
ÆÝÒÔ, 2005, òîì 128, âûï. 1 (7), ñòð. 115�124 

 2005
ELECTRON TRANSPORT, PENETRATION DEPTH, ANDTHE UPPER CRITICAL MAGNETIC FIELD IN ZrB12 AND MgB2V. A. Gasparov *, N. S. Sidorov, I. I. Zver'kova, S. S. Khassanov, M. P. KulakovInstitute of Solid State Physi
s, Russian A
ademy of S
ien
es142432, Chernogolovka, Mos
ow Region, RussiaSubmitted 26 November 2004We report on the synthesis and measurements of the temperature dependen
es of the resistivity �, the penetra-tion depth �, and the upper 
riti
al magneti
 �eld H
2 for poly
rystalline samples of dode
aboride ZrB12 anddiboride MgB2. We 
on
lude that ZrB12 behaves as a simple metal in the normal state with the usual Blo
h �Grüneisen temperature dependen
e of �(T ) and with a rather low resistive Debye temperature TR = 280 K(to be 
ompared to TR = 900 K for MgB2). The �(T ) and �(T ) dependen
es for these samples reveal asuper
ondu
ting transition in ZrB12 at T
 = 6:0 K. Although a 
lear exponential �(T ) dependen
e in MgB2thin �lms and 
erami
 pellets was observed at low temperatures, this dependen
e was almost linear for ZrB12below T
=2. These features indi
ate an s-wave pairing state in MgB2, whereas a d-wave pairing state is possiblein ZrB12. In disagreement with 
onventional theories, we found a linear temperature dependen
e of H
2(T ) forZrB12 (H
2(0) = 0:15 T).PACS: 74.70.Ad, 74.25.Op, 72.15.Gd1. INTRODUCTIONThe re
ent dis
overy of super
ondu
tivity at 39 Kin magnesium diboride [1℄ has initiated a booming a
-tivity in 
ondensed matter physi
s. This a
tivity hasraised 
onsiderable interest in the sear
h for super
on-du
tivity in other borides [2℄. Unfortunately, none ofnatural 
andidate MeB2-type diborides of light metals(Me = Li, Be, Al, Ca) nor any of a large number of theknown isostru
tural transition metal diborides (Me == Ti, Zr, Hf, V, Ta, Cr, Mo, U) have been foundto be super
ondu
ting [2℄. Super
ondu
tivity wasobserved [3�6℄ only in nonstoi
hiometri
 
ompounds(MoB2:5, NbB2:5, Mo2B, W2B, BeB2:75). We notethat the earlier spe
ulation about super
ondu
tivity inTaB2 [7℄ (in 
ontradi
tion to other published data [2℄)has been disproved by re
ent resistivity, sus
eptibility,and spe
i�
 heat measurements supported by ele
troni
stru
ture 
al
ulations [8℄.These results do not seem to support the appli
a-tion of the old idea about super
ondu
tivity in metalli
hydrogen [9℄ to the explanation of super
ondu
tivity inMgB2 [10℄. In spite of this fa
t, we dis
uss some aspe
ts*E-mail: vgasparo�issp.a
.ru

