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Foreword

This volume comprises the scientific content of the 2010 Neutron Scattering Contractors Meeting
sponsored by the Division of Materials Sciences and Engineering (DMS&E) in the Office of Basic
Energy Sciences (BES) of the U.S. Department of Energy (DOE). This meeting on July 18-21, 2010 at
the Airlie Conference Center, Warrenton, VA, is the second in the series, covering the projects funded by
the Neutron Scattering Program. The first meeting held on October 16-19, 2007 included both X-ray and
Neutron Scattering programs. BES DMS&E has a long tradition of supporting a comprehensive scattering
program in recognition of the high impact these tools have in discovery and use-inspired research. The
size of the BES Scattering program has grown to the point where X-ray scattering now has a separate
program and contractors meeting parallel to neutron scattering.

The DMS&E Neutron Scattering CRA supports basic research using neutron scattering,
spectroscopy, and imaging for materials research, primarily at major BES-supported user facilities.
Neutron scattering serves as one of the primary tools for characterizing the atomic, electronic and
magnetic structures and excitations of materials. Information on structure and dynamics becomes the
basis for identifying new materials and describing mechanisms underlying their unique behavior. Other
key aspects of this activity are the development and improvement of next-generation instrumentation
involving innovative focusing optics, novel detectors, sample environments, data analysis tools, and the
production and application of polarized neutrons. Topical areas highlighted in this contractors meeting
include Superconductivity, Magnetism, Systems under Nanoconfinement, Soft Matter and Advanced
tools for focusing and polarization. Also included are the facility updates on new tools and techniques that
service the basic research needs of various BES research initiatives.

The purpose of the contractors meeting is to bring together researchers funded by BES in the
Neutron Scattering research area, to facilitate the exchange of new results and research highlights, to
foster new ideas and collaborations among the participants, and to identify needs of the research
community. The meeting will also help DMS&E to assess the state of the program, chart future
directions, and identify programmatic needs.

We thank all the meeting participants for their active contributions in sharing their ideas and
research accomplishments. Sincere thanks are also due to the speakers from other BES programs involved
with neutron scattering in multi-disciplinary research. The advice and help of the Meeting Chairs, John
Tranquada and Tonya Kuhl, in planning for the meeting are deeply appreciated. We sincerely thank
Christie Ashton, Kerry Gorey in DMS&E and Lee-Ann Tally at the Oak Ridge Institute of Science and
Education for their outstanding work in all aspects of the meeting organization.

Thiyaga P. Thiyagarajan and Helen Kerch
Division of Materials Sciences and Engineering
Office of Basic Energy Sciences

Office of Science

U.S. Department of Energy
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Frustrated Magnetism & Superconductivity

C. Broholm (broholm@jhu.edu)'?, N. P. Armitage', R J. Cava®, O. Tchernyshyov' & Z. Tesanovic'
" Department of Physics and Astronomy, Johns Hopkins University, Baltimore, MD 21218
’NIST Center for Neutron Research, NIST, Gaithersburg, MD 20899
Department of Chemistry, Princeton University, Princeton, NJ 08544

Research Scope

The Institute for Quantum Matter combines materials synthesis, advanced spectroscopy, and theory to
explore materials dominated by strong electronic correlations. Central aspects of the correlated electron
problem may be realized in frustrated magnets with low spin quantum number. We are also examining
superconductivity near magnetic instabilities in copper oxides, iron pnictides, and heavy fermion systems.

Recent Progress

Disorder profoundly impacts strongly correlated states of frustrated magnets. Cava and Dutton sharply
controlled impurities in highly frustrated chromium based antiferromagnetic oxides [6]. B-CaCr,04 (Fig.
1) contains weakly interacting frustrated spin chains with suppressed ordering. Fig. 1 shows the effects of
site and bond centered doping in B-CaCr,.,Ga,O4 and B-Ca;.,Cr,O4. Both dopants reduce frustration
(=|6/Ty) and enhance . While Ga substitution for Cr suppresses antiferromagnetism, calcium
deficiency induces static ferrimagnetism beyond Ty indicating holes induce ferromagnetic bond disorder.

Large single crystalline samples of frustrated magnets and new instruments at SNS and NIST provide an
unprecedented view of dynamic spin correlations in frustrated magnets. Fig. 2 shows data for NiGa,S,
and SrHo,0,4. The former is a spin-1 triangular lattice system where we find dynamic short range order
indicating a spin nematic. With increasing 7@ one sees a cross over from periodicity corresponding to

the reciprocal lattice parameter a’ to a periodicity of 1a’indicating competing interactions along a. Fig. 2
also shows scattering data from SrHo,0, with the same structure as B-CaCr,O, (Fig. 1). A large single

crystal was grown by Haifeng Li and Wei Tiang of Ames using the Xenon image furnace at IQM. We
find quasi-elastic 1D correlations combined with a flat mode at 3.5 meV both linked to frustration.

The spin-1/2 kagome antiferromagnet has been the subject of intense theoretical and experimental work at
IQM [7,11]. Hao and Tchernyshyov have shown that the ground state can be viewed as a collection of
fermionic spinons bound into small, heavy singlet pairs. Low-energy excitations in this system
correspond to breaking the pairs into individual spinons and the energy of this excitation is 0.06J [11].
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Figure 1. Right images show the structure of -CaCr,04, a system of corner-linked zig-zag spin-3/2 chains. The
susceptibility data (left) show the very different effect of site and bond centered disorder [1].



4.5 meV

05 meV &

Figure 2. (a)-(b) slices of inelastic magnetic neutron scattering from NiGa,S, at 0.5 meV and 4.5 meV. Inversion
symmetry was imposed. The white arrows show that the reciprocal space periodicity halves with increasing energy.
(c) Inelastic neutron scattering intensity versus wave vector transfer along the (00L) for StHo,0,.

For comparison to neutron scattering data they have also calculated the intensity for inelastic neutron
scattering from spinon pairs [7]. As indicated in Fig. 3 the result is remarkably similar to the wave vector
dependence associated with the singlet to triplet excitation of spin pairs on a kagome lattice.

Neutron scattering has been used to examine the magnetic excitations of iron chalcogenide and iron
pnictide superconductors [5,8,12,15,17,19]. IQM published the first evidence for a spin resonance in the
excitation spectrum of FeSe(4Teos, accompanied by an RPA calculation of the corresponding bound state
spectrum [12]. Our most recent data show field enhanced fine structure in the spin resonance [8].
Theoretical efforts on pnictide superconductors focus on: (i) the microscopic understanding of new iron-
based superconductors [2,9,13,18,20] and (ii) the effort to model their phenomenology, with an eye on
supporting work to characterize their important experimental properties [14,16,21].

Towards a microscopic understanding, Tesanovic et al. followed their initial work on the “minimal” tight-
binding description and the nesting mechanism for SDW and superconductivity [18] with a detailed
renormalization group analysis of the interplay between SDW and superconductivity [13]. This has led to
a simple physical picture of how the purely electronic interband pairing mechanism operates in an
otherwise hostile d-transition metal environment. While the bare interband pairing interaction is smaller
than the intraband Coulomb repulsion, eventually, as the SDW instability is cut-off — by either doping or
pressure suppressing nesting tendencies — the renormalized pairing interaction flips sign and s*
superconductivity is the natural consequence.

N=5 Single dimer

o2
o4 /
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Figure 3. (a) Dimer coverage of the kagome lattice including a defect triangle with no dimers. The corresponding
spinon configuration is shown in (b). The N=5 image is the calculated structure factor for the spinon and it is
compared with the single dimer intensity distribution shown far right [7,11].
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Figure 4. The critical quasiparticle scaling arising Figure 5. The superconducting fluctuation rate QO vs. T for La,.
from accidental “zero-points” supplants Dirac nodal «Sr,CuOy.  Vertical lines indicate 7, for each sample. Q
scaling in many iron-based compounds [1]. approaches a limiting linear temperature dependence [4].

On the phenomenological side, experimental properties providing a distinct signature of s~
superconductivity were determined. This is important as an electronic pairing mechanism hints a
substantial increase in Tc may be possible through imaginative chemistry. A time-reversal symmetry
breaking was predicted in the phase diagram of iron superconductors, providing an explicit connection
between symmetry breaking and the physics behind s* [9]. We also explored the unique quasiparticle
phenomenology from accidental nodes in the superconducting gap and the effects of fluctuations, a
crucial element for applications [1].

Turning to the cuprates, the nature of the essential pseudogap regime continues to be questioned.
Armitage et al. used THz time-domain spectroscopy (TTDS) to probe superconducting correlations above
T, in La,,Sr,CuQy, thin films with x=0.06 to 0.25 [4]. THz spectroscopy can quantify superconducting
fluctuations on the relevant time scale. For all samples, the characteristic fluctuation rate increases
abruptly above 7., but is limited when it reaches a scale proportional to temperature. We find that
fluctuations in conductivity persist up to - at most — 20 K above 7., which is in contrast to diamagnetic
measurements where the signal persists 100 K above 7,.. If the latter effect originates from vortices well
above 7. then very unusual correspondences exist between correlations in length probed by magnetic
susceptibility and the time correlations measured by TTDS.

TTDS was also used to probe thin films of the pnictide superconductor BaFe,_,,Co,:As; [3]. Near 7. we
find evidence for a coherence peak and qualitative agreement with the weak-coupling Mattis-Bardeen
form of the conductivity. Our observation can be contrasted to NMR spin-relaxation measurements,
which thus far have not found such a coherence peak. At low temperature, the real part of the THz
conductivity is not fully suppressed and the imaginary part of the conductivity is significantly smaller
than the Matthis-Bardeen prediction. We interpret these anomalies as consistent with impurity scattering
induced pair-breaking as expected for an extended s~ order parameter.

Future Plans

In frustrated magnetism, Seyed Koohpayeh of JHU has grown large TbMnOs; crystals to probe magneto-
elastic excitations as well as a novel layered frustrated chromium based system. Neutron scattering
experiments will be carried out on these and other quantum magnets under development at Princeton.
Neutron and THz experiments will explore the relationship between superconductivity and magnetism in
Ce based 115 d-wave superconductors. New instrumentation and new ideas also lead us to re-examine
magnetic excitation in superconducting UPt; and UNi,Al;. We continue to explore the effects of high
fields on the spin resonance in FeSe, 4Tey ¢ through experiments and theory. Theoretical work is underway
to understand detailed measurements of spin fluctuations in frustrated systems from MACS and CNCS.
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Complex Electronic Materials
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Program scope: Conventional experimental and theoretical approaches to condensed matter
are unable to account for the emergence o f complex and collective states in complex electronic
materials. In these materials, competing interactions nonlinearly couple spin, charge, and lattice
degrees-of-freedom to create a n ear-degeneracy of states and functional responses on multiple
length a nd t ime scales. S light ¢ hanges in sample ¢ omposition, d imensionality, t emperature,
pressure/strain or magnetic field t une t he d elicate b alance among co mpeting interactions and
induce transitions b etween b roken-symmetry gr ound s tates a nd t ransitions t o ¢ omplementary
uniform st ates. This p roject co ntains t hree co mplementary subtasks a imed at ex ploring a nd
understanding t hese co mplex s tates. One focuses on correlated 4 f- and 5 f-electron s ystems as
prototypes of complex electronic materials but also studies complementary issues in correlated d-
electron materials, such as the recently discovered p nictides and r epresentative intermetallics.
This subtask is the subject ofthis abstract. Ofthe two other subtasks, one uses p hotoemission
spectroscopy t or eveal complex e lectronic behavior in P u-based materials a nd t he o ther
emphasizes neutron scattering techniques to develop a fundamental understanding of the role of
strain on magnetic/electronic properties of complex oxide films and interfaces. Separate abstracts
by John Joyce (Pu materials) and Mike Fitzsimmons (thin films) expand on the scope, progress
and future directions o fthose tasks. The following is specific to the p rincipal s ubtask o f't his
project.

