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POR QUE PÓS-GRADUAÇÃO?

• Prosseguir a formação na Pós-graduação é uma necessidade para habilitar um profissional

em qualquer área acadêmica de pesquisa. É o caminho natural aqui no IF-UFF!

• É fundamental pensar em pós-graduação desde o início da graduação (vale para alunos do

bacharelado e da licenciatura)!

ALUNOS DE 
GRADUAÇÃO

PROGRAMA DE 
PÓS-GRADUAÇÃO



PROGRAMA DE PÓS-GRADUAÇÃO EM FÍSICA DA UFF

Astrofísica

Ciência de Superfícies e Filmes Finos

Espectroscopia Atômica e Molecular

Física de Sólidos Experimental e Novos Materiais

Sistemas Nano-estruturados

Óptica e Informação Quântica

Óptica Não Linear e Aplicada

Sistemas Complexos e Física Computacional

Sistemas Fortemente Correlacionados e supercondutividade

Física Teórica: Teoria Quântica de Campos, Partículas, Gravitação e Cosmologia

Física Nuclear Teórica, Experimental e Aplicada (espectroscopia com aceleradores, radioecologia)

Ensino de Física à Não há grupos específicos, mas há várias iniciativas nessa área

• Linhas de pesquisas



ESTRATÉGIAS PARA ESCOLHA DENTRE ESSAS ÁREAS

• Teoria ou Experimento? 

• Aspectos fundamentais ou aplicados da Física? 

• Visitas a reuniões dos grupos de pesquisa.

• Participação em colóquios, coloquinhos e outros eventos (ESCOLA DE FÍSICA DA UFF 2018!!!). 

• Conversa direta com os professores de áreas de seu potencial interesse.
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LaMAR: tecnologia avançada a serviço do
desenvolvimento científico na UFF 
qui, 24/08/2017 - 12:55

O avanço científico beneficia não somente estudantes e pesquisadores, mas principalmente a sociedade, já
que áreas como a medicina, computação e engenharia, têm impacto direto na vida da população. Para isso,
é preciso que as universidades invistam também em infraestrutura, pois a maioria das áreas depende de
equipamentos com tecnologia de ponta para desenvolverem seus projetos.

Buscando fomentar o progresso científico na UFF, foi inaugurado dia 10 de julho, no Instituto de Física, o
Laboratório de Microscopia Eletrônica de Alta Resolução (LaMAR). Equipado com dois microscópios com
tecnologia de ponta, o espaço faz parte do Centro de Caracterização Avançado para a Indústria do Petróleo
(Caipe), financiado pelo projeto institucional ANP/Petrobrás, que envolve os departamentos de Engenharia
Química, Engenharia Mecânica e Física.

Segundo o professor do Instituto de Física, Yutao Xing, esses equipamentos de última geração adquiridos
pela universidade representam um avanço significativo na tecnologia disponível para a realização das
pesquisas. “Um deles é um microscópio eletrônico de varredura (MEV) com canhão a emissão por campo
(Modelo: JSM 7100F), equipado com EDXS de SDD (Silicon drift detector - detector de derivação de
silício) e detector de STEM (Scanning Transmission Electron Microscope - Microscópio eletrônico de
transmissão de varredura). O outro é um microscópio eletrônico de transmissão (MET, Modelo: JEM
2100F), com tensão de aceleração de 200 kV e 80 kV. O MET está equipado com EDXS de SDD, STEM e
EELS da Gatan”, descreve.

• LaMAR: Laboratório de Microscopia de alta resolução

Microscópios de alta resolução (MEV e MET) para 
caracterização da estrutura de  materiais.
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CAPÍTULO 1 
 
 

MICROSCÓPIO ELETRÔNICO DE VARREDURA (MEV) 
 
 
1.1 CONSIDERAÇÕES GERAIS 

 
A principal função de qualquer microscópio é tornar visível ao olho humano o 

que for muito pequeno para tal. A forma mais antiga e usual é a lupa seguida do 
microscópio óptico, que ilumina o objeto com luz visível ou luz ultravioleta. O limite 
máximo de resolução dos microscópios ópticos é estabelecido pelos efeitos de difração 
devido ao comprimento de onda da radiação incidente. Os microscópios ópticos 
convencionais ficam, então, limitados a um aumento máximo de 2000 vezes, porque 
acima deste valor, detalhes menores são imperceptíveis. Para aumentar a resolução 
pode-se utilizar uma radiação com comprimento de onda menor que a luz visível como 
fonte de iluminação do objeto. Além disso, a profundidade de campo é inversamente 
proporcional aos aumentos, sendo necessário, então, um polimento perfeito da 
superfície a ser observada, o que às vezes é incompatível com a observação desejada 
(KESRENBACHK, 1994). 

Um microscópio eletrônico de varredura (MEV) utiliza um feixe de elétrons no 
lugar de fótons utilizados em um microscópio óptico convencional, o que permite 
solucionar o problema de resolução relacionado com a fonte de luz branca. 

 
 

 
 
Figura 1.1 - Desenho esquemático para comparação entre microscópio óptico e microscópio eletrônico de 
varredura  
 
 

De Bloglie, em 1925, mostrou o dualismo onda-partícula e, por conseguinte, que 
o comprimento de onda de um elétron é função de sua energia (DE BLOGLIE, 1925). A 
energia pode ser comunicada a uma nova partícula carregada por meio de um campo 
elétrico acelerador. Assim, sob uma voltagem suficientemente grande, por exemplo, 50 
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• LAC: Laboratório de Radiocarbono

Laboratório de 
preparação de amostra

Laboratório do Acelerador AMS 
(espectroscopia de massa com aceleradores)

Datação nuclear com técnica de radiocarbono (14C)
(Determinação de idades de materiais de centenas de anos até cerca de 50 mil anos)
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• LAC: Laboratório de Óptica e Informação Quântica

Utilização da luz para codificar e manipular 
informação em bits quânticos. 

O grupo do IF-UFF codifica informação em graus
de liberdade associados a feixes de luz, como
polarização e caminho óptico.



TELEPORTE: QUADRO PICTÓRICO

Medida no par (1,2)

Informa o resultado da medida

Operação em 3

Partícula a ser teleportada: Par emaranhado: 

C. C. (2 bits)
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• Laboratório de astrofísica:
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Deteção de múons em diferentes direções. Alterações no padrão de deteção dos múons podem
estar relacionados a fenômenos astrofísicos diversos, como explosões solares, por exemplo.



OPORTUNIDADES DURANTE A GRADUAÇÃO

• Iniciação científica (PIBIC), inovação tecnológica (PIBITI) e a docência (PIBID):

pesquisa em grupos vinculados à pós-graduação – inserção em eventos, recursos

para atividades acadêmicas, etc. BOLSA: R$ 400,00

ANÚNCIOS DO IF-UFF: https://www.if.uff.br/pt/gradbolsas

• Programa de altos estudos: aceleração da formação em nível de graduação (com

orientação adequada) e interface com a pósgraduação através de disciplinas do

mestrado e doutorado em física. Não há bolsa no momento, mas pode voltar a ter…

• Intercâmbios em grupos de pesquisa no exterior: Estágios coordenados junto à

Coordenação de Graduação via Editais específicos ou via recursos externos.