of this idea. In parti
ular, it is believed that in MgB2,the averaged phonon frequen
ies (in other words, theDebye temperature) must be very high due to the lowmass of the boron, whi
h sharply in
reases the prefa
-tor in the M
Millan formula for T
. Indeed, the bandstru
ture 
al
ulations have shown that ele
trons at theFermi level are predominantly boron-like in MgB2 andthe super
ondu
tivity is due to graphite-type �metal-li
� boron sheets [10℄. Furthermore, Eremets et al. [11℄re
ently observed that the semi
ondu
ting poly
rys-talline boron (rombohedral �-B105) transforms to ametal under high pressure and even to a super
ondu
-tor at about 160 GPa. The 
riti
al temperature T
in
reases from 6 K to 11.2 K at raised pressure up to250 GPa. This observation supports the old idea that aroute for optimizing T
 is in preparation of boron-ri
h
ompounds, even though this does not yet work forknown borides.In fa
t, the sear
h for super
ondu
tivity in borideshas a long history. Matthias et al. [12℄ dis
overed sev-eral super
ondu
ting 
ubi
 hexa- and dode
aborides(MeB6 and MeB12) in the 1960's. Many other hexa-and dode
aborides (Me = Ce, Pr, Nd, Eu, Gd, Tb, Dy,Ho, Er, Tm) were found to be ferromagneti
 or anti-ferromagneti
. It was suggested that the super
ondu
-115 8*
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 values6.5�7.1 K and 6.03 K, respe
tively [3℄) might be dueto the hypotheti
al 
ubi
 metalli
 boron. However, amu
h smaller isotope e�e
t on T
 for boron in 
ompar-ison with the Zr isotopi
 substitution suggests that theboron in ZrB12 serves as an inert ba
kground, and Zris a
tually 
ru
ial for super
ondu
tivity [13; 14℄, eventhough 
hemi
ally, ZrB12 mainly 
ontains boron.While the super
ondu
tivity in ZrB12 was dis
ov-ered a long time ago [12℄, there has been little e�ortdevoted to the study of basi
 super
ondu
tive proper-ties of this dode
aboride. Only re
ently were the ele
-tron transport of solid solutions Zr1�xS
xB12 [15℄ andthe band stru
ture 
al
ulations for ZrB12 [16℄ reported.Understanding the ele
tron transport properties of the
luster borides and the super
ondu
tivity me
hanismin these 
ompounds is very important. In this paper,we attempt to address this problem. We report thetemperature-dependent resistivity �(T ), magneti
 �eldpenetration depth �(T ), and upper 
riti
al magneti
�eld H
2(T ) for poly
rystalline samples of ZrB12. Com-parative data on �(T ) and �(T ) in MgB2 thin �lms andpellets are also presented.The stru
ture of this paper is as follows. In Se
. 2,we report on synthesis of ZrB12 and MgB2 and the ex-perimental te
hniques. Se
tion 3 des
ribes the ele
trontransport in these 
ompounds. Se
tion 4 des
ribes thetemperature dependen
e of � in thin �lms and poly-
rystalline samples. The data on H
2(T ) are presentedin Se
. 5. 2. EXPERIMENTALUnder ambient 
onditions, dode
aboride ZrB12
rystallizes in the f

 stru
ture (Fig. 1) of the UB12type (spa
e group Fm�3m), with the latti
e parametera = 0:74075 nm [17℄. In this stru
ture, the Zr atomsare lo
ated at interstitial openings in 
lose-pa
ked B12
lusters [15℄. In 
ontrast, the diborides show a phase
onsisting of two-dimensional graphite-like monolayersof boron atoms with a honey
omb latti
e, inter
alatedwith metal monolayers [2℄. In our sear
h for the su-per
ondu
ting diboride 
ompounds, we observed super-
ondu
tivity at 5.5 K in ZrB2 poly
rystalline samplesthat had a few per
ent amount of ZrB12 impurity [2℄. Itwas re
ently suggested [18℄ that this observation 
ouldbe asso
iated with nonstoi
hiometry in the zir
oniumsublatti
e of ZrB2. To resolve this issue and to studythe ele
tron transport and basi
 super
ondu
ting prop-erties of ZrB12, we su

essfully synthesized this 
om-pound.

ZrBFig. 1. The latti
e stru
ture of dode
aboride ZrB12.For 
larity, only B12 
lusters on the upper fa
e of thelatti
e are shownPoly
rystalline samples of ZrB12 were obtained bythe 
onventional solid-state rea
tion. The starting ma-terials were a zir
onium metal powder (99.99% purity)and a submi
ron amorphous boron powder (99.9% pu-rity). These materials were lightly mixed in appropri-ate amounts and pressed into pellets 10 mm thi
k and20 mm in diameter. The pellets were wrapped in atungsten foil and baked at 2000 ÆC by ele
tron-beamheating with subsequent slow 
ooling to room temper-ature. The pro
ess took pla
e for two hours in a high-va
uum 
hamber at 2�10�4 Pa. The resulting poly
rys-talline pellets had over 90% of the theoreti
al massdensity and were bla
k in 
olor. They demonstratedgood metalli
 
ondu
tivity at low temperatures. Af-ter regrinding the prepared pellets in an agate mortar,the respe
tive powders were reheated few times for twohours.The powder X-ray di�ra
tion pattern obtained us-ing CuK� radiation showed that the samples largely
onsist of the desired ZrB12 phase (Fig. 2). Nev-ertheless, small amounts of ZrB2 were found to bepresent and 
ould not be eliminated by subsequent re-grinding and annealing. A Rietveld re�nement of theZrB12 X-ray pattern, based on the f

