
\ . 
r . ..r '., ~ 

·1 , 
.~~~ I .' 

LBL-28890 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

Materials 
Sciences 

& Chemical 
Division 

Presented at the Applied Superconductivity Conference, 
Snowmass Village, Colorado, September 24-28, 1990, 
and to be published in the Proceedings 

Thin-Film Flux Transformers of YBa2Cu307-x 

F.C. Well stood, J.1. Kingston, M.J. Ferrari, and J. Clarke 

September 1990 

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098 

- - -
'"'h(") 
0 .... ·r 
;; .... 0 , 

f) D 
~c Z 

!-' 

~ !lJ (") 
I'D .:TO 
rn !!J 1J 
'A 1/1 -< 
1/1 
- --
to 
i-' 

a. 
i.O . 
UI 
lSI 

r .... 
a(") .... 0 , 
!lJ"CI 
;;'< 
'< . p) 

r 
to 
r 
I 

fa) 
CD 
CD 
...0 
!SJ 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



" , ..... 1 

rf ..... 

Thin-Film Flux Transformers of YUa2Cu307-x 

F.C. Wellstood, 1.1. Kingston, M.I. Ferrari, and I. Clarke 

Department of Physics 
University of California 

and 
Center for Advanced Materials 

Materials Sciences Division 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

September 1990 

LBL-28890 

This work was supported by the California Competitive Technology Program and by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, Materials Sciences Division, of the U.S. Department of 
Energy under Contract No. DE-AC03-76SFOOO9S. 



1lIIN-FILM FLUX TRANSFORMERS OF YBa2Cu307-x 

F. C. wellstood. 1. 1. Kingston. M.I. Fezrari. and 1. amc 

Deparaueut of Physics, University of Califcrnia. 
Berkeley, California 94720 

and 
Cenla' for Advanced MaIerials. MaJerials Science Division. 

Lavm:nc:c Bc:rkdey LabcxaJDry, 
1 Cyclotron Road. Bc:rkdey, California 94720 

Using a mrec.laya' in situ Iascr deposition process. we bavc 
ccasauctcd supercanducting thin-film flux traDSfcxmen of 
YBa2Cu307-x (YBCO). The mmsfonnen are designed forcfficicnt 
coapling 10 a planar thin-film de SQUID. have O.7cuiJ. magucric 
field pickup arcas.and 10-tum input coils. When coupled 10 a low 
traDSitiOll tewpeaatwe (TC:> SQUID. the teSUlIing hybrid 
magnelOlIle1a' exhibits c:xccss low fn:quem:y flux noise which arises 
in the traDSformcr. This noise depends 011 the geamcay of the flux 
traIISfmmer.and the obsened behaviar agrees with model 
caJaJlarioN of the cxpcacd coattibution from flux ID01ion in the 
YBCO. The hybrid mapdIMcdU IIIIBins a magnc:ric fidel 
seDSitivity of about 09pnIrlll at 1Hz with the tnmsformcr at 6OK; 
the rms noise decreases as 1Ifl/2 up 10 a frequency f-lkHz.. We 
believe that the sensitivity is high CDODgh for use. far eumple. in 
magncux:ardiography. 

The heart and brain produce weak magneric fields which can 
be dcII:cled with SCDSiIive magrtW IIlddS.1The magncric fields are 
intrinsically very weak and the sources are of limin:d spatial e=nt. 
As a result, the magucric fields are significant oaly ova' limiIal an:as 
dose 10 the source.. At present. only majplCU)iDCtal based 011 the de 
SaperconducUng QUamum Imcrfcrence Device (SQUID)2 ate 

seDSilive enough to measure. say, the magnetic fields from the 
visually evoked response from the human brain (DJIj.1riUUJIII signal 
SU'CDgth of about loom.l Such magI'lClUlDCU::tS have two 
supercoDdncting components, the SQUID itself and a flux 
tnmsfarmcr. l .. 3 A flux Ir3IlSfClnll§'is a closed supercoDducting 
cin:uit consistiDg of a pickup loop which senses the applied field 
and a smalIc:t area mulI:iIum coil which couples flux into the 
SQUID. 

