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CRDF COOPERATIVE GRANTS PROGRAM: FINAL PROJECT REPORT

SECTION I: Public Summary

Award Number: UP2-2436-LV-02

INSTRUCTIONS

e Contents:
1) Brief Statement of Major Accomplishment: In one or two sentences, please state succinctly
what you feel to be the major accomplishment that your research achieved.

2) Public Summary (English): The public summary should begin with a sentence that describes
the project’s original major goal(s) without restating the project titte. The summary should then
follow with findings and implications stated as concisely and informatively as possible,
commenting as appropriate on the techniques or approaches used. Please indicate how your
research results represent an advance in scientific knowledge and any potential social or
commercial applications. The summary should be written from the point of view of a completed
project, and should be self-contained and intelligible to a layperson. Please do not re-submit the
proposal abstract. The public summary should be 200-300 words in length.

3) Public Summary (FSU Language): Same as #2 above, translated into Russian, Ukrainian, or
another language of the former Soviet Union (FSU).

e Use: Please note that CRDF may use the public summary in publicly-distributed documents and
other materials. Please do not include proprietary or business-sensitive information.

1) Brief statement of project’s major accomplishment (Please summarize in one or two sentences
what you consider to be the major accomplishment achieved during your research):

We derived an exact theoretical description of electronic Raman scattering near a metal-insulator
transition. Our solution includes all relevant physical processes (nonresonant, resonant, and mixed) and
represents one of the most complex applications of dynamical mean field theory to model systems.

2) Public Summary (English)

The problem of inelastic light scattering off of electrons in strongly correlated materials is one of the most
complex problems in solid state physics. It involves the process where photons shine onto a material,
interact with the electrons, and are reflected back, but the reflected photon has a different color from the
incident photon. The inelastic light scattering function counts how many photons are reflected with a
given shift in the color over a period of time. Many experiments have been performed on a wide range of
materials, ranging from Kondo insulators to materials close to a metal-insulator transition, to the high-
temperature superconductors. The inelastic light scattering function shares a number of similarities in
these diverse systems: (i) the ratio of the temperature where a gap forms in the response function to the
size of the gap is much smaller than 0.5 and (ii) there is an isosbestic point where the response function
is independent of temperature at one specific color shift. Combining the expertise of the Ukrainian and
the US teams, we managed to solve the full problem including all relevant types of scattering (the so-
called nonresonant, resonant, and mixed terms). This required us to develop a new formalism to perform
the analytic continuation of the relevant light scattering functions; this formalism is quite general and can
be applied to many different many-body problems. We also initiated a study of finite-dimensional effects,
by examining nonresonant light scattering with the dynamical cluster approximation in two dimensions.
The computer programs for this work are nearly finished, but the production runs are likely to take a
significant amount of time before they will be complete. This is the first attempt to calculate transport with
the dynamical cluster approximation in any model system.

CGP 2002 Final Report Form Issued December 1, 2003 Page 2 of 21



Form711_ CGP Standard Final Report

3) Public Summary (FSU Language)

Mpobnema HeNPY>XHBOro PO3CisTHHA CBITIIA HA ENEKTPOHAX Y CUITbHOCKOPESIbOBaHMX MaTtepianax €
OAHI€l0 3 HaMckNagHiwmnx npobnem y disnui TBepAoro Tina. BoHo Bko4Yae npouecu, Npu akmx QOTOHM
OMPOMIHIOTL MaTepiar, B3aeMOAi0Tb 3 eNeKTpoHamu i BinOMBatoTbCsl Ha3ag, ane BigduTi GOTOHM
MatoTb iHLIMI Konip (eHeprito) Hix HaniTatoui. MNepepi3 (PyHKLisT) HENPY>XHBOTO PO3CiISTHHA CBIiTIAa NOKa3ye
CKiNnbku BigOMBaeTbCA (POTOHIB i3 3a4aHUM 3CYBOM KOSbOPY 3a NEBHUN NPOMIKOK Yacy. Ha gaHuii yac
BMKOHAHO HaraTo eKkcnepumeHTIB 4SS LWMPOKOro psiay MaTepianis BKitovaroum gienektpukn KoHgo,
MaTepianv nobnmay nepexony MeTan-gieNneKkTpyk i BUCoOKoTeMNnepaTypHi HaaNPOBIAHMKK. [1na BCiX Lmx
BiOMIHHMX CMCTEM MEepepi3 HEMPY>KHbOIO PO3CIAHHSA CBiTNa Bosogie paaom CriflbHUX BriactMBocTen: (i)
BiHOLLEHHS TeMNepaTypy YTBOPEHHS LWiNUHM 0 pO3Mipy camoi WinuHm Habarato meHwe 3a 0.5 (ii)
HasABHICTb i30C6ECTUYHOI TOYKM KONM (PYHKLIS BiAryKy A4S MEBHOMO 3HAaYEHHS 3CyBY KOMbOpPY He
3anexuTb Big Temnepartypw. MNoeaHyo4m 4OCBIg YKPAiHCBKOT i aMepMKaHCbKOI KOMaH Ham BAanocs
3HaNTU PO3B’A30K 3arasibHOI NPobnemMu BpaxoByko4M YCi CYTTEBI TUMW PO3CIAHHSA (T.3. HEPE3OHAHCHI,
pe3oHaHCHiI Ta 3milaHi gogaHkm). Lle Bumarano Big Hac po3pobkn HOBOro oopmariamy BUKOHaHHS
aHaniTM4YHOro NPOAOBXEHHS ANA BigNOBiAHNX OYHKLIN, O ONUCYHOTb HEMNPYXHE PO3CISHHS;
po3pobneHn dopmManiam € 3aranbHUM i Moxxe ByTK 3aCTOCOBaHUN 0 GaratboX Pi3HOMAHITHUX Npobnem
BaraTbox Tin. Mu Takox 3anoyaTKyBanu AOCMiIIPKEHHS] CKIHYEHO-PO3MIPHUX €(PEKTIB LLUNAXOM BUBYEHHS
HEepe30HaHCHOIo PO3CisIHHA CBITIa Y ABOBUMIPHMX CUCTEMAX B pamMKax HabNMKEeHHSA AMHAMIYHOro
KnacTtepa. BignoBigHi koMn'tl0TEpHI Nporpamu BXXe HanucaHi, ane cam paxyHOK BUMarae 3Ha4yHoro ob’emy
yacy ans 3aeepLueHHs. Lle 6yae neplia cnpoba po3paxyBaTu TPAHCMNOPTHI ABULLA ANSA AOBINbHOI
MOZENbHOI CUCTEMM BUKOPUCTOBYHOUN HABNMKEHHA AMHAMIYHOrO Kractepa.
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CRDF COOPERATIVE GRANTS PROGRAM: FINAL PROJECT REPORT

