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We report on detailed small-angle neutron scattering measurementalétization analysisfrom the
flux-line lattice in the anisotropic superconductor %BasO,_ 5. When the field was applied at an angle to the
principal axes we have observed spin-flip neutron diffraction consistent with local transverse field components.
From a detailed study of the angle dependence of the magnitude of the spin-flip neutron-scattered intensity we
have found that the transverse-field components are larger than predicted by an anisotropic London model for
reasonable mass anisotropy values. The transverse-field components are consistent with acregisced
coherence length at low temperature.
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It is well known that many properties of high-temperature For a moderately anisotropic superconductor such as
superconductor$HTS’s) are anisotropic due mainly to the YBCO with largex and a coherence length comparable with
CuG, planes. With a field greater th&dy, applied parallel to  the interplane spacing, an appropriate theory is the aniso-
thec axis, the screening currents associated with the flux-lingropic London modef, particularly close tdT;. This theory
lattice (FLL) flow in the plane perpendicular to the applied has the advantage that it provides a simple and successful
field. In an ideal isotropic superconductor this would be truedescription of the magnetic response of anisotropic super-
for all angles of the applied field relative to the crystal axesconductors. However, the model is phenomenological, as it
When the field is rotated away from tleedirection in an  does not include the underlying physical origin of the anisot-
anisotropic superconductor, the situation is complicated dueopy.
to the reduced kinetic energy if current flows in an easy Inthe anisotropic London model, the effective mass of the
direction. The predicted current plane is tilted away fromcharge carriers depends on their direction of motion. The
perpendicular to the applied field and towards the basahormalized effective masses are writtennas, m,, andm,
plane. and are normalized to the “average mass¥,,

The tilted current flow results ifocal transverse-field =(MyM,M.)'® such thatm,=M;/M,, and mymym,=1.
components as proposed by Dorer anthBoef and later  The anisotropy may be quantified as two ratios of the effec-
considered for the general case withdH<H_, by Thi- tjve maSSGS?yga: m/m, and yibz m,/m, . The supercur-
emannet al” By a flux quantization argumeftone may rent response is larger in thedirection than the direction
show that the flux-line cores lie along the direction of thedue to the Cu-O chains. The result is a shorter penetration
averagemagnetic field. Hence, there is a zero spatial averaggepth\ , for fields in thec direction which are varying along
of the local fields transverse to the flux lines. These fields arg than the corresponding penetration depth for fields
distinct from any transverse magnetizafiamd can therefore yarying alongb. Hence the FLL is distorted. We have shown
only be detected by a microscopic probe. The variation ofn previous SANS measurements on our sample under simi-
both the longitudinal and transverse fields in the FLL givesiar conditions to here thag,,=4.5(6) andy,,=1.182)."
rise to small-angle neutron scatteriANS), but the trans- We will now examine the predictions of an anisotropic
verse fields alsdlip the spin of the diffracted neutrons. In model using the nomenclature of Thiemaetral.? extending
this paper we present the first SANS measurementspaith  thejr analysis to the case of biaxial anisotropy, i,
larization analysisfrom the mixed state of YBELUO7-5  xm,. In the mixed state, the magnetic field distribution

(YBCO). Our technique is quite different from neutron g(r) may be represented by the Fourier series
depolarizatiod which gives a measure of larger scale field

gradients by the depolarization of theansmitted beam. .

Such effects were undetectably small in our experiments. We B(r)= % b(q)exp(ig-r), @
have observed spin-flip neutron diffraction consistent with

the predicted transverse-field components and make a corhereq is the set of reciprocal lattice vectdtahe average
parison between our experimental observations and the affield is in thez direction and the transverse fielBg(r) and
isotropic London model which we now describe. By(r) are in thexy plane, defined in Fig. 1. In an isotropic
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= flip neutron diffraction patterns from the FLL of YB@W;O;_ .

. . . ) Data are the sum of that obtained by rocking about a vertical axis
FIG. 1. Diagram of the coordinate system used in this papery,o sample through the Bragg scattering condition for the left and

The crystal axes are represented by crystallographic labélsand  jont spots. This sum shows the symmetry of the FLL but tends to

¢. The coordinate system of the FLL is labeled, andz. Thezaxis  5a4en the image of the top and bottom spots which are never

is pargllel to the .dll’eClIOFI of the average field in the sample. In theexactly on the Bragg condition. A field of 0.5 T was applied in the

experiment the field was always in thec plane, atan anglé o, - jjane at 60° to the axis. The diffracted signal was obtained by

the crystalc direction. subtracting data taken aboWe. The axes represent pixel numbers

and the center of the detector has been masked. The scattering vec-

superconductob,(q) =b,(q)=0; b,(q)#0, and the aver- torsq, and g, are defined as horizontal and vertical, respectively.

age field and the local field are parallel to the applied fieldThe angle 2 is a measure of the distortion of the FLL.

