C. TopaiirpipoB aTbiHarbl [1aBiaogap MeMileKeTTIK YHHBEPCUTETiHIH
FbIJIBIMU KYPHAJIbI

HAYUYHBIN )KYPHAJ

ITaBaogapckoro rocyrapcrseHHoro ynupepcurera umenu C. TopaiireipoBa

ITMY XABAPIIBICBHI

Du3uKa-MATEeMATHKAJIBIK CEPHUSIChI
1997 xpuiman Oacran MIbIFaabl

WABMOAAP gy,
e Hy,
O . 2\ %

BECTHUK IIT'Y

du3uKo-MaTeMaTuueckas cepusi
Wznaercs ¢ 1997 rona

ISSN1811-180

Ne3 (2016)

MaBnopap



omarova.a
Машинописный текст
ISSN 1811-1807


HAYUHBIN )KYPHAJI

IMagsionapckoro rocyrapcreeHnoro ynusepeurera umenu C. Topaiirsiposa

Ddusnuko-MareMaTH4eckas cepusi
BBIXOOUT 4 pa3a B rog

CBUJAETEJBCTBO
0 TIOCTQHOBKE HA y4YeT CPEACTBa MacCOBOM nH(opManuu
Ne 14213-K
BBIIaHO
MUHHCTEPCTBOM KyJIBTYPbl, HH(POPMALMU U OOIIECTBEHHOTO COIIACHS
Pecrry6nmukn Kazaxcran

TemaTHuyeckasi HAPABJIEHHOCTD
Ty OIUKAIHSI MATePHAJIOB B 00IacTH (PU3UKH, MAaTEMaTHKH,

MEXaHUKU 1 MH)OPMATHKN

IMoanucHoii nugexc — 76135

Bac pexakTopsl — r1aBHBII peJakTop
Tneyxenos C. K.
0oxkmop ¢.-m.H., npogheccop

3aMecTHUTENh IIABHOTO PEAKTOPA Ucnynos H. A., k.¢p.-m.n., doyenm
OTBETCTBEHHEIH CEKpeTaph Cen3npikoBa A. T.

Pepakuua ankacel — PejaknuonHas KoJierus

OtenbaeB M. O., 0.¢.-m.n., npogheccop, akademux HAH PK
Yamues I VY, 0.¢p.-m.H., npogheccop, axademux HAH PK
Paxmon A. X.,  PhD (Tlakucman)

Txagenko U. M., 0.¢h.-m.n., npogpeccop(Hcnanus)

Hemxun B. I1.,  0.¢.-m.n., npogheccop(Poccus)

Baxreibaes K. b., 0.¢.-m.n., npogheccop

KymekoB C. E.,  0.¢.-m.n., npogheccop

Kypanbaes 3., 0.¢p.-m.H., npogheccop

OcnanoB K. H., 0.¢.-m.n., npogheccop

Hyproxuna b. B., mexuuueckuii pedoaxmop

3a AOCTOBEPHOCTbL MaTepuarnos U pekrnambl OTBETCTBEHHOCTbL HECYT aBTOPbI U peknamoaarenu
Pepnakuus octaBnsieT 3a coboit NpaBo Ha OTKIOHEHWE MaTepuanos
I'Ipw ncnonb3oBaHUM Martepuanos XypHana ccbinka Ha «BecTHuk MINY» obsizatensHa

© MY nmexn C. TopaiireipoBa



Becruuk III'Y, ISSN: 1811-1807. Cepus pusuko-mamemamuueckas. Ne3. 2016

MA3MY¥HbI
MATEMATUKA

lMaenrok UH. U., Masnrok U. N.

Bynes anrebpacbiHbIH xaHe JlIuHaeHbaym-Tapckuii

anreBGpachIHbIH KAMFBIBOBIFEI TYPAITB c.vveeiuvirerireieeeaieeasseeeseeessseessseeessseessseessseessneesns 6
lMaenrok U. U., MNasnrok UH. U., Tycynoea A. XK.

KommyTaTuBTIK KaTblHacKka KaTbICThbl

TepHapPAbIK 3MIEMEHTTIK CanbICTLIPYAP TYPATBI...eeurieiireeieeesiieeeiee e e e 14

CeHawoe B. U., lepacumosa A. M.