 UB12-type stru
-ture presented in Fig. 1, yielded the latti
e parametera = 0:7388 nm to be very 
lose to the published val-116
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2θFig. 2. A typi
al X-ray � � 2� s
an of ZrB12 pow-ders (the lower 
urve) at room temperature. A similars
an for ZrB2 pellets studied before [2℄ is presented bythe upper 
urve. The 
y
les mark the X-ray re�e
tionsfrom f

 ZrB12ues [17℄. The poly
rystalline MgB2 pellets have beensintered using a similar te
hnique as outlined in our ear-lier work [2℄. This te
hnique is based on the rea
tiveliquid Mg in�ltration of boron powder. X-ray di�ra
-tion analysis did not reveal the metalli
 Mg phase, andwe therefore believe that a rather high resistivity ratio(R300 K=R40 K = 12) is due to the high quality of oursamples.For this study, two highly 
rystalline, super
ondu
t-ing �lms of MgB2 were grown on an r-plane sapphiresubstrate in a two-step pro
ess. Deposition of B pre
ur-sor �lms via ele
tron-beam evaporation was followed byex-situ post annealing at 890 ÆC in the presen
e of bulkMgB2 and Mg vapor. S
anning ele
tron mi
ros
opyshowed dense �lms with surfa
e roughness below 5 nm.For the measurements, we investigate �lms of 500 and700 nm thi
k, with the 
orresponding T
 values 38 Kand 39 K. The details of the preparation te
hnique aredes
ribed elsewhere [19℄.For the resistan
e measurements, we used the sparkerosion method to 
ut the pellets into a re
tangular barwith dimensions of about 0:5� 0:5� 8 mm3. The sam-ples were lapped with a diamond paste. To remove anydeteriorated surfa
e layers, the samples were et
hed:ZrB12 in hot nitrogen a
id and MgB2 in 2% HCl pluswater-free ethanol. A standard four-probe a
 (9 Hz)method was used for resistan
e measurements. Ele
-tri
al 
onta
ts were made with Epotek H20E silverepoxy. The temperature was measured with platinum(PT-103) and 
arbon glass (CGR-1-500) sensors. Awell-de�ned geometry of the samples provided for the

pre
ise resistivity measurements.The measurements were performed in the liquid-he-lium variable-temperature 
ryostat in the temperaturerange between 1.1 and 350 K. Magneti
 measurementsof the resistivity and the penetration depth on the poly-
rystalline samples were 
arried out using a super
on-du
ting 
oil in applied �elds of up to 6 T. The d
 mag-neti
 �eld was applied in the dire
tion of the 
urrent�ow. The 
riti
al temperature measured by the radio-frequen
y (RF) sus
eptibility [2℄ and �(T ) was foundto be T
0 = 6:0 K for ZrB12 samples and 39.0 K forMgB2 samples.The �(T ) dependen
e in thin �lms was investigatedusing a single-
oil mutual indu
tan
e te
hnique. Thiste
hnique, originally proposed in [20℄ and improvedin [21℄, takes advantage of the well-known two-
oil ge-ometry. It was su

