SCIENTIFIC REPLIRTS

Critical behavior of the quasi-
two-dimensional semiconducting
ferromagnet CrSiTe;

. Bingjie Liu?, Youming Zou?, Lei Zhang?, Shiming Zhou?, Zhe Wang'2, Weike Wang?, Zhe Qu!
Accepted: 05 September 2016 &Yuheng Zhangl,3
Published: 21 September 2016

Received: 23 June 2016 :

The semiconducting ferromagnet CrSiTe; is a promising candidate for two-dimensional magnet simply
by exfoliating down to single layers. To understand the magnetic behavior in thin-film samples and

the possible applications, it is necessary to establish the nature of the magnetism in the bulk. In this
work, the critical behavior at the paramagnetic to ferromagnetic phase transition in single-crystalline
CrSiTe; is investigated by bulk magnetization measurements. We have obtained the critical exponents
(3=0.170+0.008, v=1.53240.001, and § =9.917 £ 0.008) and the critical temperature T,=31.0K
using various techniques such as modified Arrott plot, Kouvel-Fisher plot, and critical isotherm analysis.
Our analysis suggests that the determined exponents match well with those calculated from the
results of renormalization group approach for a two-dimensional Ising model coupled with long-range
interaction.

Two-dimensional (2D) materials have attracted significant attention because of the emergence of novel physics
and potential applications' . One of the primary goals in this area is to develop ferromagnetic (FM) semicon-
ductors, which not only are eagerly needed in next-generation nano-spintronics®-$, but also exhibit unusual mag-
netism that are of great interest on its own®. Within this context, the intrinsic semiconducting ferromagnet CrSiTe,
has generated considerable interest recently because first principle calculations predict the important coexist-
ence of ferromagnetic and semiconducting properties upon exfoliating down to single layers in this material'®.
More interestingly, the Curie temperature in single layers is predicted to be higher than that in bulk, and to further
increase when CrSiTe, single layers are strained!*-!2.

To understand the magnetic behavior in thin-film samples and the possible applications of this material, it is
necessary to establish the nature of the magnetism in the bulk. Previous studies find that it undergoes a paramag-
netic (PM) to FM phase transition around 33 K and shows a strong coupling between magnetic and lattice degrees
of freedom'?. Nevertheless, the nature of the PM-FM phase transition is not fully understood yet. Early neutron
measurements found a critical exponent 3~0.17 and a spin gap of ~6 meV'. Based on these results, they sug-
gested CrSiTe; to be a rare example of the quasi-2D Ising ferromagnet!%. Recent neutron work observed a critical
exponent 5~0.151 (2) close to the value expected for a 2D phase transition'>. However, based on the spin wave
analysis, they argued that the spins should be Heisenberg-like'>. These controversial results prompt us to perform
an extensive magnetization measurement to investigate the critical behavior of CrSiTes, expecting the universality
class to which the material belongs to gives important clues for the understanding of the unusual magnetism in
this material. By performing critical analysis with various techniques, we have determined the critical exponents
and the critical temperature for CrSiTe;. Our analysis indicate that the obtained critical exponents are in good
agreement with those calculated from the results of renormalization group approach for 2D Ising model coupled
with long-range interaction.

Results and Discussion

According to the scaling hypothesis, the critical behavior of a magnetic system exhibiting a second-order mag-
netic phase transition near the Curie point can be characterized by a series of critical exponents'®. The existence
of a diverging correlation length { = £ |1 — T/T[" leads to universal scaling laws for the spontaneous
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Figure 1. (a) The temperature dependence of magnetization M(T); (b) the isothermal magnetization M(H) at
2K for CrSiTe;. The inset shows the enlarged view in the low field region.

magnetization M(T) and the initial susceptibility x,(T). The spontaneous magnetization M(T) below T, the
inverse initial susceptibility x, '(T) above T and the measured magnetization M(H) at T are characterized by a
set of critical exponents (3, 7, and 6, respectively. The mathematical definitions of these exponents from magneti-
zation are described as'”:

M(T) = My(—¢)’, e <0, T < T 1)
X, (1) = (hy/mp)e”, e > 0, T > T )
M=DH", e=0,T=T, 3)

where e = (T — T()/Tis the reduced temperature, and M, hy/m, and D are the critical amplitudes. Using scaling
hypothesis, the relationship among the variables M(H, <), H and T can be expressed as:

M(H, ) = °f, (H/") (4)

where f, for T>Tcand f_for T < T respectively, are the regular functions. Furthermore, the renormalized mag-
netizationm = £ °M (H, ¢)and the renormalized field h = &~ B+ H should follow two universal rules: one for
T < Tcand the other for T> Tt.