SECTION Il: Technical Report

Award Number: UP2-2436-LV-02

INSTRUCTIONS

e Length: The technical report should be no more than 5 pages in length.

e Content: The technical report should outline the goals of the original research project and provide a
technical description of how these goals were or were not met, highlighting specific achievements.
Please do not re-submit the project narrative from the original proposal.

e Use: From time to time, CRDF conducts a review of completed grant projects for possible inclusion
in publicity materials, for presentations at symposia, etc. In connection with this, CRDF occasionally
asks expert reviewers from the original grant selection panels to review the final technical reports to
assist staff in selecting projects for possible feature in such activities. CRDF does not use specific
information (except as otherwise indicated in these Final Project Report instructions) about individual
projects in publicity activities without the permission of both Principal Investigators.

e Language: The technical report must be submitted in English.

Technical Report

Our CGP CRDF grant focused on two major projects: (i) the calculation of resonant Raman
scattering using dynamical mean-field theory (DMFT) and (ii) the calculation of finite-dimensional effects
on nonresonant Raman scattering using the dynamical cluster approximation (DCA) in two dimensions.
The first project has been completed. We have one publication in Physical Review Letters, one long
paper in press with Physical Review B, and two conference proceedings. The second project is still
underway. We have completed the formalism development and the computer coding and debugging (we
need only to parallelize the final version of the codes). We are in the process of making production runs,
which are taking somewhat longer than we had anticipated in our original proposal. In addition, we wrote
one paper on the equivalence of two different forms for the free energy of the Falicov-Kimball model. This
is a project not in our original proposal, but it arose out of discussions we had during the first trip of Jim
Freericks to the Ukraine.

Electronic Raman scattering is an important probe of electronic excitations in materials. It has
been used to examine different kinds of charge and spin excitations in a variety of different materials,
ranging from Kondo insulators [1,2], to high temperature superconductors [3,4], to collossal magneto-
resistance materials [5]. Inelastic light scattering involves contributions from scattering processes that
depend on the incident photon frequency (so-called mixed and resonant contributions) and processes
that are independent of the incident photon frequency (so-called nonresonant contributions). There has
been much theoretical work on this problem. In the strong-coupling regime, a perturbative approach has
been used, and has illustrated a number of important features of resonant scattering processes [6,7]. The
nonresonant case has also been examined, and an exact solution for correlated systems (in large spatial
dimensions) is available for both the Falicov-Kimball [8] and Hubbard [9] models. In our CRDF project, we
concentrated on an exact solution of the full problem for the Falicov-Kimball model including all resonant
and mixed effects.

The resonant Raman scattering work represents a tour-de-force of dynamical mean field theory.

Normally the Raman response function, y(£2), which is related to the cross section R(Q) by
2z’ (kg (k)

I—exp(-/A2) -
cannot be easily determined for a many-body system. Here and below, k;; w;, ¢/ are the momentum,
frequency and polarization of the initial and final states of the photons, respectively, g= k-k, Q=w;-w, are
the transferred momentum and frequency, and g(k) is the “scattering strength”. We analyze three different
symmetries for the incident and outgoing light. The A4q symmetry has the full symmetry of the lattice and
is measured by taking the initial and final polarizations to be € = € = (1,1,1,...) (we assume nearest-
neighbor hopping only). The Big symmetry is a d-wave-like symmetry that involves crossed polarizers: €

R(Q) = 2(Q):
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=(1,1,1,...) and € = (-1,1,-1,1,...). Finally, the B,y symmetry is another d-wave symmetry rotated by 45
degrees; with € =(1,0,1,0,...) and € =(0,1,0,1,...).

The light-scattering cross section expressions were evaluated by first considering the relevant
multi-time correlation functions on the imaginary-time axis, then Fourier transforming to a Matsubara
frequency representation, and finally making an analytic continuation from the imaginary to the real
frequency axis [V-3] (here and below [V-x] indicate reference x in SECTION V: Bibliography of Project-
Related Publications). In the case of nonresonant scattering, the expressions to be analytically continued

are constructed from the correlation function of two stress operators ¥*(7,7") =<T 7/(2')}/(1")> and
depend on only one frequency; for mixed scattering they are constructed from the correlation function
between one stress and two current operators ¥y (7,7',7") = <T7/(T)ji(2")j'f (T")> which depends on
two frequencies, and for resonant scattering they are constructed from the correlation function of four
current operators 'Y (z,7,,7,,7,) = <7ji(r)jf () j'(z,)j’ (2'3)> which depends on three frequencies.

