.t'lrp‘lys, L"* -—-o—- /
indlicated by the sumbers, r) Model B Uie v wiaklon of e bowdary enerent in a modulated magnetic B
fiehd. o) Calonlated vawialion of ther silerownva slearptlon wilh the meslulation as in ). €} and f) H PU;-!- K b ak. ph"fg"c'a C 1.‘.5. (‘Lﬂ%o) 5
Meslulaled nbhworption signabs enlendided for anmbl auelilotlon amplituden (i <« H*) in forward and * /

reverse field sweeps, Unly i, 73~ 75 win chinged In the enleulatlons of the twe spectra.

A Dulzie | 8. Raxvin and H, Pcr;.tk/

Euvtohua Lett. 10 . 547 flﬁﬂﬂ\



The phenomenon has also been explained by pinning and depin-

ning of fluxons over a modulation field cycle.

A magnetic field applied to a granular superconductor (or a
type II superconductor above H.,) induces a critical state at the
surface where the critical current is flowing already at very low fields.
In this state all the depinned fluxons contribute to the microwave

]
absorption.

Upon reversing the field sweep the critical current is reversed at

the surface only after a certain field interval:
2H! = (dx /)N J. = 2neo/pd,

where X is a flux relaxation distance.

For d = 5um we have H, = 5 Oe.

Within this interval, the current flowing at the surface is less
than J., and some of the fluxons which were previously free become

pinned and do not absorb microwaves.

This critical current modulation effect is dominating at small

modulation amplitudes.

For temperatures well below 7, the modulated absorption as a
function of the modulation field H,, shows a minimum at H,, ~ 2H "
indicating the passage to the regime in which the changing fluxon

concentration signal prevails.

The temperature dependence of the two contribution to the
modulated MWA signal is very different: the component due to the
critical current modulation decreases linearly with increasing tem-
perature, while that due to changing fluxon density is nearly constant

over a wide temperature range and drops to zero around 7'..

K. w/. Blazey ok al. J Selil State Commun. §_5_"_, its5> (!.S&X)

kKow. Blazey avwd A Hohter

y Solil State Covamum. #2 4199 (Lm}
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- Fig. 4, (2} Temperature varistion of the Jostphion junction cross section

~ = S = ¢,/AH, responsible for the line absorption spectrum of Fig. 3. (b) The

JC (T) ~ HC! J (T) j'[.. ( T) same . d d ing two differenl vaziations of the
London peaciration depth costribution 1o the cross section, §

- 3]

Ho(T) ~ (1 — TJT)""*

J(T) ~ (1 — T|T, 4408
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Fig. 3. The temperature dependence of the square roat of the microwave
threshald poer reguired Lo gencrale the Tine spectrum of Fig. 3 at $Gauss.

Wr MPasoew Phuctra Seriobta Taa  aa fram)



Pute Magreix meds

/

Puts sermpe et e mode
AR

Magry s Tudd vty

(

!

i
cemeqras

I

!

i

ot stuce

F1G. 1. Phase disgrazn for » supercanducior showing pure tempersture and
pure magnctic mode paths for an EMR spectromcter,

sponding refected microwave power spectrum and EMR
response are similar to that shown in Fig. 2but with Hand T
interchanged. Any other path can be taken by a combination
of these two modes of operation.

There are two significant problems in implementing an
EMR spectrometer 10 operate as described above. (1) It
would be difficult to modulate the temperature, particularly
at frequencies (10-100 kHz) normally used in ESR homo-
dyne spectrometers. (2) For the type I superconductors
which are of great current interest, the high critical field is
beyond the range of conventional ESR magnets for all but a
limited range of tempesatures. Thus, an EMR spectrometer
cannot be casily operated in ¢ither a pure temperature or
pure field mode.

It is possible to operate in a hybrid mode which is a
mixture of the pure temperature and field modes using tech-

(L1
z
l T,
bl
4
I
¥
=
M
T<T,
[1d
T
L

Mipgrrt=, Treid ssanenty M}

FIG. 2. Refeeted powes from a microwave cavity coninining & supcfcon-
ductor sk temperature T < T, a8 & function of magnaetic feld. (3} No feld

rfmduluiorl qr phase deteclion. (b) With field modulution and phase detec:
tion.

w
v

niques of conventional ESR spectroscopy, In this mode, a
constant field (H < Hc) is imposed on the sample and the
ternperature is scanaed as in the pure icmpcralure mode. baut
the ficld is moduluted tatead of the tempeaiue, e signal
recorded at any temperature 13 {apart from a constant fac-
tor)

S (au) oH. : )

It can readily be seen from Fig. 3 that
AP = P(H + 6HT) — P(HT)

(";) 5H = PUHT+6T) — PLHT)

