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"Tlpobriembl chusuku meepdo2o meria u 8bICOKUX daereHuu"
2. Co4u, naHcuoHam "bypesecmHuk” 10-19 ceHmsbpsi 20082

TToucku puUsuKkn B HaHOPU3UKE U HAGHO(PUIUKU B (PU3UKe:
HeynopsaoYeHHbIe CUCTEMBI, KBAGHTOBLIE CMUHOBLIE
LilenoYku U HaHoMaTepuasnsl Ha OCHOBe OKCuAaG
BaHaAAUA

C.B./lemuiiesn

‘8 Omoen HuU3KUX memnepamyp u KpUO2eHHOI mexHuKu,
=  Unucmumym oowen usuxu um. A.M.IIpoxopoéa PAH
| yn. Basunosa, 38, 119991 Mockea, Poccus
http://www.lIt.gpi.ru
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HAHO®U3UKA B KPUCTAINAX

Hopekabopwua uMpkoHus, ZrB,,:
CBepXnpoBOAHMK C HaHOKNacTepamu G6opa.

lNMepexon B cBepxnpoBoAsilee COCTOAHUE
npu T.=6.1K

B.T.Matthias et al.,

Science, 159, 530 (1968)

KakoB MexaHn3M 351eKTPOH-POHOHHOro
B3aMMoOeucTBuA?

SMHLWTeHOBCKasA (NokanbHasA) Moaa Linpokun cnekTp (Mopens [le6as)
R.Lortz et al., V.A.Gasparov et al.,

Phys. Rev. B, 72, 024547 (2005) Phys. Rev. B, 73, 094510 (2006)

phys. stat. sol. (b) 243, No. 11, R72-R74 (2006) / DOI 10.1002/pssh.200642300

"+ +rapid
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Phonon drag induced by _

. . . WwWW.pss-rapid.com
Einstein mode in ZrB,,

F‘é \ V. Glushkov ', M. Ignatov', 5. Demishev’, V. FiIinovz, K. Flachbart, T. Ishchenko', A. Kuznetsov®,
j N. Samarin', N. Shitsevalova’, and N. Sluchanke



Tepmoaac B ZrB,, onpeaensieTcs 3anNeKTPOH-POHOHHbLIM
B3anmogencrtemem (adekt GPoHOHHOro yBneyeHus).
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AccnepoBaHue TepMOanekTpuvecknx adopekToB B CBEPXNPOBOLAHMUKE
ZrB;, N03BOMNUIIO YCTAaHOBUTb, YTO 3NEKTPOH-(POHOHHOE
B3auMoaencTBMe U CBepXNnpoBOAUMOCTbL B 3TOM COeAUHEHUM
onpeaenarnTCA 3INHWTENHOBCKOWU JNIOKaribHOM MOAOMN.
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Jlo0exabopuovl pedKko3emenbHbIX U NepexoOHbIX MEeMAallos

MBg 1 MB,, - coegnHeHna Ha 0OCHOBE KapKacCHbIX CTPYKTYp 13
knactepos bopa B, n B,

®
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<« C-GasSb
W -- (Kpuctann)

a-Ga,Sb,, x>0.5
(CBEpXNpPOBOOHMK)
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AMopdHble NonynpoBOAHUKMU

Deapass 1994 2. Tox i64, Ne 2
YVCMEXH PHUIMYECKHX HAYK

OBEI0PBI AKTY AThHBIX TPOEIEM

AmopoHbIe 10TYNPOBOIHAKH, CHHTe3HPOBAHHbIC
o 3aKa/IKO# 10J1 JaB/IeHHEM

C.B. Jlemmuen, !léﬂ_}'c_gsﬂ_umu , H.E. Cnyuanko, AT, Jlanua

CHOXNKHEIX N[HOFOII)&SHBIK CHCTCM. le‘[ 3TOM BKJIHOYCHHSA

I
CzﬁMHEEOHHGI‘O pa3mepa, oﬁgaaz.romnecsr B Mpolecce CHH-
TEe3d METACTAOHIILHEBIX (

pa3, KaK OpeiCTaBIsACeTCs, OKA3bI-

—“
BAKOT B pAIC CIYy4dcB OINPEHCJIAIOIICS BO3JJICHCTBHE HE

TOJIBKO Ha CBOHUCTBA aMO HOM MATPHILI, HO TakKXe H
KPUCTAJLIMYECKHX (pa3 IBOMHEIX H TPOMHBIX COCAMHEHMM.

