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Scanning Tunneling Microscopy Observation of a Square Abrikosov Lattice inLuNi2B2C
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We present scanning tunneling microscopy measurements of the (001) surface of a LuNi2B2C
borocarbide single crystal at 4.2 K. In zero field, the conductance versus voltage characteristics recorded
at various locations on the sample reproducibly provide a gap value of 2.2 meV. In a magnetic field
of 1.5 and 0.375 T, the recordings of the conductance as a function of position reveal a regular square
vortex lattice tilted by45± with respect to the crystallinea axis. This unusual result is correlated
with an in-plane anisotropy of the upper critical fieldH

k
c2s45±dyH

k
c2s0d  0.92 at 4.2 K and is analyzed

within the framework of Ginzburg-Landau theory. [S0031-9007(97)03335-8]

PACS numbers: 74.60.Ge
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The scanning tunneling microscope (STM) is a powerf
probe of the real space structure of the vortex lattice (V
of type-II superconductors. Most other techniques, such
magnetic force microscopy [1], Bitter decoration [2], an
neutron scattering [3], are sensitive to magnetic contr
on the scale of the London penetration depthl and are
therefore limited to low magnetic fields. STM, in contras
is sensitive to the local density of states on the mu
smaller scale of the coherence lengthj and can image
vortices even at high fields, where the vortex spacing
smaller thanl. So far, surface quality has limited the
observation of vortices by STM to two materials: NbSe2,
which presents clean atomically flat surfaces [4–7], a
crystals of YBCO grown in special BaZrO3 crucibles [8].

Although the VL forms a hexagonal structure fo
isotropic superconductors in the absence of pinni
[9,10], many deviations from this symmetry have bee
found, generally associated with anisotropic uniaxi
character or pinning by extrinsic defects. A distorte
hexagonal symmetry and vortex chains were predict
and observed by Bitter decoration [11], neutron scatteri
[12], and STM [8] in YBCO and BSCCO along with
sawtooth VLs, hexatic lattices, order-disorder transition
intrinsic pinning, and pinning by twin boundaries. Analo
gous features were found in NbSe2 by STM [5,7] and
Bitter decoration [11].

On the lowTc materials Nb and Pb-Tl, hexagonal, dis
torted hexagonal, and square VLs, depending on the cr
tal orientation, were observed by Bitter decoration [13,1
and neutron scattering experiments [15]. A gradual pha
transition in Pb-Tl(111) of the VL from hexagonal to
square for increasing field was observed and explain
by an attractive interaction between the vortices when t
vortex spacing is of the order of the coherence length
this low k material [16,17]. In recent neutron scatterin
experiments [3] a square VL which transforms to hexag
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nal at very low fields [18] was observed in an ErNi2B2C
single crystal. This compound belongs to the recen
discovered borocarbide family [19,20] and exhibits
antiferromagnetic ordering which was shown to direc
influence the VL [3].

To avoid any possible coupling between magnetic
dering and the VL, we performed STM investigation
on LuNi2B2C which has the same tetragonal structure
ErNi2B2C [21] but has no local magnetic moments. W
measure a gap of 2.2 meV at 4.2 K. Our results prov
the first vacuum tunneling spectra and STM images of
vortex structure in the borocarbide family. LuNi2B2C is
the third material, after NbSe2 and YBCO, in which STM
images of the vortex lattice have been observed. We
a square VL at 0.375 and 1.5 T, contrary to the hexago
VL expected in isotropic superconductors in the abse
of pinning. The square VL is rotated45± with respect to
the (100) crystal direction, as also found in ErNi2B2C [3].
An anisotropy of the Fermi surface, an anisotropic ma
netoelastic coupling, and a gap anisotropy have been
gested as three mechanisms which could stabilize a sq
VL [15]. Regardless of the microscopic origin of a squa
VL, it can be analyzed phenomenologically using a sim
extension of the Ginzburg-Landau (GL) approach. T
GL theory is only applicable nearTc which does not allow
direct comparison with our STM data. Nevertheless,
apply this approach to determine the range of stability
the square VL in theH-T plane and to establish its corre
lation with an in-plane anisotropy ofHc2.

The experiments were performed on a LuNi2B2C single
crystal grown by the high temperature flux method usi
Ni2B as a solvent [22]. The crystal is a platelet
typical size2 mm 3 2 mm 3 0.5 mm; the largest area is
normal to thec axis of this tetragonal system [21]; all ou
STM measurements were done on this surface. SQU
magnetometry was used to measure the zero field crit
© 1997 The American Physical Society 4273
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temperatureTc of 15.8 K, and the upper critical fieldHc2
at 4.5 K of 5.7 T, for a field applied along thec axis.

