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Unconventional scaling of the anomalous Hall effect accompanying electron localization correction
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Scaling of the anomalous Hall conductivity to longitudinal conductivity oay o o2, has been observed in the
dirty regime of two-dimensional weak and strong localization regions in ultrathin, polycrystalline, chemically
disordered, ferromagnetic FePt films. The relationship between electron transport and temperature reveals a
quantitatively insignificant Coulomb interaction in these films, while the temperature dependent anomalous Hall
conductivity experiences quantum correction from electron localization. At the onset of this correction, the
low-temperature anomalous Hall resistivity begins to be saturated when the thickness of the FePt film is reduced,
and the corresponding Hall conductivity scaling exponent becomes 2, which is above the recent unified theory
of 1.6 (oan o 0:%). Our results strongly suggest that the correction of the electron localization modulates the

scaling exponent of the anomalous Hall effect.
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I. INTRODUCTION

The anomalous Hall effect (AHE) in ferromagnetic con-
ductors, though first discovered by Hall in 1881, has received
renewed interest in recent years due to its close connection with
spin transport phenomena' and the controversial mechanisms.”
It is now generally accepted that there are three mechanisms
responsible for AHE. The first two involve the extrinsic mech-
anisms, namely skew scattering and side jump, both of which
result from the asymmetric impurity scattering caused by the
spin-orbit interaction and yield scaling relations between the
anomalous Hall resistivity pag (Hall conductivity oag) and
longitudinal resistivityp,, (conductivity oy,) as pPaH X POxx
(0AH X Oxy) and pag X ,ofx (oan ~ const.), respectively.3’4
The other is the intrinsic mechanism, which arises from the
transverse velocity of the Bloch electrons induced by the
spin-orbit interaction together with interband mixing, and also
gives papg X ,ofx (oan ~ const.). Nowadays, this intrinsic
AHE has been reinterpreted in terms of the Berry curvature of
the occupied Bloch states.>®

Recently, a unified theory of AHE for multiband ferromag-
netic metals with diluted impurities has been proposed and
later verified by experimental results from a variety of itinerant
ferromagnets.’~'? It predicts three distinct scaling regimes in
the AHE that are functions of conductivity. In the clean regime
(0yx > 10% S/cm), the skew scattering mechanism dominates,
resulting in oapg & oy,. With decreasing conductivity to the
intermediate disorder regime (o, ~ 10* — 10% S/cm), the in-
trinsic contribution becomes dominant, yielding ooy ~ const.
In the dirty regime with high disorder (o, < 10* S/cm),
the intrinsic contribution is strongly decayed, resulting in
a scaling relation expressed as oapg o). with y ~ 1.6,
irrespective of the different mechanisms responsible for the
electron transport. It should be emphasized that, in the dirty
regime, the physics of AHE can be enriched by the quantum
effects of the Coulomb interaction (CI) and disorder-induced
electron localization (EL),>!3>"' which the unified theory
does not take into account.””® On this open issue, previous
experimental studies mostly focused on the quantum correc-
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tions to oag through altering the temperature of films with
given thicknesses.!®"'” The evolution of the scaling exponent
y, particularly in the presence of the quantum correction
to oay, remains poorly known.” Interestingly, it has been
recently reported that the low-temperature AHE scaling in
CNij; films exhibits a peculiar ooy o o2, relationship near
the Mott-Anderson critical region, and CI was suggested to
play a crucial role in the unconventional scaling exponent.?’
In this paper we seek to elucidate how EL modulates the
scaling exponent of oAy o o, in homogenous polycrystalline
FePt films, which exhibit ideal features of negligible CI and
well-defined quantum correction to oay from EL. Our findings
clarify the role of EL in affecting the AHE scaling and point
to an experimental approach that can verify the role that EL

plays.

