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Experimental realization of the 
Yang-Baxter Equation via NMR 
interferometry
F. Anvari Vind1,2, A. Foerster2, I. S. Oliveira1, R. S. Sarthour1, D. O. Soares-Pinto3, A. M. Souza1 
& I. Roditi1

The Yang-Baxter equation is an important tool in theoretical physics, with many applications in 
different domains that span from condensed matter to string theory. Recently, the interest on the 
equation has increased due to its connection to quantum information processing. It has been shown 
that the Yang-Baxter equation is closely related to quantum entanglement and quantum computation. 
Therefore, owing to the broad relevance of this equation, besides theoretical studies, it also became 
significant to pursue its experimental implementation. Here, we show an experimental realization 
of the Yang-Baxter equation and verify its validity through a Nuclear Magnetic Resonance (NMR) 
interferometric setup. Our experiment was performed on a liquid state Iodotrifluoroethylene sample 
which contains molecules with three qubits. We use Controlled-transfer gates that allow us to build a 
pseudo-pure state from which we are able to apply a quantum information protocol that implements 
the Yang-Baxter equation.

In recent years, the Yang-Baxter equation (YBE)1–4, an important tool in theoretical physics, has attracted much 
attention in the context of quantum information science. It has been found that the YBE is closely related to the 
generation of quantum entanglement5. Furthermore a new quantum computation model based on the notion of 
integrability was proposed, where the quantum gates are related to unitary solutions of the YBE6–8.

Formally, the YBE is expressed by,

, , , = , , ,( ) ( ) ( ) ( ) ( ) ( ), ( )R v v R v v R v v R v v R v v R v v 112 1 2 13 1 3 2 3 2 3 1 3 1 223 23 13 12

where vk, k =  1, 2, 3, are called spectral parameters, or rapidities as they may also have a kinematical interpreta-
tion, and the R-matrix acts on a product space ⊗V V9. The above equation provides a sufficient condition for 
quantum integrability and leads to a consistent and systematic method to construct integrable models.

In the quantum computing framework the R-matrix corresponds to a quantum gate7, but this operator and the 
YBE may also have several other physical interpretations. In (1 +  1)-dimensional quantum field theory/scattering 
theory the YBE means that the process of 3-particle scattering is reduced to a sequence of pairwise collisions 
which do not depend on the time ordering of the 2-body collisions10. In this case R is interpreted as the two-body 
scattering matrix (usually denoted S-matrix) and the Yang-Baxter Equation has the name of “factorization equa-
tion”. In vertex models of classical statistical physics, the Yang-Baxter Equation appears as a condition for the ver-
tex weights R which allows for the exact solution of the corresponding model3. In this context it is usually referred 
as a “star-triangle” relation, interestingly inspired in a work of 1899 by a Brooklyn engineer, Kennelly, on electric 
networks, using Kirchhoff ’s laws9. On a more recent note, there has been a considerable increase of investigation 
of these structures related to quantum integrability due to several new exact results that are playing an important 
role in the progress of our understanding of the AdS/CFT correspondence11. It is worth mentioning, in addition, 
the interest raised by the realization of integrable systems, in ultracold physics12,13.

Another useful way to write the YBE is obtained by applying a permutation operator, P, to the R-matrix, such 
that, = ⊗ → ⊗ .Ř PR V V V V: a b b a  Assuming that the R-matrix satisfies the so called difference property10,14,15 
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and by a simple transformation of the spectral parameters16, x =  eu and y =  ev, it is possible to find a multiplicative 
form for the YBE,

=( ) ( ) ( ) ( ) ( ) ( ).Ř Ř Ř Ř Ř Řx xy y y xy x12 23 12 23 12 23

The interest in this form comes from its relation to the braid group which has been recently linked to topo-
logical quantum computation6–8 and a scheme for its verification through an optical setup has been proposed17 
and achieved18.

