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Commensurability oscillations and smectic vortex phase transition in YBsCu3O, single crystals
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We have studied the oscillations of the magnetization induced by commensurability between intervortex and
CuO plane distances in YB@u0O, (y=6.97+0.02) single crystals using high angular resolution magnetom-
etry. A sharp peak in the temperature dependence of the amplitude of oscillations was fourdak. It is
followed by other changes in the behavior of the amplitude and irreversible magnetization. We suggdgst that
reflects the vortex freezing transition from smectic to solid phase; the angular phase diagram is constructed.
[S0163-182609)08517-3

The layered crystal structure of high- superconductors perature range. In the latter, vortices are disordered within
causes large anisotropy of these materials and brings a vathe layers, and are periodically arranged in the transverse
ety of specific features to their behavior. In combination withdirection, as in usual smectic liquid crystals. In this paper we
small coherence length, the layered structure induces intrirstudy the commensurability oscillations in high quality
sic pinning of vortices between CuO layérBor the vortex YBa,Cu;0, single crystals, in order to reveal features related
lattice the energy attains a minimum when the vortex spacingp the possible existence of smectic ordering of the vortices.
is commensurate with the distance between the layers. The We have studied five flux-grown YB@uO, single
theory of commensurable vortex structures was considered ierystals that were long-timg300—700 h annealed at 1 bar
Refs. 2 and 3. Oscillations of the magnetic moment induced®,, and had diamagnetic onsEf~91 K and oxygen content
by this commensurability effect have been observed/=6.97+0.02. These samples differ significantly in back-
experimentally’=® These oscillations should be very sensi-ground impurities, so that their shielding currents vary by
tive to disorder in the vortex lattice, and probably represenmore than two orders in magnitudérom 80 A/cnf in
the most delicate probe of the changes in the vortex arrangsample CD to & 10* A/lcm? in sample MK atB(llc)=1T
ment. andT=77K). Three samples VG, AZ, and CD were nearly

Recently a theorydescribing possible structures for vor- monodomain as grown. Two others, WZ and MK, were de-
tex arrays closely parallel to the superconducting layers wasvinned using the uniaxial detwinning proceddféhe mo-
proposed. It was suggested that three different vortex phasesic spread of four crystals was determined fi@®5 x-ray
can be observed. In addition to the liquid and solid phases, eeflexes and did not exceed 0.02°. For the magnetic measure-
smectic vortex phadds expected in the intermediate tem- ments we used a vector vibrating sample magnetont€ber
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FIG. 1. (a) Magnetization loop of YBgCu;0, single crystal MK
at 60 K with H accurately parallel to CuO planed) Increasing-
field leg on expanded scal) differential susceptibility(thin line:
direct differentiation; thick line: after preliminary smearjninset
to Fig. 1(b) shows the extremum position vs number of extremum.

ford Instruments model 5 equipped with two perpendicu-
lar pick-up coils. For the small angl€s<0.3°) near theab
plane that we are interested in here, thg, component par-
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FIG. 2. Temperature dependence of the oscillation amplitude of
the differential susceptibility of YB&£Lu;0, single crystal VG. The
applied magnetic field is parallel to the CuO planes. Commensura-
bility numbersm=7, 8, and 9 correspond to magnetic fiejdsH
=3.8, 3.0, and 2.4 T, respectively. Insets: angular dependence of
the amplitude abovéright) and below(left) T; .

where I'2=m./m,,, is the effective-mass anisotropy. The
small anisotropy betweea andb directions will be ignored
here.