Complex behaviorsar e mostp ronouncedn eart he magnetic/non-magnetica nd
metal/insulator boundaries in electronically correlated materials and become particularly poorly
understood as these boundaries are tuned to absolute zero temperature, i.e., to a quantum-critical
point. This subtask focuses on developing an understanding of complex electronic materials and
phenomena by d iscovering new e xamples o f materials that r eveal t he e ssential, u nderlying
physics of their complex and collective states. A successful program of discovering new physics
through new materials requires integration of materials preparation, in single crystal form where
possible, with a necessarily broad suite of materials characterization techniques that probe static
and dynamic degrees-of-freedom and their interactions on multiple length and time scales. Our
approach is two-fold: one of initial exploratory research on new materials and phenomena and a
second o f in-depth investigations leading to microscopic understanding o fthose materials and
phenomena. At the exploratory stage, simple structure, transport, magnetic and thermodynamic
measurements, often at very low t emperatures, h igh p ressures and h igh m agnetic fields, are
sufficient to identify new states that d eserve more d etailed study by various s pin and c harge
spectroscopies, p articularly neutron s cattering, nuclear q uadrupole/magnetic r esonance and
photoemission. DOE ne utron a nd p hoton facilities, the L os A lamos N HMFL P ulsed F ield
Facility a nd C enter for I ntegrated N anotechnologies asw ella s an extensive network o f
experimental a nd t heoretical co llaborators substantially | everage i n-house cap abilities and are
important to the success of this project.

Recent progress: Most attention recently has focused on unconventional superconducting and
magnetic states, their coexistence/competition, and relationship to quantum fluctuations expected



as t hese boundaries aret unedt o ab solute zer o t emperature. T he family o f heavy-fermion
compounds CeMIns (M=Co, Rh Ir), discovered in this project, has proven especially fertile.
Unconventional s uperconductivity in C eColns develops out of a quantum-critical s tate in
which the field-tuned critical point is at or somewhat b elow the zero-temperature ( first-order)
upper critical field boundary H,(0). Exploratory specific heat studies discovered a second-order
phase boundary, consistent with the possibility of a Fulde-Ferrel-Larkin-Ovchinnikov phase, that

exists o nly inthe low-temperature, high field A brikosov

state. Though subsequent NMR measurements showed that s
this p hase a Iso w as magnetic, r ecent n eutron-diffraction
studies have revealed essential details of this field-induced
‘Q’ phase. In acollaboration w ith M. Kenzelmann ( PSI)
and A. B ianchi ( Montreal), these e xperiments find s pin-
density w ave o rder w ith s mall o rdered moment ( 0.15ug) b g } e b
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H[100]
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and with the same incommensurate propagation vector Q = _ :
(0.44, 0.44, 0.5) for magnetic field applied parallel to [1 -1 Yo e w Tee w o

0] and [ 100] direction in this tetragonal compound. These
results s trictly r ule ou t s ome t heoretical s cenarios and
show that magnetic order is modulated along nodes ofthe
dy2-y2 superconducting o rder p arameter. F urther, these

Low-temperature, h  igh-fieldp hase
diagram showing the field-induced ‘Q’
phase i n the s uperconducting s tate of
CeColns.

results e stablish u nambiguously t hat s uperconductivity is necessary for t he e xistence o f't his
SDW and a re ¢ onsistent w itha model in whicht he o nset o f magnetic o rder leadst o
reconstruction of the superconducting gap and formation of a magnetically induced pair-density

wave.
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Results o fn eutron diffraction me a-
surements  that establishd irect
couplingofa ntiferromagnetica nd
superconducting orders. Arrows in the
lower panel mark T..

Replacing a s mall (~ 1 %) number o fInatoms with Cd
also induces magnetic order in CeColns and emphasizes the
proximity o f's uperconductivityt oa T =0 m agnetic/non-
magnetic boundary. Fora r angeo fC d concentrations,
antiferromagnetisms ets inat T x >T .. NMR st udies
established t he microscopic co existence o f longr ange
magnetic o rder a nd u nconventional s uperconductivity for a
range o f Cd c oncentrations less t han ~1.5%; ho wever, t hese
experiments w ere unable to determine a link between t hese
two orders. In collaboration with Dresden scientists, we have
used n eutron-diffraction measurementsas a functiono f
temperature an d magnetic fieldt o d iscover u nequivocal
evidence for coupled superconducting and antiferromagnetic
order p arameters. T heser esults suggestt wo important
conclusions: ( 1)t hat low-energy m agnetic f luctuations
responsible for C ooper pa iring are g apped by t he onset o f
superconductivity and likely s hifted t o hi gher e nergies, and
(2) that th e s ingle 4 f-electron s tate as sumes s imultaneous
localized and itinerant ch aracters t hat ar e r esponsible for
magnetic order and superconductivity, respectively.

CeRhlIns orders in an incommensurate an tiferromagnetic
structure at atmospheric pressure. Applying pressure initially
inducesap haseo fco existing magnetic orderan d



unconventional superconductivity for a range of pressures
below P1~1.75 GPa, which is followed at higher pressures
by a solely superconducting phase in which T reaches a
maximum at a critical pressure P2~2.35 GPa where Tx(P)
extrapolates t o zer 0. M agnetic field induces magnetism
that ¢ oexists w ith superconductivity for P 1<P<P2.
Measurements o fe lectrical r esistivity for cu rrent flow
parallel and perpendicular to the tetragonal c-axis find that
the lo w-temperature resistivity b ecomes m ore i sotropic
near P 2w heret here is aq uantum-critical, T= 0
antiferromagnetic to p aramagnetic transition. Further, the
residual resistivity at P2 increases by nearly a factor of 40
comparedt oi tsP =0v alue,an dt het emperature
dependence of the resistivity is distinctly non-Fermi-liquid, increasing as T*** over a broad range
above T.. None of these properties is expected at a quantum-critical spin-density wave transition;
instead, they are qualitatively consistent with a local (i.e., momentum independent) or Kondo-
breakdown type o f quantum criticality in which magnetic as well as charge degrees of freedom
may be critical. The coincidence of a maximum scattering rate and maximum T, near P2 strongly
suggests that fluctuations emerging from this momentum-independent criticality are responsible
for Cooper-pair formation.

We have prepared and made preliminary studies of the antiferromagnet CePt;In;, which is a
new member ofthe Ce,Mylnsyio, family. The m=1, n=1 members are the Cel15’s that are built
structurally from alternating layers o f C eln; and M In,; w hereas, the m=1, n=2 m embers (the
Ce218’s) are more three dimensional, consisting of two adjacent layers of Celn; separated by a
single layer of M In,. CePtyIny (Cel27) is structurally the most two-dimensional member ofthis
family, with a single layer o f Celns separated by two layers o f P tIn,. Its pressure-temperature
phase diagram is similar to that of CeRhInsand o ffers the opportunity to explore systematically
the effect of dimensionality on quantum criticality and unconventional superconductivity.

Future plans. In addition to Ce,MpIns,+2, and the Pu-based member PuCoGas in which well-
defined problems are po sed for future study, this subtask also has discovered o ther families,
il’lChldil’lg CGM4A115, YbM4A115, and UM4A115 (M= Ru, OS, CO, Rh, II‘, Nl, Pd, Pt), ATSIQ (A=U,
Pu; T =Co, N 1) and R3;X4M; (R=Ce, U ; X =Sb, B i; M=Pt, Pd, Au), inw hich ¢ ompeting
interactions ¢ anbe tuned by chemistry. Most i nteresting m embers of these families will be
studied in more detail using capabilities available to us now and that we are developing as well
as through our c ollaborators. As a ¢ ounterpoint t o the much s tudied Fe-pnictides, we have
discovered superconductivity in Ni-based crystals BaNi;Asy, StNi;As,, SINi; P2, and CaNi,As,.
Our study ofthese much lower T, conventional superconductors shows that certain trends of T
in the iron-pnictides are a monotonically increasing function of T, of the nickel-arsenide a nd
nickel-phosphide analogs. This correlation suggests that phononic pairing may play a role in the
Fe-based superconductors as well, but T is boosted by strong electronic correlations/magnetism.
Similarities and differences, eg., the presence or not of magnetism, will continue to be explored.
The competition b etween K ondo and RKKY i nteractions i n h eavy-fermion s ystemsis , 1 n
general, a form of frustration, but s ome o fthese systems crystallize in s tructures th at a Iso
frustrate the RKKY interaction. Geometric frustration alone can produce physical properties that
mimic those due to competing Kondo and RKKY interactions, but the possible role of geometric

{F)p(5.2 GPFa

Normalized residual resistivity illustrating
coincidence of the highest T, and highest
scattering rate near P2.



frustration in heavy-fermion materials has been explored little, if at all. We will begin to explore

ways to identify what role, if any, these special crystal structures affect the heavy-fermion state.
Publications from this subtask: Only more significant publications during 2008 to present are

listed from among approximately 125 since 2007.
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Research Scope

Understanding the interplay between magnetism and superconductivity continues to be a
“hot” topic in modern condensed matter physics. The discovery of high-temperature
superconductivity in iron-based materials in 2008 provided an unique opportunity to
compare and contrast these materials with traditional high-7, copper oxide
superconductors. Neutron scattering plays an important role in determining the
dynamical spin properties in these materials. Over the past several years, we have carried
out systematic neutron scattering studies of spin dynamics in FeAs-based
superconductors and their parent materials. In the following, I summarize several key
progresses we made over the past two years, and discuss our future plans.

Recent Progress

The discovery of antiferromagnetic order in
the parent compounds of FeAs-based
superconductors. Since the discovery of long-
range antiferromagnetic (AF) order in the
parent compounds of high-transition
temperature (high-T7,) copper oxides, there
have been tremendous efforts to understand
the role of magnetism in the superconducting
mechanism because superconductivity occurs
when mobile ‘electrons’ or ‘holes’ are doped
into the AF parent compounds. Much like
high-T7. copper oxides, superconductivity in
the newly discovered the rare-earth (R) iron-

based oxide systems [ROFeAs] are derived L T U
from either electron or hole doping of their 0 20 4 6 8 100 120
nonsuperconducting parent compounds. The T
parent (non-superconducting) LaOFeAs
material is metallic but shows anomalies near
150 K in both resistivity and dc magnetic
susceptibility. While optical conductivity and theoretical calculations suggest that
LaOFeAs exhibits a spin-density-wave (SDW) instability that is suppressed by doping
electrons to form superconductivity, there has been no direct evidence of SDW order.
Here we use neutron scattering to demonstrate that LaOFeAs undergoes an abrupt
structural distortion below ~150 K, changing the symmetry from tetragonal (space group
P4/nmm) to monoclinic (space group P112/n) at low temperatures, and then followed by
the development of long range SDW-type AF order at ~137 K with a small moment but
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Fig. 1 Observed magnetic structure and order
parameter for LaFeAsO.



simple magnetic structure. Doping the system with flourine suppresses both the magnetic
order and structural distortion in favor of superconductivity. Therefore, much like high-
T, copper oxides, the superconducting regime in these Fe-based materials occurs in close
proximity to a long-range ordered AF ground state. [Summary paper: Nature 453, 899
(2008). This paper was cited 510 times according to Nature web site since its
publication. ]

Electronic phase diagram of

CeFeAsO,F,. Recently, high- 0 ol 3 L CRAOF & o
transition-temperature (high-7¢) ™ D= 2 g, .
o . . T A o

superconductivity was discovered i } . ATl 2 ol Femomen
. . .o 120 S R = 0 0.04
in the iron pnictide RFeAsO;_,F, < \i\\ L e 7, (Panmmto Gmma)
(R, rare-earth metal) family of g ol \
materials. We use neutron g i s
scattering to study the structural - oA P
and magnetic phase transitions in Vo ® o
CeFeAsOy_,F, as the system is A Ag'

1 1 - - L L i L L L |
tuned from a semimetal to a hlgh T . o T B X s
superconductor through fluorine (F) x
doping, x. In the undoped state,
CeFeAsO develops a structural Fig. 2 Electronic phase diagram of CeFeAsOF
lattice distortion followed by a determined from our neutron diffraction experiments.

collinear antiferromagnetic order

with decreasing temperature. With increasing fluorine doping, the structural phase
transition decreases gradually and vanishes within the superconductivity dome near
x=0.10, whereas the antiferromagnetic order is suppressed before the appearance of
superconductivity for x>0.06, resulting in an electronic phase diagram remarkably similar
to that of the high-7, copper oxides. Comparison of the structural evolution of CeFeAsO,.
«Fx with other Fe-based superconductors suggests that the structural perfection of the Fe—
As tetrahedron is important for the high-7, superconductivity in these Fe pnictides.
[Summary paper: Nature Materials 7, 953 (2008). This paper was cited more than 150
times. |

Future Plans

We will build our future work based on the extensive experiences we have obtained on
Fe-based superconductors. In particular, we will continue to focus on the evolution of
spin dynamical properties of these materials and hope to establish an overall picture of
the spin dynamical behavior and determine its relationship with superconductivity.
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Guidi, R. Bewley, Shiliang Li, Jun Zhao, J. W. Lynn, C. M. Brown, Y. Qiu, G.
F. Chen, J. L. Lou, N. L. Wang, and Pengcheng Dai; Phys. Rev. L ett. 101,
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Electronic Structure and Physical Properties of Iron-Based Superconductors —
Results from Theory and Open Questions

David J. Singh
Materials Science and Technology Division
Oak Ridge National Laboratory

The discovery of high temperature superconductivity in doped LaFeAsO by Kamihara
and co-workers provided the second class of high T, materials, the other being the cuprate
family discovered in 1986 by Bednorz and Mueller. This discovery was revolutionary in
that many of the properties of the iron based superconductors are radically different from
those of the cuprates, apparently requiring a new and broader understanding of the
physics of high temperature superconductivity. The purpose of this talk is to discuss the
chemistry and physics of the new superconductors in relation to cuprates. So far, many
puzzles remain. The materials appear to be much more band-like and show much stronger
signatures of metallic (Fermi surface related) physics than cuprates, with correspondingly
weaker signatures of on-site Hubbard correlations. The superconducting pairing is
discussed in terms of spin fluctuations based on the electronic structure, and some of the
many open questions are laid out.

