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[IpopriBHBIE JOCTIKEHHS B METONAaX MAHUMYJIHUPOBAHUS MATOATOMHBIMH MOJIEKyJaMH B
MOCTIeTHEE TECATHIICTHE TIPUBEITN K TOMY, YTO HamOoJiee TOUHBIE IKCIIEPUMEHTHI 110 H3MEPEHHUIO TaKOTO
(GyHIaMEHTaJIbHOTO CBOICTBA O3JIEKTPOHA, KaK €ro JJIEKTPHYCCKUH AMIONBHBIA MOMEHT (eDAM)
BBITIOJHSIOTCSI UIMEHHO C HCIIOJNIb30BAHMEM TSDKEIBIX MOJIEKYJ. OTH M3MEPEHHUS SBISIETCA OJHUM U3
KITFOUEBBIX TECTOB (yHIAMEHTAIHHBIX MOJEJICH 3IEMEHTAPHBIX YacTHIN: cTaHAapTHOH Moxenmu (CM) m
pa3nuuHbIX ¢€ pacmupeHuii. Benmnunna e9/IM MOXeT MpOiWTh CBET Ha HAOJIOAEMYH0 aCHUMMETPHIO
BcenenHoit no konuuecTBaM MaTepuy U aHTUMATEPHH, KOTOpas He onuckiBaeTcs B paMkax CM. OtnudHas
oT Hyna BenuunHa eJ/IM MOXeT BO3HHKHYTH TOJBKO B CITydae OJHOBPEMEHHOTO HApPYIICHUS IBYX
CUMMETpHUH (PyHIaMEHTAIBHBIX B3aUMO/JICHCTBHII — CHMMETPUH OTHOCUTENFHO oOparieHws Bpemeru (1) u
OTHOCHTENIBHO TIpocTpancTBeHHOM nHBepcuu (P). [lomynsipabie pacimpenus CM mpenckasbIBaKoT, 4TO
BenmunHa eJ/IM nomkna Ha 10 mopsaKoB mpeBocxoauTh npeackazanue CM. [losromy ecin €DJIM Oyner
oOHapyXeH Ha YPOBHE, CYIIECTBEHHO MPEBHIIAONUM olleHKy CM, T 3T0 OyIeT CHIFHBIM yKa3aHHEM Ha
Hanmmuue Hoeou ¢usuxu 3a npeaenamu CM. OcoOEHHOCTBIO SKCIIEPUMEHTOB 10 u3MepeHuto eJ/IM Ha
MOJICKYJIaX SBJIACTCA TO, YTO B HHUX HEMOCPCACTBCHHO YCTAHABJIIMBACTCA OIPAaHUYCHHUEC Ha SHCEPTHUIO
B3anmopencTBus eDIM ¢ 3(h(hEeKTHBHBIM SJEKTPUYSCKUM II0JIEM BHYTPH MOJIEKYIbI, KOTOPOE HENb3s
WU3MEPUTh OTICIILHO, T.C. JUI1 HHTEPIPETAIIMU SKCIIEPUMEHTa B TepMuHaX ¢2J[M HeoOX0o1uMo IpUBJICYb
HanboJiee TOUHBIE TEOPETHUECKUE Tpenckazanust 3G dekTuBHOro noJs. s npoBeaeHus: IKCIIEPUMEHTOB
Ba)XHO 3HATPH U APYTHE MapaMeTPhl HUCIIOIb3YEMOU CUCTEMBI — J-(aKTOphI, BEPOSATHOCTH EPEXOA0B U Jp.
B mpencraBieHHOM mnukiIe pabOT pa3BUBAIOTCA M IMPUMEHSIOTCS TEOPETHUYECKUE TTOAXOIBI IS
npeicKa3aHus BceX ITUX XapakTtepucTuk. [lomumo e3/IM paccMoTpeHs! u ipyrue 3QpQeKTsl HapyLIeHUs
T,P- u P- cummerpuid.

