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Superconducting intermediate state of white tin studied by muon-spin-rotation spectroscopy

V. S. Egorov! G. Solt? C. Baines? D. Herlach? and U. Zimmermanth
'Russian Research Center “Kurchatov Institute,” Moscow 123182, Russia
2paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
(Received 9 October 2000; revised manuscript received 27 December 2000; published 21 June 2001

The local magnetic field in the bulk of superconducting single cry8téh was measured near and across
the transition between the norm@) and intermediatél) state aff=0.08 K. With varying applied fieldH,,
the data indicate a reversible phase transition withinl titate atH,~295 Oe, interpreted as a transition from
the laminar to a tubular structure. Near the N transition, occurring aH.,=0.98H.,,=300 Oe, the fielB
in the N domains is strongly inhomogeneous wEh:Hco, it grows with the decrease 6f, towards the value
H.o=305.5£0.5 Oe. On loweringd, in the N state, a large “field supercooling”dH/H . ~6%) of this state
was observed.
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[. INTRODUCTION For measuring the local magnetic field deep in the bulk of
the N domains, the unique practicable method is muon spin
SuperconductindS and normal(N) domains in type 1 rotation (uSR) spectroscopy. In the few previou$R stud-
superconductors coexist in the intermedidjestate, in a first  ies of type 1 superconductot$*however, no results on the
approximation, for applied field#l, within the range (1 I-N transition in single crystal samples have been reported.
—n)H.<H,<H. (n= demagnetization factorTaking into  [In Ref. 14 theN-I transition in polycrystalline lead was
account the energy of interfaces betwé¢andS domains:  studied at an elongated sample directed along the field, not
the N—1 transition should occur at a field,,<H. (Ref. 2 suited to test Eq(l).]
for which, in the case of a plate oriented perpendicular to the The results ofuSR measurements near and through the
field and assuming a laminar domain structure, theN-I transition in a plate of single crystal whitg{) tin are
calculatiort* gives presented below(Preliminary data, obtained with a field
mesh too coarse for a detailed study of the transition region,

1/ were reported in Ref. 1b.
Hoa~HJ[1-26(8/d)Y?], 6=\In2/7~0.47, (1)

whered is the sample thickness amdds £—\ | is determined
by the correlation and penetration lengthsand A, . The

same calculation predictshat the average fiel& in the N The ultrahigh purity Sn single crystal[18x12
domains is somewhat lower thah,, having its lowest value < 0.56 mnd, electron mean free patk some mm(Ref.
B=H,, at theN—1 transition, and growing towards, with ~ 16)] was a plate, grown parallel to th@00 plane. The
the decrease dfi,. Earlier experiments have qualitatively ~sample was oriented perpendicular to the homogeneous mag-
confirmed Eg.(1), but no information is available on the netic fieldH, and held at the temperatufie=0.08 K, the
predicted depression @& in the N domains. This is partly direction of the incideni. ™ beam was parallel to the field. A
due to imperfections in the samples, causing “tails” in the plate of polycrystalline tin with dimensions similar to the
magnetization curv Also, in the earlier experiments no di- single crystal was also used for comparison.
rect, spectroscopic dafeom within the bulkmaterial could The u* particle has spirs=1/2 and a magnetic moment
be obtained. m,=3.183u,, it decays with a lifetime of,=2.20 us into