essfully used for the observationof the Berezinskii �Kosterlitz �Thouless vortex�anti-vortex unbinding transition in ultrathin YBa2Cu3O7�x�lms [22℄ as well as for the study of the �(T ) depen-den
e for MgB2 �lms [23℄. In parti
ular, this RF te
h-nique measures the 
hange of indu
tan
e �L of a one-layer pan
ake 
oil lo
ated in the proximity of the sam-ple. The 
oil is a part of the LC 
ir
uit driven by amarginal os
illator operating at 2�10 MHz or by theimpedan
e meter (VM-508 TESLA 2�50 MHz). Thefrequen
y stability of this os
illator is 10 Hz. The �lmis pla
ed at a small distan
e (about 0.1 mm) belowthe 
oil and is thermally insulated from the 
oil by aTe�on foil. Both the sample and the 
oil are in va
uum,but the 
oil holder is thermally 
onne
ted with a he-lium bath, while the sample holder is isolated and maybe heated. During the experiment, the 
oil was keptat 2.5 K, whereas the sample temperature was variedfrom 2.5 to 100 K. Su
h a design allows us to eliminatepossible e�e
ts in temperature 
hanges in L and C onthe measurements. The real part of the 
omplex mu-tual indu
tan
e M between the �lm and the 
oil 
anbe obtained asReM(T ) = L0� f20f2(T ) � 1� ; (1)where L0 and f0 are the indu
tan
e and the resonantfrequen
y of the 
ir
uit without the sample. In theLondon regime, where high-frequen
y losses are neg-ligible, one 
an introdu
e the di�eren
e between thetemperature-dependent real part of M of the 
oil withthe sample, ReM(T ), and that of the 
oil at T0, ReM0.This di�eren
e is a fun
tion of �(T ),�ReM(T ) = ��0 1Z0 M(q)1 + 2q� 
th(d=�) dq; (2)117
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 permeability of va
uum,M(q)plays the role of the mutual indu
tan
e at a given wavenumber q in the �lm plane and depends on the distan
ebetween the sample and the 
oil, d is the sample thi
k-ness, and �0 is a permeability of a free spa
e (additionaldetails 
an be found in [21℄). A 
hange in �ReM(T )is dete
ted as a 
hange of the resonant frequen
y f(T )of the os
illating signal. When inserted in Eq. (2), this
hange yields a temperature-dependent London pene-tration depth �(T ).Measurements of �(T ) for poly
rystalline ZrB12 andMgB2 samples were performed with a similar LC te
h-nique but using a re
tangular solenoid 
oil into whi
hthe sample was pla
ed. The details of this te
hniqueare des
ribed elsewhere [24℄. For su
h arrangements,
hanges in the resonant frequen
y f(T ) = !=2� of the
ir
uit relative to that above T
, f(T
), and at the min-imal temperature T1, f(T1), are dire
tly related to theindu
tan
e of the probe 
oil and, hen
e, to �(T ) by�(T )� �(T0) = Æ f�2(T )� f�2(T1)f�2(T
)� f�2(T1) : (3)Here, f(T
) and f(T1) are the respe
tive resonant fre-quen
ies at T > T
 and at the minimal temperatureT1 and Æ = p
2�=2�! is the skin depth above T
,whi
h was determined from the resistivity �(T ) mea-surements.3. ELECTRON TRANSPORTFigure 3 shows the temperature dependen
e of theresistivity for ZrB12 and MgB2 samples. The insetdisplays the variation of �(T ) near the super
ondu
t-ing transition with zero resistan
e at 6.0 K (the width�T = 0:04 K) in ZrB12 and at 39 K (�T = 0:7 K)in MgB2 samples. The transition is remarkably nar-row for ZrB12 samples, whi
h is a 
lear indi
ation ofgood-quality samples. The transition temperature is
onsistent with the previously reported values for ZrB12(6.03 K) [12�14℄ and is 
omparably larger than thatof ZrB2 samples (5.5 K) [2℄. Although ZrB12 mostly
ontains boron, its room-temperature resistivity is onlyfour times larger than that of MgB2 and ZrB2 [2℄, whilethe residual resistivity is ten times larger. The resisti-vity ratio for ZrB12 (�(300K)=�(6 K) � 4) is rather low
ompared to the single-
rystal value 10 [25℄. Althoughan X-ray di�ra
tion analysis revealed small amounts ofZrB2 (the nonsuper
ondu
ting phase [25℄), apparentlythere is no in�uen
e of this phase on the �(T ) depen-den
e, be
ause below T
, the resistivity drops to zero,rather than to the residual value.
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Fig. 3. Temperature dependen
e of the resistivity �for ZrB12 (open 
ir
les) and MgB2 (squares) poly
rys-talline samples. The solid lines represent the Blo
h �Grüneisen �ts to the experimental data in a