II. EXPERIMENT

We deposited SiO,(5 nm)/FePt(1.2—100 nm)/SiO,(10 nm)
sandwich films at room temperature in a multisource mag-
netron sputtering system controlled by a computer. The
nominal thickness of the individual layers was calculated
from sputtering time and rates, 0.062 nm/s for FePt and
0.076 nm/s for SiO,, determined by x-ray reflectivity on the
single layer films of about 20 nm. Up to 18 uniform films
were fabricated in a single deposition run. Thus the layer
thickness uncertainty among different samples is much smaller
than 0.1 nm. Thermally oxidized Si substrates adopted have an
oxide layer of about 450 nm. In order to prevent FePt films from
any interface/surface contamination and oxidation, all FePt
films were deposited on a 5 nm SiO, buffer layer and covered
by a 10 nm SiO, capping layer in situ. The equiatomic FePt
alloy layers formed a homogenously continuous structure,
which was confirmed by transmission electron microscopy
observations.?! The x-ray diffraction pattern revealed the
face-centered cubic polycrystalline structure of the FePt films
(chemically disordered). Transport measurements were carried
out on a Quantum Design PPMS-14H at 300-2 K. In studying
Hall effect, the offset signal was removed, and pay was
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obtained as the zero field extrapolation of the high field o, (H).
The magnetization of all samples measured by MPMS-XL
yielded the bulk value of FePt and changes very little in the
low temperature range. A detailed description of the film’s
growth, structural characterization, and sample preparation
for the transport measurements can be found in our previous
paper.?!

III. RESULTS AND DISCUSSION

The inset in Fig. 1(a) shows the dependence of thickness
on sheet resistance R,, measured at 300 K. The R,, increased
by about four orders of magnitude from 8.57 Q2 to 17.6 k2,
when the film thickness (fgep;) Was reduced from 100 to
1.2 nm. The corresponding p,, also monotonically increased
and fell in the range of 862100 ;+€2 cm. The normalized sheet
resistance R,.(T)/R,,(300 K) as a function of temperature
T is presented in Fig. 1(a). In relation to this figure, we
highlight that the FePt films that were 20 nm or thicker
exhibited typical metallic behaviors (dR,,/dT > 0) across
the entire temperature region (300-2 K) and their normalized
sheet resistance curves were identical. Figure 1(a) shows that
the resistance of the 20 nm FePt film tends to decline very
slowly at temperatures below 30 K with the residual resistance
ratio R,(2 K)/R,,(300 K) as large as ~0.73, which might
be ascribed to the intensive atomic disorder scattering in
chemically disordered FePt films. In fact, the residual p,,
value of these bulk FePt films (fgep; = 20 nm) reached ~60 €2
cm, significantly exceeding that of pure iron (~5 w2 cm) or
L1jp-ordered FePt (~15 w2 cm) films.?>* When the FePt
thickness was thinner than 12 nm, the R, indicated insulating
characteristics (d R, /dT < 0) in the low-temperature region.
An appreciable upturn in R,,~ T is evident in very thin
films (fpepr < 3 nm). Quantitative analysis of the insulating
resistance results shows that a linear logarithmic temperature
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FIG. 1. (Color online) (a) The normalized sheet resistance as a
function of In T for FePt films with 20, 12, 6,3,2.2, 1.8, 1.6, 1.4, 1.3,
and 1.2 nm thicknesses. Inset: Log-log plot of the sheet resistance as a
function of the FePt thickness at 300 K. (b) Sheet conductance versus
the logarithm of temperature for a 1.8 nm FePt film. (c) Logarithm of
sheet conductance as a function of 7~'/3 for a 1.2-nm-thick FePt film.
The straight lines in (b) and (c) are the linear fit to the data between
2 and 20 K.
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dependence of R, emerges at 1.6 < tpepy < 3 nm. When fgepy
was further decreased to 1.4—1.2 nm, the R,, varied faster
than the In 7' law in the low-temperature region. Actually it
was appropriate to fit the R, of the 1.2 nm FePt film with
a variable range hopping type of conduction,>* which will be
detailed later.