OmHuM W3 BaXHEWHIMX TIONYyYEHHBIX pe3yJbTaTOB IHMKJIAa pPa0OT SBISIETCS BEIMYMHA
3¢ (EeKTUBHOTO AIIEKTPUUECKOTO TOJIS, IEUCTBYFOIIEro Ha e /IM B MoleKyse MOHOOKCH A TOPHSI B IEPBOM
BO30YXKJIEHHOM >JIEKTpOHHOM coctosiuuu H3A1, Berauciennas B paGorax [1,7]. O npusHanuu pabGoThI
HaYYHBIM COOOIIECTBOM CBHUJICTEIILCTBYET TOT (DaKT, YTO 3Ta BeIMYMHA IPPEKTHBHOTO MOJs ObLIa
ncrosnp30Bana komiadoparmeit ACME (cocTosimeit 13 skcriepuMeHTaTopos u3 Mensckoro n ['apBapackoro
YHHMBEPCUTETOB) JUIsI MHTEPIPETAlUM UX SKCIEpUMEHTa B TEpMUHaxX orpaHuueHus Ha eDIM B pabote
[Nature 562, 355-360 (2018)]. IToyueHHOE OrpaHUYeHHUE IBISETCS HanOoIee KECTKUM Ha CETOTHSITHIH
JICHb U YCTaHABJIMBACT CUIIbHBIE OTPaHUYEHUS Ha TapaMeTpsl Mojeneit HoBoit huznku.

Pa3BuTee TeopeTHUECKUX MOAXOAOB Ul PEIATUBHCTCKOTO ONMHUCAHUS IEKTPOHHOM CTPYKTYPHI
MOJIEKYJ IO3BOJIMIIO PELLIUTD TaK Ha3bIBAEMYIO 3araJIky CBEpXTOHKON CTPYKTYPbI, KOTOpas 3aKJI04aiach B
CHIJILHOM PacX0ICHUH dKCIIEPUMEHTAIBHBIX JAHHBIX CO CBEPXTOHKOMY PaCIIEIICHHIO B MOHAX BHCMYTA,
NOJIyYCHHBIX HEeMelKuMH dkcriepumentatopamu [Nature Communications 8, 15484 (2017)] or
NpeCKa3aHni, BHIIIOJHEHHBIX B PaMKax KBaHTOBOW 3JeKTpoauHaMuku Teopetukamu uz CIIOIY. Kak
0Ka3aJ0Ch, MPUYMHON PACXOXKIEHUS SBIUIOCH HEMpaBWIbPHOE 3HAUYEHHWE MarHUTHOIO MOMEHTa sifpa
BHCMYTa, KOTOPOE NMPHUBOIUTCS B CIPABOYHHKAX C OUYEHb MAJON MOrPENIHOCThIO. (s ycTaHOBIEHUS
HOBOTO 3HaueHWs B Hacrosauield pabore [4] Obula BIEpBbIE aJanTUPOBaHa PEISTHBUCTCKAs TEOPHUS
CBSI3aHHBIX KJIACTEPOB K Pacu€Ty KOHCTAHT SKPAHUPOBAHUS B MOJIEKYJIAX, CONEPKALINX TSHKEIBIA aTOM H
npumeHena k cucreme BiFs. Drta pabora, omybnukoBannas B kypHame Phys. Rev. Lett., momyuwnna
pe3oHaHc B Hay4HOM coo0iiecTBe 1 CMM, o e€ pe3ynbraTax HalMcauo B TOM YUCIIE aBTOPUTETHOS M3IaHUE
Physics World [https://physicsworld.com/a/has-the-hypefine-puzzle-been-solved/].

Ha myTtu pemreHust 3TMX 3ajad U COBMECTHO C HMMH OBUTH BBIMIOJHEHBI PabOThI, B KOTOPBIX
MOCIIEIOBATENIbHO Pa3BUBAJNCH MOAXOJBl K TEOPETHYECKOMY OIMCAHUIO 3JIEKTPOHHON CTPYKTYPHI
TsDKENBIX Mostekyd [1,2,4-18]. B wacTHoCTH, OBUIN CETAaHBI TEOPETHYECKUE TpeicKa3anus 3P (HEeKTHBHOTO
JNIEKTPUYECKOrO TIOJISl M JIPYruX Xapakrepuctuk karmoHoB HFF' [2,59,12,13] u ThF' [6]. Ha stux
KaTHOHAX BBIMIONHAETCS 3kcrepuMenT rpynmbl u3 CIHIA mox pykoBoactBom 3. Kopnemna. beuto takske
MOKA3aHO, YTO OJHON M3 MEPCIEKTUBHBIX cHCTeM il noucka T ,P-HeuéTHbIX 3>(QeKToB sBiseTcs
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mosekyiaa TaN [15]. B pa6ore [13] 6bu1 paccMoTper 3¢ ¢eKT, ¢ IOMOIIBI0 H3MEPEHUSI KOTOPOTO MOYKHO
CYIHTH O KBaJPYITOJIEHOM pacipeneecHuu HeHTpoHOB B siape. B padore [10] paccMoTpeHa BO3MOXHOCTD
uckath P-Heu€THbIe 3D (DEKTHI ¢ HCMOIB30BaHUEM MIEPEX0/a B MOJICKYJIC THAPUIA PTYTH.

