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Angular-dependent muon-spin rotation and torque magnetometry on the mixed state
of the high-temperature superconductor YBgCu;0,_
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Muon-spin rotation SR) and torque magnetometry have been used to probe the anisotropy of an un-
twinned single crystal of YB&Zu;0O;_ 5. The absence of twin planes allows the ratios of all three principal
components of the superconducting effective mass tensor to be determined. The values for the in-plane an-
isotropy are in good agreement with values obtained by other techniques. The out-of-plane anisotropies as
measured by, SR are also found to be in good agreement with other microscopic measurements, but somewhat
lower than those resulting from torque measurements on this and other crystals.

[. INTRODUCTION is their small size. Another technique has proved successful
in the production of large untwinned crystalsyhereby
A key feature of the highT, superconductoréHTSC'’s) uniaxial stress is applied, as before, and the crystals are
that governs the structure of the flux lattice is the superconheated under low oxygen pressure to above the
ducting anisotropy.This anisotropy is reflected in the ability orthorhombic-tetragonal phase transition. On cooling under
of the superconducting charge carriers to screen magnettbe continued application of uniaxial stress the sample forms
fields, and is normally quantified ag=\./\,,, WhereX,  one orientation of the orthorhombic structure. Here we inves-
and\,, are the penetration depths for currents flowing pertigate the basal-plane anisotropy of a large untwinned crystal
pendicular and parallel to the superconducting copper oxidprepared in this way at SRL-ISTEC. This crystal is of such
planes, respectively. In such anisotropic systems any aniso&n appreciable exteiit-0.5 cn?) that it is ideal for a muon-
ropy within the basal plane, between thandb directions is ~ spin rotation £ SR) investigation, where a determination of
often ignored. For a tetragonal system such aghe three principal values of the penetration depth may be
Bi, 1SN, g:CaCy0g.. s With y~150, such a uniaxial view is achieved. The sample was annealed in flowing oxygen at
quite valid? but for the orthorhombic system YB@u,0,, s 490 °C, after which magnetization measurements showed the
(YBCO) this uniaxial picture masks the subtle in-plane an-crystal to undergo a sharp transition to the superconducting
isotropy, which may have important consequences for thétate atT,=93.5 K. In addition to theuSR measurements
structure of the vortex lattice in this compound. In generawe have also constructed a phosphor bronze cantilever that
the most important element in the HTSC is the two-has enabled us to carry out torque magnetometry measure-
dimensional copper oxide planes, but the unit cell of YBCOmMents on the same single crystal, in order to compare the
contains several other key structural elements, including thanisotropy measured by two different techniques.
one-dimensional copper oxide chains in YBCO and the
double chain structure in the related compound YBa&0g.
These chains, which lie along the crystallograghdirection Il. EXPERIMENT
and act as charge reservoirs, could contribute to the super-
conducting condens&téand thus give rise to a measurable
effect on the basal plane anisotropy. Determining the magni- Time differential transverse field SR experiments were
tude of thisab anisotropy can be particularly difficult in carried out with low-momentum surface muofz® MeV),
twinned crystals of YBCO, as the occurrence of planar deproduced with their spin antiparallel to their momentum, at
fects(twin planes$ parallel to thec direction cause thaand  the MUSR spectrometer at ISIS, UK, and on th&l3 beam-
b directions in different parts of the crystal to coincide. Smallline at PSI, Zurich. In transvergeSR muons come to rest in
flux grown crystals of YBCO, oxygenated to optimum dop-the sample and precess at a rate determined by the local
ing, can be detwinned by applying uniaxial stress alongathe internal field. In a type Il superconductor this internal mag-
direction (b>a) at moderately high temperatures, while the netic field arises from a regular array of vortices, each of
sample remains in the orthorhombic phase and loses littlevhich carries one quantum of magnetic flibx= h/2e, where
oxygen. One disadvantage of measuring with these crystalsis Planck’s constant arglis the charge of an electron. This

