Origin of band magnetism in mixed-valence materials

The question of the origin of magnetism is per-
haps the oldest scientific problem in the world, dat-
ing back to ~2000 BC. During this time, the science
of magnetic phenomena has evolved into a vast
area of condensed matter physics, where the pres-
ence of magnetically active 3d, 4f or 5f electronic
states leads to a large number of new physical phe-
nomena.

The method of inelastic neutron scattering
(INS) is a direct spectroscopic probe, which allows
studying and analysing magnetic dynamics at the
microscopic level. Here, the results of INS measure-
ments and analysis for the mixed valence (MV) sys-
tem CePd3 [1] are presented. The experiments were
carried out on the MERLIN spectrometer at the
Rutherford Appleton Laboratory, UK.

Fig. 1
Electronic spectral function of CePd;
calculated by the DFT+DMFT method.
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A development of the dynamic mean field the-
ory (DMFT) in the early 90s of the last century allows
taking into account strong electron correlations
when calculating the electronic structure and dy-
namic susceptibility x"(Q,w) that is related to the
scattering law measured in INS experiments as
S(Qw) ~ X"(Qw)/(1 — exp(—w/kgT)). Figure 1 shows
the electronic spectral function of CePd; calculated
by the DFT+DMFT method for two temperatures (A)
100K and (B) 400K. There are two interesting fea-
tures of the electronic structure of CePd;: presence
of two electron pockets at the Fermi level at I and
R points and unfilled flat bands at ~50 meV at X and
M points. An increase in temperature also leads to
a substantial loss of coherence of the 4f bands near
the Fermi level. Figure 2 shows the results of INS

30HHbIM MArHeTU3M B MaTepuanax
C NepeMeHHOU BaJIEHTHOCTbIO

Bonpoc o nponcxoxaeHny MarHeTm3ma, Bo3-
MO>KHO, ABAETCA CaMOW CTapoi HayuyHou npobie-
Mo, e€ noasneHne gatupyetca ~2000 rogom 4o H. 3.
3a 3T0 Bpems HayKa O MarHUTHbIX ABMEHUAX 3BOJIIO-
LMOHMpOBana B obWwnpHyto o6aactb GPU3NKN KOH-
LEHCMPOBAHHBIX Cpef, rae Hannune MarHUTOaKTyB-
HbiX 3d, 4f unn 5f SNEeKTPOHHbIX COCTOAHUI NPUBO-
JNT K OObLLOMY UMCITY HOBbIX GpU3NUECKIMX ABJIEHUIA.

Heynpyroe paccesHue HenTpoHoB (HPH) aB-
NAETCA NPAMbIM CMEKTPOCKONNYECKNUM METOAOM 13-
YyUYEHUA 1 aHaNN3a MarHUTHOW AUHAMUKM Ha MUKPO-
CKOMMYECKOM YpOBHe. B HacToALelt paboTe npep-
CTaBneHbl pe3ynbTaTbl UCCNe[OBaHUN CUCTEMbI C
nepemeHHowm BaneHTHocTbto ([1B) CePd; [1]. Okcne-
pvMeHTbl o HPH 6binn npoBefeHbl Ha CNeKkTpo-
meTpe MERLIN B JlTabopaTtopuu Pe3epdoppa Annne-
TOHa, BenukobpuTaHus.

B Hauane 90-x rogoB NpoLuioro Beka bbina cos-

[laHa Teopua fMHaMMyeckoro cpegHero nona (dy-
namical mean field theory — DMFT), no3ssonstowas
YUUTbIBaTb CUJIbHbIE 3IEKTPOHHbIE Koppenaumm npu
BbIUMCNEHNN IEKTPOHHOW CTPYKTYPbl 1 AUHAMU-
yeckon Bocrnpumnmumsoctu X’(Q,w), KoTopas cBA3a-
Ha C 3aKOHOM paccenaHus, U3MepPAeMOro B 3KCnepu-
MeHTax HPH, kak S(Q,w) ~ X"(Q,w)/(1 — exp(—w/kgT)).
Ha puc. 1 nokasaHbl BbluncieHHble metogom DFT+
DMFT anekTpoHHble crnekTpanbHble GyHKumn CePds
ana aByx temnepatyp (A) 100K v (B) 400K. Kak Bna-
HO, IMEIOTCA ABE UHTEPECHbIE 0COOEHHOCTU SNeKT-
pOHHOW cTPYKTYpbl CePds: Hannune ABYX 3N1E€KTPOH-
HbIX KapMaHOB Ha ypoBHe Mepmu B [ 1 R TouKax u
He3anosIHeHHbIX MIOCKKX 30H Npu ~50 M3B B X 1 M
TOUKaX, @ TakKe — 3HauuTeNlbHasA NoTepsa KOrepeHT-
HocTu 4f 30H B palioHe ypoBHsa Oepmuy Npu NoBbl-
WweHnn TemnepaTypbl. Ha puc. 2 nokasaHbl pe3ysb-
TaTbl n3mepeHuii HPH Ha CePd; B abcontoTHbIX equ-

[1] E.A. Goremychkin et al., Science 359, 186-191 (2018). DOI: 10.1126/science.aan0593

measurements for CePd; in absolute units at a tem-
perature of 5K in the form of a two-dimensional
slice X"(Q, w) (K, L) and a fixed value of H=1.5, at en-
ergies of 35 meV (A) and 60 meV (B). As it can be
seen from these two figures, there is a very radical
change in the intensity distribution for different en-
ergies. Panels (C) and (D) show the results of the
DFT+DMFT calculations, which are in very good
agreement with the experimental results without
any adjustable parameters.

