
PHYSICAL REVIEW B 1 JULY 2000-IVOLUME 62, NUMBER 1
Vortex structure and dynamics in YNi2B2C single crystal by 11B NMR
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11B NMR measurements have been performed on a single crystal of YNi2B2C superconductor to investigate
the vortex structure and dynamics. BelowTc , the 11B NMR spectrum, shift, linewidth, and transverse relax-
ation rate 1/T2 exhibit distinct features from which three vortex phases are identified, namely, vortex liquid,
glass, and lattice. Also, thermal hysteresis of the saddle-point field, motional narrowing of linewidth, and
double-peak structure of 1/T2 altogether indicate significant thermal motion of vortices in this lowTc and
nearly isotropic three-dimensional superconductor.
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Numerous important research results have been repo
on exotic vortex structures and dynamics inRNi2B2C super-
conductors. These include the controversial vortex melti1

and a transition from triangular to square vortex lattice2

Vortex dynamics forRNi2B2C were probed by transpor
measurements,1 scanning tunnel microscopy,3 and small-
angle neutron scattering experiments.4–6

Recently, NMR experiments have played an essential
in understanding vortex dynamics in cupra
superconductors7–14 since NMR is sensitive to the local fiel
distributions and fluctuations. Those measurements inc
63Cu ~Ref. 8!, 17O ~Ref. 9–11!, 89Y ~Refs. 11–13!, and 203Tl
~Ref. 14! NMR for aligned powder samples. In contrast
the cuprates,RNi2B2C (R5rare earth elements! systems
have low Tc and Hc2 and are nearly isotropic three
dimensional ~3D! superconductors. Therefore, the vort
structure and dynamics inRNi2B2C are particularly interest
ing. Consequently, it is important to investigate it furthe
both static and dynamical porperties, using NMR.

In this paper, we report NMR measurements on vor
dynamics inRNi2B2C. Our 11B NMR results show charac
teristic features depending on temperature, which enabl
to identify three vortex phases:vortex liquid, glass, and lat-
tice. We have observed thermal hysteresis of the Knight s
as a signature of a vortex glass. Furthermore, pinning eff
are exhibited in NMR data in the form of a reduction of 1/T2
nearTc . From detailed analysis of NMR data, microscop
and quantitative information regarding time and length sca
of vortex distortion and fluctuation are provided.

YNi2B2C single crystals were grown by the Ni2B high-
temperature flux growth method.15 As-grown crystals were
of platelike shape with thec axis perpendicular to the plat
plane. The crystal used for this measurement was'1138
32 mm3 in size. Pulsed11B NMR measurements were pe
formed down to 3.8 K for magnetic fields 1–5 T parallel
the c axis.
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In the mixed state of type-II superconductors, vortices
low temperature form a lattice generating a spatial fi
modulation. An average vortex spacing for the square lat
is d5AF0 /Hext, whereF0 is the flux quantum andHext is
the external field.d is 333 Å at 1.8 T. The NMR spectrum i
the local-field distribution at the probing nuclear sites.

11B NMR spectra at 3 T are plotted in Fig. 1. The spec
trum atT53.8 K in Fig. 1~a! exhibits a typical asymmetric
shape, confirming thelattice formation of vortices. Namely,
vortices are equilibrated at the regular lattice points. T
inset of Fig. 1~a! shows the calculated NMR spectrum in th
vortex lattice state with minimum fieldHm , saddle-point
field Hs , and maximum fieldHM at the vortex core. Defin-
ing b[(Hs2Hm)/(HM2Hm), two types of vortex state
i.e., triangular and square lattices, can be distinguishedb
50.07 for the triangular lattice andb50.29 for the square
lattice.16 For YNi2B2C, b50.2460.05 is found, which sug-
gests that the vortex lattice atH53 T parallel to thec axis
is a squaretype, consistent with other published reports.4–6

FIG. 1. 11B NMR spectra of YNi2B2C single crystal at 3 T
(Tc59.4 K): ~a! T53.8 K ~b! T58.2 K. Inset: calculated-field
distribution for the square vortex lattice.
123 ©2000 The American Physical Society
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The square-type lattice is also observed atH51.0 and 1.8 T
down to T53.8 K. Therefore, these results are consist
with the theoretical calculation,2 according to which the
structural change from triangular to square lattices appea
a much lower magnetic field.