Therefore, due to the importance of the YBE to physics and quantum information processing (QIP) and the 
increasing possibility of an experimental approach in solvable systems19, direct quantum simulations of the YBE 
ought to be investigated. It is widely accepted in QIP that the development of large scale quantum processors 
depends broadly on two basic issues: (i) the construction of systems containing a large number of qubits and (ii) 
the ability to control their quantum states, and implement correction protocols to prevent decoherence caused by 
unavoidable interactions with the environment. So far, NMR has been one of the leading techniques to demon-
strate those aspects in small systems. In fact, the development of special pulse engineering techniques has allowed 
NMR to be applied to QIP with great success, with experimental demonstrations of different quantum proto-
cols and algorithms in liquid and solid-state samples, including error-correction protocols20,21. NMR quantum 
information processors provide a good testbed for QIP tasks, such as demonstrating quantum algorithms22–25, 
fundamental physics studies such as delayed choice26,27, quantum tunneling28, quantum dynamics29 and PT sym-
metries30, and the present experiment in the Yang-Baxter equation. NMR implementations have, as well, already 
provided a certain number of observations linked in various ways to particular solvable systems21,31–38, and in a 
wider way to quantum integrable systems39.

Here we follow the route of investigating this core relation behind quantum integrable systems, which we do 
by means of an NMR interferometric experiment as a tool to directly quantum simulate the YBE. The present 
demonstration of the YBE through QIP and NMR is the first one using this technique and opens up a way to 
implement quantum entanglement with integrability.

Results
NMR implementations of quantum information processors are usually executed in an ensemble of identical and 
non-interacting molecules at room temperature, where nuclear spins are employed as qubits. To implement quan-
tum information in such systems, we need to prepare, from the thermal equilibrium state, the state:

ρ ε ε ψ ψ=
−

+ . ( )N
I1

2

This state is a mixture of the pure state ψ ψ  and the maximally mixed state I/N, where N is the dimension of 
the quantum system and ε ≈  10−5 is the thermal polarization of the system. Since the maximally mixed part does 
not produce observable signal, the overall NMR signal arises only from the pure state part ψ ψ . Therefore the 
observed signal from a NMR system in the above state (2), called a pseudo-pure state (PPS), is equivalent to that 
from a system in a pure state, except that the PPS signal strength is reduced by a factor ε.

We need to cast the YBE in a suitable form for our NMR verification. This can be done through its relation to 
braiding relations, emerging for instance from the exchange of anyons6,
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The operators σj are the braid group generators. The YBE for Ř matrices, in the so-called braid limit, where 
u =  v and = ∞u , coincides with the braid relation in Eq.  (3). This is better seen using the notation 

   = ⊗ … ⊗ ⊗ … ⊗ŘRj  acting on a product of vector spaces, Ř acts on the spaces indexed ( + )j j; 1  and 
the identities on the other spaces, in the braid limit Rj furnishes a representation of the braid group15. The 
R-matrix that we need is obtained below.

First we remind17 that one can obtain two braid operations, A and B, acting on a two-dimensional topological 
basis, such that A acts as σ1 and B as σ2, their respective matrix representation is

( )= =



+ −
− +



, ( )

π−
− π

A e i B e i i
i i

1 0
0 ;

2
1 1
1 1 4

i
i

8
8

here, i is the imaginary number. The braiding relation for these matrices is ABA =  BAB, in the two-dimensional 
basis.

It is possible to generalize the above relation following a Yang-Baxterization40,41 procedure in order to intro-
duce spectral parameters in a four-dimensional R-matrix that can be reduced to a two-dimensional one contain-
ing spectral parameters. It consists of writing the R-matrix as

( ) = ( ) + ( ) , ( )Ř u a u b u T 5

more explicitly, in the usual notation,
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( ) = ( ) + ( )
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and we are interested in the case ( ) = ( ) = ( )a u a u a u1 2 , ( ) = ( ) = ( )b u b u b u1 2  such that these scalar functions 
must be consistent with the YBE, also ≡T Tjk satisfies the so called Temperley-Lieb algebra42 relations, T T2 , 

=T T T T12 23 12 12 and =T T T T23 12 23 23. The action of ( )Ř u  on the two-dimensional basis17 leads to the definition 
of the spectral parameter dependent A(u) and B(u) by, respectively, the matrix elements of ( )Ř u12  and ( )Ř u23 .