B pabote [3] mpeioskeH HOBBIM MOIAXOA K BBIYHCICHHIO TaKUX CBOWMCTB, Kak 3(()EKTUBHOE
AJIEKTPUIECKOE TI0JIC, CBEPXTOHKHE KOHCTAHTHI M JIP. B KPUCTAIUIAX C SIBHBIM YYETOM UX MEPHOANICCKOM
CTPYKTYpBL. DTOT MOJIX0 00001IaeT ABYXIIArOBBI METO/I, PA3BUTHIN paHee JJIsl IBYXaTOMHBIX MOJIEKYI
Ha cilydall TpPEXMEPHBIX KPUCTAJIOB, U OBUI MPUMEHEH K PACUYETy KPHUCTALTUYECKOrO KO3 QHUIMEeHTA
B3aUMOJICHCTBUS MUPPOBCKOr0 MOMEHTA Spa CBHHIIA C JIEKTPOHAMH B KPHUCTAJIC TUTAHUTA CBUHIIA,
PbTiOs. Dro B3aMMOJEHCTBHE TaKKe SBISACTCSA MposiBICHHEM 3()(EKTOB HapyIICHHS CHUMMETPHIA
(yHIaMEHTAIBHBIX B3aUMOJICHCTBHI OTHOCUTEIILHO OOpalllcHHsS BPEMEHU W WHBEPCHUHU IMPOCTPAHCTBA.
BrinosmHeHHBIH pacuéT 0CTaéTCs CIMHCTBEHHBIM B MUPE pacyéTOM TaKOTO B3aMMOJICHCTBUS B KPUCTAILIE C
SBHBIM YYETOM KPHCTADIMYCCKOH CHMMETpPUH. Pa3BUThIE W TPEIJIOKCHHBIE METOABI MOTYT OBITh
WCTIOJIB30BaHbl IS MPEIM3UOHHOTO pacuéra pa3IMYHBIX CBOWCTB KaK MaJIbIX MOJICKYJ, COJCPIKaIINX
aTOMBI aKTHUHHJIOB TaK M WCIIOJIB30BAHBI JJISI TEOPETUYECKOro pacu€ra OOJIBIIOrO CIEKTpa CBOWCTB
Pa3IMYHBIX KPUCTAIUIOB X MAaTEPHAIIOB C MEPHOAMYCCKON TPEXMEPHOM CTPYKTYPOI.

Ba)kHOCTH OMHCaHHBIX PabOT ObLJIa OTMEUCHA MEKTYHAPOIHBIM COFO30M 10 YUCTON U MPUKIIATHON
xumud, [UPAC,

1. L.V. Skripnikov, "Combined 4-component and relativistic pseudopotential study of ThO for the
electron electric dipole moment search”, J. Chem. Phys. 145(21) 214301 (2016). [Q1]

2. L.V. Skripnikov, "Communication: Theoretical study of HfF* cation to search for the T,P-odd
interactions"”, J. Chem. Phys. 147, 021101 (2017) [Q1]

3. L.V. Skripnikov, A.V. Titov, "LCAO-based theoretical study of PbTiOj3 crystal to search for parity
and time reversal violating interaction in solids", J. Chem. Phys., 145, 054115 (2016). [Q1]

4. L.V. Skripnikov, S. Schmidt, J. Ullmann, C. Geppert, F. Kraus, B. Kresse, W. Nortershauser, A.F.
Privalov, B. Scheibe, V.M. Shabaev, M. Vogel, A.V. Volotka "New nuclear magnetic moment of
209Bj: Resolving the bismuth hyperfine puzzle", Phys. Rev. Lett., 120, 093001 (2018). [Q1]