As mentioned above, when the FePt thickness is reduced to
3—-1.6 nm, R,, changes linearly with In7T at low temperatures.
This phenomenon can be ascribed to the two-dimensional (2D)
weak EL and/or the 2D CIL.'* To clarify if CI has a quantum
correction to R,, or sheet conductance G,,(1/R,,) in the
weakly localized region, we analyzed the low-temperature
conductivity quantitatively. In the 2D case, G,, can be
expressed as

G (T) = Go + < (X +(1—F) ¢ (X
xx - — n{ - —n{ =1,
0 pnh T wh T’

(1)

where the first term on the right-side of the equation stands for
the Drude conductance, the second term is the contribution
of weak EL, and the third term is the CI correction.'>!*
In Eq (1), the parameter F is a measure of the screening
with 0 < F < 1, and p is the temperature exponent of the
inelastic scattering length [, ~ T-P/2, The value of p is
governed by inelastic relaxation mechanisms: p = 1 for the
electron-electron scattering, whereas p = 2, 3, or 4, depending
on the material and the temperature, for the electron-phonon
scattering (Ref. 13 and references therein). Figure 1(b) shows
the G,, obtained in a 1.8 nm FePt film as a function of
InT. The perfect linear behavior for the data in the 2-20 K
range on a logarithmic scale verifies the validity of the 2D
assumption.'>!* The fitting to the linear part of the G, ~ InT
curve yields a slope of 1.2 x 10738, i.e., the value of e*/mh.
This leads to p + (1 — F) = 1, namely either p = F =0 or
p = F = 1. Considering that the AHE conductivity of the thin
films receives a quantum correction from the weak EL, which
will be shown later, the case of p =0and 1 — F = 1 can be
ruled out. We thus have p = 1 and 1 — F = 0. This suggests
that the CI correction to the Drude conductance is negligible.
We have also fitted the data of other films with 1.6 < fgep; <
3 nm and found that all the fitted slopes of G, vs In T converge
nicely to the common value e2 /7 h. Therefore, the absence of
the CI correction to the Drude conductance is universal in
weakly localized FePt thin films.

In the 2D strongly localized case, electrons hop between
localized states and the G, is given by

G (T) = Cexp[—(T"/T)"], 2

where the exponent 8 depends whether the hopping process is
influenced by C1.>42% 8 = 1/3 corresponds to Mott’s variable
range hopping law, whereas § = 1/2 indicates the formation
of a Coulomb gap resulting from strong electron correlation.
Figure 1(c) displays the In G, of the 1.2 nm FePt film as
a function of 7~'/3 along with the fitting line using Eq (2)
with g =1/3 at 2-20 K (C = 0.065 mS, T” = 0.372 K).
The excellent fitting result corroborates the assumption that
B =1/3 in Eq. (2). It is worth noting that Mott’s variable
range hopping can exist up to 150 K, which might be due to
the phonon assisted hopping.?’ Even so, we have still tried to
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FIG. 2. (Color online) (a) In T dependence of normalized relative
changes in the sheet resistance R,,, anomalous Hall resistance Rap,
and anomalous Hall conductance G sy for a 1.8 nm FePt film. The
straight lines are the linear fit to the data between 2 and 20 K. (b)
Prefactors Ag, Aan, and 2Ar — A g as a function of sheet resistance
R, of 2 K in the weak localization region.

fit the data of 2-20 K using 8 = 1/2. The difference between
the experimental points and the fitting result is not significant
at 2-20 K, but the discrepancy becomes obvious above
50 K. It seems difficult to distinguish the minor difference
in power laws applying 8 = 1/3 and 8 = 1/2 over the limited
temperature range of 2-20 K, which suggests that CI cannot
be totally ruled out in the strongly localized 1.2 nm FePt
film. Anyway, CI correction to G,, can be considered to be
insignificant at least in the weakly localized region in FePt
films. Parenthetically, the perfect-fit exponent B is 1/5 and
1/4 for 1.4 and 1.3 nm FePt films, respectively, reflecting the
crossover from the weak EL limit to the strong EL in the
metal-insulator transition.?