The analytic continuation procedure for the mixed and resonant Raman scattering is complicated,
because it requires a multi-step procedure, where first the transferred frequency is continued to the real
axis, then the individual initial and final frequencies are continued to the real axis. In addition to the
analytic continuation, we also must evaluate the dressed multi-time correlation functions. There are
renormalizations associated with two-particle “ladderlike” summations for a number of the relevant
diagrams (see Fig. 1), but the symmetry of the velocity operator, and of the relevant multi-particle vertex
functions (which are local in the large-dimensional limit) imply that there are no parquet-like summations,
nor are there any three-particle or four-particle vertex renormalizations [V-3]. Since the two-particle vertex
function for the Falicov-Kimball model is already known [10], the full Raman scattering problem can be
solved via a straightforward but tedious procedure. The final formulas are cumbersome and appear in
Ref. [V-3]. To our knowledge, this calculation is the most complex DMFT calculation completed on any
model system.

T
4

+T

b)

Fig. 1. Feynman diagrams for a) nonresonant, b)
mixed, and c) resonant Raman scattering. The
wavy lines denote photon propagators and the
solid lines denote electron propagators. The cross-
hatched rectangle is the reducible charge vertex.
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With the use of DMFT, we solved for the full Raman response for all frequencies of incident light
in the Falicov-Kimball model. Since the Falicov-Kimball model can be tuned across a metal-insulator
transition, we were able to study the evolution of electronic Raman scattering from the metallic to the
insulating states, and we have investigated the light scattering on both sides of the quantum critical point

that occurs at U = \/5 Resonant, non-resonant, and mixed contributions have all been treated on an
equal footing and we allowed for an analysis of the dependence of Raman scattering with temperature,
interactions, and different light polarizations.

Our results confirm a number of previously held beliefs about resonant effects in strongly
correlated systems. First, we found a strong resonant enhancement of the charge-transfer peak in
Raman scattering when the incident photon energy lies near the charge-transfer energy. This behavior is
robust to temperature and polarization changes due to the local nature of the charge-transfer excitation in
our model. Second, we found a polarization-independent “double-resonance” enhancement when the
transferred frequency of the light approaches the incident light frequency. This feature survives in the
insulating phase because of the pseudogap nature of the insulator on the hypercubic lattice and the long
lifetime of the pseudogap states near the chemical potential.

Our main results are summarized in Fig. 2. In the left panel, we plot the Raman scattering
response function in a correlated insulator for three different scattering geometries (A4, B1g and Byg). The
results are plotted for different values of the incident photon frequency as a function of the transferred
photon frequency at moderate temperature. Surprisingly, the resonant effects do not just enhance the
nonresonant curve, but can change the shape of the response function, especially when the incident
photon frequency is close to the interaction energy U=2. The response separates into a low-energy
feature around Q~0.5 and a charge-transfer feature around Q=~U=2 (the charge-transfer peak is absent in
the B,g symmetry, and is suppressed in the A4 sector due to a cancellation of the nonresonant and mixed
diagrams until >>U). In addition, there is a sharp peak when w,—Q due to purely resonant effects. In the
right panel, we focus on the low-energy peak (at Q=0.5) and plot the resonant profile as a function of the
incident photon energy. We find an interesting joint resonance of this low energy peak with the charge
transfer peak when the photon energy is close to U (not shown here). This kind of joint resonance is seen
in many strongly correlated materials [3] and was first explained theoretically by our work [V-2, V-5].
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Fig. 2. Resonant Raman scattering for U=2 which is just on the insulating side of the Mott transition.
The left panel is the Raman scattering for different incident photon frequencies w; as a function of the
transferred frequency Q at 7=0.5, while the right panel fixes the transferred frequency at Q=0.5 and varies
w;, with the different curves corresponding to different temperatures 7=1 (black), 7=0.5 (red), 7=0.2
(green), and T=0.05 (blue).

In addition, we find a number of new features of light scattering in correlated insulators. We find
that low-energy spectral features, related to thermal populations of elementary excitations, show a
resonance behavior when the incident light is tuned to the much higher frequency of the charge-transfer
energy. This is a specific case where the correlations are crucial, since in uncorrelated materials, this
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would correspond to off-resonant conditions. Yet due to the many-body nature of the correlated band,
spectral features well separated from the charge-transfer peak have a non-trivial resonance profile. We
believe that these may be potentially useful to understand the complex nature of charge excitations in
correlated materials as it would impact both electronic and phononic Raman scattering at low
frequencies. Finally, we find that the presence of an isosbestic point in the Raman response for
correlated insulators results from a symmetry-dependent combination of all resonant, mixed, and non-
resonant terms, and appears to be generic.

We end our discussion of this sub-project with a summary of the technical achievements and of
the potential applications of this work. To begin, this project is a significant advance in formalism for the
many-body problem, as it shows how to explicitly calculate retarded three and four particle response
functions, which are not normally discussed, and have never been treated in DMFT before (our analytical
continuation formalism can be applied to other problems that require three or four particle response
functions). This work is also more complex than most transport problems in DMFT because there are a
number of vertex corrections that enter for many of the diagrams that we calculate. In most applications
to date with DMFT, such vertex corrections vanished due to symmetry reasons. Finally, our work provides
the first theoretical calculations that can frame the experimental results that have been generated over
the past ten years on strongly correlated materials. We find that virtually all of the anomalies seen in
experiment are also seen in our theory, and we have found some additional features that would be
interesting to look for in experimental systems.