The measurements were performed with a home bu
low temperature STM operating in a helium exchange g
at 4.2 K. In order to obtain a clean surface, the samp
was chemically etched in a solution of HCl-HNO3 (3-1)
[23] prior to mounting into the STM. The tip was made
of a PtIr wire sharpened mechanically with scissors.

The surface roughness estimated from STM scans
the topography mode over a scale of4000 Å 3 4000 Å
is less than 10 Å. Vacuum tunneling was verified by th
reproducibility of both the topographic and spectroscop
data recorded over the same area at various tunneling re
tances. The differential conductancedIydV vs V curves
were recorded using the standard lock-in technique with
small ac modulation superimposed on the slowly varyin
bias voltage while the feedback loop was interrupted. Th
amplitude of the ac modulation was fixed at 0.4 mV peak
to-peak, i.e., a factor of 3 smaller than the intrinsic therm
broadeningsø3.5kBTd of the spectra at 4.2 K.

Figure 1 shows a typicaldIydV vs V spectrum
recorded atH  0 and normalized by a slightly quadratic
background obtained aboveHc2. The spectral features
shown in this figure are highly reproducible over the entir
crystal surface. The value of the gap was estimated
fitting the experimental curves to the standard theoretic
expression of the tunneling conductance [24], evaluat
at the temperature of the measurements, and a smea
version of the Bardeen-Cooper-Schrieffer (BCS) densi
of states [25]:

NsEd  RehjE 2 iGjyfsE 2 iGd2 2 D2g1y2j , (1)

whereE is the energy,D the superconducting gap andG

the broadening parameter. The best fit givesD  2.2 mV
andG  0.4 mV. Using the bulkTc, we obtained a ratio

FIG. 1. Normalized experimental conductance spectru
recorded on LuNi2B2C at 4.2 K (solid line) and calculated
conductance spectrum using a smeared BCS density of sta
(dotted line). The parameters of the calculated curve ar
D  2.2 meV andG  0.4 meV.
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2D

kBTc
 3.2 6 0.1, where the error is due primarily to

the width of the superconducting transition. This impli
weak-coupling superconductivity in LuNi2B2C. The gap
has been measured previously by point-contact tunne
on polycrystals and single crystals, and by break junctio
[26]. These gap values vary widely depending on t
type of measurements and, in some cases, with loca
in a single sample. In contrast, our STM-determined g
values vary remarkably little with location, substantial
increasing the precision of the measurement.

In a magnetic field, the vortices are imaged by reco
ing the spatial variations of the lock-in signal, direct
proportional to the differential conductance, while the
is scanning over the sample surface with a constant b
voltage Vb  3 mV. At this bias voltage, the differen
tial conductance is maximum over a superconducting
gion (Fig. 1) and is expected to decrease when the
passes over a vortex core. Figure 2(a) represents a g
scale image of the differential conductance over an a
of 2900 Å 3 2900 Å for a magnetic field of 1.5 T (field
cooled) perpendicular to the sample surface. Figure 2
corresponds to an area of1700 Å 3 1700 Å. This fig-
ure is the average of all the regions of Fig. 2(a) whi
show a correlation higher than 99% with an initial kern
chosen in the central area of Fig. 2(a). A square latt
is clearly observed with a lattice constanta0 equal to
370 Å 6 10 Å, in good agreement withs F0

B d1y2 expected
for a square lattice. In a field of 0.375 T a similar la
tice structure was observed with a spacing consistent w
the applied magnetic field. In each case the flux latt
is rotated by45± with respect to the crystallinea axis,
measured by Laue scattering. This is consistent with
recent observation of the square VL in LuNi2B2C using
neutron scattering [27].

Figure 3 shows a set of fourdIydV vs V characteristics
recorded in a field of 0.375 T at various distances fro
the center of a vortex. No conductance peaks rela
to localized quasiparticle states in the core [4,6] a
observed. With a residual resistivityr  3 mV cm, the
electronic mean free pathl is estimated [28] to be of the

FIG. 2. (a)2900 Å 3 2900 Å conductance image (raw data
showing the square vortex lattice produced by a 1.5 T magn
field in LuNi2B2C at 4.2 K. (b) 1700 Å 3 1700 Å conduc-
tance image after data processing (see text).
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FIG. 3. dIydV vs V for LuNi2B2C at 4.2 K and 0.375 T
recorded in the center of a vortexsad, and at 20 Åsbd, 130 Å
scd, 470 Å sdd from the center.

order of 115 Å. There is therefore significant scatterin
of quasiparticles within the confining vortex core diamet

2j  2
q

F0

2pHc2
ø 150 Å which, together with thermal

broadening effects at 4.2 K, may account for the observ
absence of conductance peaks.

