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TUNNELING SPECTROSCOPY OF THE ENERGY GAPIN MgB2 UNDER MAGNETIC FIELDS�Toshikazu Ekino, Tomoaki Takasaki, Hironobu FujiiFa
ulty of Integrated Arts and S
ien
esand Graduate S
hool of Advan
ed S
ien
es of MatterHiroshima University, Higashi-Hiroshima 739-8521, JapanTakahiro Muranaka and Jun AkimitsuDepartment of Physi
s, Aoyama-Gakuin UniversitySetagaya, Tokyo 157-8572, Japan(Re
eived July 10, 2002)E�e
ts of magneti
 �eld on the multiple-gap stru
ture in the super
on-du
tor MgB2 have been studied by break jun
tions. With in
reasing the�eld, the gap value de
reases with �lling up of the states inside of the gap.The gap-
losing �eld B
 
orrelates with the gap size. The extrapolated B
value for the larger gap is almost 
onsistent with the upper 
riti
al �eld ofthis 
ompound.PACS numbers: 74.50.+r, 74.25.Jb, 74.70.Ad1. Introdu
tionThe existen
e of the multiple-gap stru
ture in the quasiparti
le densityof states is one of the intriguing features of the novel binary super
ondu
torMgB2 [1,2℄. This pe
uliar feature 
an be attributed to the 2-band super
on-du
tivity asso
iated with the boron pxy and pz bands [3℄, the indu
ed gap bya proximity e�e
t [2℄, or the gap anisotropy arising from the hexagonal 
rys-tal stru
ture [4℄. Sin
e this multiple-gap feature is seen up to T
 = 39 K, an-other way to suppress the multiple super
ondu
ting order parameters shouldbe e�e
tive to investigate further its origin. Here we report on the tunnelingmeasurements under magneti
 �elds to address this issue. The tunnelingte
hnique provides the most dire
t probe to measure the energy gap. The� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(523)



