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Magnetic flux rotation and associated magnetization peak in La; g;Sr, 5CuOy, crystals
under tilted fields
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The magnetization vector in La,; g5Sr( 15CuO,4 was measured as a function of magnetic field, temperature and
time for fields tilted from the ab plane. For small tilting angles, the magnetization amplitude curves exhibit an

additional peak in between the well-known first and second magnetization peaks. Assessment of the induction
vector as a function of field reveals flux rotation from the ab plane towards the direction of the external field,
beginning at the onset of the additional magnetization peak. This flux rotation causes a tilt of the current flow
plane towards an “easy” direction, namely, the ab plane. The additional peak results from a competition
between the current increase associated with this tilt and the intrinsic current decrease associated with the field

increase.

DOLI: 10.1103/PhysRevB.73.214504

I. INTRODUCTION

Magnetic anisotropy in high-temperature superconductors
has been the subject of many experimental'~!® and theo-
retical'#2? studies. These studies have revealed a range of
new phenomena that could not be merely attributed to the
anisotropy in the electronic effective mass. For example, a
variety of new vortex phases were predicted!>1921-23 and
observed>%3%11-13 \when the direction of the external field
deviates from the principal crystallographic axes. These in-
clude the “kinked” vortex state, where vortices consist of
segments of Josephson vortices connected by Abrikosov
pancakes,?! and the crossing lattices state,!>!821-23 where a
lattice of Abrikosov vortices, along the ¢ direction, coexists
with a lattice of Josephson vortices running parallel to the ab
plane. The interaction between the crossing lattices creates
additional vortex states such as the chain state and the mixed
chain-lattice state.???3 A unique magnetic behavior in tilted
fields is also manifested in the so-called “lock-in” phenom-
enon'® observed when a small external field is applied at a
small angle 6y to the ab planes. It was predicted theo-
retically'®?! and observed experimentally>>*~2° that there is a
finite lock-in angle 6, such that when 6y < 6, the flux lines
run parallel to the planes, remaining “locked in” between the
layers. Tilted fields also give rise to unique magnetization
curves.'®1227 For example, multiple-peak structures
were recently observed in the magnetization loops of
Bi,Sr,CaCu,0g,, and attributed to phase transitions in the
two-component vortex matter composed of pancake and Jo-
sephson vortices.”!” Similarly, an additional magnetization
peak (AMP) was observed®’” in underdoped La,_,Sr,CuO,
(LSCO) crystals (x=0.05-0.09) in between the well known
first and second magnetization peaks. This AMP was attrib-
uted to initial flux trapping in the ab plane, followed by flux
rotation towards the direction of the external field as the field
increases.?’

In this work we examine the additional peak phenomenon
in an optimally doped LSCO (x=0.15), and investigate, in
detail, its relationship to the flux trapping and rotation ef-
fects. Our study shows that flux trapping and rotation alone
cannot explain the data, and one must consider a tilt of the
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current flow plane associated with the flux rotation. A com-
petition between the current increase associated with this tilt
and the intrinsic current decrease due to the field increase
creates the additional magnetization peak. The present study
is further extended by examining the correlation between the
flux rotation and the additional magnetization peak, as a
function of the tilting angle and temperature.

II. EXPERIMENTAL

Parallelepiped shaped samples with dimensions 0.193
X 0.122X0.072 cm® were cut from a single crystal of opti-
mally doped La,gsS;5CuO, (7.=38 K), grown by the
traveling-solvent-floating-zone method.?® Using a Quantum
Design MPMS-5S SQUID magnetometer, equipped with a
horizontal rotator, the magnetization components M; and My
parallel and perpendicular to H, respectively, were measured
as a function of the external field H, for fields applied at
different angles 6 relative to the ab plane. Measurements of
the longitudinal and transverse components of the magneti-
zation enable us to determine the magnitude and direction of
the vectors M and B. A schematic representation of the ex-
ternal magnetic field H and the induction B relative to the
sample is shown in Fig. 1.