INGRESSO NA PÓS-GRADUAÇÃO / BOLSAS DE ESTUDO
• Exame UNIPOSRIO (UFF, UFRJ, UERJ, PUC e CBPF)

• Site: http://uniposrio-fisica.cbpf.br/

• Provas antigas estão disponíveis – Conteúdo : FÍSICA BÁSICA E MECÂNICA QUÂNTICA

• CURSOS: Mestrado (2 anos) e Doutorado (4 anos)

• Há ainda a possibilidade de fazer o Doutorado direto (5 anos) – Indicado para alunos de alto

desempenho, que tenham participado com sucesso de programas de iniciação científica e que

estejam convictos da área que desejam seguir na pós-graduação

• BOLSAS: Mestrado – R$ 1.500,00; Doutorado – R$ 2.200,00. Pode-se conseguir

complementos de bolsas até R$ 2.100,00 para mestrado e R$ 2.800,00 para doutorado

através do Programa Nota 10 da FAPERJ.

• Possibilidade de doutorado sanduíche (até 1 ano no exterior ao longo do curso de doutorado).

Bolsa em torno de US$ 1.300,00 + US$ 400,00 (para cidades de alto custo)

http://uniposrio-fisica.cbpf.br/


PROGRAMAS DE PÓS-GRADUAÇÃO (PPGS): AVALIAÇÃO

• PPGs reconhecidos pelo Governo Federal são avaliados a cada quatro anos pela CAPES.

• A avaliação é baseada na produção do Programa de Pós-graduação. Mas o que é produção?

• O PPG em Física da UFF está no Programa de Excelência da CAPES (PROEX), com nota 6 em um

máximo de 7.



INDICADORES ACADÊMICOS DE AVALIAÇÃO

• Publicação de docentes e de discentes em revistas internacionais

• Bolsas de produtividade do CNPq (bolsas dos pesquisadores)

• Diversidade de linhas de pesquisas do PPG

• Lideranças acadêmicas (pesquisadores de destaque)

• Qualidade dos laboratórios de pesquisas associados ao PPG

• Atração de investimentos externos (do Brasil e do Exterior)

• Cooperações internacionais

• Estrutura física

• Etc.



PRODUÇÃO ACADÊMICA ANUAL DO PPGF-UFF
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Produção é dominada por Qualis A2  

(Comportamento típico em Programas 6 e 7)

ANO
2013
2014
2015
2016

DOCENTES
45
46
47
48

A1+A2+B1
87
81
91

112

Artigos/docente
1.93
1.76
1.94
2.33

è �� artigos/docente em 5 anos (média no quadriênio).
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Physics Reports 647 (2016) 1–46
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journal homepage: www.elsevier.com/locate/physrep

Green’s function approach for quantum graphs: An overview
Fabiano M. Andrade a,b,⇤, A.G.M. Schmidt c, E. Vicentini d, B.K. Chenge,
M.G.E. da Luz e

a Department of Computer Science and Department of Physics and Astronomy, University College London, WC1E 6BT London, United
Kingdom
b Departamento de Matemática e Estatística, Universidade Estadual de Ponta Grossa, 84030-900 Ponta Grossa, Paraná, Brazil
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a b s t r a c t

Here we review the many aspects and distinct phenomena associated to quantum
dynamics on general graph structures. For so, we discuss such class of systems under the
energy domain Green’s function (G) framework. This approach is particularly interesting
because G can be written as a sum over classical-like paths, where local quantum effects
are taken into account through the scattering matrix elements (basically, transmission
and reflection amplitudes) defined on each one of the graph vertices. Hence, the exact G
has the functional form of a generalized semiclassical formula, which through different
calculation techniques (addressed in detail here) always can be cast into a closed analytic
expression. It allows to solve exactly arbitrary large (although finite) graphs in a recursive
and fast way. Using the Green’s function method, we survey many properties of open
and closed quantum graphs as scattering solutions for the former and eigenspectrum and
eigenstates for the latter, also considering quasi-bound states. Concrete examples, like
cube, binary trees and Sierpi´ski-like topologies are presented. Along the work, possible
distinct applications using the Green’s functionmethods for quantum graphs are outlined.

© 2016 Elsevier B.V. All rights reserved.
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ARTICLE
Received 20 May 2015 | Accepted 21 Aug 2015 | Published 29 Sep 2015

Raman spectroscopy as probe of nanometre-scale
strain variations in graphene
C. Neumann1,2, S. Reichardt1, P. Venezuela3, M. Drögeler1, L. Banszerus1, M. Schmitz1, K. Watanabe4,

T. Taniguchi4, F. Mauri5, B. Beschoten1, S.V. Rotkin1,6 & C. Stampfer1,2

Confocal Raman spectroscopy has emerged as a major, versatile workhorse for the

non-invasive characterization of graphene. Although it is successfully used to determine

the number of layers, the quality of edges, and the effects of strain, doping and disorder,

the nature of the experimentally observed broadening of the most prominent Raman

2D line has remained unclear. Here we show that the observed 2D line width contains

valuable information on strain variations in graphene on length scales far below the laser spot

size, that is, on the nanometre-scale. This finding is highly relevant as it has been shown

recently that such nanometre-scaled strain variations limit the carrier mobility in high-quality

graphene devices. Consequently, the 2D line width is a good and easily accessible quantity

for classifying the crystalline quality, nanometre-scale flatness as well as local electronic

properties of graphene, all important for future scientific and industrial applications.

DOI: 10.1038/ncomms9429 OPEN

1 JARA-FIT and 2nd Institute of Physics, RWTH Aachen University, Aachen 52074, Germany. 2 Peter Grünberg Institute (PGI-9), Forschungszentrum Jülich,
Jülich 52425, Germany. 3 Instituto de Fsica, Universidade Federal Fluminense, Niterói, 24210-346 Rio de Janeiro, Brazil. 4 National Institute for Materials
Science,1-1 Namiki, Tsukuba 305-0044, Japan. 5 IMPMC, UMR CNRS 7590, Sorbonne Universités—UPMC Univ. Paris 06, MNHN, IRD, 4 Place Jussieu, Paris
75005, France. 6 Department of Physics and Center for Advanced Materials and Nanotechnology, Lehigh University, Bethlehem, Pennsylvania 18015, USA.
Correspondence and requests for materials should be addressed to C.S. (email: stampfer@physik.rwth-aachen.de).
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Signatures of the Giant Pairing Vibration
in the 14C and 15C atomic nuclei
F. Cappuzzello1,2, D. Carbone2, M. Cavallaro2, M. Bondı̀1,2, C. Agodi2, F. Azaiez3, A. Bonaccorso4, A. Cunsolo2,

L. Fortunato5,6, A. Foti1,7, S. Franchoo3, E. Khan3, R. Linares8, J. Lubian8, J.A. Scarpaci9 & A. Vitturi5,6

Giant resonances are collective excitation modes for many-body systems of fermions

governed by a mean field, such as the atomic nuclei. The microscopic origin of such modes is

the coherence among elementary particle-hole excitations, where a particle is promoted from

an occupied state below the Fermi level (hole) to an empty one above the Fermi level

(particle). The same coherence is also predicted for the particle–particle and the hole–hole

excitations, because of the basic quantum symmetry between particles and holes. In nuclear

physics, the giant modes have been widely reported for the particle–hole sector but, despite

several attempts, there is no precedent in the particle–particle and hole–hole ones,

thus making questionable the aforementioned symmetry assumption. Here we provide

experimental indications of the Giant Pairing Vibration, which is the leading particle–particle

giant mode. An immediate implication of it is the validation of the particle–hole symmetry.