In order to explore the occurrence of a square V
we use a GL approach valid nearTc [29]. Since the
energy difference between square and triangular V
is very small [9,10], one can expect that a relative
small perturbation related to the crystalline symmet
in cubic and tetragonal superconductors can stabilize
square VL. The conventional GL theory is invarian
with respect to arbitrary rotations and therefore does n
contain any signature of the crystal symmetry. To accou
for the crystal symmetry, one has to keep higher ord
terms in the expansion of the energy with respect to t
superconducting order parameterC. The lowest order
term, which breaks the circular symmetry and accoun
for the square symmetry of the crystal nearHc2, has the
form jD2

xCj2 1 jD2
yCj2. Here Da  =a 2

2pi
F0

Aa is
the gauge invariant derivative. The generalized ener
functional EfCg for tetragonal superconductors can b
written as

EfCg  EGLfCg 1 EhfCg , (2)

where

EGLfCg 
Z

d3r

µ
2a0jtj jCj2 1

b0

2
jCj4

1 a0j2
0 jDCj2 1

B2

8p

∂
(3)

is the conventional GL term with standard notation and

EhfCg  ´ha0j4
0

Z
d3rsjD2

xCj2 1 jD2
yCj2d (4)

is the anisotropy term. The strength of the squa
anisotropy is determined by the dimensionless parame
´h. The extra term induces an angular dependence
various quantities when the field is rotated in thexy plane.
g
er

ed

L

Ls
ly
ry

a
t
ot
nt
er
he

ts

gy
e

re
ter
of

For example, the angular dependence of the upper critic
field in the lowest order with respect tóh is

H
k
c2sfd  H

k
c2s0d

µ
1 1

3´hjtj

16
s1 2 cos4fd

∂
, (5)

wheret  sT 2 TcdyTc is the reduced temperature. This
dependence can be used to evaluate´h experimentally.

We determine the equilibrium vortex configuration
corresponding to the energy functionals in Eqs. (2)–(4
by minimizing the Abrikosov ratiob  jCj4ysjCj2d2

[29]. The symmetry breaking part in the energy [Eq. (4)
stabilizes a square VL which, foŕh , 0, is oriented
along the (110) crystal direction and, for´h . 0, is ori-
ented along the (100) direction. The isotropic part of th
energy [Eq. (3)] induces the well-known hexagonal VL
The combination of both results in a distorted hexagon
VL, see Fig. 4. The distortion increases with increasin
j´hj until a square VL becomes stable. This occurs i
a second order phase transition at the phase bound
given by ´hjtj

8b2

9b21  20.09, where b  HyHc2 (we
assumé h , 0). This boundary intersects theHc2 line
at ttr  0.09y´h (Fig. 4). The corresponding in-plane
anisotropy G45  H

k
c2s45±dyH

k
c2s0d can be estimated

using Eq. (5) asG45 ø 0.97.
For the studied LuNi2B2C single crystal, the tempera-

ture dependence ofG45 has been systematically investi-
gated by magnetization measurements [30]. We find a
in-plane anisotropy ofHc2 which increases monotonously
with lowering T . The pointG45 ø 0.97, where the tran-
sition to the square VL is expected to occur, is reache
at T  14 K, implying ´h ø 20.8. At this temperature,
Hc2 ø 0.6 T for a field applied along thec axis. Based

FIG. 4. Phase diagram for a tetragonal superconductor in t
vicinity of the upper critical field. The reduced temperature
t  sT 2 TcdyTc is normalized to the square lattice transition
temperature atHc2, ttr  0.09y´h, and the field is normalized
to the value ofHc2 at this point. Contours of constant bond
angle are also shown. The solid line corresponds to the seco
order phase transition line to a square VL. The inset shows t
definition of the bond anglea.
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on the phase diagram of Fig. 4, one would expect a squ
lattice at higher fields and lower temperatures, as we o
served at 1.5 T and 4.5 K, whereG45 ø 0.92. The square
lattice phase boundary shown in Fig. 4 is based on t
lowest order fourfold correction to isotropic GL expres
sion and cannot be extended to our low field experime
tal point at 4.5 K and 0.375 T. However, the stability
of the square VL can be analyzed within London theor
which is expected to be valid sufficiently far fromHc2.
An estimate of the relevant phenomenological paramete
in terms of Fermi surface averages [31] suggests that
square lattice is stable for LuNi2B2C above approximately
500 G, consistent with our STM observation.

In conclusion, STM measurements of the (001) surfa
of a LuNi2B2C single crystal in zero magnetic field
show a superconducting energy gap of 2.2 meV, whic
is remarkably constant over the sample surface a
indicates weak coupling. In a magnetic field oriente
along the (001) direction, we find a square VL oriente
along the (110) crystalline direction. The square VL i
correlated with an in-plane anisotropyH

k
c2s45±dyH

k
c2s0d 

0.92. The results are explained within the framework o
the GL model in which higher order terms which reflec
the square symmetry of the crystal are introduced in t
expression for the free energy.
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