This work was supported by the Department of Energy, Materials Sciences and
Engineering Division.
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Correlations and Competition Between the Lattice, Electrons, and Magnetism

R.J. McQueeney (mcqueeney@ameslab.gov), V. P. Antropov, A. 1. Goldman, B. N. Harmon,
A. Kreyssig, D. Vaknin, J. L. Zarestky

Ames Laboratory and Dept. of Physics and Astronomy, lowa State University, Ames, IA 50011

Program Scope

The properties of modern novel materials, such as high-temperature superconductors,
charge/orbital ordering systems, and multiferroics, are all sensitively controlled by correlations
and competition among the lattice, electronic, and magnetic degrees of freedom. A complete
understanding of the interrelations between these different subsystems and the necessary
conditions for enhancing or tailoring desirable physical properties has been identified as a Grand
Challenge to the scientific community. Neutron and x-ray scattering are powerful probes that
directly investigate the structural, electronic, and magnetic aspects of complex ground states,
phase transitions, and corresponding excitations. Any one of the many different scattering
techniques alone can reveal detailed information about the underlying physics. Within this FWP,
the varied expertise of the Pls in different scattering methods is employed in a synergistic
approach and systems are studied using a wide range of neutron and x-ray techniques. The
experimental program is supported by a closely coupled effort in ab initio band structure
calculations, theoretical modeling, and scattering simulations. The emphasis of close coupling
between different scattering techniques and theory is the unique approach of this FWP.

Recent Progress

Iron pnictide superconductors

We have made a tremendous impact the study of high-temperature superconductivity (SC) in the
iron arsenide compounds where the interplay between SC, magnetism, and structure has become
the major scientific theme. The parent compounds, AEFe,As, (4E = Ba, Sr, Ca), manifest strong
coupling between magnetism and structure illustrated by the observation of a simultaneous
transition from a paramagnetic, tetragonal (T) phase to an antiferromagnetic (AFM) ordered,
orthorhombic (O) phase. Chemical doping or applied pressure reduces both the AFM ordering
and structural transition temperatures and SC appears. While reduction of the AFM and T-O
transition temperatures is necessary for SC to occur, our studies show that the transitions need
not be completely suppressed, and SC and long-range AFM order can coexist in “underdoped”
(UD) compositions. Perhaps most striking is the observation that both the static magnetic order
and lattice distortion for electron-doped BaFe,As; are significantly suppressed below 7T¢c. Even
beyond their intrinsic interest as a new class of high temperature SC, they provide a nearly ideal
family of compounds to explore the fundamental relationships between lattice, electronic and
magnetic degrees of freedom. Some of our major results are listed below:

e Diffraction studies observed coupled first-order magnetic and structural transitions in
AEFe,As; parent compounds, revealing strong magnetoelastic coupling.

e Diffraction studies discovered a collapsed tetragonal (cT) phase in CaFe;As, under modest
hydrostatic pressure. In addition to the astonishing change in the c-axis lattice parameter
(~10%), the cT phase is also suffers a complete loss of magnetic moment. The results
highlight the extreme sensitivity of magnetism to local chemical environments and bonding.

e Measurements of the magnetic excitations and ab initio calculations depict CaFe,As, as an
itinerant magnet with frustrated magnetism consistent with large magnetoelastic coupling.
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e The structural evolution of BaFe;As, under pressure shares many features with chemical
substitution, suggesting that SC results from fine tuning of the electronic band structure.

e Strong suppression of both AFM order and orthorhombic distortion are observed below T¢
for several compositions of Ba(Fe;«Coy)2As;, highlighting the competition between AFM
ordering and SC occurs in the midst of strong magnetoelastic coupling.

e The magnetic resonance in the AFM ordered SC state in underdoped Ba(Fe 953C00.047)2AS2
has substantial c-axis dispersion.

e The comparison of ab initio calculations of phonon spectra with inelastic x-ray and neutron
scattering measurements is consistent with a strong influence of magnetism on As vibrations.

Verwey transitions

The charge ordered (CO) ground state plays an important role many transition metal oxides as it
often competes with other phases, such as SC in the cuprates and colossal magnetoresistive
phases in the manganites. The driving force of CO remains a long-standing problem of great
interest, and we have focused on the role that magnetism plays in CO (Verwey) transitions. We
summarize some of our most important findings below:

e INS measurements of the magnetic exchange energies indicate that magnetism, not the
Coulomb interaction, drives the CO transition in La3Sr,3FeOs.

e Spin waves are strongly softened and damped in the AFM ordered mixed valent phase of
YBaFe,Os (Ty < T < Ty), suggesting competition between strong AFM superexchange
between localized Fe eg-electrons and ferromagnetic double exchange (DE) due to itinerant
ty, minority spin electrons associated with Fe*" ions. Hopping conductivity in the AFM state
is enabled by local spin flips, leading to severe spin wave damping. In manganites, strong DE
between itinerant e, electrons results in a ferromagnetic metallic ground state.

e Optical spin waves Fe;O4 propagating on the mixed valent B site sublattice are shifted
upwards in energy above Ty due to the occurrence of B-B ferromagnetic DE. For fast electron
hopping in the band limit, cubic symmetry demands that the average DE should uniformly
affect all B-B pairs. Rather, we find only spin waves of a specific symmetry are affected by
DE, implying electron hopping is restricted by short-ranged charge correlations. The results
are evidence that intersite Coulomb interactions among Fe*"/Fe’" ions play a role in driving
the Verwey transition in Fe;Oa.

Multiferroic oxides

Multiferroic compounds, exhibiting both ferroelectric and magnetic effects within the same
phase, have attracted considerable attention due to the possibility of controlling electric
polarization by an applied magnetic field or, conversely, magnetic order through an applied
electric field. In hexagonal HoMnOs, it has been proposed that the application of an electric field
changes the AFM order of Ho'™ to ferromagnetic order. X-ray resonant magnetic scattering and
x-ray magnetic circular dichroism studies of HoMnOs determined the Ho’* order in zero field
where coupling to the Mn®" ions results in spin reorientation transitions at 40 and 5 K. We found
no dependence of the Ho ordering after applying electric fields up to 1 x 10’ V/m and conclude
that Ho is not responsible for the ferromagnetic response in an applied electric field.

The lithium-orthophosphate compounds, LiMPO4 (M = Mn, Fe, Co, Ni), display a strong
magnetoelectric (ME) effect. Detailed INS spectra of LiMPO, yield exchange couplings and
single-ion anisotropies for each system. For LiNiPO,, we found an anomalous spin wave
dispersion with a shallow minimum at the modulation vector of an incommensurate (IC) phase
appearing above 7Ty, demonstrating that competing nearest- and next-nearest-neighbor exchange
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interactions lead to the IC magnetic structure. The set of exchange parameters were subsequently
used to explain the field dependence of the magnetic properties, including the ME effect. The Fe
substitution for Ni beyond 20% modifies the exchange parameters and suppresses the IC phase.

Future Plans

Iron pnictide superconductors

Our studies in the Co-doped system have revealed that the interplay between magnetism, SC, and
the lattice has two major components; 1) the competition between spin-density-wave and SC
gaps, and 2) the coupling of spin fluctuations and lattice distortions, possibly occurring via the
nematic degrees of freedom. Our understanding of the Co-doped BaFe,As, system also provides
us with a starting point to investigate the relative importance of these interactions in other
systems, specifically the RFeAsO (where single-crystal samples are now available) and hole-
doped AFe;As; compounds. In addition, we wish to establish the nature of the magnetic
excitations across the phase diagram and determine what role the various interactions play in the
approach to SC. A central goal is to determine the nature of the excitations in underdoped
compositions, i.e. whether they are predominantly spin-wave like or of a different nature, such as
Stoner excitations or longitudinal excitations predicted by our ab initio calculations of the
dynamical susceptibility. Such a distinction, if possible, presents stringent limitations on theories
of spin fluctuation-induced SC that can appear in a system with long-range AFM order. The
tunability of the electron-doped systems will also allow us to study how the spin resonance
evolves from underdoped compositions with strong AFM order and weak SC (7/T¢ >> 1) to the
optimally doped compounds with an absence of AFM order.

Verwey transitions

The CO phase in REBaFe,0s compounds has been described as alternating Fe*"/Fe’" stripes,
similar to the charge stripes observed in high-7¢ cuprate SC. Heat capacity and other bulk
measurements indicate another phase transition just prior to the Verwey transition, between 7y <
T < T* whose microscopic details are unknown. Preliminary studies show additional
crystallographic and magnetic superlattice peaks in this intermediate phase that are consistent
with checkerboard charge ordering between 7y < T < T%* suggesting a novel stripe-to-
checkerboard CO transition.

In RE)5Sry3Fe0s, the crystalline distortions due to the smaller RE ions increase the charge-
transfer gap and should promote stronger Coulomb interactions that further stabilize the CO.
Unexpectedly, it is rather seen that CO is destabilized with decreasing RE ion size. This
observation supports implies that the CO is suppressed in the RE series due changes in the
magnetism. We plan to measure the magnetic exchange interaction in several RE);Sry3FeOs
compounds using INS to confirm this hypothesis.

Multiferroic compounds

To better understand the ME effect, we propose to study systematically the effect of magnetic
field on the behavior of the model system LiMPO4 compounds. For systems that display weak
magnetic anisotropy, a spin-flop transition is expected whereas for stronger anisotropy the
systems exhibit metamagnetic phases. Preliminary elastic neutron scattering results under
applied magnetic field revealed an unusual continuous spin flop-transition in LiMnPO4. We
propose to systematically study the transition and determine whether intermediate states during
the transition indeed exist and what structures they adopt. We also propose to study the spin-
dynamics of the flopped phase and correlate the results with our results and model in the absence
of applied magnetic field.
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Research Scope

Many emerging phenomena, and in particular the often spectacular response to externally
applied fields, are intimately linked to the existence of short-range correlations in the form of
stripes, ladders, checkerboards, or phase separation. Such nanoscale disorder results from the
delicate balance of spin, orbital, charge, and strain degrees of freedoms giving rise to competing
ground states with incompatible order. Nowhere is this more evident than in transition metal
oxides and related compounds whose properties include colossal magnetoresistance, relaxor
ferroelectricity, negative thermal expansion, quantum spin liquids, high temperature
superconductivity, and more. Understanding the ways in which the spin, charge, orbital and
strain degrees of freedom in these systems respond and self-organize on a variety of length
scales, and the relation of this self-organization to changes in electronic excitations and
properties is a key challenge in condensed matter physics. An important step towards obtaining
this understanding is to investigate the nature of the various ground states involved, how the
competition between the various underlying interactions affects the static and dynamic
correlations, and how the various short-range ordering motifs observed in different systems
relate to their bulk properties. In our research program, we utilize a variety of scattering
techniques, both elastic and inelastic, neutron and x-ray, to elucidate the correlations in a variety
of systems on short and long time- and length-scales.

