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Abstract
An important predicted, but so far uncharacterized, property of the new
superconductor MgB2 is electronic anisotropy arising from its layered
crystal structure. Here we report on three c-axis oriented thin films, showing
that the upper critical field anisotropy ratio H

‖
c2/H

⊥
c2 is 1.8 to 2.0, the ratio

increasing with higher resistivity. Measurements of the magnetic
field-temperature phase diagram show that flux pinning disappears at
H ∗ ≈ 0.8H⊥

c2(T ) in untextured samples. H
‖
c2(0) is strongly enhanced by

alloying to 39 T for the highest resistivity film, more than twice that seen in
bulk samples.

(Some figures in this article are in colour only in the electronic version; see www.iop.org)

1. Introduction

The discovery of superconductivity at almost 40 K in MgB2

has reawakened the search for high critical temperature Tc in
compounds with light elements [1]. In spite of the high Tc of
bulk MgB2 samples, the upper critical field Hc2(T ) at which
bulk superconductivity is destroyed and the irreversibility field
H ∗(T ) at which bulk supercurrent densities disappear are both
comparatively low. The maximum extrapolations of µ0Hc2(0)
give 16–18 T, while H ∗(0) is about 0.5Hc2(0) [2–8]. µ0H

∗

(4.2 K) is thus 7 T, well below the 10.5 T irreversibility field of
Nb47wt.% Ti, for which Tc is 9 K and µ0Hc2 (4.2 K) is ∼12 T
[9]. At present it is not known whether the low irreversibility
field of MgB2 is related to its electronic anisotropy, a problem
that is well known in the strongly anisotropic, high-temperature
copper-oxide superconductors [10]. Since MgB2 consists of
alternating B and Mg sheets, electronic anisotropy has been
anticipated [11–14], but its explicit determination has so far
been held back by the lack of single crystals. Some hints of

the anisotropy have been reported for a hot pressed bulk sample
[15] and for separated particles allowed to settle on to a flat
surface [16], the anisotropy ratio η = H

‖
c2/H

⊥
c2 (i.e. parallel

and perpendicular to the Mg and B planes) is reported as 1.1
and 1.73 in these two studies, respectively. Since MgB2 looks
promising for applications, the magnitude of its anisotropic
properties must be resolved because of their implications for
controlling flux pinning, magnetic field and electronic device
limits. Further, anisotropy of the MgB2 crystal structure may
also be essential to its high Tc, so better understanding of the
effects of anisotropy could point to undiscovered nuances of
its strong superconductivity and to new compounds with still
higher Tc.

There has also been rapid progress in making MgB2

thin films, with critical current density Jc(4.2 K) values
exceeding 1 MA cm−2 [17–19]. In [18], Jc of textured films
reached 1–3 MA cm−2 at 4.2 K in a 1 T perpendicular field,
the high current densities being attributed to the very fine
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Figure 1. Zero field resistive transition of film 1 (triangles), film 2
(circles) and film 3 (squares). The inset shows resistivity of film 3
up to room temperature.

grain size (10–20 nm) of the MgB2 and to similarly sized
MgO particles. In this report, two of the films in [18],
together with a new, third film, were used to determine the
magnetic anisotropy of MgB2 and the influence of the normal-
state resistivity on the properties. We show that Hc2(T ) is
anisotropic with η = 1.8 to 2.0, the ratio increasing with
increasing normal-state resistivity ρ. H

‖
c2(0) is estimated at

39 T for the film with the highest resistivity, well above the
30 T Hc2(0) value for Nb3Sn [20]. We also found only
weak dependence of this anisotropy on resistivity and Hc2,
thus leading us to believe that we are measuring the intrinsic
electronic anisotropy of MgB2. An additional issue is the
influence of this anisotropy on thermal fluctuations and flux
pinning. Our analysis indicates that thermal fluctuations,
while weaker than in copper-oxide superconductors with much
higher anisotropies, noticeably suppress H ∗ below Hc2. For
instance, fluctuations reduce H ∗⊥(T ), the practical limit for
untextured, round-wire applications, to about 80% of H⊥

c2(T ).
Thus, although there is no evidence of the need to texture MgB2

in order to avoid grain boundary weak links [2–4], the Jc of
untextured forms is limited by the lower values of H ∗ and Hc2

perpendicular to the Mg and B planes, limiting applications to
∼15 T at 4.2 K on the basis of the best present properties.