The purpose «the flux II'lIDSfonDc::r is 10 inc:reasc the 
magnetic field sensitivity of the SQUID. However. far sources of 
limiIal spatial cx=t. inaeasing the pickup area of a sensar may DOt 
lead to an iDcn::ased sensitivity. Suppose that the ficJd is COIISWlt 

cm::r a regiou with side length 2b and area~. In principle 
oae can use either a bare SQUID of area Amu or a smaller SQUID 
with a flux transfmnerof area Ama. Wbic:h atnlDgemcDt is more 
sensitive? 

Coosidc:r an annular shaped SQUID with inner hole 
diameter 2a and OUter diamcu::r 2c. For e>>a, the SQUID will bavc 
an indUClllDce L=2.S1Joa aDd an effective magnetic fidel pickup area 

Aeft-4ac. 4 Because of thermal Daise effects. it is DOt possible 10 
make L arbitncrily large, and we can thus consider' 2a as a fixed 
paaame1lCt. The sensilivity of atme SQUID 10 magnc:ric fields is 
just sB=S4II(l6a2c2), where S. is the flux noise in the SQUID. 
The muimmn sensitivity, which will oc::cur for cas larp as 
possible. i.e. c=b, is SB=S4II(l6a2b2). The field seDSitivity of a 
SQUID and flux transformer is SBooS., (Lj+Lp)2/(CX~Ap2) 
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where I..j is the input coil iDductaDcc. Lp is the pickup coil 
jndncallJCe, a is the coupling coefficient, and Ap is the aIea of the 
pickUp coil. The muimum SCDSitivity will Occur when the inpUt coil 
and pickup coil are of approxiuwdy equal iDd.rta'lce. a-l,1IIIi 
Ap=Ama; in this case Lp-2.SJIob=(bIa)L and SB=SczJ(4a,b3)." 
Thus, the traDsformcr and SQUID will be more sensitive thaD a bare 
SQUID provided that b>4a. For'typicallow Tc (a=IOO!Jm) ar high 
Tc (a=2O!.&m) SQUIDs this c:ondirlon is satisfied for b as small as 
O.5mm. 

Obviously, biomagneric sources functiOll at room 
""'1tUipCi1ftlW''''8!IIItnII'!e whereas the supcnxmdw:ting sensars must optZlIIe in a 
ayogalic cnvimDmenr. 1bc discovay of high transition 
ItUipCiIlUie (TC:> supeu .. wInQrn bas enabled the devc1Dp1J1e11l of 
SQUJDsS and flux trllIIsfuum:rs6 .. 7 wiDch operate at 77K.. This 
ItUipCilllile is high enoagb that ltipeiu • .t .... ting devices neal not be 
sbiddcd fmm mom lE2iipCiallft dlmDal radiaIim in order 10 opc:ra= 
(of caane it is necessary 10 prevent solid tbc:rmal c:onmct). 'Ibc 
devc:lopmmt of sensitiw bigh Tc magreo>' db s may thus enable 
the picbp loop to be bI'Oaght c:Ioser' to the somce. allowiDg 
incrascd spaIial ar fidd rr:soInrim 

III tbiJ pIIpCI'. we fust discuss the expcctcd noise fmm a IbiD
film plaaar flux UlWSfWDiiZ and dleD describe the CODSInJCIioa IDd 
behavD of a hybrid de SQUID IDIlgI1CIOIIJe1 formed by coupling a 
low Tc ~PbIn SQUID to a YB&2Cu307-x (YBCO) flux 
IJlIIISfClnll§'. 