TonTapablH KabaTThl FTPAMTAP TYPATTBI ..ceueeieieieiitieatieaaieeeaieeeneeeesneeeaneeaaneeasneeeaneeas 23
PU3UKA

Hatizapou A. ., Kucukoe T., PaH C., Ucnynoe H. A.

Temip apceHuai ackblH eTKi3riLliHiH HeMaTukanblk TepbenictepimeH

wapTTanfaH 6ip TekTi emec WhbiHbI Tapi3ai TepTinTiH AMP ganeni .......ccccceeceeenes 29
XKykeHoe M. K., Ucazynoe A. O.

Bylbimaapabl ynbTpaabiGbiCcThl 6akbinayaa WarbingblpFbIlUTbIH

6anamanel aygaHbl MeH 6anamarnbl 6NWEeMAEPIH ECEMTEY .....vveriurrrerrierreearieeeeanns 47

NHO®OPMATUKA

AcauHoea A. X., MycaHoea A. M.
KomnbloTepnik Modenbaey xoHe a3blK-TymMiK MHXEHePUsChI:
XKY3Ere aChIPY MYMKIHIIKTEPI 1euvviieeiieiiieeeeiieeeeesieeeeesneeaaeesneeeeessnseeeeesnnseaaessnnneeesenees 51

BAFbITTAP BOUbIHLUA FbIIbIMU-METO[OJIOMUANbIK 3EPTTEYJIEP

Kanum6emoe b. T., Omaposa U. M.

MaTtemaTtuvkanblk Tangayabl YMpeHyae CTyAeHTTepaiH,

KOBANAY-3EPTTEY IC-OPEKETTEDI . .eeeeueieeuiieaiiie ettt e eiteeetee et e e seeeateeeateeesneeeaseeeaneeaanes 60
HatmaHnoea [. C., Kaxxmypamoea b. P.

MHTepdeic xaHe aneKTPoHAbIK SHLMKITONEeaMACHI

MHpopMaTMKaA KYPbINbICEIHAA MOCENEPI TYPATBI ...eeeeiuiiieeeaaiieieeeaiieeeeeiieeeeaniaeeeaaans 67
Ceumoea C. M., A6dbikapumosa A. X.

HenponuHremctukansik 6argapnamay TeXHONOrMSAHbIH,

«MaTemaTtukanblk ecentepai WweLly NpakTUKyMbl»

OOMbIHLLIA ©3/iIK XKYMbICTAPAbLI YABIMAACTBIPY «.eeeeeuteireeeinieeeeaaneeeeeaanneeeeseneeeeeannneeeeans 74
ABTOPNAPFA @PHAMFAH EPEKEIIED 1oeuuvrreeeinieeeeeaneereesaseeaesasneeeeeaanseeeeeaanseeeesaseeeesannee 81
PKAPUATIAHBIM BTUKACBI .....vteeeiuiiiieeaiieie e ettt e e ettt e et a ettt e e ettt e e e e s e e e e ennaeeesnnees 87



TIMY Xabapiibichl

COLEPXXAHUE
MATEMATUKA

lMaenrok UH. U., Masnrok U. N.

O epuHcTBEHHOCTM Gynesow anrebpbl

1 anredpbl JIMHAEHOAYMA-TAPCKOTO. .....eeeeiiiieeeaiiieeeeeiieeeeeseeeeeasnneeeeeannneeaeennneeeeeeneees 6
lMaenrok U. U., MNasnrok UH. U., Tycynoea A. XK.

O TepHapHbIX 3NIEMEHTHbIX FPYMMOBbIX CPaBHEHUSIX

OTHOCUTENBHO OTHOLUEHUSI KOMMYTATUBHOCTM .....vvieeevieeeieeenieeeeeeesneaesnseesseeesnseesneeas 14

CeHawoe B. U., lepacumosa A. M.

O CINOMHBIX TPAMIAX TPYTII ..ttt eniieeeteteaiteeateeasteeeaseeeateeeaneeeanbeeanbeeaneeesnseesneeeanneann 23
PU3UKA

Hatizapdu A. I1., Kucukoe T., Pan C., Ucniynoe H. A.