2. Results and discussion

MgB2 films were deposited on (111) oriented SrTiO3

single crystal substrates by pulsed laser deposition at room
temperature followed by post annealing in Mg vapour at
different temperatures, as discussed elsewhere [18]. Of the
2 films from [18], film 1 exhibits an expanded c-axis lattice
parameter and higher oxygen preparation condition than film
2, making us believe that film 1 is more heavily alloyed with
oxygen relative to film 2. Film 3 was annealed like film 2,
but at a higher temperature (950 ◦C for 15 min). The film
thickness was ∼500 nm in each case, although interfacial
reaction with the SrTiO3 substrate may reduce this somewhat.
Carefully selected area diffraction electron microscopy and
x-ray diffractometry indicated alignment of the MgB2 c-axis
with the substrate normal, the electron microscopy showing
also that there was random in-plane alignment on length scales
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Figure 2. Resistive transitions of film 3 in magnetic fields of (left to
right) 9, 6, 3 and 0 T. The open and closed symbols are for external
field applied perpendicular and parallel to the film plane,
respectively. The anisotropy in upper critical field is evident in the
different transition temperatures for a given applied field. The line
drawn through the steepest part of the 9 T, perpendicular field data
indicates how the values of H ∗ and Hc2 were determined.

of ∼ 1µm [18]. The full width at half-maximum of the (002)
MgB2 rocking curves are 8◦–10◦ for all three films.

Film resistance was measured using the four-probe
method at a d.c. current of 1 mA, applied perpendicular to the
magnetic field. Resistance was measured in fixed fields applied
parallel or perpendicular to the film plane (i.e. the Mg and B
planes) while sweeping the temperature. The resistivity at 40 K
for films 1, 2 and 3 is 360, 40, and 38 µ
 cm, respectively. The
zero-field resistive transition curves, shown in figure 1, indicate
progressively higher critical temperatures for films 1, 2, and 3,
the zero-resistance values being 30, 31 and 36 K respectively.
Tc is highest for film 3 with lowest resistivity and highest
resistivity ratio, RR = ρ(298)/ρ(40) ∼ 2.1, and lowest for
film 1 with highest resistivity and RR ∼ 1 [18]. In contrast to
bulk MgB2 samples, where almost all studies have shown Tc

values of ∼39 K, thin-film Tc values vary considerably over the
range ∼24–39 K [17–19, 21–26]. It is plausible that this wide
range of Tc values is a consequence of alloying of or disorder
produced in the MgB2 during growth. As seen from figure 1,
the zero-field transition of film 2 is less sharp than that of film 1
or film 3, perhaps pointing directly to a variation of properties
characteristic of solid solution alloying of the MgB2 structure.

Figure 2 shows representative resistive transitions for film
3, in perpendicular and parallel fields up to 9 T. Also shown
are the experimental definitions of Hc2(T ) and H ∗(T ). It is
immediately clear that H ∗ and Hc2 are significantly higher
in parallel than in perpendicular field. Figure 3 shows that the
Hc2 values also differ significantly from film to film, in distinct
contrast to the situation in bulk samples [2–8]. For the lower
resistivity films, there is curvature to the Hc2(T ) lines, but this
is absent for film 1, suggestive of either a clean-to-dirty limit
crossover or of a variation of film properties in films 2 and 3.
It is also striking that, although film 1 has the lowest Tc, it has
the highest slope dHc2/dT , both in parallel and perpendicular
field. We measured the ratio η = H

‖
c2/H

⊥
c2 , which quantifies

the electron mass anisotropy [10], and found that η = 2.0±0.2
for film 1, η = 1.9±0.2 for film 2 and η = 1.8±0.2 for film 3.
These results are summarized in table 1. Because of the much
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Figure 3. The upper critical field as a function of temperature for
the three films. The open and closed symbols are for field applied
perpendicular and parallel to film plane, respectively. The black
lines (circles) represent the best linear fit for high-resistivity film 1.
Curves drawn through lower-resistivity film 2 (squares) and film 3
(triangles) are guides to the eye.

