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Anomalous paramagnetic effects in the mixed state of LUNB,C
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Anomalous paramagnetic effectsdn magnetization were observed in the mixed state of LBMC, unlike
any reported previously. It appears as a kink-like featureHer30 kOe and becomes more prominent with
increasing field. A specific heat anomaly at the corresponding temperature suggests that the magnetization
anomaly is due to a true bulk transition. A magnetic flux transition from a square to an hexagonal lattice is
consistent with the anomaly.
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In cuprate(high-T;) superconductors, high-transition tem- servation of paramagnetic effects in the dc magnetizailon
peratureqT.) and short coherence length§ lead to large  of the mixed state of LUNB,C. The kinklike feature invi
thermal fluctuation effects, opening a possibility for meltingand the corresponding specific heat featureHoe 30 kOe
of the flux line lattice(FLL) at temperatures well below the signify the reentrant FLL transition, which is consistent with
superconducting transition temperature. A discontinuous steihie low-field FLL transition line inferred from small-angle
in dc magnetization and a sudden, kinklike drop in resistivityneutron scatteringSANS).°
signified the first-order nature of the melting transition from  Single crystals of LUNB,C were grown in a NiB flux as
the vortex lattice into a liquid=3 In conventional type-Il su- described elsewhefeand were postgrowth annealed &t
perconductors, with modest transition temperatures and large1000°C for 100 h under high vacuum, typically low
coherence lengths, vortex melting is also expected to occut0® Torr.}” Samples subjected to a preparation process such
in a very limited part of the phase diagrdrbut it has yet to  as grinding, were annealed again at the same condition as the
be observed experimentally. In the rare-earth nickel borocampostgrowth annealing. A Quantum Design magnetic property
bidesRNi,B,C (R=Y, Dy, Ho, Er, Tm, LU, the coherence measurement system was used to measure ac and dc magne-
lengths(¢=10? A) and superconducting transition tempera-tization while the heat capacity option of a Quantum Design
tures(16.1 K forR=Lu) lie between these extremes, suggest-physical property measurement systéPPMS was used for
ing that the vortex melting will be observable and may pro-specific heat measurements. Electrical resistivity was mea-
vide further information on vortex dynamics. Indeed, Metn  sured by using a Linear Research ac resistance bfidge
al.5 reported the observation of vortex melting in bR,C, 700 in combination with a PPMS.
based on a sharp, kinklike drop in electrical resistivity. The detailed dc magnetization of LuBi,C reveals an

Recently, a magnetic-field-driven FLL transition has beenanomalous paramagnetic effect fe=30 kOe, where the
observed in the tetragonal borocarbifesThe transition magnetic response deviates from a monotonic decrease and
from square to hexagonal vortex lattice occurs due to thetarts to rise, showing decreased diamagnetic response. The
competition between sources of anisotropy and vortex-vortein-phase and out-of-phase components of the ac susceptibil-
interactions. The repulsive nature of the vortex interactionity y,.Sshow a dip and the specific heat data show a feature at
favors the hexagonal Abrikosov lattice, whose vortex spacthe corresponding temperature, reminiscent of vortex melting
ing is larger than that of a square lattice. The competingn high-T, cuprates® Electrical transport measurements,
anisotropy, which favors a square lattice, can be due to lattickowever, do not exhibit any feature corresponding to the
effects(fourfold Fermi surface anisotropy® unconventional paramagnetic effect; e.g., a sharp drop in the electrical resis-
superconducting order parameteror an interplay of the tivity. The zero-resistance transition, rather, occurs at a much
two.1213 In combination with non-negligible fluctuation ef- higher temperature, suggesting that the paramagnetic effect
fects, the competition leads to unique vortex dynamics rights not related to vortex melting. It is instead consistent with a
below theH, line in the borocarbides, namely, a reentranttopological FLL change between square and hexagonal struc-
vortex lattice transitiof. Fluctuation effects near the upper tures.
critical field line wash out the anisotropy effect, stabilizing The top panel of Fig. 1 shows dc magnetizatidnas a
the Abrikosov hexagonal latticé:'®> Here, we report the ob- function of temperature at several fields. Rée 30 kOe,
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o ) FIG. 2. Top panel: Magnetizatiofieft axis) and the imaginary
FIG. 1. Top panel: dc magnetizatidi(T) as a function of tem-  nart of the ac susceptibilityright axis at 40 kOe. Bottom panel:

perature at 20, 25, 30, 35, 40, and 45 kOe. Dashed lines are fifResistive superconducting transition at 40 k@iecles and 50 kOe
from the standard local London modgRef. 19 and solid lines  (squares The lines are guide to eyes.