524 T. Ekino et al.measurements were done using the break jun
tion, in whi
h the poly
rys-talline sample was 
ra
ked at 4.2 K by applying adjustable bending for
e.By this te
hnique, in situ jun
tion interfa
e is obtained, from whi
h the re-liable tunneling spe
tra 
an be observed. The magneti
 �elds were appliedperpendi
ular to the tunneling 
urrent. The measurements were done at4.2 K. 2. Results and dis
ussionFigure 1 (a) shows representative tunneling 
ondu
tan
e dI=dV , whi
hre�e
ts the super
ondu
tor-insulator-super
ondu
tor (SIS) jun
tion spe
-trum arising from the break jun
tion. The SIS 
ondu
tan
e �tting using theweighted sum of the BCS density of states N(�1;�2) = aN1(�1) + bN2(�2)gives �1 = 2:3 meV and �2 = 6:6 meV, respe
tively, where Ni(�i) (i = 1; 2)represents j Re[(E � i�i)=[(E � i�i)2 ��2i ℄1=2℄ j with the phenomenologi
albroadening parameter �i (�1 = 0:1 meV and �2 = 0:8 meV). In the �t-ting, the ratio of 
oe�
ients a=b > 4 is required, where the density of statesfor the smaller gap is dominated. These �tted gap values are 
onsistentwith �1 = 2:5 meV and �2 = 5:5 meV obtained from the inner and outerpeak-to-peak separations (Vp) in (a).
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B  (T)4.2 KFig. 1. (a) The tunneling 
ondu
tan
e for an MgB2 break jun
tion. (b) The tun-neling 
ondu
tan
e for MgB2 break jun
tions under various magneti
 �elds. Theinset shows the data from the di�erent jun
tion. The broken 
urves in (a) and (b)represent the 
al
ulated N(�1;�2) (see text).It should be interesting to see the �eld evolution of su
h a distin
t double-gap 
ondu
tan
e feature. Unfortunately, when the external �eld is applied,the break jun
tion with su
h a feature often be
omes me
hani
ally unstable.
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tros
opy of the Energy Gap in : : : 525Therefore, as shown in Fig. 1(b), we investigate using the broadened-gapfeature, whi
h is often stable against the �eld. The absen
e of Josephson
urrent in zero �eld 
an be 
onne
ted with su
h a broadened feature. Thezero-�eld �tting using N(�1;�2) is satisfa
tory as shown by the bottombroken 
urve, whi
h gives the values of �1 = 2:5 meV (�1 = 0:8 meV) and�2 = 5:9 meV (�2 = 1.1 meV) with a=b = 7:3. These gap values agreewith �1 = 3 meV and �2 = 5.8 meV obtained from the inner and outerVp = 12 mV (= 4�1=e) and 17.6 mV (= 2(�1 +�2)=e), respe
tively.By appplying the �eld, the gap stru
ture is further broadened with �llingup of the states inside of the gap. Sin
e MgB2 is a type-II super
ondu
torwith the Ginzburg�Landau parameter � � 26 [5℄, the gap feature in the �eldseen by the break jun
tion 
an be regarded as the spe
ially averaged orderparameter in the vortex states [6℄. Sin
e the energy of 0.6 meV 
orrespondingto the �eld of 10 T is mu
h smaller than the gap energy, the Zeeman splitting
annot 
ause the broadening. To evaluate the energy gap under magneti
�elds, the 
ondu
tan
e �tting is 
arried out using N(�1;�2). The resultsare shown by the broken 
urves, where the �tting is shown to be almostsatisfa
tory. These �ttings reveal the de
rease in �i and the in
rease in �iwith in
reasing the �eld. The de
rease in �i is due to the �eld suppressionof the averaged order parameter, while the in
rease in �i 
an be 
onne
tedwith the �eld in
rease in the pair-breaking magnitude, although the originof the residual �i values in zero �eld is left unknown. The inner gap in thedouble-gap feature under the �eld is not apparent in the raw data despiteof the satisfa
tory �ts using N(�1;�2). Therefore, the �eld variations ofthe smaller single gap �1 from the di�erent break jun
tion are shown in theinset of Fig. 1 to demonstrate its existen
e more expli
itly. The observationof single gap suggests that the double-gap feature is not essential, or theremight be a momentum sele
tion in the tunneling 
urrent.In Fig. 2, the �eld dependen
e of the gap parameter �i(B) is plotted.The 
ir
les represent the �tted �i at ea
h �eld from the double-gap 
ondu
-tan
e in Fig. 1(b), while the triangles represent the smaller gap parameter�1 = eVp=4 of the Fig. 1(b) inset. For the smaller gap parameter �1, boththe �tted gap and the eVp=4 agree ea
h other, justifying the 
orre
tness ofthe �ttings. To evaluate the behavior of the gap in the �eld, the theoreti-
al predi
tion �i(B) = �i[1�B=Bi
℄1=2 for a type-II BCS super
ondu
tor isalso plotted, where Bi
 represents the gap-
losing �eld (the B2
 
orrespondsto the upper 
riti
al �eld) [6℄. The experimental data for �1 = 2:5 meValmost agree with the 
al
ulated 
urve with B1
 ' 10 T. Assuming the samerelationship, the B2
 for �2 = 5:9 meV 
an be extrapolated to be �13:5 T.Therefore, the magneti
 �eld distinguishes the behaviors of the gaps. Thisis in 
ontrast to the temperature dependen
e of �i, where the di�erent gapsizes possess the same T
 = 39 K.
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Fig. 2. The �eld dependen
e of the energy gap in MgB2. The broken 
urves repre-sent �i(B) = �i[1�B=Bi
℄1=2 (i = 1; 2).3. Con
lusionThe break-jun
tion tunneling measurements of MgB2 under magneti
�elds reveal that the extrapolated gap-
losing �elds are B1
 '10 T andB2
 �13:5 T for �1 = 2:5 meV and �2 ' 6 meV, respe
tively. The B2
 valueis roughly the same as the upper 
riti
al �eld obtained by the transport andmagnetization measurements [5, 7℄.This work is supported by the Grant-in-Aid for COE resear
h of theMinistry of Edu
ation, Culture, Sports, S
ien
e and Te
hnology of Japan(No. 13CE2002). REFERENCES[1℄ J. Nagamatsu, et al., Nature 410, 63 (2001).[2℄ F. Giubileo, et al., Phys. Rev. Lett. 87, 177008 (2001).[3℄ A.Y. Liu, et al., Phys. Rev. Lett. 87, 087005 (2001).[4℄ S. Haas, K. Maki, Phys. Rev. B65, 020502 (R) (2002).[5℄ D.K. Finnemore, et al., 
ond-mat/0102114.[6℄ A.A. Abrikosov, Sov. Phys. JETP 5, 1174 (1957).[7℄ D.C. Larbalestier, et al., Nature 410, 186 (2001).