In addition to this major Raman scattering project, we also completed a short project on the free
energy of the Falicov-Kimball model. Falicov and Kimball proposed a mean-field theory form for the free
energy that was made exact by Plishke [11]. This work predated the development of DMFT. Brandt and
Mielsch developed an apparently different formalism to calculate the free energy within DMFT [12]. It
was well known that numerical calculations of these two different forms for the free energy always
agreed, but there was no derivation that showed how to go from one form to the other. This is what we
accomplished in a short project early in the grant period [V-1]. While this work does not have significant
applications, it provides an important missing piece to the understanding of the solutions of the Falicov-
Kimball model. We also spent time examining the feasibility of solving the static Su-Schrieffer-Heeger
model [13] (this model couples the phonons to the electron hopping rather than to the electron charge as
in the Holstein model). The Su-Schrieffer-Heeger model is an interacting electron-phonon problem that
has not been exactly solved in the thermodynamic limit on any lattice. We have generalized the DMFT
approach for systems with correlated hopping and obtained the equations for the DMFT solution. We
believed that we might be able to solve these equations and provide the first exact solution of this model,
but due to the infinite dimensionality of the order parameters it appears impossible to perform a complete
analysis of the possible orderings and to calculate the phase diagram.

We completed much work on our other major project for the grant proposal---namely the
calculation of finite dimensional effects on the nonresonant Raman response function. This calculation
can be performed with the so-called dynamical cluster approximation [14], which adds, in a systematic
fashion, the momentum dependence to the self energy and the irreducible vertex functions, that allows us
to calculate both the Raman response function and the optical conductivity; neither have ever been done
before. This means that we can see how the DMFT results evolve into the finite-dimensional results and
we can come up with quantitative predictions for the effects of momentum dependence on the response
functions and transport.

We have already completed some preliminary results for this problem on a two-dimensional
lattice in Fig. 3. Here we plot the Raman response function for the Ay symmetry and different
temperatures on a 4 x 4 lattice (left panel) and at a fixed temperature (T = 0.5) for different cluster sizes in
the right panel. The response function includes short-range charge fluctuations in addition to the local
fluctuations, due to an irreducible vertex function that has explicit momentum dependence.
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Fig. 3. Nonresonant Raman response for U=8 which is just on the insulating side of the Mott transition
(which occurs at U=6). The left panel is for different temperatures on a 4x4 lattice, while the right panel
is at 7=0.5 for different cluster sizes (N.=1, N.= 16, and N = 36).
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A.

CRDF COOPERATIVE GRANTS PROGRAM: FINAL PROJECT REPORT

SECTION lll: ESU Team Data
(to be completed by the FSU Principal Investigator only)

Award Number: UP2-2436-LV-02

Research Information

1.

Scientific Results

a. Were the scientific and technical objectives of your original proposal accomplished?

Yes X No []
The specific research objectives changed. []
b. If specific research objectives were not accomplished, please briefly describe the factors that
impeded their successful completion (e.g., unanticipated research results, difficulty in

communications, administrative or financial complications, etc.).

c. If specific research objectives changed, please describe:

o

Please indicate the type of accomplishments achieved under your project (please check all that
apply):

X New theoretical results
[ ] Elaboration of known topic

[ ] New experimental results

X New techniques developed or techniques improved
[ ] Development of “know-how”

[] Prototype development

[] Patent Application

[] Pending

[] Received

X] Publication of results in journal

X] Other (please describe) (Presentations at conferences)

Invited oral presentations at international conferences

2.

Collaborative Benefits

a. Describe the benefits of having conducted your research in collaboration with U.S. counterparts
rather than independently.

X] Exchange of ideas X] Complementary expertise in particular research area

DX Access to new facilities X] Access to new or previously unavailable information
X Joint publications X Access to new geographical research area

X Access to new research methods  [X] Educational effect on young researchers/students
[] Other (please describe)
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b. Describe any difficulties related to the collaborative nature of the effort.

[] Language barriers [] E-mail/Internet difficulties

[] Procuring equipment or supplies ] Paperwork

X] Other time commitments [] Intellectual Property Rights issues
X Travel/Visas [ ] Financial Issues

[] Other (please describe)
c. Will the collaboration with the U.S. team continue? Yes [X No []

d. If "Yes”, by which of the following means? (check all that apply)

X] Future joint publications X New grant proposals
[] Joint patents X] Exchange visits
X] E-Mail contact [] Other (please describe)

3. Additional Support

a. Have you submitted applications to any funding agencies for support of your collaborative
research? Yes [X No []

b. If “Yes”, please indicate which funding agencies you applied to for possible funding (check all that
apply).

X CRDF (Program: CGP )] ISTC/STCU

[] INTAS [] FSU Government Agency/Ministry

] NATO [] European Community Sixth Framework Programme
D] U.S. Department of Energy (DOE) [ ] U.S. Department of Defense

[] National Institutes of Health (NIH) (Please specify NIH institute: )
[ ] For-Profit Company (Please identify: )

[] Other:

c. If you received any funding to continue your collaborative research, please identify the source(s)
from which you have received this funding (check all that apply).

[ ] CRDF (Program: ) L] ISTC/STCU

[] INTAS [] FSU Government Agency/Ministry

] NATO [] European Community Sixth Framework Programme

[ ] U.S. Department of Energy (DOE) [_] U.S. Department of Defense

[] National Institutes of Health (NIH) (Please specify NIH institute: )
[ ] For-Profit Company (Please identify: )

[] Other:

d. In the future, do you plan to apply for support for continuation of your collaborative research?
Yes [X] No []

e. If“Yes,” please specify which funding source(s) you plan to apply to for support (check all that
apply).