from the nonlocal London modéRef. 14 (see text. Bottom panel:

temperature derivation dfi(T) at corresponding magnetic fields. nonlocal model. The nonlocal radipsslowly decreases with

Arrows indicate the points where kinklike features start to appear.increasing temperature and is suppressed strongly by scatter-
ing. The solid lines are best results from the model calcula-

P ; [ here we used the temperature dependent® aind A
kinklike features appear, which are marked by arrows. The'O" Where nperat

anomalous increase can be easily seen as a sharp drop rigmog;j r:;fdrgfgr:xf?;i:{\r?gigh Sgtzréhgeloecr?(!leira g}e
dM/dT (arrows in the bottom panelThe magnetization re- low field hil FI) h | pl del P d ibe th
ported here is independent of time and has no hysteres gw fields, while only the nonlocal model can describe the

. . fata at and above 35 kOe. The good fit from the nonlocal
between zero-field-coole@FC) and field-cooledFC) data  p\nqe) is consistent with the equilibrium magnetization
within experimental accuracy, indicating that the measure((im(,:ﬂysiS of YN}B,C 2! suggesting the importance of nonlo-
value is an equilibrium magnetization. In the top panel of¢4| gffects in the magnetization. The many fitting parameters
Fig. 1, we compare the data and some model calculationg, poth fits, however, prevent us from making a definite con-
Dashed lines are predictions from the standard local Londog|ysijon as to which model better descridd§T). Neverthe-

model*® less, we can extract the important conclusion that the
_ kinklike feature in the mixed state is a phenomenon that
~ 4mM = Mgln(7Hc,/H), D) heeds further explanation.
where Mo=¢o/8m\2, 7 is a constant of order unity, the In the early stage of higfiz cuprate research, anomalous

penetration depth, ang, the flux quantum. In the fitHe, paramagnetic effects iM(T) were reported in the irrevers-
was determined from our resistivity daee Fig. 2andM,  [Ple region and this effect was later attributed to the field
from He, with k=\/£=15. In order to get the best result, the Nhomogeneity of the measured scan length in a supercon-
fitting parametem; was varied between 0.95 and 0.97 and theductmg quantum interference device magnetorr?ét&?&le
absolute amplitude dfl, was changed as a function of mag- tgsteq various scan Iengths from 1.8 to 6 cm for which the
netic field. The local London model explains the monotonicﬂe'd inhomogeneity varies _fr(_)m 0.005% to 1.4% along the
decrease .With decreasing temperature, but the fit becom sgan length and found negligible dependence on the measur-

e . . . L
worse at higher field. In a clean system like LuB§C where |ﬁ°’g length, which suggests that field inhomogeneity is not the

' : source of the anomaly. A more definitive test used a conven-
the electronic mean free path is long compared to the Cohe[-

. —tional type-II superconductor Nbgén a similar configura-
ence lengthé,, the current at a point depends on magnetic,. = .
i 2 . . tion. There were no such anomalies in Np&s in the boro-
fields within a characteristic length, or nonlocal radius.

Taking into account the nonlocal current-field relation in su—Carb'de' Taken together, we conclude that the reversible

perconductors, a nonlocal London model was sugge8ted: parar_nagnetic effects are intrins_ic 0 LUBLC. We also em-
' " phasize that the phenomenon is different from the paramag-

- 47M = M([In(1 +Hy/H) —Hy/(Ho+ H) + A], (2)  hetic Meissner effedPME) or Wohlleben effec where the
FC x becomes positive whereas the Zg@emains negative.
whereHy= ¢o/ (4m?p?) andA =7, ~In(L+Ho/ p,Hco) With 77 The PME is an irreversible effect and occurs in the Meissner
and, being order of unity. It is worth noting that the scaling state, while the subject of this study is a reversible effect and
parameteH,, in the local theory is replaced biy, in the  takes place in the mixed state.
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FIG. 3. Temperature dependenceAq#=M) at 30, 35, 40, and
45 kOe, whereAM=M-M (nonloca). Inset: The peak values of
A(47M) are compared with those estimated from E).