Expected Aux Noise &pm the Transformer Componems 

III an ideal mapel'MlII".f!.I!r. the sensitivity 10 magoeric fields 
will be limited oaly by thamally genena:d noise in the SQUID.8 In 
this case. when the SQUID is c:onplcd to a malChed flux 
traDSfmDcr, it can be sbowD that the magnetic fidel sensitivity will 
be SBa8Its nl.i/(Rcx2Ap2). For typical paramca:rs Ap=Ic:m2, 
a2.0.5.1..j=2OnH. L=4OpH. SQUID shunt resistance R=IQ. and 
t.eIIIpb'IDIII: T=77K ODC fiDds SB=(I.2fI12Hrl • This sensitivity is 
remarlacbly high aDd dcomonsrraJI:S that. at least in principle, a 17K 
SQUID magrelilieu;rc:an be sensitive euough to mcasurelDDSt 

bicnvcgoc:ric: sources of iDII::rest. 
UDfcrcurwely, c:mang high-Tc SQUIDs typically display 

aa:ss low frequency aoise which is c:oasidaably Iargcr than the 
whio: tbcrma1 DOise..5 We have also foUDd that the IDltioa « 
magnr:ric wniccs in the bigh-Tc flux tnIIISformers can be a soura: of 
oaise. aDd that this mocioa limits the sensitivity of our hybrid 
magnmmc:u:r.9 Moving wnices will couple noise inlO the SQUID 
by two distinct mcchanipns In the first, which we call "direct 
noise, " the SQUID 5eIISCS directly die magneric: field producai by 
the vor=.In the SCCODd. which we call "iDdin:ct noise." the SQUID 
senses the screeoing cum:Dt in the flux tnmsfonDer induced by the 
motiOll of vonices. 

The magnimctcs of the ctin:ct and indm:ct noise from the 
traDSfmDcr will depend on a number of parameters, which we can 
divide magbly into ~ faaors (film composilioD, 
1DicrosIruawe. ar lWJpeianae) and geomctrical factors (number« 
vCX1ices in the film. shape and size of tnmsfonDer and SQUID. 
SQlJID..ttcmsform coapI.ing). The ma1I:rials fac1DJS can be thought 



of as producing vortex motion in the film. while the gcamc:aical 
factors ~ essentially transfer functions giving the flux change 
produced in the SQUID by the motion. . 

At present., it is not possible to give useful theoretical 
pmiictions for the magnitude of the awcrials fac1ors. However, 
givcn the noise in an unpatII:mcd film. the gcamcaical factors can be 
used to pn:dict the noise which would be seen if the film wen: 
pancmcd into a transformer. Accordingly, we will now consider the 
geomcaica1 factors for tbn:c C3.SC$ of inIen:st: (1) the direct noise 
from a thin-film sample which is small compami to the SQUID, (2) 
the indiR:ct noise from a closed loop which couples flux inro the 
SQUID, and. for comparison, (3) the direct noise from a large thin 
film placed ova' the SQUID. For these calculaIions we model the 
SQUID as a thin-film ring of inner hole radius a and outa'radius c. 

03 1; 5mB" Strgc&ure 

The depcndcnc:e of the noise on the size of a film can be 
understood qualiauivcly by c:onsidcring the noise produced by a thin 
supc:rc:onducbng line of width w and length,. At a disaance r>>w 
from the line, the magnetic ficId produced by a vcxu:x in the line will 
have a dipolar dependence. and it can be shown that the dipOle 
moment is roughly proponionalto the lincwidth. Thus, the field far 
from the line will be B ac w/r3. The flux noise SCDScd by a SQUID a 
disrancc r away will then be S~ ac (aBIQr>2t ~ where ?{is the 
number density of vortices in the film and, w is the surface area of 
the line. On caJatJaring the dcrivaIivc. one finds that 

S~ - 'w3'J(JrJ. Thus the noise from objects which an: far from the 
SQUID or have small line widths will be c:omplelely negligible. 

We DOW consider cqJJicidy the noise produced by the input 
coil's "aosmnder." a smallliDe which provides an elecIrical 
c:aanectioa to the inside tum m the input coil, and which fonDs a 
rclaIively small SU'UCblre near to the SQUID (see Fig. 1). The main 
difficulty is to calcuWe the flux CIt coupled into the SQUID by a 
vcxu:x in the line. We solve the problem by considering die 
ItCOipxocal problem: fiDd the flux CIt" that a SQUID with flux CIt' in it 
would apply to a voru:x in the line. The mumal indlJl'tl!DCe Mv 
between the SQUID and a voru:x in the c:rossunder can then be 
written as Mv =lA>" /CIt', where L=2.SllJ.Io is the SQUID inductance. 4 