5. L.V. Skripnikov, A. N. Petrov, A. V. Titov, V. V. Flambaum "HfF" as a candidate to search for the
nuclear weak quadrupole moment”, Phys. Rev. A 99, 012517 (2019). [Q1]

6. L.V. Skripnikov, A.V. Titov, "Theoretical study of ThF* in the search for T,P-violation effects:
Effective state of a Th atom in ThF* and ThO compounds”, Phys. Rev. A 91, 042504 (2015). [Q1]

7. L.V. Skripnikov, A.V. Titov, "Theoretical study of thorium monoxide for the electron electric
dipole moment search: Electronic properties of H*A; in ThO", J. Chem. Phys. 142, 024301 (2015).

8. W. Nortershéuser, J. Ullmann, L.V. Skripnikov, et al, "The hyperfine puzzle of strong-field bound-
state QED", Hyperfine Interact, 240, 51 (2019)

9. AN. Petrov, L.V. Skripnikov, A.V. Titov, V.V. Flambaum “Evaluation of CP violation in HfF*”,
Phys. Rev. A 98, 042502 (2018) [Q1]

10. AJ. Geddes, L.V. Skripnikov, A. Borschevsky, J.C. Berengut, V.V. Flambaum, T.P. Rakitzis,
"Enhanced nuclear-spin-dependent parity-violation effects using the **HgH molecule”, Phys. Rev.
A 98, 022508 (2018). [Q1]

11. S. Schmidt, J. Billowes, M.L. Bissell, K. Blaum, R.F. Garcia Ruiz, H. Heylen, S. Malbrunot-
Ettenauer, G. Neyens, W. Nortershduser, G. Plunien, S. Sailer, V.M. Shabaev, L.V. Skripnikov, LI
Tupitsyn, A.V. Volotka, X.F. Yange “The nuclear magnetic moment of 2®Bi and its relevance for
a test of bound-state strong-field QED”, Phys. Lett. B 779(10), 324-330 (2018). [Q1]

12. A.N. Petrov, L.V. Skripnikov, A.V. Titov, "Zeeman interaction in 3A; state of HfF* to search for
the electron electric-dipole-moment”, Phys. Rev. A, 96, 022508 (2017) [Q1]

13. L.V. Skripnikov, A.V. Titov, V.V. Flambaum, "Enhanced effect of CP-violating nuclear magnetic
guadrupole moment in a HfF* molecule™, Phys. Rev. A 95, 022512 (2017). [Q1]

14. L.V. Skripnikov, D.E. Maison, N.S. Mosyagin, "Scalar-pseudoscalar interaction in the francium
atom", Phys. Rev. A 95, 022507 (2017). [Q1]



15. N.S. Mosyagin, A.V. Zaitsevskii, L.V. Skripnikov, A.V. Titov, "Generalized relativistic effective
core potentials for actinides”, Int. J. Quant. Chem., 116(4), 301-315, DOI: 10.1002/qua.24978
(2015).

16. L.V. Skripnikov, A.N. Petrov, A.V. Titov, R.J. Mawhorter, A.L. Baum, T.J. Sears, J.-U. Grabow,
"Further investigation of g factors for the lead monofluoride ground state™, Phys. Rev. A 92, 032508
(2015). [Q1]

17. L.V. Skripnikov, A.N. Petrov, N.S. Mosyagin, A.V. Titov and V.V. Flambaum, "TaN molecule as
a candidate for the search for a T,P-violating nuclear magnetic quadrupole moment", Phys. Rev. A
92, 012521 (2015). [Q1]

18. A.V. Zaitsevskii, L.V. Skripnikov, A.V. Kudrin, A.V. Oleinichenko, E. Eliav, A.V. Stolyarov
"Electronic Transition Dipole Moments in Relativistic Coupled-Cluster Theory: the Finite-Field
Method" Optics and spectroscopy 124(4), 451-456 (2018)

Title: Theoretical study of molecular systems to search for New Physics and verification of theories of
fundamental interactions

Name: Leonid V. Skripnikov
Academic degree: Ph.D.
position: associate professor
annotation:

Breakthrough advances in the methods of manipulating small molecules in the last decade have led
to the fact that the most accurate experiments to measure such a fundamental property of an electron
as its electric dipole moment (eEDM) are performed with the use of heavy molecules. These
measurements are one of the key tests of fundamental models of elementary particles: the Standard
Model (SM) and its various extensions. The eEDM value can shed light on the observed asymmetry
of the Universe in terms of the amounts of matter and antimatter, which is not described in the
framework of the Standard Model. A nonzero value of eEDM can arise only in the case of
simultaneous violation of two symmetries of fundamental interactions - symmetry with respect to
time reversal (T) and with respect to spatial inversion (P). Popular extensions of the SM predict that
the value of eEDM should be 10 orders of magnitude higher than the prediction of the SM. Therefore,
if eEDM is found at a level significantly higher than the SM estimate, then this will be a strong
indication of the presence of New Physics outside the SM. A feature of experiments on measuring
eEDM on molecules is that they directly impose a constraint on the energy of interaction of eEDM
with the effective electric field inside the molecule, which cannot be measured separately, i.e. to
interpret the experiment in terms of the eEDM, it is necessary to use the most accurate theoretical
predictions of the effective field. To carry out experiments, it is important to know other parameters
of the system used - g-factors, transition probabilities, etc. In the presented cycle of works, theoretical
approaches are developed and applied to predict all these characteristics. In addition to eEDM, other
effects of violating the T, P and P symmetries are considered.

One of the most important results obtained in the cycle of papers is the value of the effective
electric field acting on the eEDM in the thorium monoxide molecule in the first excited electronic
state H3A4, calculated in [1,7]. The recognition of the work by the scientific community is confirmed
by the fact that this effective field value was used by the ACME collaboration (consisting of
experimenters from Yale and Harvard Universities) to interpret their experiment in terms of the
limitation on the eEDM in [Nature 562, 355-360 (2018)]. The resulting constraint is the most stringent
to date and sets strong constraints on the parameters of the New Physics models.

The development of theoretical approaches for the relativistic description of the electronic
structure of molecules made it possible to solve the so-called hyperfine structure puzzle, which
consisted in a strong discrepancy between the experimental data with hyperfine splitting in bismuth
ions obtained by German experimenters [Nature Communications 8, 15484 (2017)] from the
predictions made within the framework of quantum electrodynamics by theorists from St. Petersburg
State University. As it turned out, the reason for the discrepancy was the incorrect value of the



magnetic moment of the bismuth nucleus, which is given in reference books with a very small error.
To establish a new value, in this work [4], the relativistic theory of coupled clusters was first adapted
to the calculation of screening constants in molecules containing a heavy atom and applied to the
BiF6- system. This work, published in the journal Phys. Rev. Lett., received a resonance in the
scientific community and the media, and the authoritative edition of Physics World wrote about these
results [https://physicsworld.com/a/has-the-hypefine-puzzle-been-solved/].

On the way to solving these problems and together with them, works were carried out in which
approaches to the theoretical description of the electronic structure of heavy molecules were
consistently developed [1,2,4-18]. In particular, theoretical predictions were made for the effective
electric field and other characteristics of HfF* [2,5,9,12,13] and ThF* [6] cations. An experiment by
a group from the USA led by E. Cornell is being carried out on these cations. It was also shown that
one of the promising systems for searching for T,P-odd effects is the TaN molecule [15]. In [13], an
effect was considered, by measuring which one can explore the quadrupole distribution of neutrons
in the nucleus. The paper [10] considered the possibility of searching for P-violating effects using a
transition in a mercury hydride molecule.

In [3], a new approach to the calculation of such properties as the effective electric field,
hyperfine constants, etc. in crystals with an explicit account of their periodic structure is proposed.
This approach generalizes the two-step method previously developed for diatomic molecules to the
case of three-dimensional crystals, and was applied to the calculation of the crystal coefficient of the
interaction of the Schiff moment of the lead nucleus with electrons in the lead titanate crystal, PbTiOs.
This interaction is also a manifestation of the effects of violating the symmetries of fundamental
interactions with respect to time reversal and space inversion. The calculation performed remains the
only one in the world to calculate such an interaction in a crystal with an explicit allowance for the
crystal symmetry. The developed and proposed methods can be used for precision calculation of
various properties of both small molecules containing actinide atoms and used for the theoretical
calculation of a wide range of properties of various crystals and materials with a periodic three-
dimensional structure.

The importance of the work described has been noted by the International Union of Pure and
Applied Chemistry, IUPAC.
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