FIG. 4. H-T phase diagram. Thi, line indicates the tempera-
ture whereM(T) deviates from a monotonic decrease and lthe
line is where the second anomaly occurs above 45 kOe. The dashed
line depicts qualitatively what fluctuation models based on the non-
local London(Ref. 14 or extended GLRef. 19 predict when the

In the top panel of Fig. 2 the reversible magnetizatidn nonlocal radius is approximatel2—3)&,. The dotted line is from
(left axis) and the out-of-phase component of ac susceptibiltheories without fluctuation effect®efs. 28,29 The diamonds are
ity x.. (right axi9 are shown as a function of temperature atSANS da?a, where th_e_numb_ers next to the data} ?ndic_ate Fhe degrees
40 kOe. A dip appears both ig,. (not shown and in . at of_ the azimuthal splitting with which _the transition line is deter-
the same temperature wheM shows the paramagnetic mlqed(Ref. 9. The square and rhombic shapes are forms of vortex

. L . lattices.
anomaly. Since a dip iy, is often related to vortex melting,
it is natural to consider the vortex phase change from liquid
to lattice or glass as a possible explanation. The resistive A(4mM) = ch—H(i_i)
. . . T ) - 1 (3)

superconducting transitions at 40 kQercles and 50 kOe 2*-1\Br  Bo
(squaresare shown in the bottom panel of Fig. 2. A resistive
slope _change in the transition re_gion, that can be considerqghereﬁAleG for a hexagonal FLL ang, ~1.18 for a
as a signature of the vortex meltifgyas observed at 8.1 and square FLL In the inset of Fig. 3, we compared the peak
6.6 K for 40 and 50 kOe, respectively. Tie=0 transition  intensity of A(4wM) (left axis) and the estimation from Eq.
temperature, however, is much higher than the temperatur@) (right axis with x=15. It is encouraging to see that the
where the dip occurs iy, Which argues against the vortex simple model qualitatively reproduces the field dependence
melting scenario as the physical origin of the anomalousf the paramagnetic contribution. However, the quantitative
paramagnetic effects. The increaséVirat the transition tem- difference in absolute values suggests that a more elaborate
perature is also opposite from the decrease in the vortemodel is required.
melting interpretation. The H-T phase diagram is shown in Fig. 4. The upper

Recently, a structural phase transition in the FLL was sugeritical field line H,, was determined from thR=0 super-
gested to explain another peak effect observed below theonducting transition and is consistent with the temperature
vortex melting line in YbBaCu,0_52425The vanishing of a  Where x,¢ starts to have a nonzero value. THe line in the
squaskelastic mode gives rise to a topological FLL transition Mixed state is the point where the reversible magnetization
and leads to the peak effect we are considering, while th&hows the paramagnetic effects ait, is the second
softening of the shear modes; is relevant to the conven- anomaly that appears above 45 k@3ee Fig. 1. According
tional peak effect in high, cuprate€® The observation of O the Gurevich-Kogan nonlocal London modéthe aniso-
the dip effect well below the melting line in LubB,C indi- tropic nonlocal potential, which is responsible for the low-

cates that the anomalous paramagnetic effects are related t(?%ld FLL transition observed in SANSis averaged out by

change in the FLL and the increaseMhis also consistent hermal vortex fl_uctuanons nedc,. Since the Interaction
) . , becomes isotropic, the hexagonal Abrikosov lattice is prefer-
with the FLL change where the Abrikosov geometrical factor : s
097 0 able, leading to the second FLL transition from square back
B changes$??’ Figure 3 shows the temperature dependenc