DOI: 10.1038/ncomms7743 OPEN

1 Dipartimento di Fisica e Astronomia, Università di Catania, via S. Sofia 64, I-95125 Catania, Italy. 2 Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali
del Sud, I-95125 Catania, Italy. 3 Institut de Physique Nucléaire, Université Paris-Sud-11-CNRS/IN2P3, 91406 Orsay, France. 4 Istituto Nazionale di Fisica
Nucleare, Sezione di Pisa, I-56127 Pisa, Italy. 5 Dipartimento di Fisica e Astronomia, Università di Padova, I-35131 Padova, Italy. 6 Istituto Nazionale di Fisica
Nucleare, Sezione di Padova, I-35131 Padova, Italy. 7 Istituto Nazionale di Fisica Nucleare, Sezione di Catania, Via S. Sofia 64, I-95125 Catania, Italy.
8 Instituto de Fı́sica da Universidade Federal Fluminense, 24210-346 Rio de Janeiro, Niterói, RJ, Brazil. 9 Centre de Sciences Nucléaires et de Sciences de la
Matières - CSNSM, Université Paris-Sud-11-CNRS/IN2P3, 91405 Orsay, France. Correspondence and requests for materials should be addressed to F.C.
(email: cappuzzello@lns.infn.it) or to D.C. (email: carboned@lns.infn.it).
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Experimental validation of photonic
boson sampling
Nicolò Spagnolo1, Chiara Vitelli1,2, Marco Bentivegna1, Daniel J. Brod3, Andrea Crespi4,5,
Fulvio Flamini1, Sandro Giacomini1, Giorgio Milani1, Roberta Ramponi4,5, Paolo Mataloni1,
Roberto Osellame4,5 *, Ernesto F. Galvão3* and Fabio Sciarrino1*

A boson sampling device is a specialized quantum computer
that solves a problem that is strongly believed to be computa-
tionally hard for classical computers1. Recently, a number of
small-scale implementations have been reported2–5, all based
on multiphoton interference in multimode interferometers.
Akin to several quantum simulation and computation tasks,
an open problem in the hard-to-simulate regime is to what
extent the correctness of the boson sampling outcomes can
be certified6,7. Here, we report new boson sampling exper-
iments on larger photonic chips and analyse the data using a
recently proposed scalable statistical test8. We show that the
test successfully validates small experimental data samples
against the hypothesis that they are uniformly distributed. In
addition, we show how to discriminate data arising from
either indistinguishable or distinguishable photons. Our
results pave the way towards larger boson sampling exper-
iments whose functioning, despite being non-trivial to simu-
late, can be certified against alternative hypotheses.

Large-scale quantum computers hold the promise of efficiently
solving problems that are believed to be intractable for classical
computers, such as integer factoring9. We are, however, far from
being able to experimentally demonstrate a large-scale, universal
quantum computer10. This has motivated the recent study of
different classes of restricted quantum computers11,12, which
may provide a more feasible way of experimentally establishing
what has been called quantum computational supremacy13 over
classical computers.

One example of such restricted quantum computers comprises
multimode interferometers designed to solve the boson sampling
problem1, as recently demonstrated in small-scale photonic experi-
ments2–5. The boson sampling problem consists of simulating the
following quantum experiment (Fig. 1a,b): input n bosons in differ-
ent modes of an m-mode linear interferometer (m . n) and
measure the distribution of bosons at the interferometer’s output
modes. If performed with indistinguishable bosons, this experiment
results in an output distribution that is hard to sample, even
approximately, on classical computers1 (under very mild compu-
tational complexity assumptions). In fact, the calculation of the
probability associated with each observed boson sampler (BS)
event requires the estimation of a permanent, a notoriously
intractable matrix function1. The input for the classical simulation
consists of the m × m unitary matrix U describing the inter-
ferometer and the list of n input modes used. It is desirable to
choose U randomly, both to avoid regularities that could simplify

the classical simulation and because the main hardness-of-
simulation argument of ref. 1 holds only for uniformly sampled
unitaries. These recent theoretical and experimental results
motivated further investigations on error tolerances14,15, as well as
additional analyses of optical implementations16,17. Other
approaches have been proposed to implement boson sampling,
among them the use of trapped ions18.

The significant development of quantum technologies in the last
few years has led to the implementation of platforms where non-
trivial quantum tasks can be addressed, ranging from quantum
simulation to quantum computing6. An open problem is to what
extent the correctness of the outcomes can be certified. In this
framework, boson sampling represents a relevant benchmark for
testing different procedures to validate the obtained calculation/
simulation. Indeed, the number of possible experimental outputs
is given by the binomial coefficient m

n

( )
, which increases exponen-

tially with n (in the hypothesis that m ≫ n). Consequently, it
seems hard to validate the obtained outcome distributions with an
experimental data set of polynomial size (in n). Recently, a first
insight into this issue was obtained by Gogolin and colleagues,
who showed that so-called symmetric algorithms fail to distinguish
the distribution of experimental data even from the trivial, uniform
one7. This analysis positively stimulated research on the complexity
of linear optics and put in question the notion that larger boson
sampling experiments could be shown to decisively outperform
classical computers.

Recently, the argument developed in ref. 7 has been refuted by
Aaronson and Arkhipov8, who argued that it was unreasonable to
restrict the statistical analysis to symmetric algorithms only.
Moreover, Aaronson and Arkhipov proposed to discriminate
data against the uniform distribution by taking advantage of the
input information of the boson sampling problem (unitary U
and the list of input modes). They proposed a scalable validation
test that, for large enough n and uniformly drawn unitaries, suc-
ceeds with high probability using only a constant number
of samples.

Here, we report photonic boson sampling experiments per-
formed with three photons in randomly designed integrated chips
with 5, 7, 9 and 13 modes, corresponding to 10, 35, 84 and
286 different no-collision outputs, that is, outputs with at most
one photon per mode. We analyse the experimental data
using the Aaronson–Arkhipov validation test8, showing that the
test works in practice, even in the presence of experimental
imperfections. We also show how we can successfully discriminate

1Dipartimento di Fisica, Sapienza Università di Roma, Piazzale Aldo Moro 5, I-00185 Roma, Italy, 2Center of Life NanoScience @ La Sapienza, Istituto
Italiano di Tecnologia, Viale Regina Elena, 255, I-00185 Roma, Italy, 3Instituto de Fı́sica, Universidade Federal Fluminense, Av. Gal. Milton Tavares de Souza
s/n, Niterói, RJ, 24210-340, Brazil, 4Istituto di Fotonica e Nanotecnologie, Consiglio Nazionale delle Ricerche (IFN-CNR), Piazza Leonardo da Vinci, 32,
I-20133 Milano, Italy, 5Dipartimento di Fisica, Politecnico di Milano, Piazza Leonardo da Vinci, 32, I-20133 Milano, Italy. *e-mail: roberto.osellame@polimi.it;
ernesto@if.uff.br; fabio.sciarrino@uniroma1.it
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Integrated multimode interferometers with
arbitrary designs for photonic boson sampling
Andrea Crespi1,2, Roberto Osellame1,2*, Roberta Ramponi1,2, Daniel J. Brod3, Ernesto F. Galvão3*,
Nicolò Spagnolo4, Chiara Vitelli4,5, Enrico Maiorino4, Paolo Mataloni4 and Fabio Sciarrino4*