Measurements were performed after cooling the sample to
the target temperature with no external field [zero field cool-

FIG. 1. Schematic representation of the external magnetic field

H and the induction B relative to the sample crystallographic axes.
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FIG. 2. (Color online) (a) Magnetization curves measured at
20 K in fields applied parallel to the ¢ axis (circles) and parallel to
the ab plane (triangles). (b) Semilog plots of the magnitude, trans-
verse and longitudinal components of M measured at 20 K in field
tilted at 65=17° to the ab plane.

ing (ZFC)]. The external field was swept from O up to
50 kOe and back down to zero in steps of 500 Oe. Magnetic
relaxation measurements were performed by taking 30 con-
secutive measurements of magnetization in time interval of
60 s between measurements at different constant fields after
ZFC procedure.

III. RESULTS

Figure 2 presents magnetization curves measured at 20 K
in fields applied along principal axes and along an oblique
direction, illustrating the unique difference between them.
The magnetization curves shown in Fig. 2(a) were measured
in fields applied parallel to the ¢ axis (circles) and parallel to
the ab plane (triangles).?® For H|lc, the conventional first and
second magnetization peaks are observed, whereas for Hllab
only the first peak is observed and the second magnetization
peak (SMP) is absent in the measurement field range
0-50 kOe.?® Qualitatively different results are obtained
when the applied field is not parallel to a principal axis. In
this case, due to anisotropy, M is not necessarily parallel to
H, and both the longitudinal and transverse components of
the magnetization should be measured in order to determine
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FIG. 3. Magnetization curve measured at 20 K in fields tilted at
0y=0.5° to the ab plane, demonstrating a clear peak at the ascend-
ing branch but a very shallow peak is descending branch.

M. Figure 2(b) is a semilog plot of the two components of M
together with Mmeasured in field tilted at 6y=17° to the ab
plane. It is seen that in addition to the conventional first and
second peaks, characterizing the magnetization curves for

Hllc, an additional magnetization peak appears in M in be-
tween the first peak and the onset of the second peak. Note

that the transverse component of M is most significant only
in the field range of the additional peak causing a large

deviation of M from the dlrectlon of H. Outside this range,

M approaches zero, and M is basically parallel to H. It is
interesting to note that in the descending branch of the mag-
netization loop lower values of M are measured, giving rise
to a hardly noticeable, shallow AMP (see Fig. 3).

Figure 4 shows the magnitude of the magnetization vector
as a function of field for fields applied at different tilting
angles 6. It is seen that as 6y increases, the additional peak
shifts towards lower fields, becoming less and less pro-
nounced. For 6y near 35° the AMP merges with the first
peak. The temperature dependence of the AMP is illustrated
in Fig. 5, which depicts the AMP at a constant tilting angle
0y=12°, for different temperatures. One can see that as the
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FIG. 4. (Color online) Magnitude of the magnetization vector as
a function of field measured at 20 K in fields applied at different
tilting angles 6. Characteristic features are marked: onset of AMP
(closed triangles), AMP (closed squares), onset of SMP (open tri-
angles), kink (open circles), and SMP (open squares).
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FIG. 5. (Color online) AMP at a constant tilting angle 6y=12°,
measured at different temperatures. An arrow marks onset of the
AMP.

temperature increases, the AMP shifts monotonically to
lower fields and its height decreases.

The AMP appears in the irreversible regime of the mag-
netization curve, and thus it is expected to be time depen-
dent. Figure 6 shows M vs H curves measured as follows:
After ZFC the sample to T=25 K, the field was raised to the
target field. At each step, the time dependence of the magne-
tization was measured during 40 min. The solid lines in Fig.
6, connect M(H) data points measured at the shortest (30 s)
and the longest (40 m) time. The figure shows that the AMP
and its onset (see inset to Fig. 6) shift slowly with time
towards lower fields.

Knowledge of the magnetization vector M, enables deter-
mlnatlon of the induction vector B according to the equatlon

B=4wM+H>! Figure 7(a) shows the angle 65, between B
and the ab plane, measured at 20 K, as a function of the
external field H, applied at different angles 6. The low field
data in this figure reveal the flux-trapping phenomenon: For

00< @y=11°, B is parallel to the ab plane, i.e., flux is
trapped in this plane. As the external field increases, flux

“leaves” the ab plane and rotates towards the direction of H.
Figure 7(a) also shows that the rotation begins at lower fields
as the 6y increases. For 6y above 11° trapping in the ab
plane is hardly observed; however, a clear flux rotation is
still observed up to approximately 6,=40°.
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FIG. 6. Time dependence of the AMP demonstrating shift down
of its onset and peak field with time.
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FIG. 7. (Color online) Illustration of flux trapping and rotation
phenomena: (a) Angle 65, between B and the ab plane, measured at
20 K, as a function of the external field H, applied at different
tilting angles Oy. (b) 63 as a function of 6y for different fields.