ordan
ewith Eq. (4)One 
an predi
t a nearly isotropi
 resistivity for f

ZrB12, whi
h 
an be des
ribed by the Blo
h �Grüneisen(BG) expression of the ele
tron�phonon (e�p) s
atter-ing rate [26℄:�(t)��(0) = 4�1t5 1=tZ0 x5exdx(ex�1)2 = 4�1t5J5(1=t): (4)Here, �(0) is the residual resistivity, �1 = d�(T )=dtis the slope of �(T ) at high temperatures (T > TR),t = T=TR, and TR is the resistive Debye temperature.As we 
an see from Fig. 3, the BG equation des
ribesour data reasonably well, indi
ating the importan
e ofthe e�p intera
tion for both metals. The best �t toour data is obtained with TR = 280 K for ZrB12 andTR = 900 K for MgB2.In 
ontrast to ZrB12, the resistivity of MgB2 sam-ples does deviate from the BG model at low tempera-tures. This problem has been under 
onsideration byseveral groups. In parti
ular, Putti et al. [27℄ modi-�ed the BG equation by introdu
ing a variable powern for the tnJn(1=t) term in Eq. (4). The best �t to thedata was obtained with n = 3, whi
h in fa
t ignoresa small-angle e�p s
attering. Re
ently, Sologubenko etal. [28℄ reported a 
ubi
 T -dependen
e in the a; b-planeresistivity below 130 K in single 
rystals of MgB2. Thiswas attributed to the interband e�p s
attering in tran-sition metals.We stress that there are strong obje
tions to thismodi�ed BG model: (i) the 
ubi
 �(T ) dependen
e isa theoreti
al model for large-angle e�p s
attering, andno eviden
e of it was observed in transition and non-118
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Fig. 4. Temperature dependen
e of the redu
ed re-sistivity [�(T )� �(0)℄=T 2 for ZrB12 (open 
ir
les) andMgB2 (squares) poly
rystalline samples. The solid linesare a guide for the eyetransition metals; (ii) numerous studies of the �(T ) de-penden
e in transition metals have been su

essfullydes
ribed by a sum of the ele
tron�ele
tron (e�e), pro-portional to T 2, and e�p, proportional to T 5, 
ontri-butions to the low-temperature resistivity, whi
h maybe easily 
onfused with a T 3 law [26; 29; 30℄; (iii) the��� interband e�p s
attering plays no role in normaltransport in the two-band model for MgB2 [31℄.To investigate whether a 
ombination of e�e and e�ps
attering works for our samples, we de
ided to add aT 2-term to Eq. (4) [29; 30℄. We note that the BG termis proportional to T 5 at low temperatures. Therefore,addition of the T 2-term results in the following expres-sion for the resistivity �(T ):�(T )� �(0)T 2 = �+ �T 3: (5)Here, � and � are parameters of the respe
tive e�e and e�p s
attering terms. When plotted in the[�(T )� �(0)℄=T 2 vs T 3 axes, su
h a dependen
e yieldsa straight line with the slope � and the y-inter
ept(T = 0) equal to �. The 
orresponding plot of ourdata in Fig. 4 
learly displays the expe
ted linear de-penden
es. The presen
e of an unusually large T 2-term in MgB2 data (open squares in Fig. 4) below150 K is evident (� = 150 p
 � 
m/K2), whereasthe e�p s
attering T 5-term is substantially smaller(� = 2:1 � 10�6 p
 � 
m/K5). We note, however, thatthe � value for MgB2 is almost 40 times larger thanthe 
orresponding values in transition metals su
h asmolybdenum and tungsten (�Mo = 2:5 p
 � 
m/K2 and