As to the spatial structure of tHestate, theoretical treat- a positron and two neutrinos. In the transverse-fieleR
ments normally deal with straight, regul&rand N laminae  experiment’ the precessing polarizatid®(t) of the muons
parallel toH,.***" Though these are seen in “pure form” stopped within the sample is monitored. The polarization
only in special cases, even the most often observed intricaté(0) at the moment of the implantation=0) is known,
patterns®1%rich in topological variations, are indeed vari- and its instantaneous direction and magnitude at later times
ous “corrugated” forms of a laminar structure. However, are revealed by the parity-breaking, anisotropic momentum
near theN—1 (or | —S) transition, where th& (or N) phase distribution of the decay positrons escaping from the sample.
nucleates and extends over only a very small fraction of th@he ™ spin in N domains precesses with the frequency
volume, a threadlike structure for the minority phase may be=(y,/2m)B determined by the local fieldB (y,=2w
more advantageod$:? Experimentally, a system of super- X 13.554 kHz G~! is the gyromagnetic ratio o,&f), the
conducting tubes emerging on the sample surface were olfrequency for muons irS domains is zero. Stopping and
served, e.g., in Pb, S(Ref. 12, and Al (Ref. 5 for H,  subsequent decay of a large number of muons are detected,
=<H,, near thel —N transition. and the number of decay positroNg(t) emerging in a given

Il. EXPERIMENT
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FIG. 2. Amplitude(asymmetry ayepyn(H,) for muons in theN
domains, the symbol® and X stand for upward and downward
runs. The straight line is a guide to the eye, the extrapolation for the
| — S transition givedH ,s=18+3 Oe. In the field-downwards run,
an~ay is still valid belowH., =300 Oe down te=287 Oe, where
the N state persists field supercoolézke Fig. 3. The field distri-
bution in the laminat state is shown schematically as an inset.

FIG. 1. Histogram of the polarizatioR,;=ayP,(t) measured
at T=0.08 K, H;=292 Oe by detectot. The fit (solid line)
gives v=(y,/2m)B=4.0653-0.0008 MHz, ay=0.182+0.002,
o=0.246+0.004 ps L.

direction(taken as the axis) is proportional toP,(t), show-
ing an oscillating componenP,, with frequency ». The
damping ratgGaussian, exponential,_or othef P charac-

terizes the spread of frequencies abpuand the oscillation
amplitudeay att=0 (called “asymmetry’) is proportional
to the number of muons stopped M domains. Therefore,
since the muons areniformly implanted overN andSre-  thel state(the differenceas=a,—ay, the missing asymme-
gions, one hasyxpy(H,) (the amplitudeag>pg for the  try, shows the growing volume @&domains) This predicted
muons inSdomains appears as the “missing asymmetry” in behavior of ay(H,) is seen in Fig. 2, showingiy=a,
these measuremeints ~0.19 forH,>300 Oe and a fairly linear decreaseagf for

The experiments were performed at the low temperaturél ,<<290 Oe.(The nonlinear behavior even for upward runs
facility LTF on the wM3 beamline of PSI, Villigen, with the right below theN—I transition is an artifact of the assump-
accidental background reduced by use of the M@REons-  tion of simple Gaussian damping also at this field range,
on-request technique'® The penetration range of the*  discussed in connection with Fig. 4 belg\ihe extrapola-
beam in the Sn sample was0.1 mm, ensuring that practi- tion gives H,=H,s~18+3 Oe for thel—S transition
cally all muons stop in théulk of the specimen. where ay=0, a fair agreement with the theoretical value
H.s=(1—n)H; in view of n~0.95 as demagnetizing factor
for the present sample geometfyNo data were taken for
H,<95 Oe, since witlpy ,ay— 0 the time required for col-
lecting the decay events needed for a reasonable statistical
accuracy becomes extremely long.

The variation ofB in the N domains near th&l-I transi-

the transition point, the frequencyv=(y,/2m)B

=4.0653 MHz corresponds B=299 G.
Sinceayxpy, One expectsy to be a constard,, for the
uniform N state and decrease linearly with decreadihgin