To CSIimaIc CIt", we model the vonex as a circular hole of radius I.. 
(the pcneuaDon depm) 81 radial distance r in the~, aDd the 
SQUID as a monopole soun:c of magnetic field in the upper half
plane. With this model. CIt"~oI..werdl1t(~)3I2, where Wcr is the 
crossunder linewidth. We have 1aIa:n 2I..wcr as an estimaIe of the 
effective scmiDg area of the vmcx. 4 The flux CIt coupled from the 
vortex into me SQUID is then MvCZtdLv -4Iowc:radht(r2+d2)3Il, 
where Lv=2.SJ,JoA. is the sclf-indUdanCC of a hole of radius I... If we 
assume there an: ?(UJJCOrJdaIed vertices per Wlit area in the film. 
each with a spccaal density Sr<f) for radial motion 81 frequency f, the 
spectral density of the flux noise from the entire crossunder bcc:omcs 

2 cJd 
(cr) ?(w~ oSr(f) (3awcr)2 f z2dz 

SCIt (f) = dS -,,- (I +z2)S' (1) 
aid 

As c:xpcctcd. the direct noise scales as the cube of the lincwid1h wI%' 
We have found a similar expression for the noise due to the turDS of 
thecoiL9 

Case 2; Ow Loop Tenn 

The motioa of a vortex along a line in the transformer 
produces DO applied flux change in the transformer. On the other 
hIJId, motion from one side of a line to the otherprodua:s an applied 
flux change of CIt.,. An applied flux change CIt~1w in the 
transformer due to the motian &- of a vortex in aline of width w 

2 

produces a screening current Ij=C%Io&'l[w(Li + Lp)] and a flux 
Ml=Mlj in the SQUID, where l.j and 4 are the inductances of the 
input coil and pickup loop, and M=a{lLj) III is the mutual 
inductance between me input coil and the SQUID. Thus. the 
spectral density of the indirect noise is ~Sr<f)1w2]wt. Ml/{Lj+1,,)2 
for a disaibution of vortices in a line of length', and the total 
indirect noise from the transformer is 

S(in) ?{Sr<f)CZto~ (ii lor ~) 
CIt (f) = <Li +Lp)2 Wi + Wr:t: + Wp , (2) 

where I. io 1.(2' and, p ~ the lengths of the input coil, crossundcr and 
pidaJp loop. rcspcctMly. 

Cas 3: Lam 1bin Film 

When a wn= moves in the film a disunce Or along me 
mdial direction. the flux CIt in the SQUID changes by &ZI=(acztIar)Sr. 
Movanent in the azimuthal ctirection produces no flux change in the 
SQUID. For a disIribution of vmticcs. the spectral density of me 
flux noise measured by the SQUID then becomes 

SCIt == 2~Sr(f)fa(:) nir. (3) 

We now cstinwI: aCZttarfor a film placed a distance d from 
the SQUID, where d<<(c-a). We have found thai this system is 
analogcus to a two-dinrnsional eIccaoswic problem: The SQUID 
is eqaivaIc:nt to a c:ouialline in which the inner solid conducIDr bas 
radius • mel the 0Dtc:I' cmducUng tube radius c; both conductors ~ 
grwa:w:icd.. A vmex in the film becomes a line charge at tadius r 

(a) 

(b) 

turns of 
input coil 

1001J.II1 

Figure 1. (a> Plan view of thin-film flux transformer, (b) deWl of 
1O-tum input coil. 



(aSrSc); the charge induced on the inner conductor is equivalent to 
the flux coupled into the SQUID. Using the method of images, 10 

we find that the flux cz, coupled into the SQUID is 

cI»o [ (! a) 00 • (8-a.) 00 • (9:!)1 . 
cz,(r) = In(alc) In \c~r +j~tl~1n ~ +j~trtJn c,r: jJ (4) 

Here, aMalc)i (j even), (a2/r)(alc)i-l(j odd) and cj=f(cla)i (j even), 
(c2/r)(cla)J·1 G odd) are the positions of the jth image charge on the 
inner and outercollductar, n:spectively. Equation (3) can now be 
evaluated numerically using Eq. (4) for cl»(r). 