�W = 1:5�4 p
�
m/K2 [29; 30℄). In 
ontrast, the ZrB12data display a nearly zero T 2-term.In general, there are many s
attering pro
esses re-sponsible for the T 2-term in the �(T ) dependen
e ofmetals [25℄. In parti
ular, umklapp e�e s
atteringstrongly 
ontributes to this term. Furthermore, normal
ollisions are signi�
ant in 
ompensated metals and inthermal resistivity [30℄. Borides have a rather high TRvalue, whi
h depresses the e�p s
attering, and hen
ethe e�e term is easier to observe. Clearly, there is noobvious explanation for su
h a signi�
ant e�e s
atter-ing 
ontribution in MgB2. We believe that additionalexperiments on purer samples are ne
essary before the�nal 
on
lusion about the origin of the T 2-term in the�(T ) dependen
e for MgB2 
an be drawn. Besides, theT 2-term was re
ently observed in ZrB12 single-
rystalsamples with the large resistivity ratio equal to 10 [23℄.Apparently, the T 2-term depends on the residual resis-tivity. 4. PENETRATION DEPTHOur RF te
hnique allows us to measure the 
hangein the penetration depth �(T ) [24℄. We note, how-ever, that there is some un
ertainty in determiningthe absolute values of �(T ) for bulk samples be
auseof error in the f0 determination in Eq. (1). For thisreason, we do not attempt to determine the absolutevalues of �(0) for poly
rystalline samples from thesedata but rather �nd the temperature-dependent part��(T ) = �(T ) � �(1 K). Figure 5 displays the e�e
tof the super
ondu
ting transition in ZrB12 on �(T ).The striking feature of the 
urves in Fig. 5 is the lineartemperature dependen
e of �� below T
=2 = 3 K. Weemphasize that no frequen
y dependen
e of these datawas found when os
illator frequen
y was varied by afa
t of two.In the BCS theory, the London penetration depth�(T; l) is identi
al to the magneti
 penetration depth�(T ) in the 
ase of spe
ular and di�use surfa
e s
at-tering and for negligible nonlo
al e�e
ts, i.e., forÆ(T; l) � �(T; l) [24; 32℄. Here, l is the mean freepath of 
arriers and � is the 
oheren
e length. Ina BCS-type super
ondu
tor (with the 
onventional s-wave pairing) in the 
lean limit (l � �), the magneti
penetration depth has an exponentially vanishing tem-perature dependen
e below T
=2 (where�(T ) is almost
onstant) [32℄:�(T ) = �(0)241 +s� �(0)2kBT exp���(0)kBT �35 : (6)119
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Fig. 5. Temperature dependen
e of the penetrationdepth for a ZrB12 sample. The solid lines are a guidefor the eye. The inset shows the data below 3:5 K inan extended s
aleHere, �(0) is the value of the energy gap and �(0) isthe magneti
 penetration depth at zero temperature.At the same time, the un
onventional d-wave pair-ing symmetry 
auses the energy gap to be suppressedalong node lines on the Fermi surfa
e. This results ina linear dependen
e of �(T ) � �(0) / T at low tem-peratures. Su
h a linear T -dependen
e of � was re-
ently used as a �ngerprint of the d-wave symmetry forCooper pairs in 
uprate super
ondu
tors [33; 34℄. Fromthis standpoint, one 
ould argue that the linear �(T )dependen
e in ZrB12 (Fig. 5) may be 
onsidered an in-di
ation of the d-wave symmetry of the 
ondensate ofCooper pairs.Re
ently, however, thermodynami
 arguments weresuggested [35℄ that a stri
tly linear T -dependen
e of �at low temperatures violates the third law of thermo-dynami
s, be
ause it produ
es nonvanishing entropy inthe zero-temperature limit. Therefore, one should ex-pe
t a deviation from the linear T -dependen
e of � atvery low temperatures. Indeed, re
ent experiments in
uprates indi
ate deviation from the linearity of �(T )from the 
urrent-
arrying zero-energy surfa
e Andreevbound states [36℄. We believe that further experimentson single 
rystals of ZrB12 are ne
essary to 
on�rm thea
tual 
hara
ter of the �(T ) behavior below 1.0 K. Su
hexperiments are now in progress and may shed light onthe nature of the pairing state in this dode
aboride.Figure 6 displays the 
hange in �(T ) in a MgB2poly
rystalline sample. These measurements were doneon samples freely pla
ed in a re
tangular solenoid 
oilforming an LC 
ir
uit kept at 2.5 K. In Fig. 7, we showthe temperature variation of � for the best MgB2 �lm,determined from the one-
oil te
hnique and inversionpro
edure via Eq. (2). A parti
ular feature of these �g-
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Fig. 6. Temperature variation of the magneti
 pene-tration depth � for a MgB2 sample up to T
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Fig. 7. Temperature variation of � up to T
 for a MgB2thin �lm on Al2O3. The inset shows the data belowT
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ale. The solid line representsthe single-gap exponential �t for �(0) = 2:8 meVures is a very similar exponential T -dependen
e at lowtemperatures for both �lm and poly
rystalline samples.We used the 
onventional s-wave approa
h, Eq. (6), to�t these data. In both 
ases, we observe satisfa
toryif not perfe
t agreement between the �ts and low-tem-perature data for thin �lms. Our �tting parameters(the super
ondu
ting gap value at 0 K) are 2.8 and2.73 meV for �lm and poly
rystalline samples, respe
-tively. The 
orresponding redu
ed gap 2�(0)=kBT
 forthese samples was found to be 1.64 and 1.62.Several re
ent reports on �(T ) measurements120