Above 4 K and up toTc the line shape gradually change
to a symmetric narrow resonance, as shown in Fig. 1~b!,
which indicates that the flux lines fluctuate thermally and
distorted from the equilibrium lattice points forming avortex
glass~in the generic meaning of glass!. The formation of a
vortex glass is also evident fromthermal hysteresisof 11B
NMR shift, as shown in Fig. 2, which will be discussed lat

Figure 2 shows11B NMR shift, linewidth, and 1/T2 as a
function of temperature. AlthoughTc at 1.8 T is measured to
be 11.5 K from temperature-dependent resistance,1 all three
NMR data start to reveal a sharp change belowT510.5 K.
All NMR data for 10.5K<T<Tc are indistinguishable from
the normal state values. The same behavior has been
served and interpreted as a signature of the vortex liquid s
in high-Tc cuprate superconductors,8–11 where the tempera
ture range for the vortex liquid state is quite large due to
two-dimensional nature of the vortex. It is believed that,
the vortex liquid phase, vortex motion is so rapid that t
spatial variation of the field from vortices is averaged out
NMR.8,11

The Knight shift in the normal state is almost temperat
independent and consistent with the published report.17 The
shift changes abruptly belowT510.5 K in the supercon-
ducting state. The total shift in the superconducting st
consists of spin, orbital and diamagnetic shifts;K tot5Kspin
1Korb1Kdia. Since the three contributions have differe
field and temperature dependence we can, in principle, s
rate out each contribution to the total shift, respective
From the field dependence of the total shift we found t
Kspin1Korb is less than 0.03% down to 3.8 K~Ref. 18! and
consequently, the observed shift in the superconducting s
is mainly due to the diamagnetic shift reflecting the sadd
point field. As can be seen in Fig. 2, there is thermal hys
esis of the11B NMR shift between gradual warming~filled
triangle! and rapid cooling~open triangle!. The thermal hys-
teresis of the shift proves that the flux lines fluctuating w
a large amplitude at high temperature are frozen at the

FIG. 2. 11B NMR data of YNi2B2C single crystal atH
51.8 T (Tc511.5 K) parallel to thec axis. Filled triangles,
Knight shift with slowly warming up from low-temperature equ
librium; open triangles, Knight shift with fast cooling down afte
first measurements; squares, linewidth; and circles, 1/T2. The line
on 1/T2 is a guide to the eye.
t

at

e

.

b-
te

e

e

e

te

t
a-
.
t

te
-
r-

n-

ning sites during the rapid cooling process and are not rec
ered back to the original positions at low temperature, in
cating that vortices are in aglassstate.

1/T2 in Fig. 2 is independent of temperature in the norm
state. In the superconducting state, however, 1/T2 shows
strong temperature dependence with a double-peak struc
1/T2 is measured from the decay time constant of spin-e
signals, which are formed by two pulses separated by
echo formation timete . The echo formation is based on th
condition that local fields remain unchanged during t
dephasing period ofte after the first pulse and during th
refocusing period ofte after the second pulse. If, howeve
the local field fluctuates due to flux-line motion, then t
echo is not completely refocused resulting in a faster de
of the echo height and leading to a shorterT2. Thus 1/T2 is
proportional to the fluctuating local field̂hz

2&, and sensi-
tively probes the slow motion of vortices in the time scale
te . Therefore, 1/T2 in Fig. 2 demonstrates the existence
significant motion of the flux-lines on the time scale of a fe
tens ofm sec.

The normal state linewidth shown in Fig. 2 is narro
roughly 7 kHz, suggesting high quality of the crystal. T
linewidth in the superconducting state becomes larger t
the normal state value,D f n . This extra broadening due t
the vortices,D f v , is extracted from the measured linewid
D f m , by using the relationD f v5(D f m

2 2D f n
2)1/2. The plot of

D f v is denoted by circles in the inset of Fig. 3. On the oth
hand,D f v for the stationary vortices at the regular lattice
points can be calculated by taking account of the spa
modulation of the local field in the mixed state. The seco
moment of the field variation is given assH(T)
5kF0 /l(T)2, wherel(T) is the penetration depth,F0 is a
flux quantum, andk is a numerical factor. The formula fork
has been calculated forHc1!H!Hc2 and 0.5 Hc1,H
<Hc2 ~Ref. 19!. However, for the intermediate magnet
field, for example,H51.8 T in our measurement,k should
be obtained numerically. Usingl(0)51207 Å ~Ref. 20!
and the coherence lengthj(0)555 Å from Hc2(0)
510.5 T ~Ref. 21!, we have carried out numerica
calculation18 and obtainedk'0.0228 for the square lattice a
H51.8 T. The linewidth of full width at half maximum is
given byD f (T)52.36gsH(T)/(2p), whereg is the nuclear
gyromagnetic ratio of the11B nucleus, 2p313.67 kHz/Oe.