We now turn to the EL correction to anomalous Hall
conductance Gy by changing temperature of the individual
thin FePt films. In the weakly localized region, anomalous Hall
resistance Ray at low temperatures (2-20 K) varies linearly
with In 7', similar to its R,, or G, vs T behavior. Following
Bergmann and Ye’s notation,'® normalized relative changes
ANR.., ANRAn, ANG Ay have been used to represent weak
EL corrections to Ry, Ran, and Gap [Gan = Ran/(R2, +
RiH)], respectively, and are expressed as

wh 1 SR T
ANR,, = [ = — Z)=—-Agln(=), G
(62 R())(Rxx) RH<TO> ©)

wh 1 SRAH T
ANRay = [ —— =—Axgln| =), «
AH <62 R()) ( RAH) AH II(TO) (€]

for [6R.x| < Ro and Rau(T) < R:x(T), which are true for
all our films. A NG ay could be deduced as

wh 1 (SGAH T
ANGay = (T2 L — QAr — AaDIn = ).
AH (62 RO)(GAH) (2AR AH)H<TO>
(5)

where R, is the sheet resistance at reference temperature
T,.'%19 Using Ty =2 K and Ry = R,,(2 K), for a 1.8 nm
FePt film, the normalized relative changes could fit well
linearly with InT below 20 K, as shown in Fig. 2(a). The
fitting gives the prefactors as Ar = 0.944, Axg = 1.108,
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FIG. 3. (Color online) The normalized relative changes as a
function of In 7" for a 1.2 nm strongly localized film. The straight lines
are the linear fit to the data between 2 and 20 K. Inset: Logarithm
of the anomalous Hall resistance as a function of 7~'/3 for the same
sample.

and 2Agr — Aag = 0.781. In Fig. 2(b) we summarize the
prefactors for weakly localized films (1.6 < fpepr < 3 nm).
Note that Ag is 0.92 +0.04 (~1), in excellent agreement
with previous results in 2D weakly localized films with
homogenous structures.'®!®>° Most interesting, the prefactor
of ANG oy, namely 2Ag — Ay, is far from zero in the weakly
localized region, indicating that the weak EL correction to
G ag is nonzero. We also note that the value of 2Ag — Aay
increases with increasing disorder strength. Due to the fact that
CI correction to G ay vanishes for both the skew scattering
and the side jump and that weak EL correction to Gay is
zero for side jump but nonzero for skew scattering,”®=3! the
monotonic increase in the 2Ar — Aag with reducing fpepy
from 3 to 1.6 nm can be attributed to the increased weight
of the skew scattering in the AHE as observed in homogenous
Fe films.'® It is worth noting that for the weakly localized 12—
6 nm FePt films ANG g = 0, namely, the quantum correction
to Gan is negligible.

As for the strongly localized film (fgepy = 1.2 nm), similar
to its G, or Ry, vs T behavior [Fig. 1(c)], a hopping form
In Ray ~ TP with B = 1/3 atlow temperatures was observed
as shown in the inset of Fig. 3. The normalized relative changes
ANR.., ANRAy, and A NG Ay, with respect to their reference
values at 2 K, are displayed in Fig. 3. Note that ANR,,,
ANRy, or ANG sy does not have a nice linear relationship
with In 7 even below 20 K. Most remarkably, the A NGy
value quickly deviates from zero as the temperature increases
from the reference one (2 K). For the 1.4 and 1.3 nm thick
FePt films, nonzero A NG sy was also observed at temperatures
other than 2 K. It is evident that there is a significant quantum
correction to G ay in the strong localization region, although
it is difficult to evaluate the CI and EL corrections to Gag
separately in the hopping conduction regime.