C ons is tenc y  wit h  t he  YBE prov ides  ( ) = Γ( )a u u ,  a  nor mal izat ion  fac tor,  and  ( )=b u  
ζβ ζβ βΓ( ) ( )/( − + )u i u i u u[ 2 2 1 2 ]2 2  (where ζ =  ± 1 and β =  − i/c, c being the light speed). Then, introducing 

the transformation,
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one can write, in analogy with Eq. (4), two-dimensional matrices
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, such that the operators are written in a form which is appropriate for 
NMR operations. Then the YBE we need is,

θ θ θ θ θ θ( ) ( ) ( ) = ( ) ( ) ( ). ( )A B A B A B 91 2 3 3 2 1

The angle parameters which are the spectral parameters (or rapidities) must satisfy the following kinematical 
consistency relation

θ
θ θ
θ θ

( ) =
( + )
( − )

.
( )
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cos 102

1 3

1 3

Thus, in the NMR implementation, the operators (8) act on the ground states and excited states of the nuclear 
spin states, 0  and 1 , respectively, which are used as qubits. In other words, one maps a two-dimensional invari-
ant space on the two-level nuclear states of our sample.

Our experiment was performed on a liquid state Iodotrifluoroethylene sample. This contains molecules with 
three qubits, which are encoded in the 19F spin-1/2 nuclei (see Fig. 1). The phase decoherence times (T2) for F1, F2 
and F3 are approximately 0.08 s, 0.09 s and 0.08 s, respectively. The first step of the experiment consists of prepar-
ing, from thermal equilibrium, the PPS (2) with ψ = 000 , which correspond to a situation where all spins are 
on its ground state, for a PPS preparation we use the Controlled-transfer gates technique43.

After the initialization in the PPS we can perform the experiment for the verification of the Yang-Baxter 
Equation, the scheme of the experiment is shown in Fig. 1. In the first step a π/2 pulse about y axis is applied on 
qubits one and three, yielding to the three-qubit state ψ = ( + ) ⊗ ⊗ ( + )0 1 0 0 11

2
1
2

. In the next 
step, the Left-Hand-Side and the Right-Hand-Side of the 2D YBE (9) are applied on qubits one and three, respec-
tively. By using Eq. (8), after some manipulation the 2D YBE can be brought to a sequence of single spin rotations, 
which is the sequence implemented in the experiment.

The qubits one and three in the output states are φ1  and φ3 , respectively (see Fig. 1). To verify the YBE we 
need to measure the overlap φ φ1 3

2, if this quantity is equal to 1, then φ φ=1 3  and the YBE is satisfied, oth-
erwise the YBE is not satisfied. To perform such verification we explore a quantum interferometric approach 
based on the Controlled-SWAP gate that can extract properties of quantum states without quantum tomogra-
phy44. In this approach (see the final step in Fig. 1) the second qubit of our system is taken as a auxiliary qubit. 
After transforming the auxiliary qubit to the state +0 1 , by a π/2 rotation about y axis, a Controlled-Swap gate 
with the second qubit as control is applied. When a measurement is performed on the auxiliary, its normalized 
complex magnetization on the plane is directly related to the overlap between the states of the swapped qubits 
σ σ φ φ〈 + 〉 = 〈ix y

2 2
1 3

2,44.
In Fig. 2 we show the results for θ1 =  − θ3, θ2 =  0 and θ3 varying from 0 to 2π, in all cases the relation in (10) is 

satisfied. The histogram displays the distribution of the normalized total magnetizations of the auxiliary qubits. 
An average magnetization is 0.998 ±  0.001, showing the validity of the 2D YBE with good agreement.