Recent Progress

Iron Arsenide Superconductors: One of the most striking recent examples of emergent
phenomena arising from phase competition are the iron pnictide and chalcogenide
superconductors. The superconducting phase occurs when spin-density wave order has been
suppressed by electron- or hole-doping. Our inelastic neutron scattering measurements on
polycrystalline samples of the hole-doped Bai.xK.Fe2Asz, with x = 0.4, provided the first phase-
sensitive evidence that the symmetry of the superconducting order parameter in these systems is
unconventional, with a change in the sign of energy gap on the disconnected hole and electron
Fermi surfaces [Nature 456, 930 (2008)]. Upon further doping, we find that the resonant
excitation becomes incommensurate in momentum space beyond x = 0.5, consistent with
expected changes in the Fermi surface volumes. This confirms our interpretation of the
resonance as a coherent enhancement of the band susceptibility. However, the scaling of the
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Figure 1: The left panel shows the resonant excitation at 14meV and a wavevector corresponding to the anti-
ferromagnetic ordering wavevector of the parent compound observed for the 40% doped BaixKxFe2As, sample.
The temperature dependence of the integrated intensity of this excitation, shown on the right, clearly shows that
this excitation appears at Tc. Above Tc, there is intensity due to short-range antiferromagnetic fluctuations.

resonance energy with T. breaks down, either from a weakening of electron correlations or from
disorder.

Because of the volatility of potassium, Bai.,K.Fe>As; is more challenging to synthesize than the
more often studied cobalt or nickel-doped BaFe>As:> superconductors, but there are a number of
advantages. First, there is no disorder in the superconducting FeoAs> layers, and it allows the
phase diagram to be studied over a wider range of chemical potentials. The group led by
Mercouri Kanatzidis has refined the synthesis of these compounds to improve their
homogeneity, and we have revised the phase diagram with neutron powder diffraction showing
that the phase coexistence region is smaller than previously reported.

We have also studied the magnetic structure of the recently synthesized novel compound
CaFesAss. Long-range magnetic order with an incommensurate modulation is observed below
85K. Below 25K, a first-order phase transition to a commensurate structure is observed. A
Landau analysis is in good agreement with the observed thermodynamic properties and explains
the observed drop in resistivity at the lock-in transition.

Bilayer Manganites: In our ongoing investigations of the spin, orbital, and lattice correlations in
bilayer manganites Laz2:Sr1.2.Mn2O7, we are investigating the connection between short-range
lattice correlations, characterized by single crystal diffuse scattering, and electronic properties
and phonon anomalies. Utilizing resonant inelastic x-ray scattering (RIXS) on the 50% doped
sample, we observe an electronic excitation at around 2eV, whose dispersion provides direct
evidence of the non-local character of this excitation. The variation of the intensity with
temperature between the various charge, orbital, and magnetically ordered phases can be
explained with a model involving intersite d-d excitations as was first proposed for perovskite
manganites. In the 50% doped sample, we have observed anomalies in the phonon dispersion at
the charge ordering wavevector, using both neutron and x-ray inelastic scattering.

Charge-Density-Wave Compounds: The phonon anomalies in the charge-ordered manganites,
along with an interest in phase competition in doped CDW compounds, provided the stimulus to
revisit the soft-mode behavior of the classic CDW compounds, NbSe> and TiSe>. Previous
inelastic neutron data were of insufficient quality because of resolution and/or sample quality,
but the new generation of synchrotron x-ray spectrometers allow us to overcome these
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phase at low doping. Utilizing spin-polarized measurements, we find that the incommensurate
correlations are also magnetic in origin and that they are destroyed by an external magnetic field
applied perpendicular to the short-range ordering wave vector, inducing long-range
ferromagnetic order. However, short-range ferromagnetic correlations coexisting with long-
range ferromagnetic order are observed even for fields up to 7 T. At higher doping, well within
the ferromagnetically ordered phase, we have performed first experiments to determine the spin
wave excitations throughout the whole Brillouin zone, in order to determine the influence of
strong correlations. Utilizing our asynchronous rotation method on ARCS at SNS, we were able
to reconstruct a large volume of S(Q,w), thus providing measurements of the full phonon and
spin-wave dispersions in a single measurement.

Future Plans

Iron Arsenides: In the iron arsenides, we plan to follow up our initial INS studies on powder
samples with single crystal measurements on Bai..K Fe:Asz. These are critical to determine the
exact dispersion relations as the resonance becomes incommensurate and for establishing the
morphology of the superconducting gaps and how they relate to the multiple d-electron Fermi
surfaces. Because high quality K-doped crystals can only be grown with masses of 10-20 mg,
we are co-aligning hundreds of crystals each experiment. We have successfully assembled
composite crystals with an in-plane mosaic of only a couple degrees for x=0.4 (150 crystals,
1.5g) and x=0.5 (600 crystals, 7g) and plan to further assemble x=0.7.

Diffuse scattering will be important in understanding the nature of the phase separation reported
by some groups and will also be used to investigate the existence of short-range orbital
correlations in the vicinity of the orthorhombic to tetragonal phase transition. We will also
utilize neutron scattering to study structural and magnetic properties of novel iron arsenide
compounds as they are discovered and become available through the efforts of the MSD
Emerging Materials Group.

Bilayer Manganties: We will continue our investigations on the origin of the short-range lattice
correlations in 40-60% doped bilayer manganites and their relation to electronic properties and
phonon dynamics. We will expand our investigations of the lattice dynamics and study the
various different orbitally and charged ordered states observed at 50-60% doping utilizing
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inelastic neutron scattering, in order to investigate possible phonon anomalies associated with
the short-range structural order. For these measurements we will further develop and utilize the
event-mode based data acquisition strategy at SNS. The results obtained will be compared to
angle resolved photoemission study in order to correlate features in the electronic excitations
with the structural and phonon anomalies. Of great interest is whether various ordering
wavevectors observed with scattering are related to nesting vectors observed in photoemission,
how they relate to anomalies observed in phonon dispersions and linewidths and possibly kinks
observed in the electronic dispersions.

Charge-Density-Wave Compounds: We plan to investigate the suppression of charge order
through the intercalation e.g., of Cu in TiSe> and how short-range order affects the lattice
dynamics and electronic properties, as a comparison to the manganites.
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Program Scope

This program is organized around the goal of decoding the mechanism(s) responsible for high-temperature
superconductivity, with particular focus on the copper oxides, as well as new systems, such as the iron-based
superconductors. The main experimental tool is neutron scattering, with experiments performed at the best
facilities in the U.S. and abroad. Problems addressed include: doping of correlated insulators, self-organized spin
and charge inhomogeneities (such as stripes), electron-phonon coupling, spin dynamics, quantum magnetism in low-
dimensional systems, and the impact of disorder. Growth of suitable single-crystal samples is an essential part of
the program, with complementary characterizations performed in collaboration with other Brookhaven groups,
especially at the National Synchrotron Light Source. This program has close ties to HYSPEC, an inelastic
spectrometer with polarization analysis under construction at the Spallation Neutron Source (SNS); it is also
involved with the US-Japan cold-neutron triple-axis spectrometer at the High Flux Isotope Reactor (HFIR), as part
of the US-Japan Cooperative Program on Neutron Scattering. The BNL-NIST Alliance involves collaborative
efforts at the National Institute of Standards and Technology's Center for Neutron Research.

Recent Progress

Here we present selected highlights; further research results are listed in the publications.

Spin fluctuations in optimally-doped Bi,Sr,CaCu,0;.,: Having grown Bi2212 100
crystals of record size [7], we took them to the MAPS spectrometer at ISIS to
map out the spin fluctuations; the magnetic character of the excitations was

confirmed with polarized neutrons on IN22 at the ILL. The effective o
dispersions obtained at 10 K (black symbols), well below the superconducting 5 ,.__é/e&:%__._
transition temperature, T,, of 91 K, and at 100 K (red symbols) are shown in s T o
the figure at right [14]. The thick gray [thin blue] lines indicate the dispersion - —Oreet O
reported for YBa,Cu;0q,, with x =0.5 by C. Stock ez al., PRB (2005) [x = E 5| =B
0.95,by D. Reznik et al., PRL (2004)]. The stiffness of the excitations is vg :

closer to that of underdoped YBCO, while the “resonance” energy is closer to ' ‘
that of optimally-doped YBCO. Measurements of the momentum-integrated

dynamic spin susceptibility indicate that there is relatively little redistribution 25 |

of weight on warming through T.. This result is contrary to predictions of

models that assume the spin susceptibility comes from the mobile electrons, as

the entire energy range studied should be drastically impacted by the opening

of the superconducting gap below T.. Instead, our results support the idea that 0 03 o 03

the dominant contribution to the spin excitations comes from local moments on
Cu sites, as a consequence of Coulomb interactions.

q (rlu)

An improved determination of the magnetic form factor for Cu in copper oxides: In order to determine the absolute
strength of spin fluctuations in magnetic compounds, it is necessary to know the magnetic form factor. In studies of
cuprate superconductors, it has been common to use the form
factor obtained from the unpaired spin density of a Cu ion
(far right). Electronic structure calculations show that the
actual spin density has significant weight on neighboring O
atoms (near right), but it is impossible to see this contribution
in measurements on antiferromagnetic cuprates with CuO,
planes, because the net moment on an O site must be zero
due to symmetry. Fortunately, this symmetry is broken in
the case of spin fluctuations. Taking advantage of this fact,

a
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the nature of the form factor has been tested by measuring and analyzing the full spin fluctuation spectrum of the 1D
antiferromagnet Sr,CuO; [15], using exact theoretical results for the dynamical spin susceptibility. The analysis
demonstrates that there is a large covalency between Cu and O orbitals in cuprates, which has a substantial impact
on the form factor, and thus on conclusions regarding the magnitude of spin fluctuations.

Stripes and superconductivity in La, Ba,CuO,: The phase
diagram (right) has been determined from a combination of

La, Ba CuO,
neutron diffraction, x-ray diffraction, and magnetic b L TO T %‘

susceptibility [8] measurements on crystals grown in our 60F
lab (Hiicker et al., arXiv:1005.5191v1). While the bulk T,
is strongly depressed at x = 1/8, where stripe order is
maximized, we have also found evidence there for 2D
superconductivity setting in at 40 K, together with spin
order [1, 11]. To explain the apparent frustration of the

T

Temperature (K)
T

20F bulk SC bulkSC ]

interlayer Josephson coupling, a theory of pair-density- .
wave order has been developed [2,16]. Related behavior is E LTT 244 ]
under investigation for x = 0.095 in high magnetic fields. 10F LTLO i E
The phase diagram indicates that the onset of charge stripe ot ., SR | O

0.100 0.125 0.150

order is generally limited by a structural transition to a
phase with an anisotropy in the CuO, planes that can orient
and pin the stripes; however, this is not universally true. Using high-energy x-ray diffraction to follow stripe order
to high pressure, we have found that charge order survives even at pressures where the average anisotropy is
completely suppressed [17].

hole doping (x)

100

Crystals across the phase diagram for Fe,, Se,Te, :

]
Large crystals have been grown for a broad range of x, FeHySexTeH

as indicated by the circles (except for x=1) in the phase 80 O Tsow
diagram at right (N. Katayama et al., O Tsa
arXiv:1003.4525v1). We have been characterizing the @7

spin correlations and dynamics in these crystals bothon &
our own [31,32] (Z.J. Xu et al., arXiv:10054856) and in =
collaboration with Seunghun Lee’s group [34]. We 40
have explored the nature of the spin correlations in the
spin-glass regime (0.1 < x <0.3), and the change in the

Paramagnetic Metal

spin correlations between the spin-glass regime and the 20 1
region of bulk superconductivity (x > 0.3). sc

Collaborating with photoemission and theory groups, we 0 1 L

have proposed that spin and orbital excitations are 0 0.2 0.4 0.6 0.8 1.0
coupled in the superconducting regime [34]. Se content, (x)

Future Plans

Underdoped Bi,Sr,CaCu,0;.s: To make contact with ARPES and STM studies, we need to prepare crystals of
underdoped Bi,Sr,CaCu,0q,, of suitable size for inelastic neutron scattering studies of the spin excitations. This is a
challenge, as it requires removing oxygen from as-grown crystals in a homogeneous manner.

Stripes and superconductivity in La, Ba,CuO,. We will study the impact of Zn substitution on the stripe order and
superconductivity in this system. Transport studies will complement the diffraction work.

Role of local moments and orbital correlations in Fe-based superconductors: We have begun to explore the nature
of the magnetism in Fe,,, Te as a function of temperature using the ARCS spectrometer at the SNS. Initial analysis
indicates that the results cannot be explained by Fermi-surface nesting. We also plan to explore the role of orbital
occupancy correlations in Fe,,Se,Te, .