better texture of our films, the ratios of H
‖
c2/H

⊥
c2 are all higher

than the value of 1.1 determined on imperfectly textured, hot
deformed bulk MgB2 by Handstein et al [15], and are closer to
the η = 1.73 for aligned particles extracted from bulk MgB2

examined by de Lima et al [16].
The resistive data in figures 3 and 4 exhibit an interesting

trend, namely that the upper critical field lines become steeper
and the Tc values decrease as the resistivity increases. This
change of H 2

c (T ) with resistivity is consistent with the dirty-
limit behaviour of the BCS theory [27]. This conclusion is
also consistent with the fact that the resistivity values of our
films at Tc are 2-3 orders of magnitude higher than those of the
sintered bulk samples made at Ames [2, 5], for which clean-
limit BCS behaviour and an electron mean-free path of l ∼ 60
nm were inferred [5]. Since l scales inversely with resistance,
we tentatively conclude that all our films are in the dirty limit
l < ξ0, where ξ0 = (φ0/2πµ0Hc2)

−1/2 is the coherence length,
and φ0 is the flux quantum.

Figure 4 shows in detail the resistively determined H ∗(T )

and Hc2(T ) lines for film 1. Also plotted are the Kramer-
function extrapolations of the magnetically determined
Jc(H, T ) from [18]. There is excellent agreement between
the two H ∗(T ) measurements. In contrast to the significant
separation between H ∗(T ) and Hc2(T ) for untextured bulk
samples, where H ∗(T ) ∼ 0.5Hc2(T ) [2–8], here we find that
H ∗⊥(T ) is ∼ 0.8H⊥

c2(T ) for textured films. It is now clear
why H ∗(T ) is ∼ 0.5Hc2(T ) for bulk untextured samples: the
continuous supercurrent path is cut off at H ∗(T )⊥ for those
grains aligned perpendicular to the applied field, while the
measured Hc2(T ) occurs at Hc2(T )‖.

To address the mechanisms which determine the
irreversibility line, we consider the possibility that thermal
depinning occurs at H ∗(T ), that is when the mean-squared
displacements of vortex lines u2(T , H ∗) become equal to
ξ 2(T ) [10, 28]. Assuming the usual temperature dependence
ξ(T ) = ξ0(1 − t2)−1/2 with t = T/Tc, we calculate H ∗(T )

using the formula for u2(T , H ∗) for a uniaxial superconductor
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Figure 4. The upper critical field (circles) and irreversibility lines
(triangles) determined by the resistive measurements for film 1.
Also shown is the irreversibility line from [18] based on
magnetization data. Inset: calculated thermal depinning lines for
α = 0.08 (see text), in reduced field and temperature coordinates.
The dashed line indicates the perpendicular upper critical field.

for field parallel to the c-axis [28]. We obtained the parametric
expression H ∗(T ) = b(t)Hc2(T ), where b(t) is determined
by the equation t2 = g(b)/[α2 + g(b)], g(b) = b(1 −
b)3 ln[2 + (2b)−1/2] and α quantifies the strength of vortex
thermal fluctuations

α = 4
√

2µ0πηκ2ξab
0 kBTc

φ2
0

. (1)

Here κ is the in-plane Ginzburg–Landau parameter, ξ ab
0 =

[φ0/2πµ0H
⊥
c2(0)]1/2, and η = H

‖
c2/H

⊥
c2 is the anisotropy

parameter. For values characteristic of untextured bulk MgB2,
Tc = 40 K, κ = 30, ξ0 = 5 nm [2, 3], equation (1) yields
α ≈ 0.03 if η is assumed to be 2. The small value of α indicates
that vortex fluctuations in bulk MgB2 are indeed weaker than
in high-Tc oxides, for which α ∼ 1 [28]. The primary effect
of the high resistivity of our thin films is to raise the value of
κ2ξab

0 = (λab)2/ξab, while somewhat reducing Tc. Therefore,
α should be higher in our thin films than the bulk estimate. For
now we lack direct measurements of the penetration depth λab.
Consistent with the reduction in ξ(T ) in our alloyed films, the
best fit to the experimental data, for which H ∗(T ) ∼ 0.8H⊥

c2,
occurs for α = 0.08, as shown in the inset of figure 4. This
20% suppression of H ∗ below Hc2 is rather comparable to the
isotropic low-Tc materials such as Nb-Ti and Nb3Sn for which
H ∗(T ) ∼ 0.85 − 0.9Hc2 [29].