We also explore the cases where (10) is not satisfied. In Fig. 3(a) we show the results for θ2 =  θ3 =  0 and θ1 
varying from 0 to 2π, these angle parameters do not satisfy the relation in (10) except for θ1 =  0, π and 2π. In 
Fig. 3(b) we show the case where θ1 =  2θ2, θ =

π
3 2

 and when θ1 changes between 0 and 2π. In this case YBE is not 
satisfied except for θ π= , ,π π

1 3
5
3

.

Discussion
Using NMR techniques developed in the realm of quantum information processing we were able to experimen-
tally verify the YBE. In order to achieve this we map a two-dimensional invariant space, related to a topological 
basis and anyon behavior, on the two-level nuclear states of our sample. In our verification we explored a quantum 
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interferometric approach based on the Controlled-SWAP gate, a procedure that can extract properties of quan-
tum states without quantum tomography. The present two-dimensional approach to investigate the YBE by means 
of NMR opens up a way to realize the four-dimensional case, which, differently from the present case, will nec-
essarily involve Bell states, and reveal the possibility to implement quantum entanglement with integrability. The 
issue of NMR entanglement is quite interesting and has been broadly discussed in the literature20. Since the results 
of45, NMR has demonstrated in a series of experiments its capability to produce quantum correlations, including 
entangled behaviour of qubits and their importance in quantum metrology46 and quantum simulations47 have 
been investigated. The control over state creation and unitary manipulation, combined with the possibility of 

Figure 1. Quantum circuit diagram for implementation of the YBE as in 9 and 10, where the operators A 
and B are the R-matrices, here the Yang-Baxterized braid operators acting on a two-dimensional basis. H is 
the Hadamard gate. The left hand side and right hand side of the YBE are applied on qubits 1 and 3, respectively, 
while qubit 2 is auxiliary. The YBE is satisfied when the overlap φ φ1 3

2 equals 1. F1, F2 and F3 are denoted as 
qubit 1, qubit 2 and qubit 3, respectively. The structure and parameters of the fluorine labeled Iotrifluoroethylene 
molecule are also shown. The diagonal terms in the table are the chemical shifts (in Hz) of the fluorines. The off-
diagonal terms are the coupling constants, also in Hz. The grey spheres represent carbon nuclei while the red 
one is the iodine.

Figure 2. Total magnetization of qubit 2 for θ1 = −θ3, θ2 = 0 and θ3 varying from 0 to 2π. The histogram 
displays the distribution of the normalized total magnetizations of the auxiliary qubits. The average 
magnetization is 0.998 ±  0.001, showing the expected result for the YBE.
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extending the number of qubits38 unlocks new possibilities to the applications of NMR-QIP to the study of YBE. 
Therefore, in order to carry out the four-dimensional case in an NMR setup one needs to deal with a higher 
number of qubits. We are currently doing investigations in this direction and we believe that, as in the present 
work, the interweaving between quantum integrability and quantum information, as well as its relation with 
many-body, quantum fields and statistical physics, will unveil new and interesting patterns.

Methods
For the Yang-Baxter experiment presented in this work we have used a Varian 500 MHz Spectrometer and a 
double resonance probe-head equipped with a magnetic field gradient coil. The three spin-1/2 19F nuclei of 
Iodotrifluoroethylene (C2F3I) molecule, dissolved in deuterated acetone, were used as qubits. The experiment has 
been performed at room temperature. The nuclear spins of the fluorine interact with the static magnetic field and 
with each other via a Ising-like model. The natural Hamiltonian of our system is described by

 ∑ ∑ω π= + ⊗ + ( ),
( )≠

H I J I I H t2
11j

j z
j

j k
jk z

j
z
k

RF

where σ= /I 2z
j

z
j  and ωj being, respectively, the nuclear spin operator in z–direction and the Larmor frequency of 

the spin j (σz
j is the Pauli matrix); Jjk are the couplings. ( )H tRF  is the radio-frequency (rf) Hamiltonian employed 

to control the qubits. The physical parameters of our molecule are shown in Fig. 1.
Now we display in more detail the complexity of the sequence of unitary operations used in the experiment 

and shown in the quantum circuit in Fig. 1, where time runs from left to right. In order to prepare the initial state 
and run the protocols necessary for the experiment we have used the NMR tools that were available. They were 
the rf pulses and pulsed field gradients. The later is a gradient magnetic field applied along the z direction caus-
ing an inhomogeneity in the static magnetic field. This gradient removes the coherences leading the system to a 
mixed state. From that new coherent states can be prepared by applying rf pulses. To prepare the initial state we 
have used the Controlled-transfer gates methods43, the pulse sequence is presented in Fig. 4.