High-pressure crystal growth: We are in the process of acquiring a hot isostatic press capable of greater than 1000
bar oxygen partial pressure. We will explore the use of this system to grow oxide crystals that are not stable at
oxygen pressures of 11 bar and lower. This system will also provide new options for changing the oxygen content
of existing crystals.
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Fluid Interface Reactions, Structures and Transport (FIRST)
Energy Frontier Research Center

David J. Wesolowski, Director
Oak Ridge National Laboratory

The Fluid Interface Reactions, Structures and Transport (FIRST) Energy Frontier Research
Center addresses fundamental gaps in our current understanding of fluid/solid interfacial systems
of high importance to future energy technologies, including electrical energy storage and
heterogeneous catalysis for solar energy and solar fuels production.

» How does the interfacial region differ in structure, dynamics and reactivity from the bulk
properties of the fluid and solid phases?

» How do these altered properties couple with complex interfacial textures to influence
chemical reactions, ionic and molecular transport and charge transfer within and across
the interface?

» How can we control and manipulate interfacial phenomena by informed selection of
fluid- and solid-phase components, interfacial geometries, field gradients, temperature,
pressure and other environmental parameters?

These questions permeate the fundamental science needed to solve our nation’s long-term
energy production, storage and utilization needs, as described in the DOE/BES Basic Research
Needs and Grand Challenge reports. The interaction of fluids with solid substrates controls many
chemical processes encountered in nature and industry. However, the atomic/nanoscale
reactivity, structures and transport properties of the fluid-solid interface (FSI) are poorly
understood for the wvast majority of fluid and substrate combinations, particularly at
environmental extremes (e.g., high surface charge density, extreme chemical non-equilibrium,
high ion/electron fluxes, etc.). This lack of fundamental molecular-level understanding of
interfacial phenomena has often lead to Edisonian approaches to the resolution of challenges
related to advanced energy technologies, including solar energy utilization, batteries,
supercapacitors, heterogeneous catalysis, and chemical separations. To address these challenges,
we must replace continuum solvent descriptions and hypothetical interfacial structures, with
guantitative, fully dynamic, and chemically realistic descriptions of the interactions of electrons,
atoms, ions and molecules that give rise to macroscopic fluid/solid interfacial properties.

The goal of the FIRST Center is to develop quantitative and predictive models of the unique
nanoscale environment at the interface between fluids and solids in order to achieve
transformative advances in electrical energy storage and catalysis for energy applications. A wide
range of neutron scattering approaches are being employed in order to provide unique, molecular-
to nano-scale information on interracial structure and dynamics. These scattering studies can be
powerfully coupled with quantum and classical molecular dynamics simulations to not only aid in
the interpretation of scattering studies, but to help develop and validate molecular models over
wide time and length scales. These approaches are combined with a wide array of experimental
and analytical studies to provide a complete picture of ion and solvent transport and reactivity at
key interfaces typical of batteries, supercapacitors and catalytic surfaces in contact with dense
fluid phases.
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Neutron and X-Ray Scattering Studies of the Liquid-
Liquid Transition in Supercooled Confined Water and
the Dynamics of Biomolecular Assemblies

PI: Sow-Hsin Chen (sowhsin@mit.edu)

Department of Nuclear Science and Engineering,
Massachusetts Institute of Technology, Cambridge, MA 02139

Research Scope

During the past several years, we have extensively studied the thermodynamical and
dynamical properties of supercooled confined water using elastic, quasi-elastic (QENS), and
inelastic (INS) neutron scattering techniques. By confining water in 1-D nano-porous silica
material MCM-41-S, 2-D surfaces of the biomolecules, or 3-D interconnected pores of an aged
cement paste, we can suppress the temperature of the homogenous nucleation process down to at
least 150K. We were thus able to study the anomalous properties of deeply supercooled water in
the “no-man’s land”.

We discovered the existence of the density minimum of water (D,0) at 210K besides the
well-known density maximum at 284K. We observed a fragile-to-strong dynamic crossover at
T, =225K for the first time. We detected the appearance of boson peaks and the breakdown of the
Stokes-FEinstein relation at and below the T;. We extended this method to study the fragile-to-
strong dynamic crossover and dynamic heterogeneity phenomenon in the hydration water of an
aged cement paste. We did a series of measurements of the density of confined water as a
function of temperatures along various isobars, i.e. to determine the equation of state of the
confined water.

We also extended these methods to explore the slow dynamics of hydration water of the
biopolymers and its relation to the so-called glass transition of the biopolymers. Using Inelastic
X-ray scattering (IXS), we studied the phonon dispersion relation and damping in globular
proteins and the relations between phonon-like collective motions in these supramolecular
systems and their biological functions for the first time. We used molecular dynamics (MD)
simulations to discover the logarithmic beta relaxation of globular proteins, and also verified the
simulation results with QENS recently. We extensively measured the relaxational dynamics of
lysozyme hydration water using QENS at low-temperatures and high-pressures, and discussed its
consequence on the role of hydration water in controlling the biological functions of the proteins
at extreme conditions.

Recent Progress

1. The first detection of the intra-protein phonon-like excitation in lysozyme and BSA

D. Liu et al, “Studies of Phononlike Low-Energy Excitations of Protein Molecules by Inelastic X-
Ray Scattering”, Phys. Rev. Lett. 101 135501 (2008).
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MD simulations and neutron scattering experiments have shown that many hydrated globular
proteins exhibit a universal dynamic transition at Tp =220 K, below which the biological activity
of a protein sharply diminishes. We studied the phonon-like low-energy excitations of two
structurally very different proteins, lysozyme and bovine serum albumin, using inelastic x-ray
scattering above and below Tp. We found that the excitation energies of the high-Q phonons
show a marked softening above Tp. This suggests that the large amplitude motions of
wavelengths corresponding to this specific Q range are intimately correlated with the increase of
biological activities of the proteins.

2. Discovery of the logarithmic relaxation of protein single-particle dynamics [9, 17]

MD simulations reveal a distinct feature in the decay of globular protein self-intermediate
scattering functions (SISF). Instead of the classic stretched exponential decay usually seen in
simple glass-forming liquids, protein SISF display a characteristic logarithmic decay in the
intermediate time range from 1 ps to 10 ns. We demonstrate here that this exotic relaxation is
universal: it does not depend on the globular protein under consideration (lysozyme or
ribonuclease), nor on its physical state (powder, crystal or solution). We analyze this logarithmic
B-relaxation from 220 K to 340 K, fitting the protein correlators with the predictions of the mode
coupling theory (MCT) for systems close to a higher-order singularity. Very recently, we used the
new high-resolution backscattering instrument (BASIS) at SNS to study the QENS of hydrated
lysozyme and have experimentally verified the predictions of MD simulations.

3. Discovery of a liquid-liquid tricritical point in low-temperature confined water [19]

Many of the anomalous properties of water are amplified in the deeply supercooled region. We
have recently done a neutron scattering measurement of the density of heavy water confined in a
nanoporous silica matrix (=15 A pore size), in a Temperature-Pressure range inaccessible for the
bulk (between 300 K and 130 Kand from 1 b arto 2900 ba r), na mely, the e quation of state
p(T,P). A sudden change of slope in the otherwise continuous density profile is observed below a
certain pressure P.; however, this feature is absent above P.. Instead, a hysteresis phenomenon in
the density profiles between the warming and cooling scans becomes prominent above P.. Hence,
the da ta c an be inte rpreted a s a line of a pparent 2 ™-order pha se tr ansition at low pr essures
evolving into a line of 1 *-order pha se tr ansition a t high pr essures. I fso, the e xistence of a
“tricritical point” atP ., ~1500ba r, T, ~210 K be comes a possible sc enario to e xplain the
exceptionally rich phase behavior of low-temperature confined water. (See Fig 1 and 2)

Future Plans

1. Equation of state measurement of confined water in a hydrophobic substrate CMK-1 by
elastic neutron diffraction using triple-axis spectrometer

2. Temperature and pressure dependence of the relaxational dynamics of confined water in
hydrophobic CMK-1 porous carbon material

3. Further e xperimental study a ndt heoretical justif ication of the 1 ogarithmic tim e
dependence of beta-relaxation in other interesting globular proteins.

4. Further measurements of the intra-protein phonons in other interesting globular proteins
and investigation of the biological significance of the intra-protein phonons.
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Fig 1. (a) Measured isobaric density profiles of
confined heavy water by cooling scans. A well-
defined “kink” in the density profile can be
observed from ambient pressure to =1600 bar.
The inset zooms in the region of the “kink™ at
ambient pressure. (b) The isobaric thermal
expansion coefficient a, evaluated from the
fitted density curves. The data are shifted by
0.002 between adjacent pressures for clarity.
The sudden jump (discontinuity) in o, below
=1600 bar directly coming from the “kink” in
the density profile is the signature of a 2"-order
phase transition by definition. If so, above 2000
bar, the absence of the “kink” in the density
profile and the disappearance of the
discontinuity in a, imply the endpoint of the
2"order transition line.

Fig 2. (a) Measured isobaric density profiles of
confined heavy water by both warming and
cooling scans. A hysteresis phenomenon
becomes prominent at =1500 bar and above,
which is a direct evidence of the phase
separation when a 1*-order phase transition line
is crossed. (b) P-T phase diagram of the
confined heavy water. The empty circles,
connected by the dotted line (a possible 2™-
order transition line), are determined from the
position of the “kinks” in the density profiles.
The filled squares, connected by the solid line
(a possible 1*-order transition line), are
determined from the position of the maximum
density hysteresis. Therefore, the shadow area
connecting the 2™-order and 1*-order lines is
where one may find a “tricritical point”.

1. Yang Zhang, Marco Lagi, Dazhi Liu, Franceso Mallamace, Emiliano Fratini, Piero Baglioni,
Eugene Mamontov, Mark Hagen, and S.-H. Chen, “Observation of high-temperature dynamic
crossover in protein hydration water and its relation to reversible denaturation of lysozyme”,

J. Chem. Phys. 130 135101 (2009)

2. X.-Q. Chu, A. Faraone, C. Kim, E. Fratini, P. Baglioni, J. B. Leao and S.-H. Chen “Proteins
remain soft at lower temperatures under pressure” J. Phys. Chem B 113 5001 (2009)

3. Y. Zhang, M. Lagi, E. Fratini, P. Baglioni, E. Mamontov and S.-H. Chen “Dynamic
susceptibility of supercooled water and its relation to the dynamic crossover phenomenon”,
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Neutron Scattering Studies of
Classical and Quantum Fluids in Porous Media

Henry R. Glyde (glyde@udel.edu)
Department of Physics and Astronomy, University of Delaware, Newark, DE 19716

Research Scope

Bose-Einstein Condensation (BEC) and fundamental excitations such as phonons in liquid, solid
and amorphous helium are uniquely measured using neutrons. Of central interest is the depen-
dence of superfluidity on BEC and the modes, e.g. the phonon-roton (P-R) mode in liquid “He.
This interplay between superflow, BEC and the excitations is profoundly modified if helium is
confined in porous media which introduces nanoscale disorder or is confined to a surface (2D).
Helium in porous media is an example of Bosons in disorder and has many analogies with Bosons
in disorder in other fields (e.g. Cooper pairs in high temperature superconductors). Typically,
superfluiditiy is measured by placing the sample in a torsional oscillator. BEC and the modes are
determined in neutron scattering measurements. The discovery of BEC in trapped Bose gases of
alkali atoms in 1995 (a finite sized system in an external potential often with disorder) and the
observation of an apparent superfluid fraction in solid helium in 2004 have stimulated dynamic
new interest and energy into this field.

Using neutrons, we are measuring BEC and atomic momentum distributions in bulk liquid helium
(as a function of pressure up to solidification) in solid helium, in liquid helium confined in porous
media and confined to 2D. These measurements are typically done at the ISIS Facility, Rutherford
Appleton Lab. Our first measurement at SNS was completed on May 31, 2010. The measurements
of the P-R and other low energy modes are done chiefly at the Institut Laue Langevin (ILL),
Grenoble. Our recent measurements at ILL have focused on liquid helium confined in porous
media where we observe a disorder induced localized BEC or Bose Glass phase of BEC lying
between the superfluid and normal phase (see Fig. 1) . We have also recently created completely
amorphous solid helium in porous media. Amorphous regions in solid helium are a candidate for
the superflow in the solid helium. Monte Carlo calculations predict both superflow and BEC in
amorphous solid helium. Some of these topics are sketched below.