As a function of magnetic field, commensurability is pe-
riodic in B~ Y2 scale, with periodAB~Y2=d(2I'/v3d,)*2
Our experiments do show the periodicity BT ¥(n) scale
[inset in Fig. 1b)]. For all our crystals of high oxygen con-
tent, as well as for the samples studied in Refs. 4-6, the

allel to the applied magnetic field gives the magnetizatiorperiod falls within quite a narrow range afB~°=(6.6

parallel to CuO planeM =~ mgqy/V, and the transvers,,
component corresponds to the magnetization aloraxis
Mc~my./V (V is volume of the samp)eThe samples were

+0.3)x10" 2T Y2 and, as expected, is practically indepen-
dent of the field direction and temperature.
Using the expression resulting from the commensurability

rotated around the vertical axis with high angular resolutiorcondition
0.01°, which was very important for our measurements; steps

of 0.01° or 0.02° were used because of the sharp angular

dependence of the commensurability oscillations.
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Figure 1 shows the commensurability oscillations for the _ 1 _
MK sample as an example of the behavior common for theand the crystal lattice constadit=11.7 A, one can find the
other crystals. Because of their small amplitude and théffective mass anisotropy*=(30+5); this value agrees

monotonic background, a quantitative analysis of the oscil

lation directly from the magnetic moment is rather ambigu-

ous; instead we used the differential susceptibiljby

well with other measurements.g., Ref. 12 Note'! that the
unit cell contains two CuO layers spaced 8.4 A, these
bilayers are separated by the distarne®.3 A. The consis-

=dM/dH. It was calculated numerically from the prelimi- tency of the above estimates shows that the spatial period of
nary smoothed experimental curves. The degree of smootfibe intrinsic pinning potential coincides with the crystal lat-
ing was always chosen to avoid distortion of the oscillationstice constant. This implies that there is just a single minimum
For x4 the oscillatory part is dominant and the quantitative€nergy well for a vortex within the unit cell in the middle of
analysis becomes robust. Moreover, we have found that th&e bilayer spacing.

oscillations in y4(H) have clearly pronounced triangular  Although the oscillation period is temperature indepen-
shape[Fig. 1(c)]; this gives a clear indication of the transi- dent, the oscillation amplitude varies rapidly, with an unex-
tion between different commensurable vortex states at theected sharp maximuniFig. 2). This behavior, which is
cusps ofyq(H). common to all the samples studied, is the central theme of
Commensurability implies that an integer numbef inter- the discussion and interpretation that follow. The peak posi-
vortex spacingsa. in the direction normal to the layers tion T¢ (which we will refer to as a freezing temperature
equa|5 an integer numbaer of the inter|ayer periodd_ The shifts SlOle to hlgher temperatures with the decrease of the

vortex energy is minimized fdc= 1. Thus the corresponding commensurability ordem, or correspondingly with the in-
commensurability condition is crease of the magnetic field. For fixeg the values off; in

1 different samples are similar. For example, fior=7 (corre-
ﬁ‘%) —md sponding to magnetic field (4#00.4)T depending on the
2I'B '

A= intrinsic parameters of different sampleE; is 59, 66, 58,
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FIG. 3. Temperature dependence of the irreversible magnetiza-
tion AM, of the YBaCu;O, single crystal VG. Inset: field depen- N I B
dence of the ratio of irreversible magnetic momentsHoparallel 45 50 55 60 6
to the long (n.) and short fn)) transverse sides of the sample. The T (K)
arrow indicates the ratio between transverse sizes of the sample.

0 (deg)

63, and 59 K for samples VG, AZ, WM, CD, and MK, re- FI_G. 4. Phase diagram for YB@u,0, single (_:rysta_l VC_;, as a
spectively. Although there are small differencedin(which function of temperature and angibetween the field direction and

might be attributed to the difference in intrinsic and pinning "€ CUO planes fom=7. Open circles: position of the peak in the
parametersthe overall consistency of the values obtained iStemperature dependence of the oscillation amplitude. Closed
ircles: vanishing of oscillations. Inset: angular dependences of the

an indication of the thermodynamic nature of the peakC ) ) .
anomaly, particularly given the very different levels of back- reversible and irreversible parts bf.
ground impurities.