Ill. RESULTS

After division by the trivial lifetime factoe™"7«, the os-

cillating «SR signal is proportional tayP,(t)=F(t). To
gm g prop NPAUO=F() tion is shown in Fig. 3 both for decreasing and increasing

describe the damping @, the Gaussian form was overall H,. As H, decreases, the uniforid state is metastable and

found to be the most adequate, even if a more complex be-ersists supercooled unkl,=H,,, ~287 Oe, which s to be

havior is also visible near the transition region. For a Gauss? 2
ian decay of the polarization one has compared tdH o[ 1—(T/T.)“]~H.o at the sample tempera-

ture T=0.08 K[the tabulated values ai¢.,=305+2 Oe
(Ref. 20 and 308 Oe(Ref. 21) T,=3.722 K]. The discon-
tinuous jump aH,,, signals the formation of thestate, but
B remains well belovH . and increases slowly with decreas-
ing H,, reaching a plateau only &,<260 Oe. The posi-
tive asymmetry” ay are to be found by data fitting. The tion B~305.520.5 G of this plateauobserved down to
phasey; depends on the position of detecipmwhereasay ~ Ha=100 Oe not shown in the figurés the “uSR value”
was approximately the same for the two detectors “left” andfor Heo, measured within the bulk dff domains.

“right” (i=1,r). Crossing the transition from the state, the monotonic
Figure 1 shows a typical histogram(t) representing decrease oB with increasingH, continues up tdH,=H,
~3x10° u* decay events, together with the fit by E8), ~295 Oe. At this point the curvB(H,) has a cusp, which
at H,=292 Oe. The crystal was in tHestate not far from we interpret as an indication for the phase transition within

~ _ 2
Fi(t;Hy) =an(Hy)e (M2l cog y B(H,)t+ t//i],(2>

where the local field, the damping rater and the “effec-
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325 : : : : : : : two conditions can be satisfied if-1h=./6/d, in good
3201 Sn single crystfal ] agreement with Eq(1) (only with a factor 1 instead of 0.94
and the minimum width for the lamina isR2= /dé.
—_ 3159 The same argument for a superconducting cylinder of ra-
2 3101 diusR leads to the conditiond/R<1—h andn<1—h simi-
2 3051 lar to those for the lamina, only technically more compli-
o cated because of the expressior[In(2q)—1)/g* with g
S 3001 =d/2R>1 for the inscribed ellipsoid in this cad&The two
2 2951 inequalities determine the minimal radius Rs-d/f(6/d),
290, wheref is given by the implicit equation
285] Hy HoHe g f3=4d In(f—1)/5, )
|
250 260 270 280 290 300 310 320 and the maximal value di where the tubular “antivortex”
applied field H, (Oe) appears is +h=5f/d. With the valuess~10 % cm (Ref.

o 3) andd=0.056 cm, one obtaink~18.6 and the minimal
FIG. 3. FieldB vsapplied fieldH, in the|-N transition region  values of - h where the two structures become stable, are
for the Sn single crystal plate at=0.08 K, H,J|[[100]. For de-
creasingH, (solid line) the N state is field supercooled down to 1-h=0.033tube) or 0.04Zlaming. (4)
H.;»~287 Oe. On increasiny , (dashed lingthe laminar struc-

ture transforms to one with tubul&regions atH;~295 Oe, and T . .
thel —N transition occurs at a higher field;,~300 Oe. The po- thereforeH,=H¢,=0.96H,, higher than that for a lamina,

sition of the plateau aB=305.5-0.5 G gives the . SR spectro- which is stabl(_a_only belowH; =0.958. . This means t_hat
scopic” value forH. . thel—N transition takes place &i.,, from anl state with