B nepsoM paznene oGCYXKIOAOTCH CYMIECTBYIOLHE MOIM(HKAIAH
cxemel cunte3a ATIB]] u ucnonssyemeie s onucanus TOA denomeno-

ITostoMy Ha (H3HYECKH HHTEPECHOM HAHOMETDOBO#H

NPOCTPAHCTBEHHOH ILK4JIE B JIETHPOBAHHBIX ITOIYPOBO/THH-
Kax Ey,uy‘r JOMHMHHPOBATE KBAHTOBBIE 3(dekThi [65—67], uB
pe3yJbTaTe TOYKa aHOMAJIHH KHHETHYCCKHX XapaKTCPUCTHK
(mopor MOMBHXHOCTH) He OYAET CBA3aHA C TOMOJIOTHYecKoit
ocobeHHOCTBIO PH X [65, 66], a KPHTHYECKHMI HHIEKC LA
NPOBOLHMOCTH ¢ ~ t° cocTaBuT ¢ = 0, 6 [66—67].

B To xe Bpems B aMOP(HBIX NOJIyIPOBOMHHKAX I
npofera CyIIECTBEHHO MeHbIne o ~ Leor ~ 10A [7, 6
PACCMOTpPEHHOE BbIlIe OrpaHmyeHde cHEMaerca. Cie,
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Materials Science Forum Vols. 294-296 (1999) pp 481-484
online at http.//www.scientific.net PHA S E TRAN S FO RMATI O N S

© (1999) Trans Tech Publications, Switzerland

Physical Mechanisms of the Non-Equilibrium Phase Transitions in
Amorphous Solids

T.V. Ischenko and S.V. Demishev

Low Temperatures Laboratory, General Physics Institute,
Vavilov street 38, RU-117942 Moscow, Russia

The idea of the non-equilibrium process driven by the special metastable states means that the
processes_of the crystallisation _and energy transfer at the phase boundary are synchronised [4,5].
Consequently the simple analysis of the energy transfer allows to predict the possible structure of the
sample which undergo the non- eqmllbrlum phase transition. In semiconductors the characteristic time of life
of the metastable state is about t~10" s and the velocity of the EC front is v,~1 m/s. These data taken

together with the equilibrium values of the thermal diffusivity D% =107 +107° m¥s allow to define

three characteristic spatial scales for an non-equilibrium process

s L'=vy -t lom (1)
: 0 \1/2 | :

: L' = (DT’c) ~10+100nm : (2
L =DY /v~1+10pm 3)

undergo EC i is in agreement with the available expenmental data [6] Conscquent]y we can conclude that for
the non-equilibrium process a well-defined scales hierarchy is characteristic:

L'~ Lypo < L" < L™, )
that is in contrast with the equilibrium process. Indeed, in the equilibrium diffusion controlled process of
phase transition the parameter "L’ is about atomic distance a; the thermal field is almost homogeneous and
L",L" —w. As a result instead of relation (4) we get L' =~ @ << L",L™ that is typical for standard
process of nucleation and growth.

)
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Simulated waves of non-equlibrium phase transformations

T.V. Ischenko et al. | Computational Materials Science 17 (2000) 331-335
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The case of explosive crystallization
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Hopping conductivity- : /&/
transport on a nanometer scale J
\ . %

-
“a
. f -
Al .
\

should be R,,~3-10 nm.
How about finding
localization length?

g-“""‘%_
‘L E../E © A

| R / ; \
G B | Zy=Zge" h
% i = + S G,
f f J a kgl
» e P =p,e™
ﬁ T ) 1
=| — ,(x =
- | & (T ] d+1
In an amorphous material
the estimate a~1 nm is R . = ag AE =k, TE
opt c!? B c
expected and therefore \_ Y,

3
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“Convenient” hopping Hopping with D° and D- states

Magnetoresistance

~
)
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Spin-polarization mechanism

DO and D- centers exist in the vicinity of the Fermi level }oE) Y
and form common MA network. Polarization of the spin AE
part of the wave function “switch” different types of D
transitions.