Figure 1(a) shows the temperature dependence of magnetization M(T) under an applied field of 1000 Oe
after the zero-field-cooling sequence (left coordinate). An abrupt PM-FM transition is observed to occur around
34 K. Curie-Weiss fitting to the magnetization above 150K yields the Curie-Weiss temperature § = 52(6) K. This
is almost twice the value of T, suggesting strong FM interactions in CrSiTe;,. The effective moment is deter-
mined to be j1,;=4.0(4) pp, which is close to the theoretical value expected for Cr*" of 3.87 ug. Figure 1(b) dis-
plays the isothermal magnetization M(H) at 2K, which shows a typical FM behavior with the saturation field H
~4000 Oe. The inset to Fig. 1(b) shows the enlarged view of the M(H) at low fields. Little magnetic hysteresis is
observed, which means almost zero coercive force in CrSiTe;. All these results are in good agreement with pre-
vious reports'.

Typical initial isotherm curves are shown in Fig. 2(a). Generally, one can obtain the critical exponents and
the critical temperature by the Arrott plot analysis'®. The Arrott plot assumes that the critical exponents follow
the mean-field theory with the critical exponents 5= 0.5 and y= 1.0. Following this method, the M? vs. H/M
will show a set of parallel straight lines, and the isotherm at the critical temperature T should pass through the
origin. Meanwhile, it can directly give x,'(T) and M(T) as the intercept on H/M axis and on positive M? axis,
respectively. Moreover, according to the Banerjee’s criterion'®, one can judge the order of the magnetic transition
through the slope of the straight line: the positive slope corresponding to a second-order transition and the neg-
ative slope to a first-order one. Figure 2(b) shows the Arrott plot of CrSiTe;. Obviously, the positive slope in the

SCIENTIFIC REPORTS | 6:33873 | DOI: 10.1038/srep33873 2



www.nature.com/scientificreports/

45

M (emu g'l)

—_
\S)

0
|

N
|

| 1 | 1 | 1
600 1200 1800 2400

H/M (Oe g emu'l)

M’ (10 emu g'l)2

Figure 2. (a)Typical initial isotherm curves around T for CrSiTes; (b) the Arrott plot (M? vs. H/M) of
isotherms around T for CrSiTes.

Arrott plot clearly indicates that the PM-FM phase transition is a second-order one. However, all curves show
nonlinear behavior, indicating that the mean-field model is not valid for CrSiTe;.

We also examined other three-dimensional (3D) models, including 3D-Heisenberg, 3D-XY, 3D-Ising and
tricritical mean-field models?®?!. As shown in Figure S1 in Supplementary Information, all these models failed to
yield parallel straight lines, suggesting the breakdown of these 3D models.

The failure of these 3D models might not be surprising, since CrSiTe; was found to show strong 2D
characteristics'*'°. Hence, we further analyze the isothermal data with 2D-Ising model??, which are shown in
Fig. 3(a). It can be clearly seen that there is a set of relatively parallel straight lines, indicating that the 2D-Ising
model is much superior to those 3D models. However, it is noted that one still cannot find a single straight line
that passes through origin, hinting that CrSiTe; could not be rigorously described by the 2D-Ising model.