The Yang-Baxter protocol was implemented using the sequence presented in Fig. 5. For the Controlled-SWAP 
gate at the end of the quantum circuit we have used the following pulse sequence presented in Fig. 6.

To implement the operations we exploit standard Isech shaped pulses and numerically optimized GRAPE 
pulses48. The GRAPE pulses are optimized to be robust to Radio-Frequency inhomogeneities and chemical shift 
variations. For combining all operations into a single pulse sequence we have used the techniques described 

Figure 3. (a) (On the left) Total magnetization of qubit 2 for θ2 =  θ3 =  0 and θ1 varying from 0 to 2π. The blue 
line is the theoretical prediction, the green dashed line is a simulation of the experimental data and the red 
circles are the actual experimental results. For angles that do not satisfy the consistency relation (Eq. (10)), the 
total magnetization of qubit 2 is under unity for the correct angles, the total magnetization of qubit 2 equals 1. 
(b) (On the right) Total magnetization of qubit 2 for θ1 =  2θ2, θ =

π
3 2

 and θ1 varying from 0 to 2π.

Figure 4. Pulse sequence for the initial state preparation. The initial state was prepared using Controlled-
transfer gates methods. The boxes indicate the pulses that implement rotations applied to invidual qubits. The 
angles and phases of these rotations are indicated inside and below the boxes, respectively. Refocusing pulses are 
not shown. The free evolutions are represented by black dots connected by lines where the interaction of the two 
qubits, indicated by the dots, took place, for the time shown in the figure. The dotted red lines indicate when the 
field gradients were applied. φ1 =  98.2° and φ2 =  135.59°.
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in49,50. We built a computer program, similar to the NMR quantum compiler used in the 7 qubits NMR experi-
ments51–53. The program minimizes the effects of finite pulsewidth, off-resonance errors and unwanted coupling 
evolutions54–56.

References
1. Yang, C. N. Some Exact Results for the Many-Body Problem in one Dimension with Repulsive Delta-Function Interaction. Phys. 

Rev. Lett. 19, 1312 (1967).
2. Gaudin, M. Un systeme a une dimension de fermions en interaction. Phys. Lett. A 24, 55 (1967).
3. Baxter, R. J. Exactly Solved Models in Statistical Mechanics (Academic Press, London, England, 1982).
4. Takhtajan, L. A. & Faddeev, L. D. The quantum inverse problem method and the XYZ Heisenberg model. Russian Math. Surveys 34, 

11 (1979).
5. Ge, M.-L., Xue, K., Zhang, R.-Y. & Zhao, Q. Yang–Baxter equations and quantum entanglements. Quantum Inf. Process. 1 (2014).
6. Nayak, C., Simon, S. H., Stern, A., Freedman, M. & Das Sarma, S. Non-Abelian anyons and topological quantum computation. Rev. 

Mod. Phys. 80, 1083 (2008).
7. Kauffman, L. H. & Lomonaco, S. J. Topological Quantum Information Theory. Proceedings of Symposia in Applied Mathematics vol. 

68. Editor – Lomonaco, S. J. (AMS, Washington DC, 2009).
8. Zhang, Y. Integrable quantum computation. Quantum Inf. Process. 12, 631 (2013).
9. Perk, J. H. H. & Au-Yang, H. Yang-Baxter Equation. Encyclopedia of Mathematical Physics, Vol. 5 (Elsevier Science, Oxford, 2006).

10. Zamolodchikov, A. B. & Zamolodchikov, A. B. Factorized S-matrices in two dimensions as the exact solutions of certain relativistic 
quantum field theory models. Annals of Phys. 120, 253 (1979).