3P) :
=(2E) sr
(aT " 82
or
ar) (aP .
5H =
(JH ar)u” (5

The value of 67 which results for a given 54 according to
this expression is independent of  and Tin the region of the
transition. Therefore the feld modulation is equivalenttoa-)
temperature modulaqu_m ‘the region of the phase transi- L
tion, and the spectrum recorded, ;s.].hc SAME, 23 that of an \

ideal EMR spectrometer o rating in the pure temperatuge
__EEH: wilh temperature modulation amplitude 5T, At the
same time, this hydbnd mode of opcra(ion circumvenlts the
prodlems encountered with operation in a pure mode. A A bias
ﬁeld of sufficient m:gmlude that the net bias plus modulat-
ing feld néver changes sign is requlrcd in order 1hat1-I;;
modulation produce a response in P(f} whichis ut‘lhc samc
frequency as the modulation frequency. Of panticular i impor.
tance for the application of this technique to superconduc-
tivity, 13 the fact that a signal will be recorded only if the
microwave response is magnetic field dependent (i.e.,
(3P /@H )y 9 0. Thus, abrupt changes in microwave resistiv-
ity which arc spurious or due to non-ficld-dependent phe-
nomena (e.g.. insulator-metal phase changes) will not be
recorded by this method.

Theinstrument used in this investigation is s home-built
homodyne ESR spectrometer operating at X band (9.3

Rglirs bl mirmanve power

FIG. 3. Magaetic held dependcn:: of reflecled migrow s e Power vi [em-
p for a sup

GHz) with the microwave frequency locked (o the cavity
resonance frequency by & conventional autamatic frequency
control circuit. The microwave power incident on Lhe sam-
ples was typicatly 2-200 mW (the marimum availabic with
the microwave klystran used). The frequency of the modu-
lating ficld was 10 kHz and its amplitude was typically 1-3 g.
There were no indications of saturation effects or increased
noise at the highest available microwave power and field
modulation amplitudes, so there is al Jeast some room to
increase scnsitivity by increasing these experimental varni-
ables. The sample temperature was controlled and varicd
using an Air Products LTD-3-110 Heli-Tran and model
APD-E tempcrature controller.

RESULTS .

In this scction, we present some results on the use of this
method to record superconducting transitions. .

Figure 4 shows the microwave response by this tech-
nique for NY, which is a well-characterized superconducior.
The peak occurs at the transilion tempperature, and the width
of the peak is a measure of the trangitipn, width. This This spec-
trum was recorded wilh The magnetic Reld at 30 O,

— K conventional microwave absorplion spectrum of
¥,0, powder, i.¢., obtained by dircct detection of the power
reflected from the microwave cavily is shown in Fig. 3(a).
This material exhibits an insulator-metal phase transition at
approximately 150 K as evidenced by on abrupt chinge in
the microwave absorption at that temperature. This phase
transition is not magnetic field dependent, however, and
therefore would not be recorded by the magnetically modu-
lated microwave technique described here. Figure 5(b)
shows the microwave response of this same sample using this
technique. The absence of response to this phase transition
iHustrates the selectivity of our method for magnetic-ficld-
dependent phase transitions.

Figure 6 shows the superconducting transition for two
different samples of the perovskite, YBa,Cuv,0,_,
(YBCO). These samplcs each had an approximate massof 1
mg. In Fig. 6(a}, the resulls from a sample are shown in
which two peaks are resolved. These peaks indicate the pres-
ence of two phases in the sample with slightly different criti-
cal temperature. The presence of these two peaks indicates

MHCRUWAYE RESPONSE
Iwivyery vatr]

L] 7% %
TEMPERATUNL iK]

F1G. 4. Hybrid mode microwave respanss of an EMR speciromeier for Nb
in the temperature region of the supcrconducting phasc tramition,
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FIG. 5.(n) Conveational microwave sbaorpiion of ¥, O, i & funcrion of
temperature, {b) Microware response of the bybrid mode EMR specirom.
cter of ¥, 0, as a function of tempernture. i

an anomaly in the preparation of Lhis particular sample. Fig-
ure 6(b) shows typical results for YBCO samples, in whicha
single peak is observed.

Figure 7 shows the results of a study in which the micro-

wave loss spectra are recorded for 2 number of samples of
YBCQ (in powder form) each with known mass. These re-
sults indicate that the amplitude of the pcak height scales
direclly with mass. This is an important result because it
implics that this technique may be ysed 19 measure changes .
in the fraction &?nguhwummmﬂdm
Trthis Tegard, we have used this technique to study the ef-
fects of high-energy *'Co gamma radiation on the supercon-
ductivity of YBCO. These results will be described in detail
elsewhere.