superconductingubes However, forH, not too close tdH,

the Sphase: as the volume fractip of the superconducting the laminar phase is known to have the lower free enérgy,
phase becomes very small, the very t&Bilaminae become therefore a topological transition between tubular and lami-
unstable and transform into a structure with threads of supenar phases is predicted at some fiéld, which should be
conducting tubeg*antivortices”) parallel toH,. On further ~ near to the “nucleation” valué4, calculated above.
increasing the field, the tubularstate is seen to go over to ~ Repeated field runs showed that both the field-upwards
the N state smoothly aH,=H,=300+1 Oe. As long as and field-downwardgsupercooling routes are reproducible.
H,<H.,, the upper path in Fig. 3 is completely reversible. The predicted depression d¢f. for §~10"* cm andd
[On starting from the unifornN state and loweringd, the ~ =0.56 mm[4% by Eq.(1) and 3.3% by Eq(3)] is in rea-
tubular structure does not arise, since it is stable only fosonable agreement with., /H.~0.022 inferred from Fig. 3.
H,<H,<H,,, a field range within the intervalH,,, ,H,)  The observed valueH;,—H;)/H ~0.016 is to be compared
where the field-supercooled state persists. with the estimate 0.0420.033=0.009 through Eg.(3),

Although the tubular-laminar transformation was consid-found by comparing the fields where a single tube or lamina
ered already by Landatiand later observéd? in a few  becomes stable in a puNenvironment.
cases, previous sophisticated model calculations made also The development of thestate with the decrease of tise
clear that the free energy differences between diffegent fraction leads to a large, asymmetric peak of the damping
priori possible spatial structures of thetate are very small, rateo nearH,~H,, about four times its “baseline” value
and the actual appearence of one or the other structure is, measured in thél state, as shown in Fig. 4The small
“depending on the exact experimental conditions and théut finite 0o~0.06 us ! is due, in addition to instrumental
sample quality.® To give quantitative predictions concern- inhomogeneities oH, to fields of the disordered moments
ing H; or H,, for a given sample is therefore prohibitively of Sn nuclei having nonzero spin and present with a natural
difficult and will not be attempted here. The simple modelabundance of 16.5 %. This value of, corresponds to a
below, predicting a tubular-laminar transition, is intended todipolar field spread 0&£0.7 G)
make plausible how the sequence of two phase transitions Consider first the field rangabove ~260 Oe. On in-
[ (laminar)— I (tubular)— N state can arise, depending on the creasingH, from this value,o begins to increase from
parameter$i., &, and sample thickness ~0.09 us ! and reaches a peak at somewhat beldy

On approaching thé—N transition,ps—0 and the pe- =H,, then drops abruptly, with the largest slope H,
riod D of the laminar structure increasesas D down to oy at Hg,. The increase o with H, on the left
~(d8)Ypspy. One can thus consider the energy balanceside of the peak reflects the increasing effective width of the
for a single Sslab of width R inserted into theN phase, field distributioninsidethe N laminae, agg approaches zero
with the result that it is stable so long Ré6=1/2(1—h)], and the ratiopyD/d=D, /d of domain width to sample
whereh=H,/H. and 1-h<1. However,R has also an up- thickness increases. In fact, because of the flaring out of the
per limit, since theS slab at the given sample thickneds field lines in theN lamina at the sample surface, the field is
has® a demagnetizing factar~2R/d and it can remain su- certainly inhomogeneous within a depth sD,. One has
perconducting only so lofgasn<1—h. (It is assumed that B=H_ near the domain wall, b is necessarilgmallerin
R<d, and the estimate is for an ellipsoidal shapEhese the “middle” region especially near the surfatéthe scale

The highest field allowing the nucleation of &tube is
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0.30 : : : : : larger thano,. The differences;;=o0,— 0y is due to the

interfaces in the state. Here, on th& side of the interface

0.251 2 I within a thickness ofs=&—\ ~10 °-10"* cm, the field

] B grows continuously from zero tbl, leading to an addi-

o 0.201 g“’ tional “interface” broadening, absent in the unifofhstate.
2 o.15] 2 b Since the volume ratio of the interface regions to the bulk of

- o the N domains isV; /Vy=~ps(8/d)*?, the “interface” con-

© 0.10] & e i tribution o varies withps. Due to the smallness of;; , its
% ¢ 3 s 2 T variation can become visible only far from the main peak at

0.05] @ [  H=H,. Anincrease ofr with ps for H,<250 Oe is indeed
indicated in Fig. 4, but for a quantitative statement more

0.00 00 =0 200 220 200 accurate measurements in the low field regigp-0.5 are

needed.