Extending the derivation of Eq7) of Ref. 2, but with the

inclusion ofa-b anisotropy, one obtains after straightforward sample was mounted with the axis vertical between the

algebra the components of the Fourier coefficie(d): coils of a split-pair cryomagnet with the ability to rotate the
crystal and apply the field at an arbitrary angle in the hori-
by(q)=\?m,,q;B/d, (2)  zontalb-c plane.
The spectrometer receives a longitudinally polarized neu-
by(q)=—\*m,,q,q,B/d, (3)  tron beam traveling approximately parallel to the field in the
sample. In our setup the neutron polarization was maintained
b,(q)=B(1+\*m,9°)/d, (4) by longitudinal fields provided by solenoids before and after
where the sample. By operating a spin flipper, the incident polariza-

tion could be changed from parallel to antiparallel to the
d=(1+)\zmyyCﬁJrkszXQ§)(1+Rzmzzqz)—R4mfZQZQ§, field. The transmitted and scattered neutrons passed through
a second flipper, then a set of analyzer supermirrors in front
) ) ] of a 32x32 cnt multidetector. The analyzers are arranged
and B is the average field, is the value that the London (4 ahsorh the incident neutron polarization; thus spin-flipped
penetration depth would have for the average mMgs, and  neytrons would mainly be detected with neither or both flip-
6, x, y, andz are defined in Fig. 1. The massesy are the  pers operating and non spin flipped when one flipper was
components of the rotated effective mass tensor operating. The beam polarization and the pixel-by-pixel flip-
per and analyzer efficiencies were calibrated by placing the
non-spin-flip scatterer pyrolitic graphite in the beam and by
M= 0 m, O [, (6)  counting with all four possible flipper combinations. Further
m, O m, details of IN15 in SANS mode witholarization analysisre
detailed elsewher€. The FLL was established in the sample
where m,,=m,cog6+msirtd, m,,=(m,—mc)sindcosd by cooling in the applied field of 0.5 T. The magnetization of
andm,,= mbsin2¢9+mcco§0.2 the sample was negligible and the average direction of the
From Egs.(2) and(3) it may be seen that when the aver- flux lines trapped in the sample was within 0.25° of the
age field is at an angle to the principal axes+0) there  applied field.
exist transverse field componeritg(q) and by(q) as m, We have measured the non-spin-fliiSH and spin-flip
Fme. (SH diffraction for a field of 0.5 T applied at nine angles
The measurements were performed on a 1digé72 9  between 0 and 80° to theaxis in theb-c plane. For each
untwinned single-crystal YB&u0,_ s sample used in pre- field orientation, the crystal and field were rocked together
vious SANS measurementsrom characterization measure- through the FLL Bragg scattering condition and background
ments the sample is known to be essentially single domaindata taken at 100 K was subtracted from the foreground
which allows discrimination between the crystallographic taken at 2 K after field cooling. In each case, data were taken
and b directions and therefore determination 9f,. The for all four flipper combinations and, using our calibrations,
experiments were performed on the IN15 spectrometer at theonverted to SF and NSF scattering intensities. In Fig). i3
Institut Laue Langevin with 10-A cold neutroh$.The  shown the NSF diffraction signal with the field applied at

mXX O mXZ
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FIG. 3. Distortion of the FLL as a function of the angle of the G K e d q fth q .
applied magnetic field from the axis. The distortion was deduced F_l - 4. Rocking angle dependence o t. € s_cattere neutron in-
ensity from the FLL for a field of 0.5 T applied in thec plane at

by fitting the spots on the detector and determining the angle be . i X ) e
tween the scattering vectors as detailed in &6. an angle of 60° to the axis. The intensity for the non-spin-flip and
the spin-flip scattering is plotted. Two initial spin directions are

o . h | ani Its in th plotted for the case of spin-flip scattering, corresponding to kinetic
60° to thec axis. The crystal anisotropy results in the SpOtsenergy gain and loss. The observed splittihg in the peak inten-

forming a distorted hexagon. It has been shown that the dissity « angle is due to the Zeeman splitting of the neutron potential

tortion of the FLL is given by energy in the sample region which meadqs# k., as shown in the
) inset.
) ) tan¢g 5 1 .
dIStomor?_(tan 30°) = YanC0S 0+ y—gasmza, @) observe, within errors, zero spin-flip scattering. It is interest-

ing to note that the SF scattering may actually be seen in the
where 2 is the angle between the first-order scattering vecunsubtracted data as there is very little background SF scat-
tors shown in Fig. @). To determine the distortion, the dif- tering from defects or other sources.
fraction spots were fitted to two-dimensioriaD) Gaussians Before presenting a study of the angle dependence of the
and from their positions the angle could be calculated. The SF scattering, we will examine some details of the spin-flip
spot position was fitted at the rocking angle corresponding taliffraction pattern. In Fig. @) it can be seen that foq,
the peak intensity. The distortion as a function of the angle of=0 there is zero SF scattering. This is expected from Egs.
the applied field is plotted in Fig. 3. The distortion was fitted (2) and (3) as bothb,(q) andb,(q) are zero forg=(qy,0).
to Eqg. (7) and from the fit parameters we dedugg, The b, result arises from the Maxwell equation dB(r)
=1.19(1) andy.,=6.0(4).From these values using Edg) =0, which may be expressed in reciprocal space as
and (3) we can calculate the magnitude of the transverseg-b(q)=0. From mirror symmetry of the FLL abowyt=0
field components and therefore the expected magnitude @, (q,,0) is also zero, so there should be no SF scattering for
the SF scattering in the anisotropic London model. q,=0.