A. Muon spin rotation (LSR)
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FIG. 2. A plan view of the experimental geometry at the MUSR
spectromete(ISIS) and at the spectrometer on théM3 beamline
(PS)). TransverseuSR requires the muon spin to have a component
perpendicular to the field. For MUSR it can be seen that the plate-
like crystal shape, coupled with the longitudinal spin polarization of
590 595 600 605 610 615 620 625 the beam, favors larger angl@sbetween the field and the crystal-
lographicc direction, so that a larger cross section of the sample is
presented to the beam. MUSR is thus ideal for measuring with
angles ofc to the applied field of 45% 6<90°, while conversely
the transverse polarization of theM3 beam is ideal for covering
the range 0% #<45°.

FIG. 1. Example of the field probability distribution for the field
applied atd=0° to thec axis in theac plane. These data where
taken at 10 K after cooling in an applied field of 600 mT on the

7M3 beamline(PS). The line shape is highly characteristic of the | d h . | d h
intrinsic structure of the flux vortex lattice: the cutoff at low fields P'@N€s decreases the cross-sectional area presented to the

corresponds to the minimum in the field distribution between fluxPeam(see Fig. 2 As a consequence of these factors the
lines: the peak corresponds to the most probable field value at tHaPOVe facilities offer very different but complementary ge-
saddle point on a line connecting two flux lines; the long tail cor-OMetries for the angular investigation of HTSC. Special at-
responds to the high field values close to the flux-line césee  tention was paid in our experiments to ensure that the same
Ref. . The solid line is a simulation in the London limit of the experimental setup was followed on both spectrometers for
field probability distribution for an ideal vortex lattice with an ef- all orientations of the crystal. In particular, all the muons not
fective penetration depth,,= (A \p) 2= 150(10) nm. The uncer- stopping in the sample were stopped in a haematite sample
tainty is the accuracy with which,, can be determined from the holder. The rapid depolarization at very early times of these
data assuming this model. muons landing outside the sample prevents them from con-
tributing significantly to the oscillating component of the

spatial modulation of the local flux densiB(r) is sampled neasured signal, which then reflects only the influence of the
by muons which are implanted randomly over the flux Iat'sample on the muon precessfon.

tice. By Fourier transform(FT) of the positron spectrum A measure of the width of the field distribution is given
formed on decay of the muons, one may obtaingsR line by the square root of the second moment of t8R line

shape, or frequency distributiGriThis frequency distribution shape. In London theory this is related to the penetration
is an excellent measure of the probability distributim(B) depth vig

of the internal field values of the superconductor and thus is

intimately related to the spatial distributi@{r). In this way (B)? 12

the SR line shape may be used to yield important structural (ABHYAT)=| X ﬁ> . (1)
information concerning the flux latticeX° Extraction of this a70 (1+N(T)"q?)

probabilit_y distribution from the positron decay spectrum iSHereq is a reciprocal lattice vector and(T) is the penetra-
seen to |nv_0Ive a FT. Conventlon_al fast FT may be em+ign depth in a plane perpendicular to the field direction. In
ployed, but in order to suppress noise due to Poisson coun jeneral, for orthorhombic symmetry we may describe the
ing statistics and produce cleaner line shapes for qua”titativguperconducting anisotropy by a normalized effective mass
analysis we have utilized a maximum entropy technitffé. tensol

A typical line shape is shown in Fig. 1. This technique is

particularly useful if one wants to perform a systematic study m 0 O

of the moments op(B), which can be extremely sensitive to

the presence of noise. The details of this method are outlined Meg=| 0 m; 0 |,
in Refs. 11, 13, and 12. On theM3 beamline the field is 0O 0 ms

applied parallel to the momentum of the incident muons,

— — 1/3 H
which are spin rotated to allow this setup to conform to awherem;=M;/Ma,, Mg,=(M1M,M3)™, andM; is the ef-