Hopping system = paramagnet
Colored percolation

Zni =Zni(§,H)+nu(§,H)z

E

o aad d+1 d d+1 . F
["“ al gi‘i kBT '[1_ WN (H )] + az gzi kBT 'WN (H) - nc] S.V.Demishev, A.A.Pronin,
1 Physics of the Solid State, 2006, No 7

aC:(TO(H)/T)a;OL:d—HI. ' [

In[‘:)(H)} EoF (X) = ( )F(x) F(x) = (1— A-tanh2(x))* -1
a,’ — 0,3, X <<1

E

Easy accounting of both spin-polarization and shrinkage mechanisms :

In{p(H)} } (Tojaa' Ay (T) (“sz Ay = A+ (%, K, T, /R pla)) T2
p(0) | \T KeT a. ~a,

®
)
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In[p(H)/p(0)]

0.05

0.04

0.03

0.02

0.01

0.00 fegg

-0.01

Conductivity and magnetoresistance data analysis.

Disordered nanomaterial
Obtained by modification

of SWNT under high pressure
and temperature.

Wide temperature range (1.8<T<60 K),
where Mott law with
a=1/4 and T,=231 K is observed.

In[p(H)/p(0)]

o

o

=
T

- experiment
- T=2K -
-~
i )
I . o S
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I oooooig.. E‘
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Soesecsees®” .
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H (kOe)

Shrinkage is essential and gives: a, ~6 nm
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...The magnetic properties on a very small scale are not
the same as on a large scale; there is the

Richard P. Feynman,
The Nano Prophet

“Plenty of Room at the Bottom”
1959
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skyrmion crystal

Figure 1| Topological spin textures in the helical magnet Fey sCog sSi.
a, b, Helical (a) and skyrmion (b) structures predicted by Monte Carlo
simulation. ¢, Schematic of the spin configuration in a skyrmion. d—f, The
experimentally observed real-space images of the spin texture, represented
by the lateral magnetization distribution as obtained by TIE analysis of the

T

7/

Real-space observation of a two-dimensional SR

X Z. Yul’z, Y. Onose“, N. Kanazawaj, J. H. Park?®, J. H. Han", Y. Matsui’, N. Nagaosa;g’5 & Y. Tokura®™’ é

"?%\E; Nanoscale magnetism can really provide new physics!

-
UOIULLIAYG

Skyrmion =
Magnetic analog
of an Abrikosov
vortex in a type-ll
superconductor

&
v
I
X
~
!
\

Lorentz TEM data: helical structure at zero magnetic field (d), the skyrmion
crystal (SkX) structure for a weak magnetic field (50 mT) applied normal to
the thin plate (e) and a magnified view of e (f). The colour map and white
arrows represent the magnetization direction at each point.
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DISORDER DRIVEN QUANTUM CRITICAL PHENOMENA

In a disordered magnet
dispersion of the exchange

constants J exists Low
_ temperarures
Lowering
temperature 1
X -~ _
TG
g <1

temperatures

&=
R WL
I
QY
Correlated spin clusters.
Power law for susceptibility.

R.B.Griffiths. Phys. Rev. Lett., 23, 17 (1969); A.J.Bray, Phys. Rev. Lett., 59, 586 (1987)

® >
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Practical realization: CuGeO; doped with magnetic impurities.
Cu, , M, GeO; (x=0.02 M=Co; x=0.01 M=Fe, x=0.009 M=Mn)

$=1/2 intrinsic magneti¢  \|agnetic -
. Impurity  Staggered magnetic 0'\(\.;‘:
e moment (field and
- S~ impurity induced) 2
.

S | em W=

chain ® Q‘\ & ~O.3

Q
o
£
=
S
o o Magnetic susceptibility
® |Integrated intensity T
- - - - ~yT G
107
7 P | L PSS R | L p o4l
1. 1 10 100
?I
' T (K)
[0] -
— — _ ) _ - .
a“ a=481A b=847A c=294A  C L. Quantum critical behavior in a

wide temperature range
(at least 1<T<T;~30 K)!

2\
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0.06 - — E’igé 0.5
T,=120K — &0
——&=05 04l
— =07
o~ 004r £0.9 osl
< Cut-off =
: temperature 0.2 —— Curie-Weiss law
0.02 — =0
| —a
—_— —— y=9 ("Spin gap")
0.00 — 0.0 . . . | |
00 02 02 o6 08 10 12 00 05 10 15 20 25 30
T Ty

Distribution of Neel temperatures in the sample: Susceptibility of the cluster with Ty:
W(T) = @—E)(Tm /Tn)* /Ty x=CIT +&Ty) (T >Tn)
x =C(TM/TN) [Ty @+e~H)] (T <Ty)
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Modeling of the magnetic properties of a Griffiths phase.