The flux trapping, or “lock-in,” phenomenon'62!:23:26 g
illustrated differently in Fig. 7(b), which shows 6 as a func-
tion of 6y for different fields. One can see that for H
=500 Oe, 03=0 up to a tilting angle 6;=8° of the external
field. As the field increases and/or 6y increases beyond 11°,
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FIG. 8. Semiloop of 63 versus H measured at 20 K in fields

tilted at 0.5° to the ab plane. In the ascending branch, flux pen-

etrates parallel to the ab plane and rotates towards the external field

direction. In the descending branch only partial rotation back to the
ab plane is observed.
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FIG. 9. (Color online) Temperature dependence of the flux ro-
tation phenomenon illustrated in measurements of fp versus H at
different temperatures, for fields applied at a constant tilting angle
of 12°.

B rotates towards H. For decreasing fields we observe flux
rotation back towards the ab plane. However, on its way
down the flux never reaches the ab plane. This is demon-
strated in Fig. 8 showing a semiloop of 6y versus H mea-
sured at 20 K in fields tilted at 0.5° to the ab plane. In the
ascending branch, flux penetrates parallel to the ab plane and
rotates towards the external field direction. However, in the
descending branch only a partial rotation back to the ab
plane is observed.

The temperature dependence of the flux rotation phenom-
enon is illustrated in Fig. 9, which shows 6 versus H mea-
sured at different temperatures, for field applied at a constant
tilting angle 65=12°. Figure 9 reveals a similar behavior as
observed for the AMP (see Fig. 5), namely, with increasing
temperature the rotation starts at lower fields. Flux creep also
affects the flux rotation phenomenon. For a constant external

field applied at a constant tilting angle, B rotates with time

towards the direction of H. This is illustrated in Fig. 10,
which shows 6z as a function of time for three different
fields applied at an angle 0,=10°. The data of Fig. 10 show
a slow logarithmic increase of 6z with time, indicating a

creep of the direction of B towards the direction of H.
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FIG. 10. (Color online) Time relaxation of the angle 5 for three
constant fields applied at an angle 6y=10°.
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FIG. 11. (Color online) Comparison of the field dependence of
M and 65, both measured in a field tilted at 6;=3°. Arrows indicate
the beginning of flux rotation and onset of the AMP.

IV. DISCUSSION

The experimental results described in the previous section
point to a close relationship between the additional magneti-
zation peak and the rotation of flux from the ab plane to-
wards the field direction as the field increases. The correla-
tion between these two phenomena is demonstrated in their
field, tilting angle and temperature dependencies. Figure 11
compares the field dependence of M and 6p, both measured
in a field tilted at 65=3°. It is clearly seen that the onset of

the AMP and the beginning of deviation of B from the ab
plane occurs at the same field (about 500 Oe). Figure 12
compares the onset field of the AMP (circles) and the onset
field of the flux rotation (triangles) for different tilting angles
0y. The figure shows that the onset of flux rotation and the
onset of the AMP follow a similar angular dependence up to
6= 11°.32 The peak occurs at much higher fields where the

flux direction is almost parallel to the direction of H. We also
note that both the flux rotation angle and the AMP diminish
as 0y increases [see Figs. 4 and 7(a)]. In addition, when the
field is swept down only a shallow AMP is observed
(see Fig. 3) in agreement with the observation of partial flux
rotation towards the ab plane (see Fig. 8). A correlation be-
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FIG. 12. (Color online) Measured onset field of the AMP
(circles) and flux rotation (triangles) as a function of the tilting
angles . The peak field is indicated by squares.
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FIG. 13. (Color online) Temperature dependence of the onset
field of the AMP (circles), the field corresponding to the beginning
of flux rotation (triangles), and the peak field (squares), measured in
fields tilted at 8y=12°.

tween flux rotation and the AMP is also observed in their
temperature dependence. Figure 13 shows that in the tem-
perature range (5—14 K) the onset field of the AMP (circles)
and the field corresponding to the beginning of flux rotation
(triangles) are close, both exhibiting a shift towards lower
fields as temperature is increased. The peak occurs at much
higher fields, exhibiting anomalous behavior around 15 K.
This anomaly is related to the two-dimensional- (2D-) 3D
transition in LSCO and will be discussed elsewhere.