transverse field geometry. On the MUSR beamline théeqtive mass Of. an electror_1 flowing alon.g tha .principal
muons are not spin rotated and the field is applied perperﬁx's,' The'eff.ecuve penetration depth for fields d|recteq along
dicular to the incident beam. The setup of the MUSR spec’-[he ith principal axes of the effective mass tensor is then
trometer allows the field to be applied at small angles to th&Ven by
superconducting planes with a large cross-sectional area of 1
the sample presented to the beam. The converse is true for AZ= N A / _
mM3 where decreasing the angle between the field and the e MMy
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Thiemann and co-workels have calculated the Fourier 2.5 T . . .
components of the internal field distribution of a well or- ‘g
dered flux line lattice for rotation of the applied field about .~
one of the principal axes. By extending their analysis it was™~ 2-° T
subsequently shown that the angular variation of the seconc i
moment of the internal field distribution is given8y*8 2
15 i
o
<
(ABHYAT)(6)=(AB)Y40)(cos 6+ 1/vf sirf 6)*2, L
(©) NT 1.0 i
m
wherey;;=yM;/M;=\;/\;, and@ is the angle between the v
applied field and theth axis, for rotations about theth axis. 0.5 ! ! ! . .
In previous experiments ofwinnedYBCO crystals, Eq(3) -20 0 20 40 60 80
was found to be a good description of the angular depen- 0 (degrees)

dence of the muon depolarization raté®°In the present o ot
work, by performing measurements as a function of angle FIG- 3. The variation of AB)“with the angle of the trapped
about two of the three principal directions of the effective field to thec axis, for rotation within thec plane. The curves show

mass tensor, we have characterized the anisotropy of an ufhe expected theoretical dependencies for measurements taken at 10
twinned crys’tal of YBCO and 50 K, yielding values of the anisotropy parametg[=3.6(4)

For all measurements the sample was first cooled to 10 Iﬁ?ed:;n%i;ifggcggg% Ailrll ngﬁa::gﬁgzjegﬁ dw;rzgwric;e after cooling
. )

in the presence of the applied field. Figure 1 shows an ex-
ample of the probability distribution of internal fielg B)

for the geometry with the field parallel to thedirection. by the above examples, values obtained using different mod-
Small angle neutron scatterif®ANS) measurements have els may vary by more than the statistical uncertainty associ-
already been performed on tlsamecrystal, which reveal ated with any given fit. Nonethelesg SR has been demon-
that the lattice has approximately triangular symmetry withstrated to be particularly effective when measuring the
distortions due to the in-plane anisotroffyin that work, for  relative variation of\ as a function of changing parameters
the geometry with the field parallel to thedirection, an  such as temperature, where the details of the model used do
estimate of the effective in-plane penetration deptfy,  not significantly alter the interpretatidfi?>??wWe adopt this
=(Nahp)'? yielded \,,=138(5) nm. The most reliable approach in the analysis of the remainder of the data and
method to obtain the penetration depth from @8R line  caculate the anisotropy of the system using only the relative
shape is to fit the data to a model, which in principle should, 4 iation of(AB2)Y2 with angle, calculated directly from the

be a distorted triangular lattice of vortex lines. For the ge-neaqreq SR spectra. The determination of the anisotropy
ometry with the field directed along any principal axis of the hen follows from Eq/(3). While this approach is still model

_effe(_:tlv_e mass tensor, a suitable scallng_shows_ that probabi lependent in the sense that it assumes an anisotropic London
ity distribution p(B) reduces to that of anisotropic supercon-

ductor with an effective penetration depth which in this c:asemOdeI relation between the linewidth and the penetration

ist” Nap=(Na\p) Y% This result is in accord with numerical depth via Eqs(1) and(3), we make no assumptions concern-

simulations by the authors, so for simplicity we model data9 the form of the time domain data in order to obtain our