AMP gokasatenbcTBa HEOAHOPOAHOIO CTEKNOBUAHOIO

noBefeHusi, 06yCrNoBNEHHOro HemMaTU4eCcknMmn konebaHusmm

CBEPXMPOBOLHNKA APCEHNOA HKEITEBA ...vveeeeuerieeeeirieeeeeieeeeeaausreeesssseeesensseeeeasssneeeans 29
XXykenoe M. K., Ucacynoe A. O.

PacyeT aKkBMBaneHTHbIX pa3mMepoB 1 SKBMBANEHTHOW NnoLaan

oTpaxaTernen B yrbTPa3ByKOBOM KOHTPOME UBAEIMMM ......cccceeeeiiiiiiiiiiiieaaaaaaaaaaaenens 47

NHO®OPMATUKA

AcauHoea A. X., MycaHosa A. M.
KomnbloTepHOE MOAENUpOBaHME U NULLIEBASA NHXEHEPUS:
BO3MOXHOCTU PEASMUBALIMM .ceeeeevveiiieeaaeeeeeeeeeeeeeeeeeeeaassssnannaaassaaeeaeeaaeseeeesennnssnnnnnnnns 51

HAYYHO-METOLOJIOrMYECKUE UCCIIEQOBAHUA 110 OTPACIIAM

Kanum6emoe B. T., Omapoesa U. M.

MpoekTHo-nccnegoBaTenbckas AeATeNbHOCTb CTyAEHTOB

MPY U3YHEHUM MATEMATUUECKOTO @HATMUBA ... veeuteereieeeeieeiteesieeseeesueenteenseenseeseenneenees 60
HatmaHnoea [. C., Kaxxmypamoea b. P.

O Bonpoce onucaHus MHTepdenca u CTpyKTypbl

3NEKTPOHHOW SHLMKNONEANN MO MHADOPMATUKE ..eeneveeeeeiieieaeseiieeeesnieeeeannneeeeesneeeens 67
Ceumoea C. M., A60bikapumosa A. XK.

TexHonorns HeMmpoNMHIrBUCTUYECKOro NnporpammupoBaxmns (HI1M)

B OpraHv3auum camocToaTernbHbIX paboT no Kypcy

«MpaKTUKYM MO PELUEHNI0 MATEMATUHECKNX ALY ....vvveerriireeeaiiiieeaaiieeaeeieeeeeeaiees 74
[TPABUIMA OJ1A @BTOPOB ..cueviieeeieiieeeeiteee e ettt e e e et e e s s e e e ensteeeeesteeeeaannneeeeanneeeeennees 81
[TYBIIMKALMOHHAN STUKA ..vvveeeeiueeieeeeiteeeeessteeeeessseeeeaasssaaessnsseeeesssseeeeaansseaesansseeessnnnes 87

4



Becruuk III'Y, ISSN: 1811-1807. Cepus pusuko-mamemamuueckas. Ne3. 2016

CONTENT
MATHEMATICS
Pavlyuk In., Pavlyuk I.
On the uniqueness of Boolean algebra and Lindenbaum-Tarski algebra ................... 6
Pavlyuk I., Pavlyuk In., Tussupova A.
On the ternary group comparisons with respect to commutativity relation................ 14
Senashov V. I., Gerasimova A. M.
On layered graphs Of QrOUPS ......cc.uuiiiiiiiiee ettt e e e e e e e snaeee e 23
PHYSICS

Dioguardi A. P, Kissikov T., Ran S., Ispulov N. A.

NMR evidence for inhomogeneous glassy behavior driven

by nematic fluctuations in iron arsenide superconductors............ccccoeceriieeniieenieenns 29
Zhukenov M. K., Issagulov A. O.

Calculation of equivalent sizes and equivalent

high-rise reflectors in ultrasonic testing ...........ccoiiiiiiiiiii e 47

INFORMATICS

Assainova A. Zh., Mussanova A. M.
Computer modeling and food engineering: feasibility............cccccoviiiiiiiiiieiiiees 51

SCIENTIFIC AND METHODOLOGICAL BRANCH RESEARCHES

Kalimbetov B., Omarova .