Before discussing the physical origin of the relationship
between the AMP and flux rotation phenomena, let us men-
tion that both of these effects are obviously related to the
crystal anisotropy. In order to determine the anisotropy ratio

y= mm_,, in our crystal we employed the Kogan'# formula for

the ratio of the two components M, and M; of the vector M
as a function of angle

M sin Gycos 6,
() o (1)
M, cos’ By + y’sin® Oy

This formula has been successfully applied to

Bi,Sr,CaCu,0, and YBa,Cu30,_, crystals yielding aniso-
tropy ratios in accordance with values obtained using other
methods.* As the validity of Eq. (1) is restricted only to the
reversible regime, we measured M, and M; in our LSCO
sample close to T, (T=36 K) and under a large external field
of 30 kOe, as a function of the angle 6. The experimental
data for the ratio M;/M; versus 6 (circles) and the theoret-
ical fit (solid line) based on Eq. (1), are shown in Fig. 14.
This excellent one parameter fit yields y=17.3, in a good
agreement with the value reported in the literature for opti-
mally doped LSCO.* A similar value for the anisotropy ratio
is obtained by employing the Blatter’s et al.?® scaling law,
based on the 3D anisotropic Ginzburg-Landau theory, giving
the angular dependence of the magnetization curve features

Hf( GH) = Hf(()) (Sin2 9[.] + ‘y_ZCOSZ 0[.1)_0'5 . (2)

Equation (2) is based on the assumption that the difference in
the direction between B and H is negligible, and thus it can
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FIG. 14. Measured ratio My/ M, versus 6y (circles) and theo-
retical fit (solid line) based on Eq. (1), yielding anisotropy ratio y
=17.3.

be applied only in the high field regime, far above the AMP.
We applied Eq. (2) to the field of the well-defined kink ap-
pearing in the SMP [see Fig. 2(b)]. Figure 15 shows the
measured field of the kink as a function of the tilting angle
(squares) together with the theoretical fit (solid line) based
on Eq. (2). The fit yields y=16.1 in good agreement with the
previous result. We note, however, that an attempt to apply
this scaling law to the AMP data (circles) is less successful,
as demonstrated in Fig. 15. The best fitting curve for the
AMP (dashed line) yields an anisotropy ratio of 9.6, which is
in variance with the established value of y for LSCO
samples. We conclude that the anisotropy of our LSCO
sample is approximately 17 and that the 3D scaling law may
be applied to predict the anisotropic behavior of certain mag-
netic features (e.g., the “kink” and the onset of the SMP).
However, it is clear that the scaling law cannot predict the
appearance of the additional magnetization peak in tilted
fields, nor can it predict the flux rotation phenomena.

The relationship between the flux trapping and rotation
phenomenon and the additional magnetization peak was first
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FIG. 15. (Color online) Measured field of the magnetization
kink as a function of the tilting angle (squares) together with theo-
retical fit (solid line) based on Eq. (2). Dashed line demonstrates
unsuccessful attempt to apply the scaling law to the AMP data
(circles).
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FIG. 16. Experimental data of (a) My vs H (circles) and (b) M
vs H (squares) measured in fields tilted at 65=19° and 6y=11°.
Dashed and solid curves are fits based on Egs. (3) and (4), respec-
tively. Dashed lines in are hardly distinguishable from the solid
lines.

discussed by Bugoslavsky et al.>’ They attributed the peak
rise to retardation of flux entry in the ¢ direction due to flux
trapping in the ab plane, and the peak fall to a subsequent
flux entry in the ¢ direction followed by the flux rotation
towards the direction of the external field. We argue below
that, in contrast to the Bugoslavsky et al., flux trapping and
rotation alone cannot fully explain the experimental data, and
one must consider a tilt of the current flow plane associated
with the flux rotation, which gives rise to a current enhance-
ment. In order demonstrate our point we calculated M, and
M, versus H, assuming flux trapping and rotation, with and
without current enhancement, and compared the calculated
results with the experimental data. The dashed lines in Figs.
16(a) and 16(b) show the calculated curves, assuming flux
trapping and rotation alone, for fields tilted at angles 11° and
19° from the ab plane. These curves were calculated in the
f0110W1ng way: the field dependence of the angle (6y— 05)

between B and H was taken from the experimental data de-
scribed in Fig. 7. The intrinsic field dependence of M was
determined from the descending branch of the hysteresis
loops, where the AMP is absent. Theoretical fits yield M
o« H15 for a large range of tilting angles [see inset to Fig.