X CRDF (Program: CGP ) [] ISTC/STCU
INTAS X FSU Government Agency/Ministry
NATO [] European Community Sixth Framework Programme

National Institutes of Health (NIH) (Please specify NIH institute:

For-Profit Company (Please identify: )
Other:

[]
L]
D] U.S. Department of Energy (DOE) [ ] U.S. Department of Defense
[
[
[]
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4, Technology Commercialization
a. Are you pursuing commercial application of your research results? Yes [] No [X
b. If "Yes”, please check all that apply:

[] Planning joint patent application ] Planning country-specific patent application
] Approved joint patent application ] Approved country-specific patent application
[ ] Contract with for-profit company [] Prototype development

[ ] Marketing [] Seeking venture capital investment

] Licensing ] Manufacturing

[] Other: (please describe)

c. If“Yes,” please provide a paragraph with details about the above-checked plans:

5. Transition to Civilian Science

a. Did your project include researchers who were formerly actively engaged in weapons-related
research? Yes [X| No [] (if you check No, please skip to Question 6)

b. Did the CRDF research project provide a positive means for engaging and retaining former
weapons scientist(s) in civilian science? Yes [XI  No []

c. If Yes, please describe: individual support and support for travelling

d. Did any of the former weapons researchers on your team change institutional affiliation or country
of residency during this project? Yes [] No X

e. If Yes, please describe:

f. What percentage of research time did the former weapons researchers spend on civilian research?
100 %

6. Research Infrastructure

a. How did you use technological information resources (such as the Internet, e-mail) to support
your CGP project? (check all that apply)

X] To obtain data or information

X] To consult with co-investigator by e-mail

X] To consult with other researchers working on the same or related topics by e-mail

X] To identify future research collaborators

X] To identify funding sources

X] To promote/market the results of the research project

X] To help educate student researchers

X] To aid in the submission of additional collaborative research proposals and publications
[] Other (please describe)
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b. Over the course of the award, did you or your laboratory/institute develop new linkages
(international or in-country) with any of the following in order to carry out the research project?
(check all that apply)

X] Academy of Sciences Research institutions
Government Research Institutions

FSU Universities

Other Universities

For-Profit Companies

[] Other (please describe)

CIXIC]

c. Please briefly identify and describe the institutional linkages developed (e.g., “developed
arrangement to share access to research equipment with XXX Institute”):

Computer clusters at the Ukrainian site have been accessed from Georgetown and used to run
computer codes.

d. Over the course of the award, did you have the opportunity to utilize equipment (for project-related
purposes) at your U.S. collaborator’s institution or other foreign or FSU institutions?

Yes [X No ]
If "Yes”, please describe:

Use of computers and compilers, use of the library, and electronic journals.

B. Administrative Information

1. Project Personnel
a. List all members of your CGP research team (including those who worked on the project but did
not receive individual financial support from CRDF) including name, date of birth, gender, and
affiliation (if different from Principal Investigator’s institution). Please include and identify students.
Please identify as “Former Weapons Researchers” those project participants who were formerly or
are currently actively engaged in research at a current or former weapons laboratory or institution.
For those researchers only, please indicate the type of defense-related research by using the code
list provided in the Appendix.

# Name/Institutional Date of Birth Gender | Student? | Former Weapons
Affiliation (MM/DD/YYYY) [M/F] Weapons Research
Researcher? | Code (see

Appendix
for code)

1 | Shvayka A.M./ICMP | 11/8/1960 M L] X Al

2 | Danyliv O.D./ICMP 8/7/1970 M L] L]

3 | Vorobyov O.A./ICMP | 5/11/1977 M X L]

4 [] []

5 [] []

6 [] []

7 [] []

8 [] []

9 [] []

10 [] []

CGP 2002 Final Report Form Issued December 1, 2003 Page 12 of 2/



Form711_ CGP Standard Final Report

b. Did any of the participating students complete a thesis in whole or in part based on research
directly related to the CRDF-sponsored project? Yes [] No [X

c. If”’Yes”, check all that apply: [ ] Doctoral/Candidat [ ] Undergraduate

2. Project-Related Travel

a. How many FSU team members traveled to the United States for 2
project-related purposes during the term of the grant?

b. Of these, how many were students? 1
¢. How many FSU team members traveled to countries other than the 3

U.S. for project-related purposes such as presenting CGP research
results at an international conference?

d. Of these, how many were students? 1
e. How many FSU team members left the FSU for six months or more 1
during the grant period to take a position in a foreign laboratory or
organization?

f. Of these, how many were students? 0

For all participants in Question “e” above, please provide the following information:

Student? Period of Time Abroad Destination
<1 1-2 >2 Returned USA Other Other (please specify)
yea years | years home FSU
r Country
Team L] RN L] L] Ll L] L]
member
1
Team L] X L] L] L] L] X UK.
member
2
Team L] RN L] L] L] L] L]
member
3

3. Award Administration
a. Did you encounter any administrative difficulties during the course of the project? Yes [X] No [ ]

b. If “Yes”, please identify the type of problem encountered by checking the appropriate box below
(check all that apply).

X Travel /Visa Issues
[l Cost-share payments
] Communication with CRDF staff

[] Individual financial support payments
X] Purchase of materials & services

X Institutional support payments

[] Other (please describe)

c. Please comment on how these difficulties were addressed and/or resolved.

4. CRDF Performance

On a scale of 1 to 5, rate the performance of CRDF staff in administering your award.
Poor Good Excellent
2 [] 4 ]

1 3 [ 5 X

Please provide any additional comments regarding CRDF’s performance.
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CRDF COOPERATIVE GRANTS PROGRAM: FINAL PROJECT REPORT

SECTION IV: US Team Data
(to be completed by the US Principal Investigator only)

Award Number: UP2-2436-LV-02

A. Research Information

1. Scientific Results

a. Were the scientific and technical objectives of your original CGP proposal accomplished?
Yes X No []

Research objectives changed [ ]
b. If specific research objectives were not accomplished, please describe the factors that impeded
their successful completion (e.g., unanticipated research results, difficulty in communications,

administrative or financial complications, etc.).

c. If specific research objectives were changed, please describe:

o

Please indicate the type of accomplishments achieved under your project (please check all that
apply):

X New theoretical results

[] Elaboration of known topic

] New experimental results

X New techniques developed or techniques improved
[] Prototype development

[] Development of “know-how”

[] Patent Application

[] Pending

] Received

D] Publication of results in journal

X] Other (please describe) Presentations at conferences

Invited oral presentations at international conferences

2. Collaborative Benefits

a. Describe the benefits of having conducted your research in collaboration with FSU counterparts
rather than independently.