FIG. 3. Characteristic time scale of vortex fluctuation extrac
from the motional narrowing of linewidth as in the inset. Dotte
line is a fit to a model~see text!. Inset: the measured linewidth
solely due to the vortices,D f v ~circles!, and the expected linewidth
for the rigid vortex lattice~line!.
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Therefore, assuming the two-fluid model for the penetrat
depth,l(T)5l(0)@12(T/Tc)

4#21/2, we calculated the ex
pected linewidth, which is shown as a line in the inset of F
3. However, the measured linewidths in the superconduc
state are much narrower than the calculated ones for thesta-
tionary vortices at the regular lattice points. The smaller lin
width in YNi2B2C is believed to be due to the vortex motio
as observed for cuprate superconductors.9,13,14 The reduced
linewidth of NMR due to a rapid motion is well known a
motional narrowing.22

If the vortex motion generates a random fluctuation of
local field, the narrowing effect depends on the characteri
time scale of the vortex motion,tc . The linewidthD f mono-
tonically decreases down to (D f )2tc for the rapid fluctuation
of vortices, 2pD f tc!1, whereas, it remains unchanged f
the slow motion, 2pD f tc@1. For the intermediate time
scale of vortex motion, the linewidth is determined as a F
rier transform of the NMR signal decayS(t) ~Ref. 22!,
where S(t)5exp@2(2pDftc)

2$exp(2t/tc)211t/tc%#. With
D f given by the field inhomogeneity for the rigid vorte
lattice, we varytc until the linewidth of Fourier transform o
S(t) is equal to the measured linewidthD f v in the inset of
Fig. 3. The extractedtc is shown in Fig. 3. Note thattc is a
few microseconds and increases as the vortices become
toward the vortex liquid. For harmonic oscillation of vortice
at a frequencyv, we expecttc(T);v21}c66

21/2}l(T);@1
2(T/Tc)

4#21/2 wherec66 is the shear modulus of vortex la
tice. Thus,tc can be fitted to this equation as shown in F
3, the dotted line. We will use it for the analysis ofT2

21(T)
in Fig. 4. The magnitude oftc;1026 sec is a few orders o
magnitude larger than the typical time scale of flux-line m
tion, 1029–10212 sec ~Refs. 7 and 11!. Since, however,
such fast motion would appear to be transparent in the s
precession period of NMR frequency, typically at a few te
of MHz, it is believed that a slow motion may be superim

FIG. 4. ~a! Analysis ofT2
21(T). Squares,T2

21 after subtraction
of normal state contribution from the data in Fig. 2. Dotted lin
calculatedT2

21 usingT2
21'g2^hz

2&tc with ^hz
2& in inset andtc(T)

of the dashed line in Fig. 3. Up triangles,T2
21 of the above equation

with tc(T) of data ~squares! in Fig. 3. Down triangles, generate
T2

21 to yield the observed double-peak structure by reducing^uD
2 &1/2

for 7.5 K,T,10 K. In the inset, solid line,g^hz
2&1/2 in units of

kHz, and dashed line,̂uD
2 &1/2 in units of angstrom~see text!. ~b!

Dashed line, Lindemann number,cL[^uD
2 &1/2/d. Open circles, re-

duction of^uD
2 &1/2 to generate the data of down triangles in~a!. Line

is a guide to the eye.
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posed upon the fast motion and NMR is only sensitive to
slow motion. This slow motion may originate from
pinning.11

By subtracting the normal state contribution from t
measured value in Fig. 2, 1/T2 solely due to the vortex mo
tion is plotted in Fig. 4~a!. As discussed earlier, 1/T2 is pro-
portional to the fluctuating local field̂hz

2& in the time scale
of te . Usually the enhancement ofT2

21 is largest whente

;tc . Not only the value of 1/T2 but also the time depen
dence of echo decay depends ontc . For the rapid motion
of flux lines, g2^hz

2&tc
2!1, the decay of echo signal i

Lorentzian,22 M (2te)}exp(22te/T2), with 1/T2

'g2^hz
2&tc . For the slow motion of flux lines,g2^hz

2&tc
2

@1, the decay of echo signal is other than the Lorentz
decay.11,22 Then, throughout our temperature range we ha
clearly observed the Lorentzian decay, which suggests
vortices are in therapid fluctuation limit, namely,g2^hz

2&tc
2

!1 and 1/T2'g2^hz
2&tc in the mixed state of YNi2B2C.