The evolution of bosons undergoing arbitrary linear unitary
transformations quickly becomes hard to predict using classical
computers as we increase the number of particles and modes.
Photons propagating in a multiport interferometer naturally
solve this so-called boson sampling problem1, thereby motivat-
ing the development of technologies that enable precise control
of multiphoton interference in large interferometers2–4. Here,
we use novel three-dimensional manufacturing techniques to
achieve simultaneous control of all the parameters describing
an arbitrary interferometer. We implement a small instance of
the boson sampling problem by studying three-photon interfer-
ence in a five-mode integrated interferometer, confirming the
quantum-mechanical predictions. Scaled-up versions of this
set-up are a promising way to demonstrate the computational
advantage of quantum systems over classical computers. The
possibility of implementing arbitrary linear-optical interfero-
meters may also find applications in high-precision measure-
ments and quantum communication5.

Large-scale quantum computers hold the promise of solving
otherwise intractable computational problems such as factoring6.
Despite the experimental efforts made to date, this prospect is still
far from feasible in all proposed physical implementations7. It is
thus very important to establish intermediate experimental mile-
stones for the field. One such example is provided by the recent
study by Aaronson and Arkhipov1 on the computational complexity
of simulating the output distribution of bosons propagating in linear-
optical interferometers, a task that has become known as boson
sampling. It is well known that a linear-optical quantum computer,
composed only of passive optical elements (such as beamsplitters
and phase shifters), becomes universal for quantum computation if
adaptive measurements are possible8,9. It was shown in ref. 1 that
such a device, even without adaptive measurements, produces an
output that is hard to simulate classically, given reasonable compu-
tational complexity assumptions. More precisely, ref. 1 shows that a
linear-optical quantum process comprising (i) the input of photons
in a Fock state, (ii) unitary evolution implemented only via beamsplit-
ters and phase shifters, and (iii) simultaneous photon-counting
measurement of all modes generates a probability distribution of out-
comes that cannot be sampled efficiently (even approximately) using
a classical computer. This suggests a feasible experiment to demon-
strate the computational capabilities of quantum systems, consisting
essentially of observing the multiphoton interference of Fock states
in a sufficiently large multimode linear-optical interferometer.

At the core of this hardness-of-simulation result is the fact that
the probability associated with each experimental outcome is

proportional to the permanent of a matrix associated with the
interferometer (see Methods for details), and the permanent is a
function that is notoriously hard to compute10. In ref. 1 it was
estimated that a system of approximately 20 photons in m ≈ 400
modes would already pose severe difficulties for its classical simu-
lation. At present, the most promising technology for achieving
this regime involves inputting Fock states into multimode integrated
photonic chips2–4,11–13.

In this Letter we report on the experimental implementation of
a small instance of the Aaronson–Arkhipov proposal, using up to
three photons interfering in a randomly chosen, five-mode inte-
grated photonic chip. We have made two important choices that
provably make the quantum experiment harder to simulate classi-
cally1: we avoid any structure by choosing a random interferometer,
and the interferometer has more modes than the number of input
photons. Implementing this arbitrary interferometer also serves
as a stringent test of our novel manufacturing techniques. This
allowed us to verify that non-interacting bosons evolve according
to the permanent of matrices of size up to 3 × 3.

Any m-mode linear interferometer can be decomposed into
basic linear-optical elements (phase shifters and beamsplitters)
using the decomposition given in ref. 14. The general layout
of this decomposition is depicted in Fig. 1a for the case where
m¼ 5. It consists of a network of beamsplitters with different
transmissivities ti (where Ti¼ ti

2 is the transmission probability of
the photon), interspersed by phase shifters restricted, without loss
of generality, to the [0,p] range, as discussed in Supplementary
Section SI. Unfortunately, large interferometers built with these
discrete elements tend to suffer from mechanical instabilities.
A more promising approach involves integrating these linear-
optical elements using optical waveguides in a glass chip15,16.
In this work, waveguides were fabricated using the femtosecond
laser micromachining technique17,18, which exploits nonlinear
absorption of focused femtosecond pulses to induce a permanent
and localized refractive index increase in transparent materials.
Arbitrary three-dimensional circuits can be directly written by
translating the sample along the desired path, keeping the
velocity constant with respect to the laser beam. This maskless
and single-step technique allows fast and cost-effective
prototyping of new devices, enabling the implementation of
three-dimensional layouts that are impossible to achieve with
conventional lithography4.

In the integrated optics approach (Fig. 1b) the role of beamsplit-
ters is performed by directional couplers, devices that bring two
waveguides close together to redistribute the light propagating in

1Istituto di Fotonica e Nanotecnologie, Consiglio Nazionale delle Ricerche (IFN-CNR), Piazza Leonardo da Vinci, 32, I-20133 Milano, Italy, 2Dipartimento di
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Experimental scattershot boson sampling
Marco Bentivegna,1 Nicolò Spagnolo,1 Chiara Vitelli,1,2 Fulvio Flamini,1 Niko Viggianiello,1

Ludovico Latmiral,1 Paolo Mataloni,1 Daniel J. Brod,3 Ernesto F. Galvão,4 Andrea Crespi,5,6

Roberta Ramponi,5,6 Roberto Osellame,5,6 Fabio Sciarrino1*

Boson sampling is a computational task strongly believed to be hard for classical computers, but efficiently solvable
by orchestrated bosonic interference in a specialized quantum computer. Current experimental schemes, however,
are still insufficient for a convincing demonstration of the advantage of quantum over classical computation. A new
variation of this task, scattershot boson sampling, leads to an exponential increase in speed of the quantum device,
using a larger number of photon sources based on parametric down-conversion. This is achieved by having
multiple heralded single photons being sent, shot by shot, into different random input ports of the interferometer.
We report the first scattershot boson sampling experiments, where six different photon-pair sources are coupled to
integrated photonic circuits. We use recently proposed statistical tools to analyze our experimental data, providing
strong evidence that our photonic quantum simulator works as expected. This approach represents an important
leap toward a convincing experimental demonstration of the quantum computational supremacy.

INTRODUCTION
Theory has shown that quantum computers should be able to
markedly outperform conventional, classical computers in specific
tasks (1). In practice, however, no quantum computer has yet solved
a problem instance which is hard to solve classically. With the goal of
rigorously establishing what was called quantum supremacy, in 2010
Aaronson and Arkhipov provided strong theoretical evidence that a
simpler, specialized quantum computer could solve a classically hard
computational task (2). The so-called boson sampling problem con-
sists of sampling from the output distribution of n indistinguishable
photons entering different input modes of a given m-mode random in-
terferometer (see Fig. 1A). The complex multiphoton interference within
the device was shown, under mild computational assumptions, to yield
an output distribution that is hard to sample using classical computers.
The difficulty has been traced back to the known intractability of calcu-
lating the permanent function of a matrix (3). Indeed, each output’s
probability amplitude is given by the permanent of a different n × n
matrix obtained from them×m unitarymatrixU describing the inter-
ferometer (2, 4, 5).