X] Exchange of ideas X] Complementary expertise in particular research area
[ ] Access to new facilities [] Access to new or previously unavailable information
X Joint publications [] Access to new geographical research area

[] Access to new research methods  [X] Educational effect on young researchers/students

[] Other (please describe)

b. Describe any difficulties related to the collaborative nature of the effort.

[] Language barriers X E-mail/internet difficulties

X Procuring equipment or supplies ] Paperwork

[] Other time commitments [] Intellectual Property Rights issues
X Travel/Visas [] Financial Issues

[] Other (please describe)
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c. Will your collaboration with the FSU team continue? Yes [X] No []

d. If "Yes,” by which of the following means? (please check all that apply)

X
L]
X

Future joint publications X New grant proposals
Joint patents X] Exchange visits
E-Mail contact [] Other (please describe)

3. Additional Support

a. Do you feel your work on this project helped to enable you or your institution to obtain support for
continuation of your collaborative research from sources other than CRDF? Yes [ ] No X

b.

If “Yes,” please check the sources below:

I

National Institutes of Health (Please indicate institute: )
National Science Foundation (Please indicate Program Area/Division: )
DOE

NASA

U.S. Department of Defense:

Other:

c. In the future, do you plan to apply for support for continuation of your collaborative research from
sources other than CRDF? Yes [X] No []

d. If “Yes,” list potential sources. Please be as specific as possible about citing the appropriate
funding division of a large agency (for example, for NIH, please cite specific NIH institute; for NSF,
please cite specific program area or division):

LOOXON

National Institutes of Health (Please indicate institute: )
National Science Foundation (Please indicate Program Area/Division: )
DOE

NASA

U.S. Department of Defense:

Other:

4. Technology Commercialization

a. Are you pursuing commercial application of your research results? Yes [] No [X

b.

C.

If "Yes,” please check all that apply:

[
[
[
[
[
[

Approved joint patent application

Planning joint patent application [] Planning country-specific patent application
] Approved country-specific patent application

Contract with for-profit company [] Prototype development

Marketing [ ] Seeking venture capital investment

Licensing [ ] Manufacturing

Other (please describe)

If “yes,” please provide a paragraph with details about the above-checked plans:
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B. Administrative Information

1. Project Personnel
List all U.S. members of your CGP research team including name, age, gender, and affiliation (if
different from Principal Investigator’s institution). Include and identify students, even if not paid.

# Name/Institutional Affiliation Date of Birth Gender | Student?
(MM/DD/YYYY) [M/F]
1 | Jim Freericks/Georgetown 11/21/1963 M L]
2 | Mark Jarrell/Cincinnati 9/19/1960 M L]
3 | Tom Devereaux/Waterloo 5/5/1964 M L]
4 | Juana Moreno/South Dakota 12/24/1964 F L]
5 L]
6 L]
7 L]
8 L]
9 L]
10 [

Please indicate if any of the student researchers defended theses in conjunction with this project:

2. Project-Related Travel

a. How many U.S. team members traveled to the FSU for project-related | 1
purposes during the term of the grant?
b. Of these, how many were students? 0

c. How many U.S. researchers traveled to non-FSU countries for project- | 2
related purposes such as presenting CGP research results at an
international conference?

d. Of these, how many were students? 0

3. Award Administration
a. Describe any administrative difficulties encountered during the course of the CGP grant.
[] Graduate student stipend payments [X] Travel/Visa Issues
[ ] Purchase of materials and services [_] Communication with CRDF staff

[] Cost-share payments [] Other (please describe)

b. Please comment on how these difficulties were addressed and/or resolved.

4. CRDF Performance: On a scale of 1 to 5, rate the performance of CRDF staff in administering your
5. award.

Poor Good Excellent

10 2 [ 30 4 [ 5 X

Please add any additional comments regarding CRDF’s performance.
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CRDF COOPERATIVE GRANTS PROGRAM: FINAL PROJECT REPORT

SECTION V: Bibliography of Project-Related Publications

Award Number: UP2-2436-LV-02

INSTRUCTIONS

e Format: Please use the following format to list publications:

Also, please note that it is imperative to list the country of publication in addition to other citation
information.

>

For a journal or magazine article:
Author Name(s). “Article Title.” Journal Name Volume (Year): Page Numbers. (Country of
publication)

Journal/Article Example:

Feldstein, M.M., I.M. Raigarodskii, A.L. lordanskii, and J. Hadgraft. “Modeling of percutaneous
drug transport in vitro using skin-imitating Carbosil membrane.” Journal of Controlled Release 52
(1998): 25-40. (Country of publication)

For a book:
Author Name. Title. Place: Publisher, Copyright Year.

Book Example:
Ebbing, Darrell D. General Chemistry. Boston: Houghton Mifflin Company, 1996.

e Please do not abbreviate the titles of journals or other publications.

e Please do not include abstracts from conferences and conference proceedings. Such abstracts
should be cited in Section VI, Conference Presentation List.

e If you include items that have been submitted for publication but have not yet been accepted for
publication, please clearly mark these items as “submitted for publication.”

If you do not have any project-related publications to cite, please check here and explain: []

Are you planning on publishing in the near future? []
o If so, please provide details about planned publication and expected publication dates.

BIBLIOGRAPHY OF PROJECT-RELATED PUBLICATIONS

1.

Shvaika A.M., Freericks J.K. “Equivalence of the Falicov-Kimball and Brandt-Mielsch forms
for the free energy of the infinite-dimensional Falicov-Kimball model.” Physical Review B:
Condensed Matter and Materials Physics 67 (2003): 153103 (3 pages). (U.S.A.)