A detailed comparison [1] of 4D S(Q, w) from
INS experimental data and ab initio DFT+DMFT cal-
culations showed excellent agreement over a wide
range of (Q - w). This is the first successful observa-
tion and quantitative analysis based on DFT+DMFT
calculations of intraband excitations as a function
of (Q - w). The physical result of this part of the work
is that the inelastic features observed in the exper-

Fig. 2

Dynamic magnetic susceptibility of CePd; (A-D).
Temperature dependence of dynamic magnetic sus-
ceptibility of CePd; (E). Open (grey) circles are INS
measurements at 6K (300K) and at energy transfer of
60 meV. Solid lines are the results of DFT+DMFT cal-
culations.
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[uHamunyeckas BocnpummymsocTtb CePds (A-D).
TemnepaTtypHasa 3aBUCUMOCTb fNHAMUYECKON Mar-
HUTHON Bocnpumumunsocty CePd; (E). Benbie (cepbie)
Kpykn — HPH n3mepenuna npu 6K (300K) n nepe-
[nave sHeprum 60m3B. CnnowHble AHUKM —
DFT+DMFT Bbluncnenus.

Huuax npu Temnepatype 5 K B Buae AByXMepHOro
cevenma X'(Q, w) (K, L) n dpnKcmpoBaHHOM 3HaUYeHUN
H = 1.5 npu s3Hepruax 35 m3aB (A) n 60 maB (B). Kak
BMAHO M3 3TUX ABYX PUCYHKOB, MMeeT MeCTo paau-
KanbHOe N3MeHeHre pacnpeneneHnsa MHTEHCUBHO-
CTV gnA pasHbix sHeprun. B nanenax (C) u (D) noka-
3aHbl pe3ynbratbl DFT+DMFT BbluncneHmin, Koto-
pble 4EMOHCTPUPYIOT OYEHb XOpoLlee coriacume C
pe3ynbTaTamm 3KCnepumeHTa 6e3 Kaknx-nmbo nog-
FOHOYHbIX NMapPaMeTpPOB.

HetanbHoe cpaBHeHue [1] 4D S(Q, w) u3 pgaH-
HbIx 3KcnepumeHTa HPH w ab initio DFT+DMFT Bbli-
YNCNIEHUI, NOKa3aNo OT/IMYHOE Cornacue B WUpPo-
Kow obnactn (Q — w). 3To NepBoe ycneLwHoe Habsto-
JeHVe 1 KONIMYeCTBEHHbIN aHann3 Ha ocHoBe DFT+
DMFT BbluMcneHUNn BHYTPU3OHHbIX BO30YKAEHWI
(intraband excitations) kak ¢yHkumK (Q - w). Orsn-
UeCcKMi pe3ynbTaT STOM YacTy paboTbl COCTOUT B TOM,
UTO Heynpyrre oCoO6eHHOCTY, HabnogaemMble B 3KC-

iment are due to the creation of electron-hole pairs.
As noted above, an increase in temperature leads
to blurring of well-defined (at low temperatures) 4f
zones (see Fig. 1). The INS measurements performed
for CePd; at 6 Kand 300 K showed a radical change
in the magnetic dynamics with increasing temper-
ature. As shown in Figure 2E, the entire structure of
dynamic susceptibility at 60 meV disappears com-
pletely at 300 K and the DFT+DMFT calculations
perfectly describe the observed effect. This means
that at high temperatures, the magnetic moments
of 4f electrons are in a paramagnetic state, and as
the temperature decreases, the hybridization of
cerium f electrons and palladium d electrons leads
to appearance of coherent fbands and, accordingly,
to appearance of a rich structure in 4D x"(Q,w) dis-
cussed above.

40 05 00 05 10
{HL), 0.5. L) (r.Lu)

a0 =
40 05 Q0 05 10
(5K 0 irlu)

neprMeHTe, 06yCNOBNEHbI POXKAEHVEM SNEKTPOHHO-
AblpoYHbIX Nnap. Kak y>ke 0TMeyanocb, NoBbiLIeHne
TemnepaTypbl MPUBOAUT K Pa3MbITUIO XOPOLLO onpe-
[eneHHbIX, Py HU3KoW TemnepaType, 4f 30H (puc.1).
MpoBeneHHble nameperHnsa HPH Ha CePd; npn 6 Kn
300 K nokasanu pagukanbHoe n3MeHeHne MarHuT-
HOW AVHAMWKW NPU NOBbILIEHUN TeMMepaTypbl. Kak
nokasaHo Ha puc. 2(E), BcA cTpyKTypa AnHammnye-
CKOW BOCNPUMMYMNBOCTI Npu dHeprm 60 maB non-
HocTbto ncyesaet npu 300 K u DFT+DMFT Bblunc-
NEHNA OTIIMYHO ONUCHIBaOT Habnoagaembln 3pdeKT.
DTO O3HaAyYaeT, UTo NP BbICOKMX TemmnepaTypax mar-
HUTHblE MOMEHTbI 4f 3NIEKTPOHOB HaxoAATCA B Ma-
paMarHUTHOM HeCBA3aHHOM COCTOAHUM 1 NO Mepe
MOHVIXKEeHUs1 TemnepaTypbl rmbpugnsauus f anekT-
POHOB Lepua 1 d SNeKTPOHOB Nannagua NpUBoOanUT
K BO3HUKHOBEHWIO KOrepeHTHbIX f 30H 1, COOTBET-
CTBEHHO, K MosABieHnio ocobeHHocTen X" (Q,w), Ko-
Topble 06CYXJanuch BbllLe.
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