Because a photonic boson sampling computer does not use adapt-
ive measurements, it falls short of the requirements (6, 7) for a uni-
versal quantum computer capable, for example, of factoring integers
efficiently (8). On the other hand, its comparatively simple design has
prompted a number of small-scale implementations using the interfer-
ence of three photons injected over different modes in integrated in-
terferometers with up to 13 modes (9–15). First estimates have shown
that 30 photons evolving in an interferometer with about 100 modes
would already be extremely demanding to simulate classically, provid-
ing strong experimental evidence for the quantum computational su-
premacy. Moreover, boson sampling is an experimental platform

suitable for addressing important intermediate challenges for the field
of quantum computation, such as benchmarking and certification of
medium-scale devices (14–17). There have been recent theoretical
investigations on allowable error tolerances (18, 19), as well as a recent
proposal for an implementation using phonons in ion traps (20, 21).
The technologies enabling a boson sampling computer are useful also
for other photonic applications such as quantum cryptography (22)
and universal photonic quantum computation (7, 23).

One of the main difficulties in scaling up the complexity of boson
sampling devices is the requirement of a reliable source of many in-
distinguishable photons. Despite recent advances in photon generation
(24) using atoms (25), molecules (26, 27), color centers in diamond (28),
and quantum dots (29, 30), currently, the most widely used method
remains parametric down-conversion (PDC) (31, 32). This approach
requires pumping a nonlinear crystal with an intense laser to generate
pairs of identical photons. The main advantages of PDC sources are
the high photon indistinguishability, collection efficiency, and rela-
tively simple experimental setups. This technique, however, suffers
from two drawbacks. First, because the nonlinear process is nondetermi-
nistic, so is the photon generation, even though it can be heralded. Sec-
ond, the laser pump power, and hence the source’s brilliance, has to be
kept low to prevent unwanted higher-order terms in the photon gen-
eration process. These two characteristics have, so far, restricted PDC
implementations of boson sampling experiments to proof-of-principle
demonstrations with three photons only in the original spirit of boson
sampling (one photon per mode, injected over different modes).

Recently, a new scheme has been proposed to make the best use of
PDC sources for photonic boson sampling, greatly enhancing the rate
of n-photon events (33, 34). This approach has been named scatter-
shot boson sampling in Aaronson’s blog (34) and involves connecting
k (k > n) PDC heralded single-photon sources to different input ports
of the interferometer (see Fig. 1B). Suppose each PDC source yields a
single photon with probability & per pulse. By pumping all k PDC crys-
tals with simultaneous laser pulses, n photons will be simultaneously
generated in a random (but heralded) set of input ports with probabil-
ity

! k
n
"
&n, which, for k≫ n, represents an exponential improvement

in generation rate with respect to usual, fixed-input boson sampling
with n sources. The scattershot boson sampling problem, naturally
solvable by this setup, is to sample from the output distribution of a
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Confinement of quarks and valence gluons in SU(N)

Yang-Mills-Higgs models
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Abstract: In this work, we analyze a class of Yang-Mills models containing adjoint Higgs

fields, with SU(N) symmetry spontaneously broken down to Z(N), showing they contain

center vortices, Y-junctions formed by them, and junctions where di↵erent center vor-

tices are smoothly interpolated by monopole-like configurations. In the context of dual

superconductors, these objects represent di↵erent states of the gluon field. Center vortices

confine quarks to form normal hadron states. The interpolating monopole, which in our

model cannot exist as an isolated configuration, is identified with a confined valence gluon.

A junction containing a monopole can bind quarks in a color nonsinglet state to form an

overall neutral object, identified with a hybrid hadron. These states, formed by quarks

bound to a valence gluon, are allowed by QCD, and current experimental collaborations

are aimed at identifying them. Finally, considering the general version of the model, based

on a compact simple gauge group G, the picture is completed with a heuristic discussion

about why it would be natural using as G the dual of the chromoelectric gauge group Ge,

and external pointlike monopoles to represent the mesonic and baryonic Wilson loops.

Keywords: Confinement, Duality in Gauge Field Theories, Solitons Monopoles and In-

stantons
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Observation of Environment-Induced Double Sudden Transitions
in Geometric Quantum Correlations
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Correlations in quantum systems exhibit a rich phenomenology under the effect of various sources of

noise. We investigate theoretically and experimentally the dynamics of quantum correlations and their

classical counterparts in two nuclear magnetic resonance setups, as measured by geometric quantifiers

based on trace norm. We consider two-qubit systems prepared in Bell diagonal states, and perform the

experiments in real decohering environments resulting from Markovian local noise which preserves the

Bell diagonal form of the states. We then report the first observation of environment-induced double

sudden transitions in the geometric quantum correlations, a genuinely nonclassical effect not observable in

classical correlations. The evolution of classical correlations in our physical implementation reveals in

turn the finite-time relaxation to a pointer basis under nondissipative decoherence, which we characterize

geometrically in full analogy with predictions based on entropic measures.

DOI: 10.1103/PhysRevLett.111.250401 PACS numbers: 03.65.Ta, 03.65.Ud, 03.65.Wj, 03.67.Mn

Introduction.—Quantum technology embraces some of
the most exciting modern developments in physics, mathe-
matics, engineering, and computer science. These were
spurred by the discovery that distinctive quantum features,
such as superposition and entanglement, can be exploited as
practical resources for novel or enhanced sensing, commu-
nication, and computation [1]. Mass adoption of quantum
technologies, however, demands a deeper understanding of
the ultimate ingredients which enable improvements over
classical scenarios and the ability to sustain those properties
against the typically detrimental effects of decoherence.
Beyond entanglement, subtler forms of nonclassical corre-
lations such as the quantum discord [2,3] have emerged as
key quantum signatures [4– 6] with operational roles,
e.g., in quantum metrology [7– 9], entanglement activation
[10– 12], information encoding, and distribution [13,14].
Studying the behavior of quantum correlations under physi-
cal sources of noise is then pivotal to their exploitation for
real-world implementation of these and related protocols.