Paramagnetic temperature
10} CuGeO,Fe in Curie-Weiss law (T >T,,)

o
\: 1
a=4 (3=0.60)
O1F N
0.01 0.1 1 10
T,
T _~120 K~J,

Temperature vary more than two
orders of magnitude in the
guantum critical region.

Doping reduces J in spin clusters

)

%" MMII®




Estimate of the characteristic cluster size

for which condition T>T holds.

“frozen” part of the sample volume.
Percolation

T - 1
r(r)-~ .
Var (T) —Ve
Correlation is
missing
R(T) 1
R(T) T Cd+l r
R(T)
Correlation is
essential
,;w'l'*

enitie

€3,
S

A two-phase model (“frozen” and “non-frozen clusters”)
may by introduced. The probability W(T,) defines

Griffiths phase is formed by 'Hl

Lowering temperature results in freezing of the magnetic contribution of the spin clusters

_1_ T B
F = T

R<R,
r=R, /1,

CuGeO3:Fe

100 | : 3
\ b=z D|_3 x=0.01
|

£=0.3

-
- -
-

-

-

nano spin clusters!?
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phys. stat. sol. (RRL) 2, No. 5, 221-223 (2008} / DOI 10.1002/pssr.200802108
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Electron spin resonance “

L www .pss-rapid.com
and quantum critical phenomena
in VO, multiwall nanotubes
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[VOX multiwall nanotubes: what for? ]

Applications:

*Solid-state batteries
Chemical sensors
«Catalysts
*Non-linear optics

—

Different V charge. states...

-
\\\\\\\
e

Phdamental mterest

-Structural studies
‘Magnetic properties (nanoscale magnets etc.)
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[VOX multiwall nanotubes: TEM images

500 nm




[VOX multiwall nanotubes: Structure

B S, .

Precursor | Outer Inn-er Number Length, L
diameter, D | diameter of layers (um)
(nm) (nm)

VO(Pro'), |15-150 5-50 2-30 1-15

VOCI, 50 - 100 15 - 35 10-20 1,5-5
75 -100 20 - 35 11-14 08-1,5

| V,Oq 70 - 140 20 - 35 9-13 2-12

crystal
50 — 90 15-35 7-13 1-3
70 -100 20 — 45 6—11 1-2
30 - 100 ~ 45 3-10 1-10
60 — 90 20 — 45 6 - 10 1-3

V,0; gel 50 - 130 30-40 5-25 1-10

L/D ~ 102 S

= 50 nm




| VO, multiwall nanotubes: Structural models ]

1. Scrolling of one or two VO, layers (“spiral”’) (Nesper et all., Advanced
Materials — 2000)

2. Scrolling of the stack of VO, layers (“concentric”) (Serdiri et all., Materials
letters — 2007)

3. 1D motive (zigzag chain...). Anisotropy in the VO, layer, several non-

equivalent V sites (Vaviolova et al., Phys.Rev. B, 73, 144417 (2006)

AN ” o b,
VA AW AW A 4 A B A AN
A ST T ,A’/L?'L?'

kS A
= Y < Ve

Vg S RRS S,



[ Magnetism of VO, multiwall nanotubes: introduction ]

UNDOPED VO,-NTs ARE DOPED VO,-NTs ARE
ANTIFERROMAGNETS FERROMAGNETS

T T T T ¥ T T c . R —
- / ; : e
- I,E Fa - cr 7 —
L pH=1T / 13000 s | ‘
=.,E, / .. = '; ol 100K |
= - : / 200 K
5 08 J2000 3 ; L ' 300K ]
FI*E — o —,—*— experiment §= ~ __ 400 K |
= i — — = Curie-Weiss fit = : = e
= to Eq. (2) mA 0 1 2
1 N M (O
I
=
: 1 d 0 | RSN I [ B CHNE S DaER
% 100 200 300 . | —o
T (K) s >
g oF . ® -
Magnetism=Free spins(AF) + AF dimers ;
~ @ Licaped
V>t S=0 — non-magnetic ion 4 a I-doped n
- . A | A W | i | i
V4 S=1/2 — magnetic ion 0 Tiw o W0 400 500

TIK)