using an isotropic triangular lattice with penetration depthfrequency spectra. As a further justification of the application
Xap. The modeling is performed numerically using straight,Of the anisotropic London model, we note that we can use
rigid vortices with spatial Fourier components given by theth® measurediSR spectrum toZCSZrnpute the dimensionless
London model, which for YBCO is a good approximation in guantity 6= (Bpea—(B))/(AB%)"*=—-0.6Q7), where
this field and temperature range. The probability distributionBpea: (B), and(AB?) are the mode, mean, and second mo-
obtained from this ideal spatial distribution must then bement of p(B), respectively. This is in agreement with the
convoluted with a Gaussian to represent the effects of instruvalue 5~ —0.6 expected for a triangular lattice in the Lon-
mental resolution. The curve in Fig. 1 gives a value for thedon limit®

average effective penetration depth in thle plane of\, Figure 3 shows the angular variation within the plane

=N\ \p=150(10) nm, in reasonable agreement with theof the rms(AB2)Y4 6), where# is the angle of the field to
estimates of Ref. 20. This is also in fair agreement withthe ¢ axis. Fits of the data to E(23) are also shown, and
values obtained viauSR on other well-oxygenated YBCO yield values ofy.,=3.6(4) and 3.7(5) for angular scans at
samples at low field and temperature. For example, in ReflO and 50 K, respectively. We note that the measurements at
21 measurements on YBaAu;Og o955 gavel ,p,=140(10) nm  the higher temperature are more difficult due to the smaller
and in Ref. 22 \,,=145.1(3) nm was obtained for linewidth (longer penetration depthslthough there is none-
YBa,Cu;05 5, although more recent results by the lattertheless good agreement between the values obtained at the
group have recently obtained the somewhat lower value ofwo temperatures. Figure 4 shows a grapisoB2)Y4(9) as
Np=1155(3) nm on samples of the same nominala function of the angle between thexis and the field in the
compositior? It is worth noting, however, that as is the caseab plane. This yields values for the much smaller in-plane
with many techniques which attempt to determine the absoanisotropy\ ,, of 1.162) and 1.1%2) at 10 and 50 K, respec-
lute value of\, the values obtained depend to some extent ortively. This also allows us to derive the third anisotropy ratio
the details of the model employed. Indeed, as demonstrategt,= yapyca=4.5(7) at 10 K.
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FIG. 5. The torque signal for the untwinned YBCO upon rotat-

axis, for a rotation within theab plane. The curves show that ing the field of 0.66 T about tha axis at 93 K, just belowT. The
YBCO follows the theoretical dependencies for a well-orderedjine represents a fitting curve based on the London m¢seel Refs.

vortex-line lattice at 20 mT k(I>Hcl) yielding values of
vYab=1.162) at 10 K and 1.18) at 50 K. All measurements were
made after cooling the sample from abdlein an applied field of
20 mT.

B. Torque magnetometry

The sample was also characterized using a torque magn
tometer. According to calculations based on the three

dimensional anisotropic London model in the mixed state
the reversible torque for rotation between thexis and thea
(or b) axis about the third principal axis is giveny°

o

where e( 6.) = (Sir? 64+ v cog 6,)*2, 6, is the angle be-
tween the applied field and theeaxis, vy =M. /\; (I denotes
eithera or b), le is the upper critical field for the field
along thec direction, » is a constant of the order of unity and
depends on the structure of the flux-line lattidg,, is the
effective in-plane penetration depth, avids the sample vol-

70I77H|(|:2
He( ecl)

doHV (4 —1)sin 26,
64’77)\§b E( 0C|)

7(Oct) rev= , (4

25 and 26, yielding an anisotropyy,.=7.3(6).