To clarify the critical behavior of CrSiTe,, we have taken recourse to which is commonly known as modified
Arrott plot®. The modified Arrott plot is given by the Arrott-Noaks equation of state:

H/MY = a[ﬂ] + bM?
T (5)

where a and b are considered to be constants. To find out the proper values of 5 and -, a rigorous iterative method
has been used?. The starting values of Mg(T) and y o (T) were determined from the 2D-Ising model plot (see
Fig. 3(a)) following the Eqs (1) and (2). The obtained new values of 3 and  were then used to figure out new
modified Arrott plot. It should be mentioned that during fitting the straight lines, the critical temperature T is a
free parameter and varied in order to get the best fitting results. This process was repeated until the iterations
converge. After doing this exercise, the stable values of the critical exponents and the critical temperature have
been obtained. Figure 3(b) displays the modified Arrott plot generated by using 3=0.17 and y=1.547. It is noted
that at very low fields, the plotted isotherms are slightly curved as they represent averaging over domains magnet-
ized in different directions®. Nevertheless, there is a set of reasonably good parallel straight lines. Moreover, the
isotherm is found to pass through the origin at 31.0 K, which is the T of CrSiTe;. The finally obtained M ¢(T) and
XO_I(T) are plotted as a function of temperature in Fig. 4(a). Using these values of Ms(T) and x, (T), Eq. (1)
gives 3=0.170(8), Tc=31.06(9) K for T < T and Eq. (2) gives v=1.532(1), To=30.83(9) K for T> T, respec-
tively. These estimated critical exponents and T from Eqs (1) and (2) are reasonably close to the values obtained
from modified Arrott plot in Fig. 3(b).

To obtain more accurate values of the critical exponents as well as the critical temperature, we used the
Kouvel-Fisher technique®. According to this method, Mg(dMg/dT) ! and x, !(dx, '/dT) ! plotted against tem-
perature should be straight lines with slopes 1/ and 1/, respectively. As shown in Fig. 4 (b), the linear fits to the
data give 3=0.175(9), Tc=31.09(2) K for T < T and 7=1.562(9), T-=30.85(5) K for T > T, respectively. It
can be mentioned that values of the critical exponents as well as the critical temperature are not sensitive to the
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Figure 3. (a) The 2D-Ising model plot of isotherms for CrSiTe; (b) the modified Arrott plot (MY vs. (H/M)")
of isotherms with 3=0.17 and ~y=1.547 for CrSiTe;. The straight line is the linear fit of isotherm at 31.0K
which almost passes through origin.
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Figure 4. (a) The temperature dependence of Mgand x, ' for CrSiTe; with the fitting solid lines; (b) the
Kouvel-Fisher plot of spontaneous magnetization My(T) (left axis) and inverse initial susceptibility x,~'(T)
(right axis) for CrSiTe;.

temperature range chosen (see Figure S3 and Table SI in Supplementary Information), indicating that they are
reliable and unambiguous.
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Figure 5. M vs. H plot collected at T: (=31.0K) for CrSiTe;. Inset shows the same plot in log-log scale and the
straight line is the linear fit following Eq. (3). The critical exponent mentioned in graph is obtained from fitting
of the data.

The third exponent § can be determined from the critical isotherm analysis and the Widom scaling relation.
Figure 5 shows the isotherm at T = 31.0 K and its inset shows the same plot in log-log scale. According to Eq. (3),
the M(H) at the critical temperature should be a straight line in log-log scale with the slope 1/6. Such a fitting
yields §=9.917(8) (see the inset to Fig. 5, a logarithmic plot of all MH data near T can be seen in Figure S2 in
Supplementary Information). Using the Widom scaling relation § = 1 4 X and the values of S and y determined
from Modified Arrott plot and Kouvel-Fisher plot, we obtain § =10.012(47) and § =9.925(56), respectively,
which are very close to that obtained from critical isotherm analysis. Therefore, the critical exponents and T
obtained in this work are self-consistent and accurate within the experimental precision.

In order to further verify the values of the critical exponents and T, we used Eq. (4) to check whether these
critical exponents can generate a scaling equation of state for CrSiTe;. Figure 6(a) shows the plot of m vs. h. It can
be clearly seen that all data collapse into two different curves: one below T and the other above T,. Additionally,
we performed m? vs. h/m plot in Fig. 6(b), where all data also fall on two independent branches. All these results
clearly indicate that the interactions get properly renormalized in critical regime following scaling equation of
state.