Project and research activities of students

at studying of mathematical analysis............ccccuvieiiiiiiiiice e 60
Naimanova D., Kazhmuratova B.

On the question of the interface description

and the electronic encyclopedia structure in informatics...........cccccovviieiiiciee i, 67
Seitova S. M., Abdykarimova A. Zh.

The technology of neurolinguistic programming

in the organization of independent work on the course

«Workshop on solving mathematical problems» .........cccceeviiiiieieiiiiie e 74
RUIES TOF @QUINOTS ..ot e e e e e enaee e e e 81
PUbBIICatioN EEhICS........eiiieiiiiee et a e 87



Becruuk III'Y, ISSN: 1811-1807. Cepus pusuxo-mamemamuueckas. Ne3. 2016

Cexnusa «DU3UKA»

UDC 538.945

A. P. Dioguardi,’ T. Kissikov,? S. Ran®, N. A. Ispulov*

'PhD, ?PhD student, *PhD, * candidate phys.-math.sc.

"Department of Physics, University of California, Davis, California, USA
2University of California, Davis, USA

3Ames Laboratory U.S. DOE and Department of Physics and Astronomy, lowa
State University, Ames, lowa, USA

4S. Toraighyrov Pavlodar State University, Pavlodar, Kazakhstan

e-mail: “nurlybek 79@mail.ru

NMR EVIDENCE FOR INHOMOGENEOUS GLASSY
BEHAVIOR DRIVEN BY NEMATIC FLUCTUATIONS
IN IRON ARSENIDE SUPERCONDUCTORS

We present As nuclear magnetic resonance spin-lattice and spin-
spin relaxation rate data in Ba(Fe,~xCox),As, and Ba(Fe,~xCux) As,
as a function of temperature, doping and magnetic field. The relaxation
curves exhibit a broad distribution of relaxation rates, consistent with
inhomogeneous glassy behavior up to 100 K. The doping and temperature
response of the width of the dynamical heterogeneity is similar to that of
the nematic susceptibility measured by elastoresistance measurements.
We argue that quenched random fields which couple to the nematic order
give rise to a nematic glass that is reflected in the spin dynamics.

Keywords: nuclear magnetic resonance, spin-lattice and spin-spin
relaxation rate data, inhomogeneous glassy.

INTRODUCTION

The iron arsenide superconductors exhibit multiple phase transitions upon
doping, including antiferromagnetism, unconventional superconductivity, and
electronically-driven nematic ordering that breaks C4 rotation symmetry [1]. In
the context of crystalline materials, nematic order refers to an orthorhombic lattice
distortion that is driven by electronic rather than structural degrees of freedom
[2]. In the iron pnictides, the transport anisotropy far exceeds the orthorhombicity,
suggesting that the origin is electronic [3]. The orthorhombic, or nematic, phase
is characterized by the presence of perpendicular twin domains [4]. Importantly,
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there is a strong coupling between the spin and orbital degrees of freedom
ensuring that the antiferromagnetically ordered Fe spins lie along either of these
two orthogonal directions [5]. Upon doping, the nematic and antiferromagnetic
ordering temperatures are suppressed, yet strong antiferromagnetic fluctuations
persist in the paramagnetic state beyond optimal doping, even in the absence of
long range order [6]. Direct transport measurements of the electronic nematicity
versus strain have uncovered a divergent nematic susceptibility in the paramagnetic
phase [7]. The large nematic susceptibility necessarily implies the presence of
nematic fluctuations in the disordered paramagnetic phase.

Nuclear magnetic resonance (NMR) has played a central role in the
investigation of spin fluctuations in the iron arsenide superconductors. The
As nuclei (/ = 3/2, 100 % abundant) experience a strong hyperfine coupling
to the neighboring Fe spins [8], thus the spin lattice relaxation rate, T ™', is a
sensitive probe of the dynamical spin susceptibility of the Fe spins [9]. In the
paramagnetic state of a homogeneous material, critical spin fluctuations exhibit
a characteristic time scale, tc, that diverges as a power law at the phase transition
temperature, tc o (T — TN)™. Consequently, the NMR relaxation rate T ™' oo ¢
exhibits a sharp divergence at TN. NMR studies of T, "' in Ba(Fe — Co ),As, and
BaFe,(As,—xPx), revealed the presence of spin fluctuations over a broad range
of doping and temperature, with a quantum phase transition at a critical doping
level, xc, that lies close to the maximal Tc [6,10,11].