11. Beisert, N. et al. Review of AdS/CFT integrability: an overview. Lett. Math. Phys. 99, 3 (2012).
12. Kinoshita, T., Wenger, T. & Weiss, D. S. A quantum Newton’s cradle. Nature 440, 900 (2006).
13. Liao, Y.-A. et al. Spin-imbalance in a one-dimensional Fermi gas. Nature 467, 567 (2010).
14. Wadati, M., Deguchi, T. & Akutsu, Y. Exactly solvable models and knot theory. Phys. Rep. 180, 247 (1989).
15. Gomez, C., Ruiz-Altaba, M. & Sierra, G. Quantum Groups in Two-Dimensional Physics (Cambridge University Press, Cambridge, 

England, 1996).
16. Delius, G. W., Gould, M. D. & Zhang, Y. Z. On the construction of trigonometric solutions of the Yang-Baxter equation. Nucl. Phys. 

B 432, 377 (1994).
17. Hu, S.-W., Xue, K. & Ge, M.-L. Optical simulation of the Yang-Baxter equation. Phys. Rev. A 78, 022319 (2008).
18. Zheng, C., Li, J.-L., Song, S.-Y. & Long, G. L. Direct experimental simulation of the Yang–Baxter equation. J. Opt. Soc. Am. B 30, 1688 

(2013).
19. Guan, X.-W., Batchelor, M. T. & Lee, C. Fermi gases in one dimension: From Bethe ansatz to experiments. Rev. Mod. Phys. 85, 1633 

(2013).
20. Oliveira, I. S., Bonagamba, T. J., Sarthour, R. S., Freitas, J. C. C. & de Azevedo, E. R. NMR Quantum Information Processing (Elsevier, 

Amsterdam, 2007).

Figure 5. Yang-Baxter protocol. Sequence used to implement the YBE. The Left-Hand-Side and the Right-
Hand-Side of the 2D YBE (9) are applied on qubits one and three, respectively. The boxes indicate the rotations 
applied to invidual qubits according to the kinematical consistency relations. The angles and phases of these 
rotations are indicated inside and below the boxes, respectively. Afterwards one has to use the Controlled-
SWAP to check the overlap φ φ1 3

2.

Figure 6. Controlled-SWAP. Quantum interferometric approach based on the Controlled-SWAP gate that 
provides the measure of the overlap φ φ1 3

2. The boxes represent rotations applied to invidual qubits. The 
angles and phases of these rotations are indicated inside and below the boxes, respectively. Refocusing pulses are 
not shown. The free evolutions are represented by black dots connected by lines where the interaction of the two 
qubits, indicated by the dots, took place, for the time indicated in the figure.



www.nature.com/scientificreports/

7Scientific RepoRts | 6:20789 | DOI: 10.1038/srep20789

21. Oliveira, I. S. & Serra, R. M. Theme Issue Quantum information processing in NMR: theory and experiment. Phil. Trans. R. Soc. 370, 
4611 (2012).

22. Jones, J. A., Mosca, M. & Hansen, R. H. Implementation of a quantum search algorithm on a quantum computer. Nature 393, 344 
(1998).

23. Vandersypen, L. M. K. et al. Experimental realization of Shor’s quantum factoring algorithm using nuclear magnetic resonance. 
Nature 414, 883 (2001).

24. Liu, Y. & Zhang, F. H. First experimental demonstration of an exact quantum search algorithm in nuclear magnetic resonance 
system. Sci China-Phys Mech Astron 58, 070301 (2015).

25. Weinstein, Y. S., Lloyd, S. & Cory, D. G. Implementation of the quantum Fourier transform. Phys. Rev. Lett. 86, 1889 (2001).
26. Roy, S. S., Shukla, A. & Mahesh, T. S. NMR implementation of a quantum delayed-choice experiment. Phys. Rev. A 85, 022109 

(2012).
27. Xin, T., Li, H., Wang, B.-X. & Long, G.-L. Realization of an entanglement-assisted quantum delayed-choice experiment. Phys. Rev. 