In the presence of decohering environments, quantum
discord does not exhibit the phenomenon of sudden death
[15– 17], and is typically more robust against noise than
entanglement [18] (see also Refs. [19,20]). When eval-
uated on simple Bell diagonal states of two qubits, the
traditional entropic measure of quantum discord [2] dis-
plays peculiar properties in its decay rate, such as freezing
[21] and sudden changes, i.e., abrupt transitions at specific
evolution times [22] (see Ref. [23] for a critical study on
more general states). Moreover, the entropic classical cor-
relation [3] complementary to the quantum discord has

recently been employed to characterize the emergence of
the pointer basis of an apparatus subject to decoherence
[24]. This characterization shows that the time !E for the
emergence of the pointer basis is conceptually distinct
from the decoherence half-life !D (decoherence time).
Experimental investigations of both the freezing and the
sudden change phenomena have been realized through
different physical setups [25– 27], while the emergence of
a pointer basis has only recently been observed in an
experiment with polarization entangled photon pairs [24].
Alternatively to an entropic approach, quantum correla-

tions in a bipartite quantum state " can also be measured—
and typically more simply evaluated—via a geometric
scenario, in terms of the distance between " and the closest
state with zero discord, where states with zero discord are
described by density operators which are left undisturbed by
a nonselective measurement over one subsystem. In this
context, the trace-norm (Schatten 1-norm) geometric quan-
tum discord (GQD-1) plays a special role [28– 33], as it
defines a rigorous and physically motivated measure which
does not increase under local trace-preserving quantum
channels for the unmeasured part (as a consequence of the
contractivity of the trace norm [28,34,35]). The GQD-1 thus
does not suffer from an inherent problem which affects
instead the Hilbert-Schmidt (Schatten 2-norm) geometric
quantum discord originally introduced in [36], as well as any
Schattenp-normmeasure of discord for p ! 1. The GQD-1
furthermore inherits the robustness of the entropic quantum
discord against noise, because it is also capable of exhibiting
freezing [37] and sudden change behaviors [38]. Moreover,
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5Istituto di Fotonica e Nanotecnologie, Consiglio Nazionale delle Ricerche (IFN-CNR),
Piazza Leonardo da Vinci, 32, I-20133 Milano, Italy

6Dipartimento di Fisica, Politecnico di Milano, Piazza Leonardo da Vinci, 32, I-20133 Milano, Italy
(Received 6 June 2013; revised manuscript received 13 August 2013; published 24 September 2013)

We perform a comprehensive set of experiments that characterize bosonic bunching of up to three

photons in interferometers of up to 16 modes. Our experiments verify two rules that govern bosonic

bunching. The first rule, obtained recently, predicts the average behavior of the bunching probability and is

known as the bosonic birthday paradox. The second rule is new and establishes a n!-factor quantum
enhancement for the probability that all n bosons bunch in a single output mode, with respect to the case

of distinguishable bosons. In addition to its fundamental importance in phenomena such as Bose-Einstein

condensation, bosonic bunching can be exploited in applications such as linear optical quantum computing

and quantum-enhanced metrology.

DOI: 10.1103/PhysRevLett.111.130503 PACS numbers: 03.65.Ta, 05.30.Jp, 42.50.Xa

Bosons and fermions exhibit distinctly different statistical
behaviors. For fermions, the required wave-function anti-
symmetrization results in the Pauli exclusion principle,
exchange forces, and, ultimately, in all the main features
of electronic transport in solids. Bosons, on the other hand,
tend to occupy the same state more often than classical
particles do. This bosonic bunching behavior is responsible
for fundamental phenomena such as Bose-Einstein con-
densation, which has been observed in a large variety of
bosonic systems [1– 3]. In quantum optics, a well-known
bosonic bunching effect is the Hong-Ou-Mandel two-
photon coalescence [4] observed in balanced beam splitters
as well as in multimode linear optical interferometers
[5– 12] and which can be generalized to a larger number
of particles [13– 15]. In such a process, two indistinguish-
able photons impinging on the input ports of a balanced
beam splitter will exit from the same output port, while
distinguishable photons have a nonzero probability of
exiting from different ports. In addition to its importance
for tests on the foundations of quantum mechanics [16],
bosonic bunching is useful in applications such as
quantum-enhanced metrology [17] and photonic quantum
computation [18].

In this Letter, we report on the experimental verification
of two general rules that govern the bosonic bunching
behavior. One of them, the bosonic full-bunching rule, is
theoretically proposed and proven in this Letter. The ex-
perimental verification of these rules is achieved with a
comprehensive set of experiments that characterize the
bosonic bunching of photons as they exit a number of
multimode interferometers. Our experiments involve

inputting n photons (both distinguishable and indistin-
guishable) in different input ports of a m-mode linear
interferometer (described by an m!m unitary U) and
measuring the probability of each possible output
distribution.
Let us now state the two bosonic bunching rules that we

experimentally verify in this work.
Theorem 1: Average bosonic bunching probability

[19,20].—For an ensemble of uniformly drawn m-mode
random interferometers, the average probability that two or
more bosons (out of the n input bosons) will exit in the
same output port is given by

pbðn;mÞ ¼ 1 %
Yn%1

a¼0

1 % a=m

1 þ a=m
: (1)

By uniformly drawn, we mean unitaries picked ran-
domly according to the unique Haar uniform distribution
[21] over m!m unitaries U; the average bunching proba-
bility pertains to the output obtained by any chosen input
state evolving in this ensemble of interferometers. This
rule was obtained recently in a study of a generalization
of the classical birthday paradox problem to the case of
bosons [19,20].
Theorem 2: Full-bunching bosonic probability ratio.—

Let gk denote the occupation number of input mode k. Let
us denote the probabilities that all n bosons leave the
interferometer in mode j by qcðjÞ (distinguishable bosons)
and qqðjÞ (indistinguishable bosons). Then, the ratio of
full-bunching probabilities rfb¼qqðjÞ=qcðjÞ¼n!=

Q
kgk!,

independently of U, m, and j.
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Moving Forward to Constrain the Shear Viscosity of QCD Matter
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We demonstrate that measurements of rapidity differential anisotropic flow in heavy-ion collisions can
constrain the temperature dependence of the shear viscosity to entropy density ratio η=s of QCD matter.
Comparing results fromhydrodynamic calculationswith experimental data from theRHIC,we find evidence
for a small η=s ≈ 0.04 in the QCD crossover region and a strong temperature dependence in the hadronic
phase. A temperature independent η=s is disfavored by the data. We further show that measurements of the
event-by-event flow as a function of rapidity can be used to independently constrain the initial state
fluctuations in three dimensions and the temperature dependent transport properties of QCD matter.

DOI: 10.1103/PhysRevLett.116.212301

Introduction.—The matter produced in ultrarelativistic
heavy-ion collisions at the Relativistic Heavy Ion Collider
(RHIC) and the Large Hadron Collider (LHC) has been
shown to behave like an almost perfect fluid. It is well
described by viscous relativistic hydrodynamics with one
of the smallest shear viscosity to entropy density ratios,
η=s, ever observed (see Refs. [1–3] for recent reviews). To
date, most hydrodynamic simulations of heavy-ion colli-
sions have assumed a temperature independent η=s which
is then extracted from the measurements. However, it is
well known that the η=s of quantum chromodynamic
(QCD) matter cannot be constant [4,5]: it is expected to
display a strong temperature dependence and have a
minimum around the phase transition or crossover region
—a behavior shared by many fluids in nature [6].
Understanding and quantifying this temperature depend-
ence around the transition from hadronic matter to the
quark-gluon plasma (QGP) is of fundamental importance,
as it will reveal the true transport properties of QCD matter
in the strong coupling regime.
Recent progress in the experimental precision and the