Ill. DISCUSSION

We begin by comparing our values of the anisotropy con-
stants obtained using SR with those obtained by other mi-
croscopic techniques, a summary of which is given in Table
FA study on thesameuntwinned YBCO crystal has recently
been performed by Johnst al,?° using SANS. The in-
plane anisotropyy,, could be deduced in that work from the
distortion of the diffraction pattern from the vortex lattice
observed with the field parallel to tleedirection. The result-
ing valuey,,=1.18(2) is in good agreement with our value
of ya,b=1.16(2) fromuSR and=1.1(1) from torque mea-
surements. In Ref. 20 it was not possible to determine the
out-of-plane anisotropieg;, Or v, Since at those angles of
the field close to the direction, which were studied, the
distortions are not sensitive to these values of the anisotropy.
An earlier SANS study on twinned YBCO crystals per-
formed over a wider range of angféestimated the effective
mass ratio M,,/M.=20(2), leading to y._ ,,=4.5(6),
which is not inconsistent with our estimates of .,
=3.9(6) (Table ). It should also be borne in mind that the

ume. The anisotropy ratios can thus be extracted from thanisotropy is a function of oxygen doping in YBCO, particu-

normalized reversible torque sigriake e.g., Refs. 27 and.2

The torque signat was measured on a custom-built magne-

larly when comparing the present measurements with earlier
1SR studie® ! on a mosaic otwinnedcrystals that esti-

tometer with a specially constructed sensor to accommodai®ated y,_,,~5. Caution should also be exercised when

the same large single crystal used in the muon experimengomparing measurements on twinned and untwinned crys-
Scan angles of over 360° were achieved by step rotation ahls, since in the former the anisotropic pinning present could
the cryostat, in which our cantilever and sample werglead to subtle aberrations of the apparent anisotropy, since
mounted, about a fixed field direction. Torque was measurethe disorder induced in the lattice could lead to a broadening
in theca andcb planes in a field of 0.66 T and a temperatureof the 4 SR line shape®’ These effects, however, are most

of 93 K, just belowT.=93.5 K. This point in the phase pronounced for the field close to thleaxis®?® where the
diagram was chosen to make the torque reversible with negontribution to the estimates of the out-of-plane anisotropy
ligibly small hysteresis. Figure 5 shows the torque upon ro-are almost negligibly smallc.f. Eq. (3)]. A recent study on
tation around the axis in thecb plane, as a function of the the same crystal used in our experiments has been performed

angled., between the field and theaxis in thecb plane. In

using polarized neutrons, where the out-of-plane anisotropy

Fig. 5 the line represents the fitting curve using a normalizednay be estimated from the angular dependence of the com-

form of Eq. (4). This gives the anisotropy parameter s,
= Ap/A.=7.3(5). Theanisotropy parametety ,=N\z/\;

ponents of internal field of the vortex lattice both longitudi-
nal and transverse to the applied field direcfibf? Prelimi-

was measured by a similar torque measurement arourlol thenary estimates from that experiment are in reasonable

axis in theca plane, which yielded a value of.,=6.6(5).
The ab anisotropy parameter can then be obtainedygs
=1.1(1).

agreement with those presented h&re.
There is thus overall agreement betwgeBR and SANS
measurements of the in-plane and out-of-plane anisotropy,
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TABLE |. Comparison of the anisotropy ratios obtained from this work with those of previous studies.
Since only a limited amount of work is available on untwinned crystals, in order to compare easily the
out-of-plane anisotropy with measurements on twinned crystals, values of the ayerage \ycpyca are
also calculated, and denotég._ ,p,)-

Anisotropy uSR (10 K)2 1SR (50 K)2 SANS Torque(93 K)? Torqué'
parameter
Yab 1.162) 1.152) 1.182)° 1.1(2) 1.2(2)
Yca 3.6(4) 3.75) 6.6(5) 7.6(6)
Yeb 4.2(5) 4.3(6) 7.35) 9.0(8)
Yo-ab (3.9(6)) (4.0(8) (4.5(6)° (6.9(7) (8(1))
&This work.
bSee Ref. 20.
‘See Ref. 28.
ISee Ref. 41.