Ferromagnetism at room temperature
In Li and | doped samples

L.Krushin-Elbaum et al.
Nature, 431, 672 (2004)

E.Vavilova, I.Hellmann et al., Phys.Rev. B, 73, 144417 (2006)




[VOX multiwall nanotubes: anomalous magnetism ]

==}

''''''''''''''

Problems with various spin species
(E.Vavilova, I.Hellmann et al.,
Phys.Rev. B, 73, 144417 (2006))

Free spins + AF dimers model

X=Xcw T XD TXo

©  experim. data
fit to Eq. (4)

(=)
T

T=42K |

'
]

— e — —
—-— —
-

(]
T

Second term of Eq. (4)
(Brillouin function)

Magnetization (1 0’ n/V)

%ew =C/(T +6)
% 2 4 6 & 10 12 1
XD :CD [(T[3+ exp(A/kBT)]) 60\:3;1“H(T)
%o = const o
Qe‘o
A L xe©
_i12H i experim. data after L} o\y\ _
= . subtraction according =9 A% 3% of V sites possess
g | kg = the quasi-free spins
'g ‘ P H = l .T. ."::{:_-_'_‘f‘,...
20 # —dimerfit o 3 v
: to Eq. (3) 1 <© b
-‘-00 a i 1 . 1 . 0‘0 -/
0 100 200 300 QG -
o~ F TK ™  17% of V sites possess S

¢ o : :
o the quasi-free spins




[VOX nanomaterials: synthesis ]

Precursor Homogenization
with C gHa3NH, Hydrothermal treatment (150-180 °C)

Drying of the product

VO, multiwall
nanotubes

Stacks of 4-8
disordered

VO, planes

with incomplete
scrolling.
(pre-VOx-
nanotubes)




[VOX nanomaterials: different morphological forms. ]

Dxidatigp rate g

‘*ﬁ

VO, multiwall
nanotubes



[VOX nanomaterials magnetism: basic idea of research.

]

IDEA: Understanding of the magnetism of VO,-NTs in wider context of
different morfological forms of VO, nanomaterials as long as synthesis
schema is essentially the same.

Questions remaining from the previous research of VO, -NTs:

Is not Indirect evidence for AF dimers

studied _ |
up to Concentration estimates

DN What happens at low temperatures?

Several contributions to susceptibility,
thus the ESR is an adequate tool
(+ comparison with the static susceptibility data).

Avaliable ESR data for VO,-NTs:
X-band 77-300 K

High frequency low temperature ESR
experiment is required



| ESR in VO, nanomaterials: spectra. ]

" Apm . ‘
Au 60 GHz cavity 60 GHz cavity
L VO -DPs VO -NTs

B
120K

140K

160K

Cavity absorption (arb. units)

180K

Cavity absorption (arb. uunits)
Cavity absorption (arb. units)

15 20 25 3. 10 15 20 25 30 10 15 20 25 30 35
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[ ESR in VO, nanomaterials: spectroscopic parameters. ]
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[ FM-AFM crossover in the VO, nanomaterials.
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[The nature of FM-AFM crossover. ]
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[The nature of FM-AFM crossover. ]

4+ 2, sample volume
N(V )nanolayers~ 3

4+
N )nanorods 6, VO plane

FM interaction for diluted system and AFM interaction for concentrated
system (agrees with the susceptibility temperature dependence for
VO, nanorods).

But there are dimers, which are missing in nanolayers. This make magnetic
subsystem of VO, nanotubes diluted.

Curie-Weiss constants and g-factors give
T >100 K: ~ 1.3% V %" FM spins and ~ 98.7% V #* AF dimers
« T <100 K: ~ 8.6% V ** AF spins and ~ 91.4% V 4* AF dimers

TN _ FM-AFM crossover : e + V3*5V4* at T,

A kind of electron localization effect?



[ FM-AFM crossover in the VO, nanomaterials.
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[ QC phenomena in VO, nanomaterials: theory vs. experiment. ]
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[QC phenomena in VO, nanomaterials: theory vs. experiment. ]
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[VOX nanomaterials: static and dynamic magnetic properties. ]
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[ Mystery of the VO, nanorods: static vs. dynamic magnetisation. ]
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| Conclusions. ]

- Ferromagnetic — antiferromagnetic crossover in variuos

VO, nano-materials.

Direct ESR evidence of the presence of the V4* S=1/2 AF dimers in
VO, multiwall nanotubes.
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