3. Conclusions

We summarize our findings in table 1 and in the schematic
phase diagram of figure 5, for both bulk [3] and thin film
MgB2 samples, assuming dirty-limit extrapolations of Hc2(T )

using Hc2(0) = 0.69TcdHc2/dT [27]. We evaluate dHc2/dT

at fields between 3 and 9 T so as to exclude minority phases of
higher Tc that may be present in films 2 and 3 (this may be one
cause of the Hc2 curvature evident in figure 3). The general
picture indicated by our data is, first, that it is possible to
alloy MgB2 so that Hc2(0) increases in a manner qualitatively
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Table 1. Summary of thin film properties. Textured bulk data were obtained from [16]. The critical temperature is defined at 50% of the
normal state resistance in zero field.

Sample Tc (K) ρ(µ
 cm) µ0H
⊥
c2(0) (T) µ0H

‖
c2(0) (T) η ξab

0 (nm) ξ c
0 (nm)

Film 1 31 360 19.5 39.0 2.0 4.0 2.0
Film 2 32.5 40 12.7 24.1 1.9 5.0 2.6
Film 3 37 38 12.5 22.5 1.8 5.0 2.8
Textured bulk 39 6.5 11 1.7 7.0 4.1
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Figure 5. Schematic representation of the field-temperature
boundaries of superconductivity for bulk MgB2 [3] and for film 1,
assuming dirty-limit extrapolations of data near Tc to low
temperature are valid.

consistent with the expression µ0Hc2(0) = 3110ργ Tc (all
quantities being in SI units), where γ is the electronic specific
heat coefficient [27]. As noted in [18], we believe that
solid solution alloying by O is the most likely source of the
enhanced thin film properties that we observe. Unfortunately
the approximate doubling of Hc2 is accompanied by a decrease
in Tc to ∼30 K. Recent irradiation experiments suggest a
similar increase in H ∗ also at the expense of depressing
Tc [30]. A second important point is that although there
is still no sign that grain boundaries are barriers to current
flow, even in these very fine grain-size films [18], our results
make it clear that uniaxial texturing will be needed to provide
a capability significantly beyond Nb3Sn, for which H ∗(4.2
K) is ∼ 25 T. Assuming that H ∗‖ (4.2 K) of thin film
MgB2 is ∼ 0.8H

‖
c2, then H ∗‖ should exceed 31 T. However,

untextured forms of MgB2 would be limited to about 0.8H⊥
c2,

that is ∼ 15 T at 4.2 K. Therefore, although the anisotropy
of MgB2 is much smaller than for the high temperature
cuprate superconductors, it nonetheless significantly affects
the magnetic field behaviour and current-carrying capability of
MgB2. Finally we note that, although shortening the coherence
length of MgB2 (table 1) is the basis of improved high field
performance, the ability to maintain ξ at clean limit values may
be very advantageous for electronic applications, especially for
fabrication of superconductor/normal metal/superconductor
(SNS) and superconductor/insulator/superconductor (SIS)

junctions. Understanding how to control the properties of
MgB2 by alloying will be very important for all applications
and perhaps for understanding its superconducting mechanism.

Acknowledgments

The work at UW has been supported by AFOSR, DOE and the
NSF though the MRSEC on Nanostructured Materials. We are
grateful to Professor Robert Cava at Princeton for some of the
MgB2 used for film targets.

References

[1] Nagamatsu J, Nakagawa N, Muranaka T, Zenitani Y and
Akimitsu J 2001 Nature 410 63–4

[2] Bud’ko S L, Lapertot G, Petrovic C, Cunningham C E,
Anderson N and Canfield P C 2001 Phys. Rev. Lett. 86
1877–80

[3] Larbalestier D C, Cooley L D, Rikel M, Polyanskii A A, Jiang
J, Patnaik S, Cai X Y, Feldmann D M, Gurevich A, Squitieri
A A, Naus M T, Eom C B, Hellstrom E E, Cava R J, Regan
K A, Rogado N, Hayward A, He T, Slusky J S, Khalifah P,
Inumaru I and Haas M 2001 Nature 410 186–9

[4] Finnemore D K, Ostenson J E, Bud’ko S L, Lapertot G and
Canfield P C 2001 Phys. Rev. Lett. 86 2420–2

[5] Canfield P C, Finnemore D K, Bud’ko S L, Ostenson J E,
Lapertot G, Cunningham C E and Petrovic C 2001 Phys.
Rev. Lett. 86 2423–6

[6] Fuchs G, Muller K-H, Handstein A, Nenkov K, Narozhnyi V
N, Eckert D, Wolf M, Schultz L 2001 Preprint
cond-mat/0104088

[7] Joshi A G, Pillai C G S, Raj P and Mallick S K 2001 Preprint
cond-mat/0103302