A 92, 022126 (2015).
28. Feng, G.-R., Lu, Y., Hao, L., Zhang, F.-H. & Long, G.-L. Experimental simulation of quantum tunneling in small systems. Sci. Rep. 3, 

2232 (2013).
29. Lu, Y., Feng, G.-R., Li, Y.-S. & Long, G.-L. Experimental digital quantum simulation of temporal-spatial dynamics of interacting 

fermion system. Sci. Bull. 60, 241 (2015).
30. Zheng, C., Hao, L. & Long, G. L. Observation of a fast evolution in a parity-time-symmetric system. Phil. Trans. R. Soc. A 371, 

20120053 (2013).
31. Saito, S., Tanaka, H., Nakamura, T. & Nakamura, M. International Symposium “Nanoscience and Quantum Physics 2011” 

(nanoPHYS’11), J. Phys.: Conf. Ser. 302, 011001 (2011).
32. Cappellaro, P., Ramanathan, C. & Cory, D. G. Dynamics and control of a quasi-one-dimensional spin system. Phys. Rev. A 76, 

032317 (2007).
33. Zhang, W. et al. NMR multiple quantum coherences in quasi-one-dimensional spin systems: Comparison with ideal spin-chain 

dynamics. Phys. Rev. A 80, 052323 (2009).
34. Fel’dman, E. B., Pyrkov, A. N. & Zenchuk, A. I. Solid-state multiple quantum NMR in quantum information processing: exactly 

solvable models. Phil. Trans. R. Soc. A 370, 4690 (2012).
35. Araujo-Ferreira, A. G. et al. Classical bifurcation in a quadrupolar NMR system. Phys. Rev. A 87, 053605 (2013).
36. Auccaise, R. et al. Spin squeezing in a quadrupolar nuclei NMR system. Phys. Rev. Lett. 114, 043604 (2015).
37. Marx, R. et al. Nuclear-magnetic-resonance quantum calculations of the Jones polynomial. Phys. Rev. A 81, 032319 (2010).
38. Negrevergne, C. et al. Benchmarking Quantum Control Methods on a 12-Qubit System. Phys. Rev. Lett. 96, 170501 (2006).
39. Lloyd, S. & Montangero, S. Information theoretical analysis of quantum optimal control. Phys. Rev. Lett. 113, 010502 (2014).
40. Jones, V. F. R. Baxterization. Int. J. Mod. Phys. B 04, 701 (1990).
41. Ge, M. L. , Wu, Y. S. & Xue, K. Explicit trigonometric Yang-Baxterization. Int. J. Mod. Phys. A 6, 3735 (1991).
42. Temperley, H. N. V. & Lieb, E. H. Relations between the ‘Percolation’ and ‘Colouring’ Problem and other Graph-Theoretical 

Problems Associated with Regular Planar Lattices: Some Exact Results for the ‘Percolation’ Problem. Proc. R. Soc. Lond. A 322, 251 
(1971).

43. Kawamura, M., Rowland, B. & Jones, J. A. Preparing pseudopure states with controlled-transfer gates. Phys. Rev. A 82, 032315 
(2010).

44. Ekert, A. K. et al. Direct estimations of linear and nonlinear functionals of a quantum state. Phys. Rev. Lett. 88, 21 (2002).
45. Braunstein, S. D. et al. Separability of Very Noisy Mixed States and Implications for NMR Quantum Computing. Phys. Rev. Lett. 83, 

1054 (1999).
46. Girolami, D. et al. Quantum Discord Determines the Interferometric Power of Quantum States. Phys. Rev. Lett. 112, 210401 (2014).
47. Souza, A. M. et al. NMR analog of Bell’s inequalities violation test. New J. Phys. 10, 033020 (2008).
48. Khaneja, N., Reiss, T., Kehlet, C., Schulte-Herbrüggen, T. & Glaser, S. J. Optimal control of coupled spin dynamics: design of NMR 

pulse sequences by gradient ascent algorithms. J. Magn. Reson. 172, 296 (2005).
49. Bowdrey, M. D., Jones, J. A., Knill, E. & Laflamme, R. Compiling gate networks on an Ising quantum computer. Phys. Rev. A 72, 