All critical exponents derived from various methods are summarized in Table 1 along with the theoretically
predicted values for different models. The exponent 3 determined in this work is close to that reported in previous
neutron scattering studies'*'. It is obvious that experimentally determined critical exponents 3, y, and é are close
to the 2D-Ising model. However, both 3 and - show some deviation from the theoretical values, which might
be associated with the following reasons. First, despite of strong 2D characteristics, CrSiTe; has a 3D long-range
ordering ground state owing to the non-negligible interlayer coupling'*'>. Second, there is strong spin-lattice cou-
pling in this material'®. Both factors might contribute to the deviation from the prediction of the 2D Ising model.

Finally, we would like to discuss the nature as well as the range of interaction in CrSiTe;. For a homogeneous
magnet, the universality class of the magnetic phase transition depends on the exchange interaction J(r). A renor-
malization group theory analysis predicts J(r) decays with distance r as®”:

J(r) ~ @t (6)

where d is the spatial dimensionality and o is a positive constant. According to this model, the range of the spin
interaction is long for o < 2 and is short for o > 2?7. The susceptibility exponent v is predicted as?’:

d
4nt2, 8+ (-4 ZG(E)(7”+ 20)

=14+ =
! dn 8 d(n + 8 (n—4)(n+8)
7)
2
where Ag = (o — ; and G ; =3 i g , nis the spin dimensionality. We followed the procedure similar

to ref. 28 to get the range of interaction o as well as the dimensionality of both lattice d and spin # in this system.
The parameter o is chosen for a particular values of {d:n} so that it yields a value of y close to the experimentally
observed y=1.562. The remaining exponents are then calculated from the following expressions: v=v/c,
a=2—vd, f=(2—a—7)/2,and 6=1++/. This exercise is repeated for different set of {d:n}, and typical results
are summarized in Table 2. It should be mentioned that the obtained exponents show significant difference from
the experimentally determined critical exponents, when the spin is considered to be Heisenberg-like (1= 3),
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Figure 6. (a) The renormalized magnetization plotted as a function of renormalized field following Eq. (5) with
Tc=31.0 (K), and (3, y from Table 1 for CrSiTe;. (b) The renormalized magnetization and field (defined in text)
replotted in the form of m? vs. h/m for CrSiTe;. The above two plots show all data collapse into two separate
branches: one below T and another above T.

MAP 0.17040.008 | 1.532+£0.001 | 10.01240.047<
This work KFP 0.175£0.009 | 1.562+0.009 9.92540.056
CrSiTes Critical isotherm 9.917 4+ 0.008
14 Neutron 0.17
15 Neutron 0.15140.002
2D Ising 20 Theory 0.125 1.75 15
Mean field 18 Theory 0.5 1.0 3.0
3D Heisenberg 18 Theory 0.365 1.386 4.8
3D XY 18 Theory 0.345 1.316 4.81
3D Ising 18 Theory 0.325 1.24 4.82
Tricritical mean field 19 Theory 0.25 1.0 5

Table 1. Comparison of critical exponents of CrSiTe; with different theoretical models (MAP = Modified
Arrott plot; KFP = Kouvel-Fisher plot; cal = Calculated). The errors represent the fitting error.

2 1 1.63 0.206 1.817 9.811
2 3 1.17 0.357 1.562 5.375
3 3 2.08 0.347 1.562 5.501

Table 2. Critical exponents calculated following the renormalization group theory (see text).

regardless of 2D (d=2) or 3D (d = 3). This fact suggests that the spin interaction should not be of Heisenberg
type. Nevertheless, {d:n} ={2:1} and o = 1.630 give the exponents (5=0.206, y=1.817, and 6 =9.811) which are
close to our experimentally observed values (see Table 1). The value of 0 = 1.630 suggests a long-range interaction
with the attractive interactive interaction between the spins decaying with distance as J(r) ~r>%%. Therefore, our
results indicate that the spin interaction in CrSiTe; is of 2D Ising type ({d:n} = {2:1}) coupled with long-range
(0=1.630) interaction.
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Conclusion

In summary, we have reported a comprehensive study on the critical behavior of the PM-FM phase transition in
the quasi-2D semiconducting ferromagnet CrSiTes. The critical exponents (3=0.170 £0.008, y=1.532£0.001,
and 6=9.917 +0.008) and the critical temperature (T =31.0K) are determined using various techniques such
as modified Arrott plot, Kouvel-Fisher plot, and the critical isotherm analysis. The consistency in the values of
the critical exponents and the critical temperature obtained from different methods and the well-obeyed scaling
behavior confirm that the obtained exponents are unambiguous and purely intrinsic to the material. The expo-
nents determined in this study match well with those given by the renormalization group calculations for a 2D
Ising system ({d:n} = {2:1}) coupled with long-range attractive interactions between spins decaying as J(r) & r~ @+
with 0=1.630.