Therefore, in order to understandT2
21(T) in Fig. 2 we

need to account for the temperature dependence of^hz
2&,

which is directly related to the vortex displacement in co
junction with tc(T) obtained from the linewidth analysis. I
ui is defined as displacement of thei th flux-line positionr i
from a regular lattice pointRi in a plane perpendicular to th
c axis, thenui consists of thestatic distortion uS and the
dynamic fluctuation uD(t) of the flux-line position along the
field directionz, namely,ui(z)5r i(z)2Ri5uS1uD(t). The
time scale of fluctuation foruD is assumed to betc . If the
vortex fluctuates bŷ uD

2 &1/2 from its equilibrium position,
then the local field fluctuates roughly bŷ hz

2&1/2

'DH^uD
2 &1/2/(d/2) since the spatial field variationDH

52.36sH , occurs overd/2. With the relations ofDH
}l(T)22 and^uD

2 &1/2}l(T)AT,23 it is found that̂ hz
2&1/2 has

a broad maximum as shown in the inset of Fig. 4~a!. Com-
bining ^hz

2& with tc in Fig. 3, we find thatT2
21(T) also has a

broad maximum nearT;0.7Tc , as shown in Fig. 4~a!. In
cuprate superconductors, the peak ofT2

21(T) has been
reported.12,14 Although this model explains the gener
single-peak behavior ofT2

21(T), the temperature dependenc
of uD cannot explain the double-peak structure ofT2

21(T)
observed for YNi2B2C. In cuprate superconductors, not on
the single peak12,14 but also the double peaks10,11 of T2

21(T)
have been reported, although the latter has not been un
stood at all.

We notice that thereductionof T2
21(T) from the single-

peak behavior occurs in a similar temperature range for
‘‘peak effect,’’24 which represents a local maximum of th
critical current density,Jc(T), nearTc . This indicates that
the reduction ofT2

21(T) is presumably due to pinning o
vortices resulting indecreaseof fluctuation partuD for the
pinned vortices. Therefore, reducinĝuD

2 &1/2 from the
l(T)AT dependence for 7.5 K,T,10 K, we are able to
fit T2

21(T) to the observed double peak, open down triang
in Fig. 4~a!. The reduction ofuD is plotted as the Lindemann
number,cL[^uD

2 &1/2/d in Fig. 4~b!. The reduction ofcL(T)
due to the pinning is maximally'0.02. TakingcL at 10.5 K
from Fig. 4~b!, we estimate the Lindemann criterion for th
vortex liquid to be'0.067. This agrees with the propose
value'1/20 ~Ref. 25! for brittle and fragile3D vorticesas

,
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in YNi2B2C. In contrast, this value is much larger fo
YBo2Cu3O7 since vortex lattice is soft and forgiving becau
of its 2D nature.

Finally, the thermal hysteresis of Knight shift in Fig. 2 h
a close relation with the static displacement of vortex po
tion, uS . Thehysteretic shiftDK represents theremnant dis-
tortion of vortices,DuS . ThusDuS can be estimated if the
field gradient is known. SinceDK means the shift of the
saddle-point field by DKHext , we have DuS
'dDH/(2DKHext) andDuS is estimated to be a maximum
of 10 Å at 5.0 K, which is 3% distortion of vortex spacingd.

In summary, 11B NMR measurements have been pe
formed on a single cystal of YNi2B2C for magnetic field
i-

-

parallel to the c-axis. Based on the distinct features of NM
data, we are able to identify the structural change of vortic
vortex liquid just belowTc , through vortex glass, and the
to vortex lattice below 4 K. The remarkable vortex dynam
are manifested in the first observation of thermal hystere
of NMR shift and the double-peak structure of 1/T2, as well
as the narrow linewidth.
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