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tron transport, penetration depth : : :[23; 37℄ in MgB2 provide strong eviden
e for a pre-dominately exponential temperature dependen
e of �at low temperatures, whi
h is 
onsistent with our ob-servation. The redu
ed gap ontained from exponential�ts to the data was found to be 1.42 [37℄ and 2.3 [23℄for single 
rystals and thin �lms, respe
tively. Thesevalues, as well as the value we obtained from our data,are signi�
antly smaller than the BCS weak 
ouplingvalue 2�(0)=kBT
 = 3:52. Several other groups have
laimed that �(T ) in MgB2 does follow a power-law oreven linear T -dependen
e [38℄. The possible reason forthis dis
repan
y is that previous studies were limitedto temperatures above 4 K, whereas �(T ) shows a 
learsignature of exponential behavior only below 7 K (seeFigs. 6 and 7). Another problem may arise in use ofnonet
hed samples, where the damaged surfa
e layeror the proximity e�e
t asso
iated with the presen
eof a metalli
 Mg over layer [19℄ may signi�
antly
ompli
ate the use of the surfa
e-sensitive te
hniques.We emphasize that our values of the super
ondu
t-ing gap at low temperatures are in the range of val-ues for 3D �-bands obtained by point-
onta
t spe
-tros
opy on MgB2 single 
rystals (��(0) = 7:1 meVand ��(0) = 2:9 meV for the �- and �-bands, re-spe
tively) [39℄. Our data also agree with theoreti
alvalues predi
ted by the two-band model [40℄. Analy-sis of the overall temperature dependen
e of � withinthe two-band phenomenologi
al model [41℄ is now inprogress and will be published elsewhere. The essen-tial property of this paper is 
omparison of the ZrB12and MgB2 low-temperature data, where the �(T ) de-penden
e has a totally di�erent behavior.5. UPPER CRITICAL MAGNETIC FIELDWe now turn to the data on ele
troni
 transport ina magneti
 �eld. Figure 8 presents the magneti
-�elddependent ele
tri
 resistivity data for ZrB12 poly
rys-talline samples at various temperatures. Two featuresare 
learly seen: (i) the magneti
 �eld shifts the super-
ondu
ting transition to lower temperatures; (ii) thereis a very small longitudinal magnetoresistivity in thenormal state. We extra
ted the 
ompleted upper 
riti-
al magneti
 �eld H
2 by extending the maximal-deri-vative d�=dH line (the dashed line in Fig. 8) up to thenormal-state level. The 
rossing point of this line andthe normal-state resistivity gave us the value of H
2 atvarious temperatures as indi
ated by an arrow in Fig. 8.Despite a 
lear broadening at higher �elds, su
h on-set of the resistive transition remains well de�ned. We
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Fig. 8. Magneti
 �eld variation of the resistivity �(T )in a linear s
ale for a ZrB12 sample at T = 5:6 (1 ), 5:2(2 ), 5:0 (3 ), 4:3 (4 ), 3:6 (5 ), 3:3 (6 ), 2:0 (7 ), 1:8 (8 ),1:2 (9 ) K. The solid lines are a guide for the eye andthe dashed line des
ribes how the resistive transition�eld H
2 has been established
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Fig. 9. Magneti
 �eld variation of the resonant fre-quen
y of the LC 
ir
uit for an ZrB12 sample at thetemperatures T = 5:8 (1 ), 5:0 (2 ), 4:3 (3 ), 3:3 (4 ),2:3 (5 ), 1:6 (6 ), 1:1 (7 ) K. The solid lines are a guideto the eye and the dashed line des
ribes a linear extrap-olation of the RF data used for the H
2(T ) determina-tionnote, however, that the resistan
e may not be an in-trinsi
 property and may be related to the poor grain
onne
tion in our poly
rystalline samples. Therefore,to obtain a better test for the onset of the super
on-du
ting transition, we measured the RF sus
eptibility.Figure 9 shows a plot of the temperature depen-den
e of the resonant frequen
y f of our LC 
ir
uit as121
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Fig. 10. Temperature variation of the upper 
riti
almagneti
 �eld of a ZrB12 sample. Di�erent symbolsrepresent the data determined from �(H) (squares) andf(H) (
ir
les) dataa fun
tion of the longitudinal magneti
 �eld. Changesin the resonant frequen
y are dire
tly proportional tothe RF sus
eptibility of the sample. To dedu
e H
2(T ),we used a straight-line �t representing the maximumof the derivative df=dH (the dashed line in Fig. 9).This straight line was extended up to the normal-statefrequen
y values. We determined H
2 as the 
ross-ing point of this line with the normal-state frequen
yfn(T ). As we 
an see from Fig. 9, this point is very
lose to the onset point of f(T ) in this plot, whi
hmakes determination of H
2(T ) more reliable.Figure 10 presents theH
2(T ) data that we dedu
edfrom these two te
hniques. A remarkable feature of thisplot is a nearly linear in
rease of H
2 with de
reasingtemperature for both data with no eviden
e of satura-tion down to 1.1 K. To obtain the value of H
2(0) fromour RF data, we assumed thatH
2(0) = 0:71T
dH
2dTat zero temperature [42℄. This assumption yieldsH
2(0) = 0:11 T, whi
h is substantially smaller thanthe extrapolated value 0.15 T, apparently due to non-BCS or two-gap behavior. Nevertheless, we used thisextrapolated number to obtain the 
oheren
e length�(0) by employing the relation H
2(0) = �0=2��2(0),where �0 is the magneti
 �ux quantum. It yields�(0) = 60 nm, the value whi
h is substantially largerthan a few-angstrom 
oheren
e length of high-T
 super-
ondu
tors. The a