Methods

Single-crystal samples of CrSiTe; were prepared by the self-flux technique’®. The structure and phase purity were
confirmed by single-crystal and powder X-ray diffraction measurements at room temperature. The magnetization
was measured using a Quantum Design SQUID-VSM magnetometer with the magnetic field applied parallel to
the ¢ axis of the sample. Isotherms were collected at an interval of 0.5 K around T. Care has been taken to ensure
that every curve was initially magnetized. The applied magnetic field H, has been corrected by the demagneti-
zation of the sample following the method described in ref. 29 and the corrected H was used for the analysis of
critical behavior.

References
1. Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science 306, 666-669 (2004).
2. Novoselov, K. S. et al. Two-dimensional gas of massless Dirac fermions in grapheme. Nature (London) 438, 197-200 (2005).
3. Zhang, Y. et al. Experimental observation of the quantum Hall effect and Berry’s phase in grapheme. Nature (London) 438, 201-204
(2005).
4. Geim, A. K. & Novoselov, K. S. The rise of grapheme. Nat. Mater. 6, 183-191 (2007).
5. Castro Neto, A. H. et al. The electronic properties of grapheme. Rev. Mod. Phys. 81, 109-162 (2009).
6. MacDonald, A. H. et al. Ferromagnetic semiconductors: moving beyond (Ga, Mn)As. Nat., Mater. 4, 195-202 (2005).
7. Dietl, T. A ten-tear perspective on dilute magnetic semiconductors and oxides. Nat. Mater. 9, 965-974 (2010).
8. Rogado, N. S. et al. Magnetocapacitance and magnetoresistance near room temperature in a ferromagnetic semiconductor:
La,NiMnOy. Adv. Mater. 17, 2225-2227 (2005).
9. Vaz, C. A.F. et al. Magnetism in ultrathin film structures. Rep. Prog. Phys. 71, 056501 (2008).
10. Li, X. X. & Yang, J. L. CrXTe; (X = Si, Ge) nanosheets: two dimensional intrinsic ferromagnetic semiconductors. J. Mater. Chem. C.
2,7071 (2014).
11. Sivadas, N. et al. Magnetic ground state of semiconducting transition-metal trichalcogenide monolayers. Phys. Rev. B 91, 235425
(2015).
12. Chen, X. E et al. Strain-engineering of magnetic coupling in two-dimensional magnetic semiconductor CrSiTe;: Competition of
direct exchange interaction and superexchange interaction. Phys. Lett. A 379, 60 (2015).
13. Casto, L. et al. Strong spin-lattice coupling in CrSiTe;. APL Mat. 3, 041515 (2015).
14. Carteaux, V. et al. 2D Ising-like ferromagnetic behavior for the lamellar Cr,Si,Te; compound: a Neutron scattering investigation.
Europhys. Lett. 29, 251 (1995).
15. Williams, T. J. et al. Magnetic correlations in the quasi-two-dimensional semiconducting ferromagnet CrSiTe;. Phys. Rev. B 92,
144404 (2015).
16. Stanley, H. E. Introduction to Phase Transitions and Critical Phenomena (Oxford University Press, London, 1971).
17. Fisher, M. E. The theory of equilibrium critical phenomenon. Rep. Prog. Phys. 30, 615-730 (1967).
18. Arrott, A. Criterion for ferromagnetism from observations of magnetic isotherms. Phys. Rev. 108, 1394-1396 (1957).
19. Banerjee, S. K. On a generalized approach to first and second order magnetic transitions. Phys. Lett. 12, 16-17 (1964).
20. Kaul, S. N. Static critical phenomenon in ferromagnets with quenched disorder. J. Magn. Magn. Mater. 53, 5-53 (1985).
21. Huang, K. Statistical Mechanics 2™ ed. (Wiley, New York, 1987).
22. LeGuillou, J. C. & Zinn-Justin, J. Critical exponents from field theory. Phys. Rev. B 21, 3976-3998 (1980).
23. Arrott, A. & Noakes, J. Approximate equation of state for Nickel near its critical temperature. Phys. Rev. Lett. 19, 786 (1967).
24. Pramanik, A. K. & Banerjee, A. Critical behavior at paramagnetic to ferromagnetic phase transition in Pr;SrysMnO;: a bulk
magnetization study. Phys. Rev. B 79, 214426 (2009).
25. Aharoni, A. Introduction to the Theory of Ferromagnetism (Clarendon Press, Oxford, 1996).
26. Kouvel, J. S. & Fisher, M.. E. Detailed magnetic behavior of Nickel near its Curie point. Phys. Rev. 136, A1626-A1632 (1964).
27. Fisher, M. E., Ma, S. K. & Nickel, B. G. Critical exponents for long-range interactions. Phys. Rev. Lett. 29, 917-920 (1972).
28. Fischer, S. E, Kaul, S. N. & Kronmuller, H. Critical magnetic properties of disordered polycrystalline Cr;sFe,s and Cr,,Fes, alloys.
Phys. Rev. B 65, 064443 (2002).
29. Pramanik, A. K. & Banerjee, A. Phase separation and the effect of quenched disorder in Pr, ;Sr) sMnO;. J. Phys.: Condens. Matter. 20,
275207 (2008).