study of new observables [7–9] has opened up the path
towards a quantitative determination of the transport proper-
ties of fundamental QCD matter, particularly the extraction
of the temperature dependence of the shear viscosity [9] and
even the bulk viscosity [10,11]. At this point, most of the
theoretical effort in this direction used simplified dynamical
descriptions of the collision that simulate the evolution of
the produced QCD matter only in the midrapidity region
and neglect the dynamics and fluctuations in the longi-
tudinal direction (along the beam line).
With the advent of (3þ 1)-dimensional event-by-event

relativistic viscous fluid dynamic simulations [12–15], this
limitation is removed and we have theoretical access to the
entire spacetime evolution of themediumproduced in heavy-
ion collisions. This can be of particular importance to the
extraction of transport coefficients since temperature (and
baryon chemical potential) profiles of the medium vary in

the longitudinal direction, such that particles produced with
different momentum rapidities provide access to a range of
varying medium properties, even at a fixed collision energy.
In this Letter we propose to make use of this fact to

extract the temperature dependence of η=s from the rapidity
dependence of experimental observables. We employ a
hydrodynamic simulation with an initial state that describes
fluctuations of both net-baryon and entropy density in all
three spatial dimensions. We show that the rapidity
dependence of the flow harmonic coefficients v2 and v3,
which measure the azimuthal momentum anisotropy of the
particles produced in the collision, is sensitive to the
temperature dependence of η=s. We find that agreement
with experimental data requires a strong temperature
dependence of η=s at lower temperatures and a minimum
value in the transition region that is considerably smaller
than previous predictions made that assume a constant η=s.
We also constrain the rate at which this transport coefficient
can grow as the temperature becomes larger.
Previous calculations have generally not been able

to describe the pseudorapidity dependence of v2
[13,14,16,17]. The discrepancy was first attributed to
deviations from equilibrium away from midrapidity in
Refs. [16,18]. Indeed, our results indicate that the transport
parameters and their temperature dependence are essential
to achieving agreement with the data. We note, however,
that the shape of the initial rapidity profile of the energy
density, which is affected by longitudinal fluctuations
[19–21], is also important. For example, while first results
on the effect of temperature dependent transport parameters
on the rapidity dependence of v2 were presented in Ref. [14],
both the lack of fluctuations and the choice of temperature
dependent transport parameters likely contribute to the
disagreement between calculations of the centrality and
rapidity dependence of v2 and the experimental data.
We further propose the measurement of the event-by-

event distributions of the vn as functions of rapidity to
constrain the three-dimensional fluctuating initial state.

PRL 116, 212301 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
27 MAY 2016

0031-9007=16=116(21)=212301(6) 212301-1 © 2016 American Physical Society



DESTAQUES DE PRODUÇÃO

1Scientific RepoRts | 5:15775 | DOi: 10.1038/srep15775

www.nature.com/scientificreports

Superadiabatic Controlled 
Evolutions and Universal Quantum 
Computation
Alan C. Santos1 & Marcelo S. Sarandy1,2

Adiabatic state engineering is a powerful technique in quantum information and quantum control. 
However, its performance is limited by the adiabatic theorem of quantum mechanics. In this 
scenario, shortcuts to adiabaticity, such as provided by the superadiabatic theory, constitute a 
valuable tool to speed up the adiabatic quantum behavior. Here, we propose a superadiabatic route 
to implement universal quantum computation. Our method is based on the realization of piecewise 
controlled superadiabatic evolutions. Remarkably, they can be obtained by simple time-independent 
counter-diabatic Hamiltonians. In particular, we discuss the implementation of fast rotation gates 
and arbitrary n-qubit controlled gates, which can be used to design different sets of universal 
quantum gates. Concerning the energy cost of the superadiabatic implementation, we show that it 
is dictated by the quantum speed limit, providing an upper bound for the corresponding adiabatic 
counterparts.

Quantum adiabatic processes are a powerful strategy to implement quantum state engineering, which 
aims at manipulating a quantum system to attain a target state at a designed time T. In the adiabatic 
scenario, the quantum system evolves under a sufficiently slowly-varying Hamiltonian, which prevents 
changes in the populations of the energy eigenlevels. In particular, if the system is prepared in an eigen-
state ( )n 0  of the Hamiltonian H at a time t =  0, it will evolve to the corresponding instantaneous eigen-
state ( )n t  at later times. This transitionless evolution is ensured by the adiabatic theorem, which is one 
of the oldest and most explored tools in quantum mechanics1–3. The huge amount of applications of the 
adiabatic behavior has motivated renewed interest in the adiabatic theorem, which has implied in its 
rigorous formulation4–10 as well as in new bounds for adiabaticity11–13. In quantum information process-
ing, the adiabatic theorem is the basis for the methodology of adiabatic quantum computation (AQC)14, 
which has been originally proposed as an approach for the solution of hard combinatorial search prob-
lems. More generally, AQC has been proved to be universal for quantum computing, being equivalent to 
the standard circuit model of quantum computation up to polynomial resource-overhead15. Moreover, it 
is a physically appealing approach, with a number of experimental implementations in distinct architec-
tures, e.g., nuclear magnetic resonance16–18, ion traps19, and superconducting flux quantum bits (qubits) 
through the D-Wave quantum annealer20–22.

Recently, the circuit model has been directly connected with AQC via hybrid approaches23,24. Then, 
an adiabatic circuit can be designed based on the adiabatic realization of quantum gates, which allows 
for the translation of the quantum circuit to the AQC framework with no further resources required. In 
particular, it is possible to implement universal sets of quantum gates through controlled adiabatic evolu-
tions (CAE)24. In turn, CAE are used to perform one-qubit and two-qubit gates, allowing for universality 
through the set of one-qubit rotations joint with an entangling two-qubit gate25,26. However, since these 
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The use of the terrestrial snails 
of the genera Megalobulimus and 
Thaumastus as representatives of 
the atmospheric carbon reservoir
Kita D. Macario1, Eduardo Q. Alves2, Carla Carvalho3, Fabiana M. Oliveira1, 
Christopher Bronk Ramsey2, David Chivall2, Rosa Souza4, Luiz Ricardo L. Simone5 & 
Daniel C. Cavallari5

In Brazilian archaeological shellmounds, many species of land snails are found abundantly distributed 
throughout the occupational layers, forming a contextualized set of samples within the sites and 
offering a potential alternative to the use of charcoal for radiocarbon dating analyses. In order to 
confirm the effectiveness of this alternative, one needs to prove that the mollusk shells reflect 
the atmospheric carbon isotopic concentration in the same way charcoal does. In this study, 18 
terrestrial mollusk shells with known collection dates from 1948 to 2004 AD, around the nuclear 
bombs period, were radiocarbon dated. The obtained dates fit the SH1-2 bomb curve within less than 
15 years range, showing that certain species from the Thaumastus and Megalobulimus genera are 
reliable representatives of the atmospheric carbon isotopic ratio and can, therefore, be used to date 
archaeological sites in South America.

Archaeological shellmounds are the testimony of the hunter-fisher-gatherer populations who first occupied the 
Brazilian coast. They are dated mostly from 5 to 2 ka BP and can be found along a considerable extension of the 
Brazilian coastline1. The archaeological remains usually recovered in such sites are charcoal fragments (scattered 
or associated with hearths), human bones, lithic tools (e.g. scrapers, mortar and pestles), stone arrow points and a 
great amount of food remains such as animal bones, mollusk shells (both marine and terrestrial) and fish otoliths. 
More than simple remnants, the shells constitute the base of the mounds, which can reach up to 30 m in height. 
Despite being the most abundant and well preserved material found in this type of site, for chronological studies 
marine shells are often avoided due to the lack of knowledge about local marine reservoir effects2. Therefore, 
charcoal has become the most commonly dated material by archaeologists3,4.