ura
y of our �(T ) measurements inZrB12 did not allow us to determine the absolute valuesof �(0). Therefore, the Ginzburg � Landau parameter

� = �=� 
annot be determined from these measure-ments.Taken as a whole, the temperature dependen
eof H
2 for ZrB12 is very similar to that found forMgB2 [43; 44℄ and BaNbOx [45℄ 
ompounds. Unlikein the 
onventional BCS theory [42℄, the H
2(T ) de-penden
e is linear over an extended region of temper-atures with no eviden
e of saturation at low tempera-tures. Although the origin of this feature is not 
om-pletely understood, similar linear H
2(T ) dependen
eshave been observed in other high borides and oxide
ompounds [43�45℄.6. CONCLUSIONSWe su

essfully performed syntheses of poly
rys-talline samples of dode
aboride ZrB12 and diborideMgB2. We systemati
ally studied the temperature de-penden
es of the resistivity �, the magneti
 penetrationdepth �, and the upper 
riti
al magneti
 �eld H
2 inthese 
ompounds. The ele
tron transport and super-
ondu
ting properties have been 
ompared with theaim to shed light on the origin of super
ondu
tivityin borides. Although the standard Blo
h �Grüneisenexpression des
ribes the resistivity data in ZrB12 fairlywell, a better �t was obtained by adding an ele
tron�ele
tron s
attering T 2-term in the �(T ) dependen
e ofMgB2. This square term dominates the �(T ) depen-den
e below 150 K in MgB2, although is almost zerofor ZrB12.The temperature dependen
e of � of both poly
rys-talline and thin-�lm MgB2 samples is well des
ribedby an s-wave behavior of the order-parameter symme-try. Our value of the redu
ed super
ondu
ting gapin MgB2 samples (2�(0)=kBT
 = 1:6) is signi�
antlysmaller than the weak 
oupling BCS value. However,this value is in a very good agreement with other dire
tprobe measurements of the smaller gap on the �-sheetsof the Fermi surfa
e. At the same time, we �nd that� in ZrB12 has a linear temperature dependen
e overan extended region of temperatures. This feature maybe indi
ative of the d-wave pairing, although additionalmeasurements are needed for the �nal 
on
lusion. We�nd that the upper 
riti
al �eld H
2(T ) dedu
ed fromRF data is almost the same as that obtained from theresistive data. Both te
hniques demonstrate an un
on-ventional linear temperature dependen
e of H
2, witha 
onsiderably lower value of H
2(0) = 0:15 T. We be-lieve that these observations are 
lear indi
ators of theun
onventional behavior of ele
tron transport and su-per
ondu
ting properties of dode
aboride ZrB12.122
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