Acknowledgements
This work was supported by National Natural Science Foundation of China under contract Nos U1532153 and
11574322.

Author Contributions

7.Q. and Y.H.Z. conceived and designed the experiments. B.L. grew the single crystal. B.L., YM.Z,, L.Z., S.Z,,
Z.W. and W.W. carried out the experiments. Z.Q. and B.L. analyzed the data and wrote the paper. All the authors
discussed the results and commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

SCIENTIFIC REPORTS | 6:33873 | DOI: 10.1038/srep33873 7


http://www.nature.com/srep

www.nature.com/scientificreports/

How to cite this article: Liu, B. et al. Critical behavior of the quasi-two-dimensional semiconducting
ferromagnet CrSiTes. Sci. Rep. 6, 33873; doi: 10.1038/srep33873 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

ol oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFIC REPORTS |6:33873|DOI: 10.1038/srep33873 8


http://creativecommons.org/licenses/by/4.0/

	Critical behavior of the quasi-two-dimensional semiconducting ferromagnet CrSiTe3

	Results and Discussion

	Conclusion

	Methods

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (a) The temperature dependence of magnetization M(T) (b) the isothermal magnetization M(H) at 2 K for CrSiTe3.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a)Typical initial isotherm curves around TC for CrSiTe3 (b) the Arrott plot (M2 vs.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) The 2D-Ising model plot of isotherms for CrSiTe3 (b) the modified Arrott plot (M1/β vs.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a) The temperature dependence of MS and χ0−1 for CrSiTe3 with the fitting solid lines (b) the Kouvel-Fisher plot of spontaneous magnetization MS(T) (left axis) and inverse initial susceptibility χ0−1(T) (right axis) for CrSiTe3.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ M vs.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ (a) The renormalized magnetization plotted as a function of renormalized field following Eq.
	﻿Table 1﻿﻿. ﻿  Comparison of critical exponents of CrSiTe3 with different theoretical models (MAP = Modified Arrott plot KFP = Kouvel-Fisher plot cal = Calculated).
	﻿Table 2﻿﻿. ﻿  Critical exponents calculated following the renormalization group theory (see text).



 
    
       
          application/pdf
          
             
                Critical behavior of the quasi-two-dimensional semiconducting ferromagnet CrSiTe3
            
         
          
             
                srep ,  (2016). doi:10.1038/srep33873
            
         
          
             
                Bingjie Liu
                Youming Zou
                Lei Zhang
                Shiming Zhou
                Zhe Wang
                Weike Wang
                Zhe Qu
                Yuheng Zhang
            
         
          doi:10.1038/srep33873
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep33873
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep33873
            
         
      
       
          
          
          
             
                doi:10.1038/srep33873
            
         
          
             
                srep ,  (2016). doi:10.1038/srep33873
            
         
          
          
      
       
       
          True
      
   