16(a)] The magmtude of B was taken as the component of
(H+4mM) along the B direction, i.c.,

PHYSICAL REVIEW B 73, 214504 (2006)

B =H cos(0y — 05) — C[H cos(6y — 05) 7", (3)

where C is a fitting parameter. Knowledge of B and H allows

calculation of M, and thus M; and M;, for the measured
(04— 0p) as a function of H.

The calculated curves [dashed lines in Fig. 16(a), hardly
distinguishable from the solid lines] yield excellent fit for the
measured M (circles) using C=300 G. However, the calcu-
lated curves for M, [dashed lines in Fig. 16(b)] show no
resemblance to the experimental data (squares). In particular
the calculated curves exhibit much narrower peaks and much
lower onset fields than those observed experimentally, dem-
onstrating that flux trapping and rotation alone cannot ex-
plain the data.

The data is well explained in our following approach

which takes into account variations in M caused by a tilt of
the current flow plane associated with the flux rotation. As a
consequence of the anisotropic effective mass, currents have
both “easy” and “hard” flow planes, parallel and perpendicu-
lar to the ab plane, respectively. Comparison of the hyster-
esis loops width presented in Figs. 2(a) indicates that current
flowing in the “easy” plane (perpendicular to the ¢ axis)
creates larger magnetization than current flowing in the
“hard” plane (perpendicular to the ab plane). Thus, a change
of 6z from 0° to Oy with increasing field corresponds to a
change of the current flow from a hard plane towards an easy
plane, leading to an increase in M. On the other hand, the
current and thus the magnetic moment intrinsically reduce as
the field increases. A competition between these two effects
creates a peak in the magnetization curve identified as the
AMP. The solid lines in Figs. 16(a) and 16(b) were calcu-
lated following the same procedure leading to Eq. (3), how-
ever, we took into account an increase of the magnetization

component along B by a factor e=[cos(8p)/ y]*+sin’ 6,
due to the current increase followed by an increase of 6.
Namely, Eq. (3) was replaced by

B=H cos(0y — 0g) —eC[eH cos(6y — 65) 7", (4)

Note that, in addition to the scaling of M, the field H was
also scaled according to Eq. (2). The calculated curves [solid
lines in Figs. 16(a) and 16(b)] yield excellent fit to the ex-
perimental data for both M and M; using C=1530 G. Small
deviations are observed only at low fields corresponding to
very small 65, where the 3D scaling law [Eq. (2)] may not be
applied because of possible formation of ‘kinked’ or crossed
lattices vortex structures where Josephson vortices (JVs) are
involved.

We finally note that anisotropic pinning effects may also
contribute to the evolvement of the AMP. Assuming that for
external field applied parallel to ab plane flux penetrates as
JVs, the pinning force associated with them is very small as
compared to Abrikosov vortices, since in JVs the order pa-
rameter has a finite value even at the core of the vortex.
When flux rotates from the ab plane towards the field direc-
tion, kinked vortices or crossing lattices are generated, and
the pinning force, and thus the critical current, increases due
to the formation of Abrikosov pancakes. It should be noted,
however, that JV exist only in the 2D regime were interac-
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tion between CuO layers is weak and the anisotropy is suf-
ficiently high. As LSCO has an intermediate anisotropy (y
=~ 17), it is not clear yet whether JV are altogether created in
LSCO.

V. SUMMARY AND CONCLUSIONS

We demonstrated correlation between the additional mag-
netization peak and flux rotation in optimally doped LSCO
under tilted fields. At low fields and angles close to the ab
plane, the flux resides in the ab plane signifying the well-
known “lock-in” phenomenon. As the field is increased, flux
rotates towards the field direction, causing a tilt of the cur-

PHYSICAL REVIEW B 73, 214504 (2006)

rent flow plane towards an “easy” direction, namely, the ab
plane. The AMP results from a competition between the cur-
rent increase associated with this tilt and the intrinsic current
decrease associated with the field increase. A theoretical
simulation of this process yields excellent fit to the experi-
mental data.
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