With well-confirmed quantum corrections to the AHE in the
individual thin FePt films, the scaling behavior of AHE at low
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FIG. 4. (Color online) (a) The anomalous Hall resistivity as a
function of InT for FePt films with 100, 12, 6, 3, 1.6, 1.3, and
1.2 nm thicknesses. (b) The anomalous Hall resistivity as a function
of electrical resistivity at 5 and 2 K. The solid lines are guides to
the eye. (c) Log-log plot of the anomalous Hall conductivity as a
function of the longitudinal conductivity at 2 K. The dashed straight
line represents the power law fit to the experimental data of 3—1.2 nm
films, and the solid curve sketches the crossover from the intermediate
disorder regime to the high disorder regime.

temperatures is further examined by varying the thickness of
the film (accordingly altering the disorder strength). To gain a
complete view of the thickness and temperature dependences
of pap (Ray - t), Fig. 4(a) displays the dependence of pay
on In7 for some representative samples. The metallic films
with thicknesses between 20 and 100 nm always show a
decrease in the pay with decreasing temperature, but the pay
in weakly and strongly localized films displays pag ~ InT
and In(pay) ~ T~# tendencies at low temperatures [also see
Fig. 2(a) and the inset of Fig. 3]. Figure 4(b) shows the pay
vs pyx plot at 5 and 2 K for films of different thicknesses.
pan increases with the rise in p,, as fgp, decreases from
100 to 3 nm, mainly caused by the surface scattering, but
when fg.p; further decreases, pag becomes saturated while p,,
continues to rise. As shown in Fig. 4(b), the pag maintains
an almost constant value of ~4.4 uQ cm in an appreciably
broad p,, region (110-3000 €2 cm), corresponding to 1.2 <
trepe < 3 nm. This disorder-independent pay introduces a
significant deviation from the unified theory. Figure 4(c) shows
oan(Gan/t) as a function of o,, at 2 K. For films with
metallic behaviors (20 < fpepr < 100 nm) but a high residual
resistivity, o, is about 1.58 x 10* S/cmand ooy ~ 780 S/cm,
regardless of the thickness of the film. The value of oay is
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close to the theoretical prediction of the intrinsic contribution
of the order of e?/ha ~ 10° S/cm (with a lattice constant
of a ~ 4 A) in the 3D intermediate disorder regime.”* We
hence argue that the AHE in metallic FePt films is dominated
by the resonant intrinsic Berry-phase contribution. For films
with thicknesses in the range of 12—-6 nm, the magnitude of
0yx (1.46 — 1.25 x 10* S/cm) seems to drop into the critical
regime between intermediate and high disorder, and the oag
gradually decreases from 700 to 590 S/cm. As oy, passes
through this crossover and goes into the dirty regime (o, <
0.91 x 10* S/cm) at fgepy < 3 nm, where G sy (or oa) is well
demonstrated to receive a quantum correction, the oay scales
as oag ~ 0., With y = 2. This is in striking contrast with
the universal scaling exponent y ~ 1.6. It should be pointed
out that the scaling exponent y = 2 has been observed in
ultrathin CNij films with 2D strong EL near the threshold
of the metal-insulator transition (kp/ ~ 4.00 — 0.74), where
the disorder-enhanced CI was taken as the key to modulating
the scaling exponent of AHE.?° In our FePt films, the
scaling relation oay ~ o7, holds in a wide dirty regime
ranging from weak to strong localization (krl ~ 70.9 — 0.95
in Ref. 28). Moreover, the CI is negligible in the weakly
localized regime of FePt films as demonstrated in the electron
transport characterization, which excludes the possibility of
CI modulating the scaling exponent of AHE. Most important,
the emergence of an unconventional scaling exponent y = 2,
starting at fgpr = 3 nm, coincides with the onset of the
quantum correction to AHE by changing the temperature,
strongly suggesting that the electron localization correction
modulates the AHE scaling exponent at low temperatures.

IV. CONCLUSION

In conclusion, we have found an unconventional low-
temperature AHE scaling (cap o 02,) in polycrystalline FePt
films in the dirty regime, which is accompamed by a quantum
correction to oayg in both weak and strong EL regions. Since
the electron transport characterization reveals a negligible CI
in localized films, the unique scaling relation is very likely
due to the emergence of the EL correction to AHE rather than
CI. Detailed theoretical studies are needed to understand how
AHE is influenced by electron localization.