The Iotal Flux Noise From the Irwformcr 

. The total noise produced by the tIlI11Sformr::r will be the smn 
of the indirect noise and the dim:t noise from all of the pans of the 
traDSformer. We note dw then: is a partial conclaJioa between the 
direct and indirect noise terms which sbouId be fOUDi before the 
total noise can be computed. However, the c:cxtelaIica is rdaIM:ly 
small and, as we will see below, me indirect term gmldy domiDaII:s. 
Therefore, we can ncgiCd this COO'CiaDaD for pracUcal c:srirnatr:s of 
thenoise. 

Given our mwsfuuotl geometry. we can now calada ... the 
expected level of noise fnm the transfcxmer. We haw used the 
values L=O.44nH. Lt=70nH. Lp =2OnH. a=O.5. a=O.Imm. 
c=O.5mm. d=O.Imm. wr=2OJuD. &.j=12mm, wc:ra100llm. 
&.c:r=O.lmm. wpDlmm.lp=4Omm. We find that in this coafigaralion 
the direct noise from the aossuader sbould be oaly about 3$ of the 
noise from a full film. On the odler band. we fiDd that the lOCal DOise 
in the ttansfonoer is cbnjmrrd by the iodirec:t laID. which is about 
3M! of the noise fnxo a full film. This iodirec:t noise is dcminllrld 
by the mocioa of wnices in the input coil because of the Iarp DIio 
&. :lwt-I200 in Eq. (2). By c:onnsr. because of their reJaIivdy 
narmw linewidlh. the IDnIS of the inpal coil produce direct noise 
which is only about 0.038% of the noise from a full film. 

The Flux Iransformers 

In our uansforme:rs. the ove:rall size of the pickup loop is 
limited to approximaIely 0.7cm2 by the size of the substtaJe 
(see Fig. I). We cboose a pickup coillincwiddl of Imm to keep the 
inductance small. The input coil is designed for coupling to our 
hum diamclcr low Ie SQUIDs and has an outer dimcDsim of Imm 
and 10 turns of ~ Iincwidth.II The illduc:tanoe of the inpul coil 
depends on how tighdy it is coupled to the SQUID; it is about 70nH 
in the configuration used. so dw the DWChing is DOt optimizai for 
the coupling we were able to obcain. The fabricatioa of the 
traDSfarmer has been described in detail elsewhere.11,12 

Innsformq Magnetic Field R!sponse and Noise 

The transfanoe:rs were tcsred one at a time by mounting them 
on a ccmpe:ramrc-comroUcd stage apptoxim4tcly lOOJuo from a 
conventional planar thin-film ~PbIn de SQUID. 13 The systr:m is 
shielded from c:xte:rnal magnetic noise and the SQUID, maintained at 
4.21{, is operaled in a flux-Iocltcd fecdbaclt loop. This arrangement 
allows us to me&sIIIe the tcmpe:ral1D'C depeDdcut properties of the 
tnwsfmmer using a low noise SQUID with well-lDIdersrood 
behavior. Figure 2 shows the response of tnmsfouoets 1"0 aod II 
to an applied magnetic field as a function of the transfcxmer 
rempcratW'C. Above the transition u:mperaturc: of the traDSformer, 
the rcspoosc is just dw of the SQUID alone. Below the traDSiDco 
u:mpe:raIUI'C. the IeSpOIISC is larger and of oepIive sign. 
dcmansuating that the uansfonncr is operating. The sign diffi:reDce 
arises from a dclibe:raIc choice of winding sense in the inpuc aill. 
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eo -4 -<Il eo -6 ~ T0 

-8 
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-10 

0 20 40 60 80 100 120 
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Figure 2. Response of the SQUID to an applied magnetic ficId vs. 
the flux transfonnc:r tempe:ramrc for transformers I0 and II; cz,s is 
the toW flux coupled into the SQUID and cz,so is the flux coupled 
into the SQUID in the absence of the flux tt3JlSfonner. 
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made to provide a c:lear signatUre that the transformer is working. 
We believe dw the transition r.empcramres are somewhat reduced 
bcc:ausc of film degradation during the ion milling. Nevetthcless, Tl 
operu:s up to 17K. From me magnimdc: of the responses and me 
iDducIance of the uansformcrs. we c:an deduce coupling coefficients 
aooO.4 and 005 for T0 and T1 respcc:tively. The difference in 
coupling is probably aaribumble 10 small diffc:rcnccs in the 
separaDOIl between die SQUID and input coil. 