It is to be pointed out that the above results were obtained

FIG. 4. Damping rater vs H,, upward field scan. The sharp for a high purity single crystal. In contrast, for the polycrys-
asymmetric peak shows the field inhomogeneity just below thdalline sample the abrupt jump & at H,=287 Oe due to
structural phase transition B~295 Oe(see Fig. 1L The damping field supercooling is replaced by a smooth transition occur-
rate in thel state remains higher thar,~0.06 us ! for the uni-  ring much nearer toH., at H,=295 QOe. Also, only a
form N state, due to the contribution of tiS interfaces. vague indication for a change of the laminar structure near

H., can be seen and, opposite to the single crystal, the poly-

of the variation ofB in the plane ortogonal to the laminae crystal shows a normal hysteretic behavior: BigH,) path
being ~D,,. For example, aH,~0.9H. the calculatioh in thel state near thé— N transition is not unique, different
predicts H.—B)~0.0eH, at the middle line between the paths can intersect each other depending on the history.
two interfaces. However, the observable widthB

~[(B—B)?]Y?x¢ of the uSR line remains negligible as

applied field H, (Oe)

long as the volume fraction D ,/d~ (8/d)¥? pg of the sur- IV. CONCLUSIONS
face regions is small, and becomes large only with increasing _ o o
D, as ps—0. The increase ofsB with H, is abruptly The SR data on the internal magnetic field in single

stopped when thé laminae disintegrate into threads near crystal white tin reveal several new features of the interme-
H,=H,;. The value ofo- drops, since for the cylindrical ge- diate state near thHe— N transition. The inductioB in theN
ometry the fieldB~H, at the interfaces decays more rapidly domains just below the transition is by about 3% lower than
to ~H, in the inside of theN regions, so that theolumes H,, and the locally measured valil,=305.5-0.5 Oe of
associated witlB~H, are strongly reduced and their contri- the critical field is attained only by decreasiht, down to
bution to 6B becomes very smallin downward field runs H,/H.<0.85. On increasindd, in the intermediate state,
the | state appears only fdd,<287 Oe, the peak i is  the data indicate a reversible transition from the laminar to a
shifted accordingly to the left. A more quantitative treat- threadlike phase di;=295 Oe,beforethe | —N transition

ment of the volume averagiB=[(B—B)?] as a function of ~at H¢=300 Oe. The damping rate, characterizing the
H, would depend on the particular mod&f°for calculating width of the field distribution, rises sharply_ by a factor_ﬂ@ﬂ
the spatial distributiorB(r) with curved boundaries at the aSHa decreases below, and forms a\-like peak with a
surface region, it lies beyond the scope of this work. shoulder extending down td,~260 Oe. This is the same
Clearly, the field inhomogeneity in thBl domains for range where the differendd.—B becomes important with
260<H_,<295 Oe could already be inferred from the dip in the increase oH,, showing the larger weight of regions
B seen in Fig. 3: the significant depressigﬁi H. of the with B<H, in the N domains as the domain width increases.
average field is evidence of relatively lariyeregions withB ~ On decreasingi, below~260 Oe,o remains significantly
values significantly belowH., consistently with the ob- higher thano observed in the homogeneohsstate, reflect-
served behavior of. Further, it was found that the increased ing the continuous field distribution within tH&-N domain
damping due to this spatial field structure is not exacﬂyinterfaces. In downward field runs, the unifofhstate per-
Gaussiar(as indicated already by the anomaly in Figadd  Sists supercooled down té,=H» =287 Oe, which corre-
even less exponential. Since within the given time windowsponds to Klc.—H¢;/)/H.~6%.
of ~12 us the results obtained by exponential or Gaussian
decay functions are very nearly the same and the fits equally
good so long as the damping is weak<0.1 us 1), and at
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