Other techniques may also be used to deduce the mass When the neutron spin is flipped in a magnetic field there
anisotropy: they include muon spin rotationu$R) is a change in the potential energy of the neutron equal to the
torque magnetometfy:*>**infrared reflectivity;> Josephson zeeman splitting for the neutron. From conservation of en-
tunneling:® and Bitter decoration’ Using torque magne- ergy, this results in a change of the neutron kinetic energy.
tometry anduSR, on the same sample as used in this SANSAlthough small 60 neV) this noticeably changes the
study, we have foundy,,=1.151)."* There is reasonable anglew through which the sample must be rotated to bring
agreement on the value of,, between a wide range of the scattering vector to a reciprocal lattice point. The change
techniques on a number of different crystals: Bitter decorais given by dw/w=+1.91/2 and is positive for a decrease
tion, SANS, uSR, and torque give a value of,,=1.1 in kinetic energy. In Fig. 4 we plot the intensity of the NSF
—1.2. However, Josephson tunneling and IR reflectivity leachnd SF scattering as a function of the rocking angleBy
to values in the range,,=1.2— 1.7 which may be due to changing the incident neutron polarization, SF scattering
variations in the perfection of the Cu-O chains. There iswith either kinetic energy gain or loss was probed. The ob-
much less agreement between different technigques for the ogerved splitting is consistent with the predicted value of
of plane anisotropyy.,,"® which may be understood in part +0.15° for an applied field of 0.5 T.
as y., depends on oxygen contefftOn the same crystal as  We now examine the angular dependence of the SF and
used in this study we have found, hySR at 50 K, y., NSF scattering for the four spots near the horizontal plane
=3.7(5),whereas torque magnetometry at 93 K is consistentwe ignore the vertical spots because we did not have the
with y.,=6.6(5). facility to rock through the Bragg condition for themA

In Fig. 2(b) we present the SF diffraction pattern. The reliable measure of the intensity of the spin-flip diffraction is
diffraction spots show the same long-range periodic structuréne ratio of the integrated SF and NSF intensities. This ratio
of the FLL as seen in Fig.(d), which is evidence that the is independent of many possible systematic experimental er-
origin of this signal is SF diffraction from transverse fields in rors. The quantization axis for the neutron spin is the average
the FLL. With the field applied parallel to the axis we  magnetic field directiorz. Just as in NMR, varying perpen-
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experimental ratio of the SF and NSF integrated intensities

04 m Experiment { i and compare with the prediction of E@). The theoretical
---------- Theory y..= 4 i lines in Fig. 5 are plotted for a range ¢f, values predicted

03|~ Theoryy,,=6 L from various techniqué®’ as well as that deduced from
--- Theoryy =38 TN the FLL distortion. The experimental ratio is greater than that

predicted by the anisotropic London theory for any reason-
able values ofy,, and y., .
It should be noted thalistortion of the FLL is governed
by the high-temperature mass anisotropy, at the point where
) the FLL becomes pinned. However, the transverse-field com-
A ponents will be governed by the low-temperature anisotropy.
The data could be fitted by the anisotropic London model
Field angle 8 (degrees) with a much larger out of plane anisotropy.g~ 50), which
would correspond to a much greater confinement of super-
FIG. 5. Plot of the ratio of the theoretical and experimental SFcrrent flow to the Cu-O planes as tlteaxis coherence
to NSF scattering as a function of the applied field direction. Thelength &. becomes much smaller than the interplanar spac-
experimental intensities were evaluated as the sum of the counts iﬂg. However, under such conditions the layered crystal
a small area of the detector centerd on the NSF spot position, int Structure becomes important and a continuum London theory
grgted over the rocking curve. The theoretical plots are calculate hould not apply. Nonlocal effecf?! can also give devia-
using yap=1.19 and foryc,=4, 6, and 8. tions from the London model, although it is not clear that
they would result in an increased anisotropy, in YBCO.
In any case, we conclude that the anisotropic London model
does not give an accurate description of ¥8e;0,_5 at

Ratio SF/INSF

dicular magnetic fields flip the neutron spin, so that the inte
grated SF intensity is proportional tif + b .*° Fields vary-

ing pa“’?‘”e' to the quanti.zation. ax-is cannot cause transition%w temperature where the superconductivity appears more
so the integrated NSF intensity is proportionaltip. The 0 Gimensional than at high temperatures. It would be of

ratio erF of the SF and NSF integrated intensities is thereforqnterest to study this over a range of temperatures.
given by
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