Charcoal dating has to be performed with care due to the possibility of the old wood effect, that is the use of 
long-lived trees in fires, which would reflect the age of the wood instead of the time of the burning5. However, the 
anthracological analysis of the samples can prevent the use of such species or otherwise allow recognizing char-
coal from barks or twigs, which would be contemporary of the death of the tree6. Moreover, depending on the way 
charcoal samples are found over the settlement, different information can be achieved7. Concentrated charcoal, 
usually associated with hearths, is more visible in the excavations, but there is also a great amount of scattered 
charcoal present in the sediment8–11. The latter is more difficult to be contextualized within the site due to possible 
events of bioturbation and weathering processes that would disturb its archaeostratigraphy.

In this context, the use of terrestrial mollusk shells as representatives of the atmospheric carbon isotopic ratio 
presents itself as a possibility of dating more and better distributed and contextualized samples over the settle-
ment. However, as with charcoal, care should be taken in choosing the appropriate species for sampling. Some 
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Magnetostatic Interactions in Self-Assembled
CoxNi1−xFe2O4/BiFeO3 Multiferroic
Nanocomposites
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States

*S Supporting Information

ABSTRACT: Self-assembled vertically aligned oxide nano-
composites consisting of magnetic pillars embedded in a
ferroelectric matrix have been proposed for logic devices
made from arrays of magnetostatically interacting pillars.
To control the ratio between the nearest neighbor
interaction field and the switching field of the pillars, the
pillar composition CoxNi1−xFe2O4 was varied over the range
0 ≤ x ≤ 1, which alters the magnetoelastic and magneto-
crystalline anisotropy and the saturation magnetization. Nanocomposites were templated into square arrays of pillars in
which the formation of a “checkerboard” ground state after ac-demagnetization indicated dominant magnetostatic
interactions. The effect of switching field distribution in disrupting the antiparallel nearest neighbor configuration was
analyzed using an Ising model and compared with experimental results.
KEYWORDS: magnetostatic interactions, vertical oxide nanocomposites, templating, self-assembled growth, switching field distribution

Self-assembled vertically aligned oxide nanostructured
films consisting of magnetic pillars epitaxially embedded
in a ferroelectric matrix have been widely studied as two-

phase room-temperature magnetoelectric multiferroics.1,2 Elec-
tric-field-assisted switching of “nanomagnet” pillars has been
demonstrated using local probe microscopy3 utilizing the
indirect magnetoelectric effect mediated via strain at the vertical
interface between the two phases.4 The development of
templating techniques,5−8 which yield control over the
locations of the pillars at pitches of 44−100,5,8 100−200,7
and 200−300 nm,6 could enable applications such as low-
power, high-density memory storage devices as well as logic
devices based on magnetic quantum cellular automata
(MQCA),9 including the device proposed in ref 10. MQCA
devices rely on magnetostatic interactions between the
magnetic pillars, and it is therefore imperative to control the
switching field of the pillars and the geometry of the array such
that magnetostatic interactions can cause reversal. Furthermore,
magnetostatically interacting vertical nanocomposite films
could provide model electrically switchable systems for studies
of frustration in artificial spin ice structures11 and other
fundamental physical phenomena, for example by templating
the nanomagnets on a hexagonal or Kagome lattice. This could
facilitate study of interactions in a many-body spin system as
well as exploration of magnetic monopoles or entropic effects.12

There has been extensive study of arrays of magnetostatically
interacting nanomagnets with an out-of-plane anisotropy
axis,13−16 directed toward applications in high density patterned

recording media. However, the effects of magnetostatic
interactions have not been systematically examined in oxide
nanocomposites comprising magnetic pillars, due to their larger
switching fields and the difficulty in fabricating regularly spaced
pillars. The most commonly studied nanocomposite system
consists of pillars of ferrimagnetic spinel cobalt ferrite
(CoFe2O4, CFO) in a ferroelectric perovskite, bismuth ferrite
(BiFeO3, BFO) matrix, grown on a (100) strontium titanate
(SrTiO3, STO) single-crystal substrate. The CFO pillars have
coercive fields of 1.3 to 8 kOe17−20 originating from the
combination of shape, magnetoelastic, and magnetocrystalline
anisotropies. The compressive strain in the out-of-plane
direction in the CFO due to epitaxial mismatch with BFO
(the bulk lattice parameters are cCFO, where cCFO/2 = 4.196 Å,21

and cBFO = 4.06 Å)22 at the vertical interfaces results in a large
magnetoelastic anisotropy in CFO, owing to its high negative
magnetostriction coefficient. This anisotropy, combined with
the shape anisotropy of the elongated pillars, leads to an out-of-
plane magnetic easy axis. The nearest neighbor interaction field,
based on pillar geometry, magnetization, and spacing, is
expected to be an order of magnitude lower than the measured
switching fields, and therefore magnetostatic interactions are
typically not strong enough to reverse the pillars in CFO−BFO
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Strain–displacement relations for strain
engineering in single-layer 2d materials
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Abstract
We investigate the electromechanical coupling in single-layer 2d materials. For non-Bravais
lattices, we find important corrections to the standard macroscopic strain-microscopic
atomic-displacement theory. We put forward a general and systematic approach to
calculate strain–displacement relations for several classes of 2d materials. We apply our
findings to graphene as a study case, by combining a tight binding and a valence force-field
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Editorial & news
2016 Reviewer Award winners announced 

As part of our commitment to recognise and reward peer review, IOP Publishing is

delighted to announce our Outstanding Reviewer Awards winners for 2016. The best

reviewers from each journal have been carefully selected by our Editors based on quality,

quantity and timeliness of their reviews.

Peer Review forms the backbone of scholarly communication, providing essential rigour

and validation for published papers. IOP Publishing wishes to thank everyone that provides

this valuable service, and especially recognise those who contribute exceptional reviews.

Congratulations to all the winners!
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CORPO DISCENTE E ORIENTAÇÕES - 2016

• Corpo discente em 31/12/2016:

• Distribuição de gêneros:

5 mestrandas (22% do total de mestrandos) e 11 doutorandas (24% do total de doutorandos).

Número de Alunos

Mestrado 23

Doutorado 46

Total 69

• Distribuição de nacionalidades:
País Mestrado Doutorad

o
Total

Brasil 21 37 58

Peru 1 2 4

Venezuela 1 3 4

Colômbia 3 2

Itália 1 1
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• Crescente no período 2013-2016!
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MENSAGENS FINAIS

• O PPG-Física está a disposição para auxiliar no encaminhamento estudantes de graduação para

iniciação científica.

• Estejam atentos a atividades relacionadas à pós-graduação: Escola de Física da UFF, Colóquios,

seminários dos grupos, etc.

• Contato da Pós-graduação em Física da UFF: cpg@if.uff.br, www.if.uff.br/pt/posgraduacao
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