Recent Progress

Localized BEC in disorder and a BEC glass phase: The goal of this ongoing program is to reveal
and understand the interplay between BEC, the P-R modes and superfluidity in liquid helium in
disorder. In bulk liquid *He, the onset of BEC, well defined P-R modes and superfluidity are all at
the same temperature, denoted Ty. The three phenomena are all confined to the superfluid phase.
BEC and well defined P-R modes are not observed above T\. When liquid helium is confined in
porous media, the onset of superfluidity is suppressed to a lower temperature, denoted T, (see
Fig. 1 LHS or the Yamamoto ps(7) line in Fig 1 RHS) with 7, < T,. This suppression of
the transition temperature T, below T has been demonstrated in several porous media using
torsional oscillator measurements. In porous media the liquid phase is also extended to higher
pressure, up to 38 bars in Fig. 1. Confinement of liquid helium in porous media also introduces
static disorder. Our recent neutron scattering measurements show that there are well defined P-R
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Figure 1: LHS: Schematic phase diagram of “He in 25 A gelsil. The superfluid phase observed by Yamamoto et al. Phys
Rev Lett 93, 075302 (2004) is depicted by the solid region bounded by a solid line (T, ). The localized BEC or Bose glass
phase containing islands of BEC surrounding the superfluid phase is indicated by dark patches and is bounded by a long
dashed line. The short dashed lines are the phase boundaries in bulk *He. The solid lines at higher pressure mark the onset
of freezing and melting of helium. RHS: Well defined phonon-roton (P-R) modes are observed at pressures and temperatures
up to but not above the points with error bars joined by a long dashed line in 25 A and 34 A gelsils and in MCM-41. The
long dashed line marks the boundary of the Bose glass phase as on the LHS.

modes and BEC in confined liquid at temperatures above T, . However, this BEC above T, is
localized into patches separated by regions with no BEC. The BEC above T is broken up into
separated islands of BEC by disorder. The localized BEC phase lies between the superfluid and
the normal liquid phase as shown in the LHS of Fig. 1.

In the localized BEC phase there is no phase coherence across the sample. As temperature
is lowered the number and size of the patches of BEC grow until there is a percolation path
connecting the patches. At T, there is percolation and extended BEC with phase coherence
across the sample and the onset of superflow. The existence of localized BEC above T, is similar
to the apparent existence of patches of energy gap and Cooper pairs at temperatures above T, in
some high temperature superconductors. The two phenomena appear to be similar with the onset
of superflow (superconductivity) occurring when there is a percolation path of BEC (energy gap).

Supersolids and Bose-FEinstein Condensation: In 2004, Kim and Chan reported a superfluid frac-
tion, pg/p , in solid helium below a critical temperature 7, ~ 200 mK - remarkably extending
superflow to solids. Fig. 7?7 (LHS) shows the supersolid phase. An apparent superfluid fraction
has been confirmed in several laboratories. It appears to be associated with defects such as dis-
locations, grain boundaries, vacancies, amorphous regions in the solid or is a surface effect. The
observation of BEC below T, would be an unambiguous verification that the apparent pg/p is
indeed superflow. In our first measurement (2007), we found the BEC condensate fraction ng to
be zero within 1 % at 7' = 80 mK. In a second measurement (2009), we investigated a sample
having a large surface area (see Fig. 2 RHS) where large pg/p values were reported. We found
no= 0.0 £ 0.3 % at 65 mK. Thus we have not observed BEC and are not able to confirm that the
NCRI observed below T, is superflow at this time.

Supersolids and amorphous solid helium: As noted, a superfluid fraction in solid helium has been
reported. It is attributed to defects in the solid, for example amorphous regions. Path integral
Monte Carlo (PIMC) calculations predict that amorphous solid helium supports observable values
of both pg/pand ng, e.g. ps/p =~ 5-50 % and np=~ 0.5 %. We have measured the static structure
factor, S(Q), of solid helium confined in the porous media MCM-41 of pore diameter 47 + 1.5 A.
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Figure 2: LHS: Phase diagram of bulk 4He showing the “supersolid” region. RHS: Sample cell used in our neutron
scattering measurements of the condensate fraction containing 95 parallel aluminium sheets to create a large surface area.

The S(Q) shows an entirely amorphous solid. No Bragg peaks are observed and the S(Q) of the
solid differs little from that of the liquid. Thus solid helium in small pore media (diameter d < 50
A) is entirely amorphous. Our measurements show that amorphous solid helium can be created
and it remains a challenge to find a media in which to test the role of amorphous solid helium in
superflow.

One and two dimensional solid helium adsorbed on nanotubes: In 2005 we showed that “He
adsorbed on the surface of carbon nanotube bundles formed 1D and 2D quantum solids (Pearce
et al, Phys. Rev. Lett. 95, 185302 (2005)). More recently, we have investigated the dynamics of
these 1D and 2D quantum solids using inelastic neutron scattering on IN6 at ILL. The vibrational
density of states (DOS) of the 1D solid shows a gap smeared by disorder. The RMS vibrational
amplitude in the 1D solid along the nanotube is (u?) = 0.28 A giving a Lindemann ratio of ~
= ((u?))"'/2/R = 0.15, less than the bulk value. The DOS of the 2D solid shows a clear gap at
w =~ 0.75 meV indicating a commensurate phase that differs markedly from the commensurate
phase on a flat surface. The 1D and 2D DOS are reasonably well fitted with models that reflect
the gap and dimensions of the solids.

Future Plans

We have begun a neutron scattering program at SNS (S.O. Diallo, R. T. Azuah and HRG). The
initial program will be measurements of BEC and the atomic momentum distribution in bulk liquid
4He as a function of pressure up to the solidification pressure on ARCS. Current Monte Carlo
calculations predict different BEC condensate fractions. We plan to extend the measurements of
BEC into solid helium. Observation of BEC in solid helium remains a key ingredient in verifying
that superflow in solids exists. Measurements of the phonon density of states of solid helium
(above and below Tt ) on CNCS related to supersolid behavior are also planned (with H. Lauter).

We plan to continue measurements of the excitations and structure of liquid and solid helium in
porous media at ILL. The aim is to continue to explore "Bosons in Disorder” and amorphous
solid helium.
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FROM FUNDAMENTAL UNDERSTANDING TO PREDICTING NEW NANOMATERIALS FOR
HIGH-CAPACITY HYDROGEN STORAGE

GRANT NUMBER: DE-FG02-08ER46522, REPORT DURATION: 04/30/2009 — 04/30/2010

PIs: Taner Yildirim'? and Jack E. Fischer'
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PROGRAM SCOPE:

The main scope of this BES proposal is to focus on achieving fundamental understanding of the chemical
and structural interactions governin g the storage and release of hydrogen i n a wide spectru m of candidate
materials. The goals are

e To provide fundamental understanding of how candi date materials (MOF’s, alanates, destabilized
chemical hydrides, etc) interact with H, chemically, structurally and energetically; and

e To provide timely feedback and guidance from theory to de novo m aterials d esign and targeted
synthesis throughout the DOE programs.

We are currently working on m any research ave nues along the lines disc ussed in our original
proposal. Below we briefly discuss som e selected studies which have b een recently completed or
are about to be finished. In addition to hydrogen storage, we are also w orking on closely related
problems such as application of neturon scattering to solve carbon-capture problem. Below we will
present a brief review of these studies.

RESEARCH ACCOMPLISHMENTS:

1. Novel Graphene-Oxi de-Framework Materials and their Gas
Adsorption Properties

This is a very recent work and it fits into the Novel Materials “Outside
the Box™ category as described in our original proposal. Even t hough
there has be en extensive rese arch on gas adsorpt ion propertie s of
various carbon material s based on activated carb on, nanot ubes, and
graphite/graphene, there has been little work done on the gas adsorption
properties of graphite oxide (GO). In this study, we show that o ne-and-
a-half-century-old graphite oxide can be easily turned into a potentially
useful gas st orage material. This work was first pre sented at the APS
2010 March Meeting and has received enormous interest as evidenced
by the m edia coverage (two exam ples from S cientific A merican and
Physics World given below):

Graphene used to make a hydrogen molecule “*parking garage" ) T .
http://www.scientificamerican.com/blog/post.cfm?id=graphene-used-to- Figure 1. Af} idealized view of
make-a-hydrogen-mo-2010-03-19 graphene-oxide framework (GOF)
Graphene-oxide framework packs in hydrogen material proposed in this study.
http://physicsworld.com/cws/article/news/42171
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2. Hybrid Materials with Ammonia Borane (AB) and Their Hydrogen Release Properties.

In this work, we report synthesis, detailed stru

ctural and properties characterization of two new

boron-containing materials via the combination of ammonia borane (AB) and light weight borohydrides, i.e.
LiBH,4 and Ca(BH 4),, aiming to ex plore new high H content com pounds with potential a pplications for
hydrogen storage. These materials have completely novel structures and very high hydrogen contents. Our
findings are useful as gen eral guidelines and inspirati on for the design and synt hesis of novel materials for

hydrogen storage.
8)
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Figure 5. Crystal structure of
LiBH-AB (a) and CaBH-AB (b). Li,
Ca, B, N, and H atoms are represented
by pin k, or ange, green, blue, and
white spheres, respectively. Light blue
rectangle e mphasize the alternating
AB and boroh ydride layers in the
structure.

3. Adsorption Sites and Binding Nature of C O, in Prototypical Metal —Organic Fram eworks: A

Combined Neutron Diffraction and First-Principles Study

In order to dem onstrade that neutron scattering  can be
effectively used not onl y in hy rogen storage research but also  in
other related fields, we are also wo rking on a related topic, namely
the carbon ¢ apture by M OFs. Our go al is to use o ur expertise and
experience gained in appl ication of ne utron scattering m ethdos to
hydrogen storage research in solving the carbon capture problem.

Here we report a detailed study of C O, adsorption in two
important protot ypical MOF co mpounds containing coordinative ly
unsaturated metal centers (Mg-MOF-74 and HKUST-1). The major
CO, adsorption sites in both MOFs were ¢l early identified through
neutron diffraction measurements (see Figure), and the open m etal
ions were found to be the primary binding sites. The relatively strong
metal-CO, interaction wa s attributed to the enhance d electrostati ¢
interaction due to charge overlap between the open metal and one of
the oxygen atoms of the CO, molecule. Vibrational mode analysis of
the adsorbed CO ,, based on first-principles calcu lations, further
reveals the presenc e of se veral very low energy modes and show s
that the adsorbed CO, molecule is strongly attached to the metal sites
through one of its o xygen atoms while the rest of the molecule is
relatively free. This hi gh orientational disorder is the reason for t he
apparent large O-C-O bond bendi ng angle obtained from Rietveld
refinement of the diffraction data.

4. Nano-diamond and its functionalized derivatives

v
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This is a new collaborative resear ch with Prof. Yury Gogotsi at Drexel University in Philadel phia.
Our goal is to use combined inelastic neutron scattering and first-principles methods to understand the local
structure of nano-diam ond and its functionalized deri vatives. We also use P GAA to extract informati on
about analytical chemistry of the nano- diamond materials. We are interested in understandi ng the structure
of nano-diamond and how we can functionalize it with different molecules such as ethylenediamine (EDA)
and increase its surface ar ea by thermal treat ment and/or oxidization. We have done som e prelim inary

measurements on several samples which are shown in Figure below.
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calculations using a diamond slab with so me term 1nat1ng hydrogen atoms on the surface. The very sharp
peak near 130 m eV is the phonon m odes associated with these surface ter minating hydrogen m olecules
(green). Interestingly this sharp feature has about t he right ener gy for t he extra m odes that we see in
UD90ox sample, suggesti ng that during the oxidization we intr oduce many surface ter minating hydrogen
atoms on nano-diamond samples. Our PGAA results also support this finding.

PLANNED ACTIVITIES FOR THE NEXT YEAR:

Based on the current results discussed above, we will contiune t o use the combined first-principles
computation, neutron scattering, and synthesis appro aches to solve the outstanding problems in hy drogen
storage field. In particular, we will focus on (a)  Graphene-oxide-framework (GOF) materials, (b) hybri d
AB-complex MOF sysems, (¢) Paddle-Wheel MOFs with open metal sites suc h as M=Cr, Mo, W, Rh, and
(d) Nano-diamond and its functionalized derivatives.

PUBLICATIONS (DE-FG02-08ER46522, Duration : 04/30/2009 — 04/30/2010)

1. “Novel Graphene-Oxide-Framework (GOF) M aterials”, Jacob Burress, G. Srinivas, Jason M. Simmons, Jamie
Ford, Wei Zhou, Taner Yildirim (Submitted., 2010).

2. “A New Family of Metal Boroh ydride Ammonia Borane Complex”, Hui Wu, Wei Zho, Frederick E. Pink erton,
Martin S. Meyer, Gadipelli. Srinivas, Taner Yildirim, T. J. Udovic, J. Rush, J. Mater. Chem. (in press, 2010).