Shvaika A.M., Vorobyov O., Freericks J.K., and Devereaux T.P. “Resonant Enhancement of
Inelastic Light Scattering in Strongly Correlated Materials” Physical Review Letters 93
(2004): 137402 (4 pages). (U.S.A))

Shvaika A.M., Vorobyov O., Freericks J.K., and Devereaux T.P. “Electronic Raman
scattering in correlated materials: A treatment of nonresonant, mixed, and resonant
scattering with dynamical mean field theory” Physical Review B: Condensed Matter and
Materials Physics 70 (2004): in print (18 pages). (U.S.A.) Preprint arXiv:cond-mat/0408400.
Shvaika A.M., Vorobyov O., Freericks J.K., and Devereaux T.P. “Resonant electronic
Raman scattering near a quantum critical point” Physica B: Condensed Matter accepted
for publication (2 pages). (The Netherlands) Preprint arXiv:cond-mat/0406305.

Shvaika A.M., Vorobyov O., Freericks J.K., and Devereaux T.P. “Resonant Enhancement of
Electronic Raman Scattering” Journal of Physics and Chemistry of Solids submitted for
publication (4 pages). (U.K.) Preprint arXiv:cond-mat/0407120.
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CRDF COOPERATIVE GRANTS PROGRAM: FINAL PROJECT REPORT
SECTION VI: Conference Presentation List

Award Number: UP2-2436-LV-02

INSTRUCTIONS

e Format: Please use the following format to list conference presentations:

* For “Type of Presentation,” please indicate either “Oral Presentation” or “Poster Presentation.

Presenter’'s Name(s). “Presentation Title, (Type of Presentation*), Conference/Workshop
Name, Dates of Conference, Location of Conference.

Example:
lordanskii, A. L. “Diffusion Modeling of the Propranol Drug Delivery from a Hydrophilic

Transdermal Therapeutic System,” (Oral Presentation), Third Spanish-Portuguese Conference
on Controlled Drug Delivery, September 6-9, 1998, Lisbon, Portugal.

If you have not made any conference presentations, please check here and explain: []

Are you planning on making any conference presentations in the near future? []
If so, please describe planned presentations and list the dates and locations of the respective
conferences.

LIST OF PROJECT-RELATED CONFERENCE PRESENTATIONS

1.

Freericks, J. K. “Inelastic light scattering and the correlated metal-insulator transition,” (Oral
Presentation), International Conference on Strongly Correlated Electron Systems, July 10-13,
2002, Krakow, Poland.

Freericks, J. K. “Theoretical description of the high-temperature phase of Yb and Eu
intermetallics,” (Oral Presentation), European Conference “Physics of Magnetism,” July 1-5,
2002, Poznan, Poland.

Freericks, J. K. “Inelastic light scattering and the correlated metal-insulator transition,” (Oral
Presentation), NATO Advanced Research Workshop on Concepts in Correlations and 2" Hvar
Workshop on Strongly Correlated Electrons, October 3-8, 2002, Hvar, Croatia.

Freericks, J. K. “Inelastic light scattering and the correlated metal-insulator transition,” (Oral
Presentation), Advanced Photon Source colloquium, Argonne National Laboratory, May 14, 2003
Argonne, lllinois.

Devereaux, T.P. “Inelastic light scattering in strongly correlated metals and insulators,” (Oral
Presentation), International Conference on Low Energy Electrodynamics of Solids (LEES 02),
October 13-18, 2002, Montauk (Long Island), New York.

Devereaux, T.P. “Inelastic X-ray scattering in correlated metals and insulators,” (Oral
Presentation), IXS-CAT Workshop, Argonne National Laboratory, January 20-24 2003 Argonne,
lllinois.

Devereaux, T.P. “Inelastic X-ray scattering in correlated Mott insulators,” (Oral Presentation),
March meeting of the American Physical Society, March 22-26, 2004, Montreal, Quebec,
Canada.

Devereaux, T.P. “Shining Light on Quantum Criticality in Correlated Materials,” (Oral
Presentation), CIAR Quantum Materials Meeting, May 28-30, 2004, Toronto, Canada.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Shvaika, A.M. “Dynamical mean field theory of correlated hopping,” (Oral Presentation),
International Conference on Strongly Correlated Electron Systems, July 10-13, 2002, Krakow,
Poland.

Shvaika, A.M. “Electronic Raman scattering in correlated materials: exact treatment of
nonresonant, mixed, and resonant scattering with dynamical mean field theory,” (Oral
Presentation), March meeting of the American Physical Society, March 22-26, 2004, Montreal,
Quebec, Canada.

Shvaika, A.M. “Correlated hopping in infinite dimensions: rigorous local approach,” (Poster
Presentation), European Conference “Physics of Magnetism,” July 1-5, 2002, Poznan, Poland.
Shvaika, A.M. “Spin and charge fluctuations in the dynamical mean field theory of strongly
correlated electron systems,” (Poster Presentation), European Conference “Physics of
Magnetism,” July 1-5, 2002, Poznan, Poland.

Shvaika, A.M. “Local approach in the dynamical mean-field theory of correlated hopping,” (Poster
Presentation), NATO Advanced Research Workshop on Concepts in Correlations and 2" Hvar
Workshop on Strongly Correlated Electrons, Octoder 3-8, 2002, Hvar, Croatia.

Shvaika, A.M. “Resonant Enhancement of Electronic Raman Scattering,” (Poster Presentation),
7" International Conference on Spectroscopies in Novel Superconductors (SNS2004), July 11-
16, 2004, Sitges-Barcelona, Spain.

Shvaika, A.M. “Exact Treatment of Electronic Raman Scattering with Dynamical Mean-Field
Theory,” (Poster Presentation), International Conference on Strongly Correlated Electron
Systems (SCES'04), July 26-30, 2004, Karlsruhe, Germany.