We measured die low freqacnc:y noise in two YBCO nux 
uansformcrs. Tl and n l3 With the SQUID c:ardully aligned aver 
the input c:oil. the spc:aral dcnsilics of the noise from the two 

uansformers were c:omparable. and scaled appzoximarely as Vf. 'Ibis 
noise is c:onsiderably grcaa::r thaD thai due 10 the SQUID aIoae and 
arises in the U3iiSf0l1bCt. The 1CWpCi8DlZe ckpendmccs of the 
magniludc of the noise in the two uarasforlDCl'S were similar. as 
shown in Fig. 3(a). 

AitI:z complel:ing field zapoasc measuzaDI:II!S OD T2. we 
scribed opeD the pickup loop aDd n:measmai the noise. This 
proc:cdIR required us to n:mave die II'8DSformcr from die SQUID 
and subscqucDdy remowu it; we believe the separaDOD was the same 
to within ~ The noise in the opened a:msformer (Fig. 3(b)) 
was ~ by a fac1Dr of abouliO. This large miDction is c:onsisa:nt 
with the noise in the closed 100p being domiDaD:d by indirect noise. 
The obsc:rved magnitude is also c:oasis=It with that expecsai from 
the din:cI noise in the c:rossund.c:r. Finally. we tDDYed the 1mm strip 
of pan of the pickup loop aver the SQUID. aDd n:measured the 
noise ID obIaiD an estimam of 5.sI(f). The linewidth of the pickup 
loop is large enoagb that the noise sbouId be the same as the 
SQUID would measun: from a large cmpam:mcd film. The 
obscncd noise was roughly a fllCUll' of thn:e bigher than from the 
closed uansfWDtt. as apecII:CL 

The 1aIIpC:Dmre depe .. 1r.!n of the DDise shown in Fig. 3 is 
differait if the Daise is measured in the opeD c:oil. the closed c:oil. or 
the film. The obscMd agn:cmcm in the magnitude betwceD the 
madd and the dm. is dlus only rough. Howew:r. this behavior 
should DOt be !DO surprising bec:aDsc we ezpect that for the thra: 
cases tile noise was due ID tile mocioa of wnicc:s in thn:e c:ampJady 
diffcrem n:gioas of the aansfanDcr. Our model comparison 
assumed that tile maII:iaJs facIDrs were the same in these thra: 
regions: this is unlikdy ID be pru:isely we because the pans were 
subjc=d to scmewtw differau pnxcssing. 

Conc:lusions 

From the obsem:d 1evd of flu noise. we fiDd the magnetic 
field sensitivity of the hybrid magrrl' kLC tt:r 10 be O.9pnlr l/lu 
1Hz and 601t. This noise is dcmjn ...... by the mocioD of vanices in 
the input c:oil of me tr.msformr::r which ClDUples Daise inID me 
SQUID via changes in the iDduccd c:um:m in the aansformcr. With 

modca iwptovemems in me nux noise fnxD thI films. the hybrid 
ma.gDC1DiDett:r should be SCDSiIM: enough 10 dcrect most of the 
sigaals pcna:d by the heut. Mare s" ...... rial iwptovcmerlll ~ 
needed ID dc=z most of the smaller signals fnxD the Inin. when: a 
sensilivity of uleasc IOfmrl/l is prefc:rable; howew:r. we bave 
aJrr:ady obsavcd sufficicutly !ow leftls of noise in 1lIlp8III:nIed 
films grown by lasc::r ablation.14 thus dc:moIIstraDng that such levels 
of perfarmance an:. in principle. obnriab1e 
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