3. “Adsorption Sites and Binding Nature of CO, in Prototypical Metal-Organic Frameworks: A Combined Neutron
Diffraction and First-Principles Study”, Hui Wu, Jason M. Simmons, Gadipelli Srinivas, Wei Zhou, and Taner
Yildirim, J. Phys. Chem. Letters. (in press, 2010).

4. “Metal-Organic Frameworks with Exceptionally High Methane Uptake: Where and How is Methane Stored?”, H
Wu, J. M. Simmons, Y. Liu, C. M. Brown, X.-S. Wang, S. Ma, V. K. Peterson, P. D. Southon, C. J. Kepert, H.-C.
Zhou, T. Yildirim, and W. Zhou, Chem. Eur. J., 16, 5205-5214 (2010).

5. "Metal Amidoboranes", Hui Wu, Wei Zhou, and Taner Yildirim, in "Boron Hydrides, High Potential Hydrogen
Storage Materials", edited by Umit B. Demirci and Philippe Miele, Nova Publishers (2010).

6. "Crystal chem istry and dehy drogenation/rehydrogenation p roperties of pe rovskite hy drides R bMgH; and
RbCaH;", H. Wu, W. Zhou, T. J. Udovic, J. J. Rush, and T. Yildirim, J. Phys. Chem. C, 113, 15091 (2009).

7. “Importance of pore size in high-pressure hydrogen storage by porous carbons”, Yury Gogotsi, Cristelle Portet,
Sebastian Osswald, Jason M. Simmons, Taner Yildirim, Giovanna Laudisioc, John E. Fischerc, Int. J. Hydrogen
Energy (2009), doi:10.1016/j.ijhydene.2009.05.073
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Sites”, Hui Wu, Wei Zhou, and Taner Yildirim, J. Am. Chem. Soc. 131, 4995 (03/10/2009).

9. “Hydrogen adsorption in HKUST-1: a combined inelastic neutron scattering and first-principles study”, C. M.
Brown, Y. Liu, T. Yildirim, V. K. Peterson and C. J. Kepert, Nanotechnology 20 , 204025 (2009).

10. “Size effects on the hydrogen storage properties of nanoscaffolded Li;BN,H; “, H. Wu, W. Zhou, K. Wang, T. J.
Udovic, J. J. Rush, T. Yildirim, L. A. Bendersky, A. F. Gross, S. L. Van Atta, J. J. Vajo, F. E Pinkerton and M. S.
Meyer, Nanotechnology 20, 204002 (2009).
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Material Synthesis and Spectroscopy/Diffraction Studies of Multiferroics: Towards
Enhanced T, and Spin/Lattice Coupling (DE-FG02-07ER46382)

Principal Investigator: S-W. Cheong (Department of Physics and Astronomy, Rutgers U.,
136 Frelinghuysen Rd., Piscataway, NJ 08854, sangc@physics.rutgers.edu)

Co-Pls: V. Kiryukhin, A. Sirenko, T. Zhou.

Program Scope

Multiferroics belong to a novel class of oxides, whose magnetization, electrical
polarizations and strain are closely coupled and can influence each other. Recent
excitement in multiferroics stems from the discoveries of giant magnetoelectric cross-
coupling effects such as flipping ferroelectric polarization or huge change of dielectric
constant with applied magnetic fields. These giant magnetoelectric effects present well
recognized possibilities for device applications. However, the spin-lattice coupling,
which is the ultimate driving force for the novel effects in multiferroics, is still relatively
weak in these newly discovered compounds. In addition, the critical temperature Tc
below which couplings of various degrees of freedom take place is still well below room
temperature. To discover new multiferroics with enhanced spin-lattice coupling and Tc, it
is imperative to identify the connection between macroscopic multiferroicity,
microscopic spin-orbital coupling, and the related atomic displacements. To connect the
dots and start a virtuous cycle between synthesis of better multiferroics and clear
understandings of physical mechanisms in these materials, experimental studies,
particularly synchrotron radiation-based x-ray and far- infrared (IR) optical spectroscopy,
and neutron scattering have to play a leading role.

Our program with a team from Rutgers University (RU) and New Jersey Institute
of Technology (NJIT) includes extensive experiments for the fundamental studies of
material synthesis, crystalline structures, magnons, and lattice excitations in multiferroic
compounds. The main goal of this Project is to form a positive feedback loop between
materials synthesis, spectroscopy/diffraction investigation and physical understanding of
the spin-lattice coupling mechanism in multiferroic materials. The obtained insight will
be used in the search for multiferroics with increased electric/magnetic polarization,
higher T, and enhanced coupling effects.

Recent Progress

Our successful collaborative research on multiferroics among Pl/coPls has
resulted in a number of important publications [1-16]. We have recently focused on two
important multiferroic systems; the chain magnet of Ca;CoMnQOg and orthorhombic
HoMnOs. Significant cross-coupling effects between magnetism and ferroelectricity have
been discovered in the so-called magnetism-driven ferroelectrics. In most of these
magnetism-driven ferroelectrics, cycloidal spiral magnetic order with swirling spins
induces a uniform ferroelectric polarization through antisymmetric exchange-striction,
which stems from the so-called Dzyaloshinski-Moriya interaction. Due to the limited
magnitude of Dzyaloshinski-Moriya interaction, the cross-coupling effects in
multiferroics with antisymmetric exchange-striction are not expected to be large, which is
consistent with experimental results. It turns out that symmetric exchange-striction can
also result in magnetism-driven ferroelectrictiy. Heisenberg-type exchange interaction is
responsible for the symmetric exchange-striction, and thus the multiferroic cross-
coupling effects in symmetric exchange-strictive systems can be, in principle, large. This
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symmetric exchange-strictive effect has been found only in a very limited number of
compounds. The best examples include quasi-one-dimensional Caz;CoMnOg and
orthorhombic perovskite HOMnO3 where up-up-down-down spin order occurs. We have
discovered the symmetric exchange-strictive multiferroicity in CazCoMnQOg, where up-
up-down-down spin order, combined with alternating ionic order, results in
multiferroicity (see Fig. 1). In addition, we have, for the first time, succeeded in the
single crystal growth of CazCoMnOe.

Orthorhombic HoMnO3; with the so-called E-type magnetic order is a three-
dimensional system where up-up-down-down spin order, combined with alternating
oxygen cage rotation, results in symmetric exchange-strictive multiferroicity. The
multiferroic behavior in 0-HoMnO3; has
been theoretically proposed. A hint of the
multiferroicity in 0-HoMnOjz; has been
observed in polycrystalline specimens.
Since the orthorhombic phase tends to be
stable under high pressure, no growth of
single crystals with any significant size
has been reported. In general, it is difficult
to observe intrinsic dielectric properties
such as intrinsic  polarization in
polycrystalline specimens with random
orientation of grains and also a large
number of grain boundaries. Very recently,
we were, for the first time, able to growth
single crystals of 0-HoMnOs. We consider
our  research  accomplishment  on
Caz;CoMnOg and 0-HoMnO; a great
success that has already had a significant
impact in the research community. The
above findings have produced several
intriguing spinoffs which are currently 0 5 10 15 20 25 30
being pursued by our group (some of them H(T)
are described below).

Fig. 1la) Crystallographic structure of the CasCoMnOs chain magnet. The green box
represents the crystallographic unit cell. The right-hand-side cartoon shows an Ising chain with
the up-up-down-down spin order and alternating ionic order, in which electric polarization is
induced through symmetric exchange-striction. b) Magnetization M and c-axis electric
polarization Pc as functions of the field H applied along the ¢ axis at 1.5 K and 1.4 K,
respectively. Notice the marked hysteresis of both M and Pc among field up and down sweeps. c)
Contour plot displaying the behavior of €. in the T-H plane. Circles indicate magnetic transitions.
Spin configurations are shown with arrows. Open and close circles correspond to the maximums
in the derivative of & with respect to the field, which are associated with the field-induced
transitions.

In 2008, we have discovered ferroelectricity in the Ising chain magnet
Cas(Co,Mn),0¢, which turns out to be the first unquestionable example of symmetric-
exchange-striction-driven multiferroics. One of the follow-up projects on Caz(Co,Mn),0¢
involves investigation of effects of an applied magnetic field. Using bulk property
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measurements in ultra-high magnetic fields, combined with neutron scattering in an
applied field, we have found that a new collinear magnetic state with symmetry
incompatible with ferroelectricity is realized. As a consequence, very strong
magnetoelectric effects occur. Magnetic phase diagrams were constructed. These results
provide important information to obtain theoretical models for the magnetoelectric effects.
This work has already attracted attention from condensed matter theorists interested in
the fundamental physics of magnetism. In particular, our discussions with a group led by
P. Chandra (Rutgers) have helped identify this material as an intriguing compound for
studies of temperature-dependent spin state of Co®" ion.

Another important and surprising new observation in the Caz(Co,Mn),0g system
resulted from studies of effects of disorder. We found that the long-range magnetic order
is only realized in samples with some degree
of magnetic-site disorder. In contrast, the
stoichiometric CazCoMnQg exhibits a short- 3000 F
range-ordered (SRO) incommensurate
magnetic state, even though this compound
exhibits a virtually perfect magnetic-site
order (see Fig. 2). The incommensurate SRO
is only observed in a narrow vicinity of this
composition. We argue that a new type of
“order-by-static-disorder” phenomenon is
realized in Caz(Co,Mn),0g, and expect that T s
this result will also attract attention in the 0.9 10 1.1 12
theoretical community. Q (A7)

Fig. 2a) Mn-concentration dependence of T..., Where temperature-dependent magnetic
susceptibility of zero-field-cooled Ca;Co,MnOs exhibits a broad peak. b) Neutron powder
diffraction patterns in the vicinity of the (101) magnetic peak at 1.4 K for various values of x.
Vertical solid line shows the Q of the magnetic peak of a single-crystalline specimen with x near
1. Dashed lines are drawn for the guide of eyes. These results demonstrate that magnetic order is
short-ranged at the commensurate concentration of x=1, but becomes, surprisingly, long-ranged
when x becomes smaller than 1.

Future Plans

Further studies of Caz(Co,Mn),0¢ will be carried out. Effects of magnetic
frustration, as well as the associated magnetoelectric freezing, will be investigated using
various bulk-property measurement techniques, neutron and Xx-ray scattering.
Magnetoelectric coupling will be further studied in magnetic fields. Particular emphasis
will be put on the effects of disorder and the newly-discovered “order-by-static-disorder”
effect. Magnetic phase diagrams will be established for samples with varying degree of
disorder.

We will perform comprehensive experiments on 0-HoMnOs3, the crystals of which
we have, for the first time, succeeded to grow (see Fig. 3). Neutron scattering and far-IR
spectroscopic ellipsometry studies of the 0-HoMnOs single crystals will be carried out.
Effects of an applied magnetic field will be investigated. These results will be combined
with the results of measurements of bulk magnetic and ferroelectric properties in zero and
applied magnetic field. These studies will provide crucial input for understanding the
multiferroic properties of this material.
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We will also study various bulk multiferroic single crystals using far-IR
spectroscopic ellipsometry. Materials to be investigated include Caz(Co,Mn),0g,
REMnN,Os (RE=rare earthes), iron garnets, and nano-checkerboard films with different
compositions. In RE-iron garnets we will focus on the hybrid modes that appear due to
the close proximity of the magnon and ligand field energies. The control of the light
polarization in the ellipsometric
measurements  will allow a unique
separation of the electric- and magnetic
dipole activity for the hybrid modes. We
want to also perform Raman measurements
on these compounds under different
polarization configurations, so that the
Raman results can compliment the
ellipsometer results, and give us better
understanding of the nature of these hybrid
modes.

Fig. 3 Optical microscope image of a crystal of 0-HoMnO; crystal, exhibiting the unique
E-type magnetic order. We succeeded in the crystal growth for the first time. Inset shows one
cross-sectional side, and the 95 angle in the inset reflects the nature of a single orthorhombic
domain and also the lattice constant difference between a and b (a=5.2689, b=5.8450, c=7.3698).
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Research Scope

The properties of materials in constrained geometries, such as thin films and multilayers, can be
profoundly modified by strain, surface effects, finite size effects, chemical intermixing, and
proximity to another material with inherently different properties. These modifications can be of
great interest because of the new phenomena that can result. In all cases, understanding the
macroscopic phenomena and relating them to the physical properties requires a detailed
knowledge of the magnetic, electronic, and chemical structure within the layers and especially
close to these interfaces. Our program involves investigating a variety of problems associated
with magnetic thin films, such as the competition between exchange coupling and anisotropy and
interactions between ferromagnetic/superconducting materials. Primarily using polarized neutron
reflectivity (PNR), the depth-dependent magnetization vector and lateral domain structure is
probed, providing the magnetic characterization needed to address the underlying questions.