ACKNOWLEDGMENTS

This work was supported by the National Basic Research
Program of China under Grant No. 2009CB929201 and the
National Natural Science Foundation of China under Grants
No. 51171205, No. 51021061, and No. 50831002. Dr. Virgina
Unkefer improved the English.

*Corresponding author: jwcai @iphy.ac.cn

1J. Inoue and H. Ohno, Science 309, 2004 (2005).

2N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, and N. P. Ong,
Rev. Mod. Phys. 82, 1539 (2010).

3]. Smit, Physica (Amsterdam) 24, 39 (1958).

L. Berger, Phys. Rev. B 2, 4559 (1970).

SR. Karplus and J. M. Luttinger, Phys. Rev. 95, 1154
(1954).

094405-4


http://dx.doi.org/10.1126/science.1113956
http://dx.doi.org/10.1103/RevModPhys.82.1539
http://dx.doi.org/10.1016/S0031-8914(58)93541-9
http://dx.doi.org/10.1103/PhysRevB.2.4559
http://dx.doi.org/10.1103/PhysRev.95.1154
http://dx.doi.org/10.1103/PhysRev.95.1154

UNCONVENTIONAL SCALING OF THE ANOMALOUS HALL ...

°D. Xiao, M.-C. Chang, and Q. Niu, Rev. Mod. Phys. 82, 1959
(2010).

’S. Onoda, N. Sugimoto, and N. Nagaosa, Phys. Rev. Lett. 97,
126602 (2006).

8S. Onoda, N. Sugimoto, and N. Nagaosa, Phys. Rev. B 77, 165103
(2008).

T. Miyasato, N. Abe, T. Fujii, A. Asamitsu, S. Onoda, Y. Onose,
N. Nagaosa, and Y. Tokura, Phys. Rev. Lett. 99, 086602 (2007).

10A . Fernandez-Pacheco, J. M. De Teresa, J. Orna, L. Morellon, P. A.
Algarabel, J. A. Pardo, and M. R. Ibarra, Phys. Rev. B 77,100403
(2008).

1S, Sangiao, L. Morellon, G. Simon, J. M. De Teresa, J. A. Pardo, J.
Arbiol, and M. R. Ibarra, Phys. Rev. B 79, 014431 (2009).

12D. Venkateshvaran, W. Kaiser, A. Boger, M. Althammer, M. S.
Ramachandra Rao, S. T. B. Goennenwein, M. Opel, and R. Gross,
Phys. Rev. B 78, 092405 (2008).

3P. A. Lee and T. V. Ramakrishnan, Rev. Mod. Phys. 57, 287 (1985).

4G. Bergmann, Phys. Rep. 107, 1 (1984).

ISP. W. Anderson, Phys. Rev. 109, 1492 (1958).

1G. Bergmann and F. Ye, Phys. Rev. Lett. 67, 735 (1991).

17Y. K. Lin, T. Novet, D. C. Johnson, and J. M. Valles, Phys. Rev. B
53, 4796 (1996).

18p Mitra, R. Mitra, A. F. Hebard, K. A. Muttalib, and P. Wolfle,
Phys. Rev. Lett. 99, 046804 (2007).

197. B. Guo, W. B. Mi, Q. Zhang, B. Zhang, R. O. Aboljadayel, and
X. X. Zhang, Solid State Commun. 152, 220 (2012).

20y. M. Xiong, P. W. Adams, and G. Catelani, Phys. Rev. Lett. 104,
076806 (2010).

PHYSICAL REVIEW B 87, 094405 (2013)

21y, M. Lu, J. W. Cai, H. Y. Pan, and L. Sun, Appl. Phys. Lett. 100,
022404 (2012).

22Y. Tian, L. Ye, and X. Jin, Phys. Rev. Lett. 103, 087206 (2009).

K. M. Seemann, Y. Mokrousov, A. Aziz, J. Miguel, F. Kronast,
W. Kuch, M. G. Blamire, A. T. Hindmarch, B. J. Hickey, 1. Souza,
and C. H. Marrows, Phys. Rev. Lett. 104, 076402 (2010).