especially on the same single crystal. It is worth noting thathe average value of the out-of-plane anisotropy in both that
the SANS estimates, which are made from structural distorstudy and the present study is significantly larger than that
tions of the lattice, reflect the structure that is frozen in at theobtained via our microscopic measurements. There are sev-
irreversibility line. TheuSR estimates would be more likely eral factors that might be influential in this respect. The
to reflect any temperature dependence of the anisotropyquation used to fit the torque data does not take into account
since although structural distortions contribute to the linethe discrete nature of the superconducting planes in Tijgh
shape these are rather subtle effects compared to the inflgystems'? This would not, however, be expected to be sig-
ence of the magnitude of the penetration depth. Nonethelessificant in YBCO close to optimal doping, since this system
the 4 SR results do not indicate any significant variation ofis in other respects very well described by an anisotropic
the anisotropy ratios with temperature. It is furthermoreLondon model. Indeed, the same apprdddh taken when
worth noting that the agreement between SANS @8R  analyzing the neutron and muon data®?®?°and the data
data occurs even though the former were measured at venan be well described in this way. Additional geometric con-
much greater fieldéypically >0.5 T) than those used in the tributions to the anisotropy can arise in torque magnetometry
present study, where nonlocal effects and the influence of theue to the anisotropic “demagnetizing” factor, since single
d wave order parameter would be expected to play a morerystals are generally platelike. While this would lead to a
significant role. systematic error in the evaluation ¢f, and y.,, to a first

Our estimates of the in-plane anisotropy, are in good  approximation this would cancel out in estimates)gf, de-
agreement with those obtained by other methods documenteived from the out-of-plane contributions. This might ac-
in the literature which probe the bulk properties. Examplescount for the much closer agreement between all techniques
of these are Josephson tunnel junctidhsnd polarized for the in-plane anisotropy compared to the out-of-plane val-
reflectivity>* both of which encompassed our estimates inues. It cannot be discounted, however, that the differences
their lower range of values, and Bitter decorafidhy,, between the microscopic and macroscopic approaches might
=1.13. It has been pointed out by separate aufif8r§“®  hint at some more subtle consequence of the different way
that any disparity in the the above estimatesygj for dif- each method probes the anisotropy. SANS at&R, for in-
ferent techniques is primarily a consequence of subtle differstance, both probe the penetration depths and resulting an-
ences in the oxygen stoichiometry of the different samplesisotropy by observation of the vortex lattice, and not via bulk
Indeed, it has been suggested that the in-plane anisotropyansport currents, albeit in different ways. In addition,
may be completely dependent upon contributions from theorque data generally taken at high temperature in the revers-
CuO chains due to induced superconductivity from theirible regime to remove the influence of pinningSR and
proximity to the CuQ planes**” The lack of any significant SANS measurements tend to be made at lower temperatures
discrepancy between measurements reported here and elsghere the shorter penetration depth leads to wider line
where in the literature fow,y, is thus noteworthy. shapes and stronger scattering, respectively. Even though

For the out-of-plane anisotropy there is less satisfactoryperformed in the field cooled state, these experiments still
agreement between microscopic measureméwiNS and  probe the irreversible region of the magnetic phase diagram.
©#SR) and other techniques. In the present study the out-ofAt present it is not clear, however, how these differences
plane anisotropy from torque measurements yielded valuesould lead to the observed discrepancy.
for y.p=7.3(5) andy.,=6.6(5). These values were ex- In conclusion, we have carried out microscopic and bulk
tracted using the London mod@which has been used pre- measurements of the in-plane and out-of-plane anisotropies
viously to interpret the torque measurements of the fiigh in a large untwinned single crystal of YBCO. The values
superconductor¥*~4The values which we obtain are in obtained fromuSR are in good agreement with those ob-
reasonable agreement with those recently obtained by Ishidained via neutron scattering, for both the in-plane and out-
et al. on untwinned single crystal YBCO using a similar of-plane anisotropies. The torque measurements produce val-
technique®! where fits using Eq(3) yieldedy.,=7.6(6) and  ues for the out-of-plane anisotropy which are somewhat
Yepb=9.0(8), implying v.p=vep! vca=1.18(14). However, higher than theuSR results, although in reasonable agree-
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