Recent Progress

Ferromagnetic/superconducting complex oxide superlattices :

Interplay between ferromagnetic order and superconducting order leads to a wealth of physical
phenomena [A. Buzdin, Rev. Mod. Phys. 77 (2005) 935]. In collaboration with Axel Hoffmann
and the group of Jacobo Santamaria, we studied trilayers consisting of ferromagnetic
Lay7Cap3MnO; (LCMO) spaced by superconducting YBa,CuzO; (YBCO). In these trilayers a
large magnetoresistance (MR) effect was observed during the superconducting transition of
YBCO. Our PNR experiments, conduced on ASTERIX at the Lujan Neutron Scattering Center,
conclusively correlated the peaks in the resistance to an antiparallel alignment between
magnetizations M of the two LCMO layers. It is believed that this magnetoresistance
phenomenon originates in the spin dependent transport of quasiparticles transmitted from the
ferromagnetic electrodes into the superconductor. The antiparallel alignment of the M of the two
layers occurs as a result of separate coercivities. Higher resolution PNR measurements revealed
that besides an inhomogeneous magnetization profile over the depth of the layers, the top layer
M is significantly less than that of the bottom layer. This difference is seen for a series of
samples with varying YBCO layer thickness, including 40 unit cells where the MR effect has
disappeared. Recent experiments have explained this last phenomena. For thicker YBCO the
easy axis is not along the (100) direction, but along (110), which results in a significant rotation
of M during reversal. In fact, the rotation of the two layers coincides and therefore antiparallel
alignment of the two layers does not occur and therefore the large MR is not observed. Our latest
PNR experiments are helping us understand the angular dependent resistance measurements that
show both bi-quadratic and unidirectional contributions.
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Ferromagnetic/superconducting domain interactions:
Recent explorations of the magnetic interaction
between a superconductor (SC) and a ferromagnet
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(FM) have led to the discovery of intriguing
phenomena, like domain-wall (DW)
superconductivity in FM/SC bilayers. Interestingly, E
DW could be wused to spatially confine the
superconductivity by rearranging the magnetic
domain structure in the ferromagnet [A. Belkin et al,
Appl. Phys. Lett. 93 (2008) 072510]. Most of the
proposed scenarios assume the FM magnetization is
not affected by the appearance of superconductivity
because the energy scale associated with
magnetization is normally much larger than that of
superconductivity. However, to rearrange magnetic
domain structure costs much less energy than to suppress the magnetization, but it may have
significant effect on the transport results. In a collaboration with Maria lavarone and Goran
Karapetrov we have probed the magnetic domains using neutron scattering. In PNR experiments
on Py/MoGe and Py/Nb films, conduced on ASTERIX at the Lujan Neutron Scattering Center,
we observed off-specular Bragg reflections from the out-of-plane magnetization component of
stripe domains inside the 1 micron thick Py layer. In the Py/Nb film a change in period of the
stripe domains was observed after crossing the superconducting transition of the Nb film,
evidencing that domain-wall superconductivity can modify the FM magnetization as well,
despite the differences in energy scales associated with the two phenomena.
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FIG. 1. The I" order Bragg peak position
changes when T crosses T¢ (Tc ~ 8 K) for runs
with initial magnetic states prepared above T¢
(a) and below T¢ (b). The solid circle labels
the temperature at which the initial magnetic
state was prepared for each run. Dashed lines
shows the temperature history.

Exchange-Spring magnets:

To understand the enhanced maximum density of the magnetic energy in Fe/CoSm spring
magnets with graded interfaces, we have determined the depth profile of the magnetic structure.
This project is a collaboration with J.S. Jiang. The existence of a large chemically intermixed
region between the Fe layer and the CoSm layer has been confirmed. Along the descending
branch of the major hysteresis loop, large spin-flip (SF) neutron reflectivity was observed at the
reversal field of the Fe layer (Fig. 2a). The PNR data, acquired using the Magnetism
Reflectometer at the Spallation Neutron Source, have been analyzed with the aid of
micromagnetic simulations using a one-dimension spin-chain model. The depth profiles of the
micromagnetic parameters (Fig. 2b) and the magnetization vector (Fig. 2c) have been
determined. Our results indicate that the magnetization twist localizes inside the Fe layer and the
intermixed region, as predicted by J.S. Jiang et al. [Appl. Phys. Lett. 85, 5293 (2004)].
Interestingly, the rotation rate of the magnetization vector peaks inside the intermixed region due
to a combined effect of weak magnetic anisotropy and small exchange stiffness of the graded
Fe/CoSm interface. Further, we performed PNR studies along recoil loops starting from fields
where the CoSm layer reverses. The results show that at these fields the average magnetization
of both the Fe and the CoSm layers are greatly reduced from the saturation values, signifying the
formation of magnetic domains in both layers. This agrees with a distribution of magnetic
anisotropy inside the CoSm layer, which has been invoked to explain the recoil loop openness
by Y. Choi et al. [Appl. Phys. Lett. 91, 022502 (2007)]. It is worth noting that at low fields along
the recoil loops, not only the Fe layer rotates backwards, but also some CoSm grains switch back
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to the original direction, in agreement with previous
micromagnetic simulations by Y. Choi et al. [Appl.
Phys. Lett. 91, 022502 (2007)]. Overall, the graded
interface between the Fe and the CoSm layers absorbs
a large portion of the magnetization twist so that the
magnetization direction of the CoSm layer remains
intact at low fields.

Future Plans

While in the past, films and multilayers were typically
created using metals, with the recent advances in film
growth, it is now possible also to produce high quality
superlattices consisting of complex oxide materials.
This capability is providing a promising class of new
materials exhibiting a wide range of interesting
phenomena. Due to the diverse physical properties
that these oxides can have, some of which can be
varied by doping, the versatility in their applications is
large. Unlike metallic systems, the chemical or
electronic composition of complex oxides can change
close to the interface, thereby dramatically influencing
the physical properties. In order to determine whether
or not these variations are inherent to the complex
oxide materials used or simply growth-related, it is
important to do detailed measurements of the
magnetic, electronic and chemical properties close to
these interfaces. We will continue and expand our
studies of complex oxide superlattices. New topics are
we are planning to address are 1) The influence of
engineered interfaces on the electronic reconstruction
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FIG. 2. (a) PNR data taken at +0.39 T
after saturation in a -1.15 T field. Spin-flip
data are divided by a factor of 10 for
clarity. With the aid of micromagnetic
simulations, the depth profiles of the
exchange stiffness and the uniaxial
anisotropy  (b) and the magnetization
vector (c) have been determined from fitting
the PNR data.
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in Lag67S1033Mn0O3/SrTiO3 superlattices and 2) Phase separation caused by the competition
between the ferromagnetism and charge-orbital ordering in LagsSrosMnOs3/ProsCagsMnO;

superlattices.

Our work on F/S interactions will be expanded to include other systems, such as Nb/CuNi/Nb
trilayers, where due to the weak ferromagnetism of CuNi, the energy scales for the ferromagnetic
and superconducting order are close, enabling a larger influence on the ferromagnetism by the

onset of superconductivity.
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Research Scope

Complex transition metal oxides represent an exciting new frontier in condensed matter
physics and materials science, as exemplified by the discoveries of high temperature
superconductivity and Colossal MagnetoResistance (CMR). Due to their importance in
fundamental science, in addition to their potential applications in energy technologies, these
oxides constitute a major part of the DoE BES effort. During the intensive research in this area
in the last decade or so it has become increasingly obvious, both from experimental and
theoretical perspectives, that magnetic/electronic inhomogeneity (often referred to as
magnetoelectronic phase separation (MEPS)) plays a vital role in properties such as CMR. The
inhomogeneity occurs over a range of length scales, in chemically homogeneous materials, and
is now considered a general feature of doped correlated systems with acute competition
between multiple available ground states. In the DoE-funded effort in our group we are seeking
a complete and quantitative understanding of this magnetoelectronic phase separation,
combining powerful and direct neutron scattering techniques with a wide range of
complementary physical property measurements including various forms of magnetometry,
electronic transport, heat capacity, etc. We synthesize materials in both bulk and thin film form,
focusing on the doped cobaltites as model systems. These cobaltites span the range from the
“simplest” doped perovskites (i.e. Lai,SryCoOs), through the complex narrow bandwidth
systems (e.g. Pri,CaxCoOs) and Ruddlesden-Popper phases (e.g. Lai,Sri1:xCoQ4), to
heterostructured thin films (e.g. SrTiOs/Lai,SryCoQOs). Our goal is a detailed, quantitative
understanding of the global behavior of the magnetic inhomogeneity, employing neutron
scattering techniques such as Neutron Diffraction (ND), Small-Angle Neutron Scattering (SANS),
and Polarized Neutron Reflectometry (PNR).

Recent Progress

Continued research on magnetic phase separation in La;..SryCoOs: The considerable body of
work we have performed on this system culminated in our recent publication of a doping
fluctuation based model for the nanoscopic MEPS. Combining extensive doping dependent
SANS with magnetometry, transport, and heat capacity, on the highest quality single crystals
available, we were able to establish the new result that the MEPS in this system is actually
confined to a well-defined doping range. Remarkably, this range, in addition to the doping
dependence of the SANS intensity, can be reproduced by simple statistical simulations where
the local variations in chemistry in these randomly doped systems provides the driving force for
the nanoscopic electronic and magnetic inhomogeneity. This picture provides a simple
explanation for the occurrence of nanoscale inhomogeneity in this material, the important
implication being that the more complex models for electronically-driven phase separation are
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Local magnetism in undoped LaCoOs: Much effort, over a period of several decades, has been
invested in the thermally-induced spin-state transition in LaCoOs, a topic that remains highly
controversial. In our recent work we have focused on a very surprising aspect to the behavior of
this material that has not received as much attention; the nominally “non-magnetic” low
temperature phase in fact displays significant local magnetism, in the form of magnetic excitons.
This is a very important observation as these entities likely evolve into the ferromagnetic
clusters or droplets underlying the phase separation in the Sr doped case, the nature of this
evolution being arguably one of the biggest unsolved issues in the magnetism of this material.
In addition to observation of these excitons by muon spin relaxation, and the first
demonstration of excited finite spin Co ions trapped at defects in the low temperature limit, we
also recently acquired direct neutron scattering evidence for interaction of these excitons over
surprisingly large length scales.

Magnetic phase separation in narrow bandwidth cobaltites: As mentioned above, narrow
bandwidth cobaltites provide some unique opportunities for understanding the fundamental
physics in these systems, particularly with regard to magnetic phase separation and spin-state
phenomena. In the Pr;,CayCoO3 system the smaller average A-site cations result in narrow
electronic bandwidth and strongly suppressed ferromagnetic interactions, thus enhancing
competition with underlying ground states, at the same time stabilizing the low spin-state of
the Co ions. We have recently constructed a magnetic phase diagram of this material (Fig. 1),
using magnetometry, transport, heat capacity, ND and SANS. In addition to providing a
beautiful example of the widely-anticipated interplay between phase separation and spin-state
transitions, this material also exhibits unusual coexistence of long-range and short-range
ferromagnetism. The two phases possess very different coercivity and, remarkably, are strongly
exchange coupled, providing a very rare example of strong coupling between spatially
coexisting order parameters in electronically phase separated systems. This unusual situation
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results in the spontaneous formation of a hard/soft ferromagnetic composite, exhibiting
prototypical exchange spring magnetism in the absence of chemical interfaces.

Cobaltite interfaces and heterostructures:

In addition to extensive work on bulk 2000 ——————— . . .TC. .
samples, both poly- and single-crystal, we . t=65OA:
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Fig. 2. Temperature dependence of the SANS cross
section at g = 0.007 (left axis) and 0.075 A™ (right axis)
for a SrTiO5(001)/LagsSrosCo0;5 film with thickness of
650 A. The films are grown on 1” wafers and are triply

magnetism in complex oxide films as thin as 650 A. Via a collaboration with the STEM/EELS
(Scanning Transmission Electron Microscopy/Electron Energy Loss Spectroscopy) group at ORNL
(Fig. 3) we have established that this occurs due to an unexpected depletion in local hole
density in the interface region, driven by subtle depth-wise variations in Sr doping and O
content. These variations can be understood based on simple thermodynamic and structural
arguments, suggesting a potential solution to a long-standing problem in complex oxide

heterostru