%N. F. Mott, Metal-Insulator Transitions (Taylor and Francis,
London, 1974).

25W. Brenig, G. H. Dohler, and H. Heyszenau, Philos. Mag. 27, 1093
(1973).

2 A. L. Efros and B. 1. Shklovskii, J. Phys. C 8, L49 (1975).

?’D. Emin, Phys. Rev. Lett. 32, 303 (1974).

28Based on the 2D localization theory, the disorder parameter kr/ can
be calculated from the R,,, i.e., kpl = (h/e*)/R.,, where kp is the
Fermi wave number, [ is the elastic mean free path, and h/e” is the
quantum resistance [see Ref. 13 and D. C. Licciardello and D. J.
Thouless, Phys. Rev. Lett. 35, 1475 (1975)]. At 2 K, we obtained
the values of krl = 70.9, 10.0, 2.72, and 0.95 for our films with 3,
1.6, 1.3, and 1.2 nm thicknesses, respectively. This result suggests
that the system disorder increases with decreasing thickness and
approaches the Ioffe-Regel limit (kg/ ~ 1) at 1.2 nm causing the
thickness-driven metal-insulator transition.

K. A. Muttalib and P. Wolfle, Phys. Rev. B 76, 214415
(2007).

%A, Langenfeld and P. Wolfle, Phys. Rev. Lett. 67, 739
(1991).

31V. K. Dugaev, A. Crépieux, and P. Bruno, Phys. Rev. B 64, 104411
(2001).

094405-5


http://dx.doi.org/10.1103/RevModPhys.82.1959
http://dx.doi.org/10.1103/RevModPhys.82.1959
http://dx.doi.org/10.1103/PhysRevLett.97.126602
http://dx.doi.org/10.1103/PhysRevLett.97.126602
http://dx.doi.org/10.1103/PhysRevB.77.165103
http://dx.doi.org/10.1103/PhysRevB.77.165103
http://dx.doi.org/10.1103/PhysRevLett.99.086602
http://dx.doi.org/10.1103/PhysRevB.77.100403
http://dx.doi.org/10.1103/PhysRevB.77.100403
http://dx.doi.org/10.1103/PhysRevB.79.014431
http://dx.doi.org/10.1103/PhysRevB.78.092405
http://dx.doi.org/10.1103/RevModPhys.57.287
http://dx.doi.org/10.1016/0370-1573(84)90103-0
http://dx.doi.org/10.1103/PhysRev.109.1492
http://dx.doi.org/10.1103/PhysRevLett.67.735
http://dx.doi.org/10.1103/PhysRevB.53.4796
http://dx.doi.org/10.1103/PhysRevB.53.4796
http://dx.doi.org/10.1103/PhysRevLett.99.046804
http://dx.doi.org/10.1016/j.ssc.2011.10.039
http://dx.doi.org/10.1103/PhysRevLett.104.076806
http://dx.doi.org/10.1103/PhysRevLett.104.076806
http://dx.doi.org/10.1063/1.3672046
http://dx.doi.org/10.1063/1.3672046
http://dx.doi.org/10.1103/PhysRevLett.103.087206
http://dx.doi.org/10.1103/PhysRevLett.104.076402
http://dx.doi.org/10.1080/14786437308225819
http://dx.doi.org/10.1080/14786437308225819
http://dx.doi.org/10.1088/0022-3719/8/4/003
http://dx.doi.org/10.1103/PhysRevLett.32.303
http://dx.doi.org/10.1103/PhysRevLett.35.1475
http://dx.doi.org/10.1103/PhysRevB.76.214415
http://dx.doi.org/10.1103/PhysRevB.76.214415
http://dx.doi.org/10.1103/PhysRevLett.67.739
http://dx.doi.org/10.1103/PhysRevLett.67.739
http://dx.doi.org/10.1103/PhysRevB.64.104411
http://dx.doi.org/10.1103/PhysRevB.64.104411