We have observed another aspeet of this technique
which provides additional informaltion for the characteriza-
tion of superconductors. This is illusirated in Fig. 8, which
shows a temperature spectrum for a solid sample of YBCO
in the temperature range 50103 K. The onset of neise in the
spectrum below the transition temperature, which increases
with decreasing temperature, has been noted in many sam-
ples of this type. We have conjectured that this effect is
caused by an ensemble of weak links or Josephson junctions
between superconducting regions in the bulk samples. Re-
sults of a study of this phenomenon, which supports our
conjecture, will be described elsewherc.
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FI1G. 6. Microwave response of YBa, Co, O, in the region of the super-
conducting phase transition. {a} Sampl: cantaining Iwo difereal supercon-
dugting phates. (D) Sample conaining & singlc superconducting phase,
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Fig. 1 Schematic description of the reagnetically-modulated microwave
absorption for a superconductor (dT¢/dH # 0} and o ficld-
independent {dT/dH = 0] transition.
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This expression can be more conveniently written in the two alternative

The resistive absorption model forms oP 1
or = 1) )
As discussed in [2], in the presence of a sufficiently low thermal ac- 1
tivatiou energy, the phase-slip rate is so high that one sees its effect as a * (1-¢)%2 Bly), 1o
time-averaged dc-voltage. The effective resistance for T < 7., may then be where y = 1/x and we have defined the universal functions:
wrtten Fi(z) = =L (x)/ I3 (x) (5a)
R = Ru[l(=)™?, IR A

where and

z=A(1- 1)’ /28, (2) Faly) =y "Ly ™)/ (v™"). (56)

and fo is the modified Bessel function of order zero. R, is the resistance The behaviours of Fi(z) and F2(y) are shown in Fig. 3.

in the normal state, ¢t = T/T, the reduced temperature and [ the external

T i T 7 i
magnetic field. A is related to the value of the critical current density J at :
H = 0 and in absence of thermal fluctuation effects (in the case of BSCCO, :
— Fiix)
A~ 3.75Jc0 with a in Oe and Jo in A/cm?). 0.6} e B 0.3
Owing to the field-modulation typical of ESR technique, the revealed A
.
signal is proportional to the field-derivative of the microwave absorption P, ll '
Thus, we obtain [3] : : Ho.2
3/2 ]
oP (1= tPP I(z) \ N |
oH = T H: [(z)’ (3) i e 3
I) being the modified Bessel function of first order. : l‘ 5/"
I
0.2l lil -0
i
i
o
i \
! A
N,
—(—S \'\\
[2] M Winkham , Phys. Rev. Left 64, 1653 (12128) : T

o 2 a 6 x{y) 8
(31 B Buliggin, A-Vera and 6. Amovell | Physica C1H (195) 231 -
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1
Rpowdcr = §R” + 3

or
Rpouter = 3 / T
where
x(0) = A1 ~ )33 j2H
and

A(f) = Ajcos® 8 + A, sin? 8.

(1)

h- Tink ham ,

P (mem)
o =] I=
— L Lal
L L
]
]

Resistivity

[=]

75...

85
Temperature {K)
(a)

e M0
3 hOe

= mal /]
= B
T/ /V /]
A2

T-Te
(b)

FIG. 1. {a) putT) of ¥YBCO crystal lor various valucs of £
as reporled in Ref. 6. {b} Compulted curves from Eq. (6) with
single fiting parameter A. AL cach level of R/R,, the theoreli-
cal downshift T.— T is plotted relative to the experimenial
R(T) curve for M =0, No adjustment has been made for the
general lincur slope of R (T).
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From Fig. 1it is evident that the temperature of the maximum Ty is

strongly anisotropic, in line with the composite shape of the signal observed
in powder samples. In particular

Tarl > TM"
with

ATy~ 4 K at 2 kOe
ATy~ 13 K at 8kOe

Ty is decreasing with increasing field, in agreement with the relation

{6)

Totvsra _ 2854 po
(1- ‘f) ==

obtained on the basis of the Tinkham model for the maguetic field depen-

dence of the resistivity.

We have found
[3” ~0.72 and (3, ~0.36

to be compared with the theoretical 8 = 1 in the Tinkham model. This

discrepancy was already observed in YBCO powders (3].

Following 2] with the theoretical value for 3, we can estimate the zero-

field critical current density J.o. We obtain
JA ~ 2% 10°A/cm?
and
J578 ~ 35
in line with the assumption in ref. [3] for the powder resistivity

1 2
Rpomder' = é‘R" + ERL. (7)

As regards the intensity behaviour of the signal, it is seen that the
height of the positive peak decreases as // =7 in the parallel case, in sub-
stantial agreement with the theoretical H ! dependence {3]. The decrease

with increasing field is less strong in the perpendicular case.

As seen in Fig. 4, at fields lower than ~ 100 Qe the negative signal
for H || c disappears, whilst the positive peak increases in height (at least
up to 20 Oe). At these low fields a sort of "replica” of the signal appears
at lower temperature, probably indicating the presence of lesser quality

superconducting phases,
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