032315 (2005).
50. Ryan, C. A., Negrevergne, C., Laforest, M., Knill, E. & Laflamme, R. Liquid-state nuclear magnetic resonance as a testbed for 

developing quantum control methods. Phys. Rev. A 78, 012328 (2008).
51. Zhang, J., Yung, M.-H., Laflamme, R., Aspuru-Guzik, A. & Baugh, J. Digital quantum simulation of the statistical mechanics of a 

frustrated magnet. Nat. Comm. 3, 880 (2012).
52. Knill, E., Laflamme, R., Martinez, R. & Tseng, C.-H. An algorithmic benchmark for quantum information processing. Nature 404, 

368 (2000).
53. Souza, A. M., Zhang, J., Ryan, C. M. & Laflamme, R. Experimental magic state distillation for fault-tolerant quantum computing. 

Nat. Comm. 2, 169 (2011).
54. Moritz, H., Stöferle, T., Köhl, M. & Esslinger, T. Exciting collective oscillations in a trapped 1D gas. Phys. Rev. Lett. 91, 250402 (2003).
55. Moritz, H., Stöferle, T., Günter, K., Köhl, M. & Esslinger, T. Confinement induced molecules in a 1D Fermi gas. Phys. Rev. Lett. 94, 

210401 (2005).
56. Passante, G., Moussa, O., Ryan, C. A. & Laflamme, R. Experimental Approximation of the Jones Polynomial with One Quantum Bit. 

Phys. Rev. Lett. 103, 250501 (2009).

Acknowledgements
The authors thank X.-W. Guan for many crucial suggestions. The following agencies – CNPq, CAPES, FAPERJ 
and INCT-IQ – are gratefully acknowledged for financial support.

Author Contributions
All authors contributed to the manuscript final text. F.A.V. and A.M.S. optimized the pulses sequences, conducted 
the experiment and prepared the figures; I.S.O., R.S.S. and D.O.S.-P. participated on the experimental planning 
and discussion of results; A.F. and I.R. developed the theoretical ideas and discussed the results of the experiment, 
I.R. coordinated the project.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Vind, F. A. et al. Experimental realization of the Yang-Baxter Equation via NMR 
interferometry. Sci. Rep. 6, 20789; doi: 10.1038/srep20789 (2016).



www.nature.com/scientificreports/

8Scientific RepoRts | 6:20789 | DOI: 10.1038/srep20789

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

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

	Experimental realization of the Yang-Baxter Equation via NMR interferometry
	Results
	Discussion
	Methods
	Acknowledgements
	Author Contributions
	Figure 1.  Quantum circuit diagram for implementation of the YBE as in 9 and 10, where the operators A and B are the R-matrices, here the Yang-Baxterized braid operators acting on a two-dimensional basis.
	Figure 2.  Total magnetization of qubit 2 for θ1 = −θ3, θ2 = 0 and θ3 varying from 0 to 2π.
	Figure 3.  (a) (On the left) Total magnetization of qubit 2 for θ2 = θ3 = 0 and θ1 varying from 0 to 2π.
	Figure 4.  Pulse sequence for the initial state preparation.
	Figure 5.  Yang-Baxter protocol.
	Figure 6.  Controlled-SWAP.



 
    
       
          application/pdf
          
             
                Experimental realization of the Yang-Baxter Equation via NMR interferometry
            
         
          
             
                srep ,  (2016). doi:10.1038/srep20789
            
         
          
             
                F. Anvari Vind
                A. Foerster
                I. S. Oliveira
                R. S. Sarthour
                D. O. Soares-Pinto
                A. M. Souza
                I. Roditi
            
         
          doi:10.1038/srep20789
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep20789
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep20789
            
         
      
       
          
          
          
             
                doi:10.1038/srep20789
            
         
          
             
                srep ,  (2016). doi:10.1038/srep20789
            
         
          
          
      
       
       
          True
      
   