f th " 4aM) at | " % rhombic (triangula) lattice as the field gets closer to the
of the paramagnetic anomaly(4wM) at several magnetic | 'jine The reentrant transition is predicted to occur well

fields, whereA(47M) is the magnetization after subtracting pejow the vortex melting line because the amplitude of vor-
the monotonic, diamagnetic background obtained from Edjex fluctuations required to wash out the nonlocal effects is
(2). With increasing field, the peak becomes enhanced and afuch smaller than that for the vortex melting. This predic-
additional peak is observed at 45 kOe. In extreme type-ltion is consistent with our observation that thig line is
materials(x>1/12), the magnetization change due to a FLL much below theR=0 transition line. The dashed line depicts
transition is written as qualitatively what the fluctuation models based on the non-
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local Londort* or extended Ginzburg-Landau thebtypre- 8 - - - —
dict, which nicely explains thél, line. The dotted line is the o H /1 [001] ( = 45 kOe)
FLL transition line that meets the, line both in the non- - 2, o run1
local London modeéFf and in the extended Ginzburg-Landau x .0 e ) Fon 2
(GL) theory?® without fluctuation effects. We note that a di- E o
rect comparison between the SANS results and our data is g e o
difficult even though they are qualitatively similar. Sinlde E X &
heavily depends on the sample pufiya factor of 2 or more = 2r % T 1
difference inH; has been easily observed even among pure bt 45 LA
compounds!®? Further, theH; line from the SANS also = o 5 ©
depends on the criteria used for the FLL transitieae Fig. Sof ‘0 , , , .
4) . 58 6.0 6.2 64

For vortex melting, where the lattice changes to a liquid, 50 55 6.0 Y 70
the transition involves latent heat and the specific heat shows T(K)

a sharp peak at the transition temperatrEor a structural
change in the vortex lattice, the transition is probably of FiG. 5, specific heat differenc&(H)/T-C(9T)/T vs T at 45
second order because an infinitesimally small change of thgoe forH(I[001]. Inset: Blowup of the main panel at around 6.1 K.
angleg between adjacent vortex lines changes the symmetrpitferent symbols correspond to different sets of measurements and
Based on the paramagnetic junipig. 1) and dH;/dT<0 attest to the reproducibility of these results.

(Fig. 3), Ehrenfest’s relation at constant field predicts a sup-

pression ofC/T as the FLL changes from a rhombic 10 a {he paramagnetic effects, suggesting the relevance of the flux
square lattice. Figure 5 shows the specific heat data Qfne jattice. TheH-T phase diagram is consistent with a FLL
LuNizB,C at 45 kOe as a function of temperature. In addi-gircrural transition from square to hexagonal lattice just be-
tion to the superconducting transition between 6.22 and 6.8,y the upper critical field line. The observation of an addi-
K, an anomaly is, indeed, observed at 6.12 K which correyjong) feature in the specific heat data at the corresponding
sponds to the anomalous paramagnetic effects. Depending @&§mperature underscores the interpretation of paramagnetic

the background we choose, however, the anomaly can Bgfects as due to a reentrant FLL transition in LyB4C.
considered as either a suppression or a jdfr@imilar fea-

tures at 40 and 50 kOe were also observed at the tempera- Work at Los Alamos was performed under the auspices of
tures corresponding to the paramagnetic effectdinMore  the U.S. Department of EnerdfpOE) and at Urbana under
sensitive measurements such as ac calorimetry will help iNSF Grant No. DMR 99-72087. The work at Pohang was
resolving the issue. Finally, we note that we are not able tsupported by the Ministry of Science and Technology of Ko-
discern any corresponding feature to thgline in C, or in  rea through the Creative Research Initiative Program and at
Xac More work is in progress to understand the second paraAmes by lowa State University of Science and Technology
magnetic jump inM which appears foH= 45 kOe. under DOE Contract No. W-7405-ENG-82. We acknowledge

In summary, we report the observation of an anomaloubenefits from discussion with Lev N. Bulaevskii, M. P. Ma-
paramagnetic jump in the magnetization of the mixed state oey, and I. Vekhter. We thank T. Darling for assistance in
LuNi,B,C. A dip appears iny, at the same temperature as sample annealing.
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