[8] Wen H H, Li S L, Zhao Z W, Ni Y M, Ren Z A, Che G C and
Zhao Z X 2001 Preprint cond-mat/0103521

[9] Naus M T, Heussner R W, Squitieri A A and Larbalestier D C
1997 IEEE Transactions on Applied Superconductivity vol 7
p 1122

[10] Blatter G, Feigel’man M V, Geshkenbein V B, Larkin A I and
Vinokur V M 1994 Rev. Mod. Phys. 66 1125

[11] Kortus J, Mazin I I, Belashchenko K D, Antropov V P and
Boyer L L 2001 Phys. Rev. Lett. at press

[12] An J M and Pickett W E 2001 Preprint cond-mat/0102391
[13] Belachenko K D, van Schilfgaarde M and Antropov V P 2001

Preprint cond-mat/0102290
[14] Liu A, Mazin I I and Kortus J 2001 Preprint

cond-mat/0103570
[15] Handstein A, Hinz D, Fuchs G, Muller K-H, Nenkv K,

Gutfleisch O, Narozhnyi V N and Schultz L 2001 Preprint
cond-mat/0103498

[16] de Lima O F, Riberio R A, Avila M A, Cardoso C A and
Coelho A A 2001 Preprint cond-mat/0103287

[17] Kang W N, Kim Hyeong-Jin, Choi Eun-Mi, Jung C U and Lee
Sung-Ik 2001 Preprint cond-mat/0103179

[18] Eom C B, Lee M K, Choi J H, Belenky L, Song X, Cooley L
D, Naus M T, Patnaik S, Jiang J, Rikel M, Polyanskii A,
Gurevich A, Cai X Y, Bu S D, Babcock S E, Hellstrom E E,
Larbalestier D C, Rogado N, Regan K A, Hayward M A, He

318



Electronic anisotropy, H-T phase diagram and their dependence on resistivity in oriented MgB2 thin films

T, Slusky J S, Inumaru K, Haas M K and Cava R J 2001
Thin film magnesium boride superconductor with very high
critical current density and enhanced irreversibility field
Nature at press

[19] Moon S H, Yun J H, Lee H N, Kye J I, Kim H G, Chung W
and Oh B 2001 Preprint cond-mat/010413

[20] Smathers D B 1990 A-15 Superconductors Metals Handbook,
Volume 2, Properties and Selection: Nonferrous Alloys and
Special-Purpose Materials 10th edn (New York: ASM
International) p 1060–76

[21] Paranthaman M, Cantoni C, Zhai H Y, Christen H M, Aytug T,
Sathyamurthy S, Specht E D, Thomson J R, Lowndes D H,
Kerchner H R, and Christen D K 2001 Preprint
cond-mat/0103569

[22] Shinde S R, Ogale S B, Greene R L, Venkatesan T, Canfield P
C, Bud’ko S L, Lapertot G G and Ppetrovic C 2001 Preprint
cond-mat/010327

[23] Blank D H A, Hilgenkamp H, Brinkman A, Mijatovic D,
Rinders G, Rogalla H 2001 Preprint cond-mat/0103543

[24] Brinkman A, Mijatovic D, Rinders G, Brinkman H A,
Mijatovic D, Rijnders G, Leca V, Smilde H J H, Oomen I,
Golubov A A, Roesthuis F, Harkema S, Hilgenkamp H,
Blank D H A and Rogalla H 2001 Preprint
cond-mat/0103198

[25] Christen H H M, Zhai H Y, Cantoni C, Paranthaman M, Sales
B C, Rouleau C, Norton D P, Kristen D K and Lowndes D
H 2001 Preprint cond-mat/0103478

[26] Zhai H Y, Christen H H M, Zhang L, Cantoni C, Paranthaman
M, Sales B C, Rouleau C, Norton D P, Kristen D K and
Lowndes D H 2001 Appl. Phys. Lett. at press

[27] Orlando T P, McNiff Jr E J, Foner S and Beasley M R 1979
Phys. Rev. B 19 4545–61

[28] E H Brandt 1995 Rep. Prog. Phys. 58 1465
[29] Suenaga M, Ghosh A K, Xu Y and Welch D O 1991 Phys. Rev.

Lett. 66 1777–80
[30] Bugoslavsky Y, Cohen L F, Perkins G K, Polichetti M, Tate T

J, Gwilliam R and Caplin A D 2001 Preprint
cond-mat/0104156

319