The angular dependencies of the oscillation amplitude difanisotropic Bean modéf, Am is determined by two differ-
fer above and belowW; . At high temperaturegight insetto  ent shielding currents. OngJ) flows in c direction and an-
Fig. 2) the amplitude exhibits a continuous decrease whemther () is parallel to CuO planes. These two components
the magnetic field tilts from the CuO plane. Beldw two  can be extracted by nondestructive measurements for a rect-
sharp maxima are observed on either side of the CuO plangqgular sample atlllab: two measurements @M, with H
direction(left inset in Fig. 2. In both cases the angle-0.2°  girected parallel to the long and to the short sides of the
at which oscillations vanish is rather magnetic field and tem'sample suffice. For the dominant vortex penetration inche

perature independent. direction, the magnetizatioAMﬁj‘(‘:t (t is sample thick-

Further support for a phase transitionTat and an evi- ) -
dence to the nature comes from the temperature dependen'ggSS should be equal for both field directions. For vortex

of the magnetization hysteresM,. The irreversible mag- penitrat|on parallgl to the C_uo planki ”,'CS dominated .by
netic moment is dominated by the nonoscillating part, and"€1ic current and is determined hyM,~jcL/2 whereL is
therefore probes a different physical process. As will be disth€ crystal size in the direction perpendicular to the applied
cussed belowl, is related to the currenf along thec axis, ~ Magnetic field: _
which induces vortex motion parallel to CuO plankf. also The only elongated sample studied was VG. As can be
shows a maximum &k; (Fig. 3), supporting further a change Seen from the inset in Fig. 3 the ratio of the magnetizations
in the nature of the vortex system at this point. Outside dor different directions of the magnetic field exceeds unity
very narrow angular region of about0.2°, the maximum in ~ significantly, and at largél, correlates well with the ratio of
M, as well as the oscillations disappear. At low temperatureghe sample sides. This result means that the meaguvkds
the currentj~AM), has a rather weak temperature depen-dominated by vortex motion parallel to CuO planes.
dence; however, abovk it decreases very fast and vanishes Using the high angular resolution measurements of the
significantly below eitherT, or the expected three- commensurability oscillations, we are able to construct the
dimensional(3D) melting temperaturd,,~90K. Such be- Vvortex phase diagram shown in Fig. 4. The boundary be-
havior is consistent with the melting of a vortex solid to atween the lomX) and high(S) temperature phases is deter-
smectic structure. In fact, several theofitsconsider the mined by the positiorT; of the peak in the oscillation am-
smectic phase as a combination of soliccidirection with  plitude. The behavior oAM;(T) and comparison with the
liquid in CuO plane. Bearing in mind the existence of fluc- theory lead us to relate the lower temperature phése the
tuations and background pinning we can tentatively relatéD vortex solid phasépresumably vortex glass phase due to
fast decrease akM,(T) to a second-ordémelting that re-  Pointlike disordey and phaseS to a 2D smectic phase.
sults in free vortex shear parallel to CuO layers. The presWithin 1 K the S-X boundary is temperature independent in
ence of oscillations shows good vortex order in théirec- ~ accordance with the theofyThe boundaries to the high
tion aboveT;. angle phas€T) are the angles™ at which the oscillation
Let us briefly discuss the relation of the irreversible mag-amplitude vanishes. Note also that in this angular ravige
netic moment to the currents in the sample. According to thés very small, andM{" is almost linear. We suggest
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therefor&1® that ¢* marks the boundary between the low  Summarizing, we have studied commensurability oscilla-
angle locked state and a tilted vortex structure. tions in YBgCu0, (y=6.97+0.02) single crystals. A sharp

Theory also predicts a melting of the smectic phase to @eak anomaly in the temperature dependence of the oscilla-
vortex liguid at high temperatures. Resistive tion amplitude was found al{~60K. It is followed by
measurement$’ support a second-order transition to a lig- 0ther changes in the behavior of the amplitude and irrevers-
uid at Ty ~90K but because of the vanishing pinning we ible magnetization. Our analysis suggests thateflects a
cannot see this transition in our measurements. We shoufl€€zing transition of a smectic vortex phase to a solid. These
stress that our results give only indirect evidence of the tranPhases exist only within a very narro-0.29 angular in-
sition to the smectic phase and the final confirmation requirel€Tval of the direction of the magnetic field near the CuO
structural measurements. planes.
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