Danyliv, O.D. “Thermodynamics of pseudospin-electron model in self-consistent GRPA
approach,” (Poster Presentation), 19th General Conference of the Condensed Matter Division of
the European Physical Society (CMD19), April 7-11, 2002, Brighton, UK.

Vorobyov, O. “One-dimensional proton conductor with strong short-range interactions,” (Poster
Presentation), March meeting of the American Physical Society, March 22-26, 2004, Montreal,
Quebec, Canada.

Vorobyov, O. “DMFT treatment of Raman scattering in strongly-correlated materials,” (Poster
Presentation), 20" General Conference of the Condensed Matter Division of the European
Physical Society (CMD20), July 19-23, 2004, Prague, Czech Republic.
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CRDF COOPERATIVE GRANTS PROGRAM: FINAL PROJECT REPORT

SECTION VII: SUPPLEMENTAL INFORMATION (optional)

Award Number: UP2-2436-LV-02

CRDF appreciates receiving supplemental information, such as photographs, publicity articles,
publication copies, Power Point presentations, or other materials. Please send such materials
directly to the CRDF contacts listed in the General Instructions on page 2.

If you submit photographs, please be sure to identify all persons pictured and indicate their roles in the
CRDF project. Please be aware that unless you indicate otherwise, CRDF reserves the right to use
photographs and other materials above in publicly-distributed CRDF documents.

If you do not have any supplemental materials to submit, please check here: []

We add photos, copies of our published articles, and some of our talks.
We don’t have any publicity articles.

All supplemental materials (total size 29.2 Mb) can be downloaded from
http://ph.icmp.lviv.ua/~ashv/crdf/supplement/

Persons in photographs (from left to right):

100_0313.JPG — Andrij Shvaika at Cherry Blossom 2004, Washington, DC

100_0501.JPG — Andrij Shvaika, Jim Freericks with his son Carl, and Oleg Vorobyov

100_1339.JPG — Andrei Mishchenko (CREST, Tsukuba, Japan; Kurchatov Institute, Moscow,
Russia), Andrij Shvaika, Arno Kampf (Universitat Augsburg, Germany), Tom
Devereaux at SNS2004 conference (Sitges-Barcelona, Spain)

100_1652.JPG — Jim Freericks in Lviv (August 2004)

100_1656.JPG — Andrij Shvaika and Jim Freericks in front of the Opera House in Lviv (August
2004)

DSCNO0106.JPG — Oleg Vorobyov at APS March Meeting 2004

DSCNO0188.JPG — Andrij Shvaika giving an oral presentation at the APS March Meeting 2004
DSCNO0250.JPG — Tom Devereaux giving an oral presentation at the APS March Meeting 2004
DSCNO0643.JPG — Andrij Shvaika, Oleg Vorobyov, and Jim Freericks visiting CRDF Headquarters

DSCN1776.JPG — Oleg Vorobyov at the CMD20 conference (Prague, Czech Republic) 2004
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CRDF COOPERATIVE GRANTS PROGRAM: FINAL PROJECT REPORT

APPENDIX
CODES FOR WEAPONS-RELATED RESEARCH

INSTRUCTIONS

This code list is to be used in Section Ill, FSU Team Data, to identify project participants who are
currently or were formerly actively engaged in research at a current or former weapons laboratory or
institution. Please fill in the code listed below which corresponds most closely to the primary area of the
participant’s weapons-related experience.

CATEGORY A: MISSILE TECHNOLOGY EXPERTS

CODE DESCRIPTION

Al Design, construction and performance of air, space, surface and underwater - launched missiles.
Materials and technologies for these missiles. Production of engines, fuels, composites, integrated
elements, radio-electronic equipment, different testing devices for missiles.

A2 Techniques for guidance and control of missiles from launching to impact. Includes optical guidance,
television guidance, wire guidance, present and terminal guidance, internal guidance, command
guidance, and homing guidance.

A3 Missile handling and launching, including transportation, storage, and preparation for launching. Air,
space, surface and underwater launching and support equipment and technologies; Checkout
equipment and procedures. Guided missile ranges.

A4 Techniques and systems for tracking missiles as defensive measures. Can be from surface installations

or air and space-borne platforms.

CATEGORY B: CHEMICAL WEAPONS EXPERTS

Bl Design and performance of missile warheads and rockets for delivery of chemical weapons.

B2 Materials, facilities and performance processes needed for the production of chemical weapon agents
and their key precursors.

B3 Dissemination of chemical weapon agents.

B4 Basic knowledge on CW design and their effect on human system.

CATEGORY C: BIOLOGICAL WEAPONS EXPERTS

C1 Design and performance of missile warheads and rockets for delivery of biological weapons.
C2 Biopolymer production related to biological warhead capabilities.

C3 Dissemination of biological weapon agents.

C4 Basic knowledge on BW design and their effect on human system.

CATEGORY D: NUCLEAR WEAPONS EXPERTS

D1 Basic knowledge of Nuclear Weapons design, construction, characteristics and the effect on human
system.

D2 Design, construction and performance of missile warheads for delivery of nuclear weapons.

D3 Design, construction and performance of the equipment and Components for Uranium and Plutonium
separation.

D4 Design, construction and performance of the equipment connected with Heavy Water Production.

D5 Design, construction and performance of the equipment for Development of Detonators.

D6 Design, construction and performance of Explosive Substances and Related Equipment.

D7 Design, construction and performance of the equipment and Components for Nuclear Testing.

D8 Design, construction, performance and operation of production-type nuclear reactors for fissile and
tritium-content materials production (breeding).

D9 Design, construction, performance of nuclear reactors and units for submarine and for military space

program.

CATEGORY E: OTHER

El Design, construction, and performance of powerful laser facilities for military applications.

E2 Design, construction and performance of accelerator facilities for military applications in space
programs.

E3 Others
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