Several recent experimental studies have reported a deviation from the
expected power law divergence of T17! as well as stretched exponential behavior.
In LaFeAsO,—xFx, Ba(Fe, —xRhx),As,, and Ba(Fe —xCox),As,, the characteristic
time scale of the antiferromagnetic fluctuations grows progressively slower over
a broad temperature range, the spin-lattice recovery function exhibits stretched
exponential behavior, and the NMR signal intensity is suppressed (wipeout)
[12-15]. In the case of Ba(Fe,—xCox),As,, T1"" also changes character in the
nematic state, diverging with a critical exponent & D% [11]. NMR studies at
the ¥Co site reveal much weaker spin fluctuations near the magnetic transition
[16,17], and ®*Cu site-selective NMR shows a similar local suppression of the spin
fluctuations on the **Cu site and neighboring 7As sites in addition to wipeout the
NMR signal [18].

These features point to dynamical inhomogeneity, a characteristic of
disordered spin glasses indicative of a distribution of relaxation rates, in which
some fraction of the nuclei relax too quickly to be observed [19, 20]. Similar
behavior has been observed in the cluster spin-glass phase of the underdoped high
Tc cuprates [21-23], and charge ordering was discovered to be intimately related to
the "As and *?La NQR wipeout in the cuprates [22, 24]. The cuprates, however,
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are doped Mott insulators, and the glassy behavior was attributed to intrinsic
frustration between the competing effects of Coulomb repulsion and charge
segregation [25, 26]. The iron arsenides do not exhibit charge ordering and thus a
different mechanism must be driving the glassy dynamics. In order to investigate
the glassy behavior in more detail, we have conducted detailed field, temperature
and doping dependent studies of both the spin-lattice relaxation rate, T, ', and the
spin-spin decoherence rate, T,'. We extract the temperature dependence of the
correlation time, tc, and find that it can be described by Vogel-Fulcher behavior.
We argue that the dynamical heterogeneity arises because the dopants introduce
quenched random fields coupling to the nematic order. This disorder-induced
frustration plays a significant role in suppressing antiferromagnetism and in the
emergence of superconductivity.

x=0.062 = 0.002 x=0.066 = 0.007
T T T

Temperature (K)

L

0
857 858 859 857 B858 859

Frequency (MHz)
Figure 1 — 7As spectra versus temperature for two different doping levels
in Ba(Fe,—xCox),As, measured by sweeping frequency at a constant field
of 11.7 T and acquiring echoes for the field oriented perpendicular to the ¢ axis.
The spectra have been normalized to have equal intensities for comparison.

MAIN PART

Relaxation measurements. Single crystals of Ba(Fe —xCox),As,
and Ba(Fe,—xCux),As, were grown from a FeAs self-flux and the dopant
concentrations were determined via wavelength dispersive X-ray spectroscopy
(WDS) as described in Ref. [27]. Multiple WDS measurements were made
for each batch, and the error bars on the concentrations are given by twice the
standard deviation of these measurements. *As (100 % abundant, /= 3/2) NMR
spectra, spin lattice relaxation, and spin echo decays were measured at the central
transition (/z =+1/2) in several different applied fields oriented perpendicular to

31



TIMY Xabapiibichl
the ¢ axis by acquiring spin echoes using standard pulse sequences. Fig. 1 shows
representative spectra for two different doping levels as a function of temperature.

Relaxation rate distribution. In order to quantify the distribution of
relaxation rates, we fit the ”As magnetization recovery to a distribution:
M@ =[P WI )W )dW 1, where P (W1) describes the relaxation rate distribution,
and the relaxation function f{x) is described below. For a homogeneous system
P(W1) is a delta function centered at T~ and thus M(?) o f{#/T ). If the distribution
has a finite width, then the recovery function is more complex, typically exhibiting
stretched behavior. For example, if the relaxation function f{x) = e ¥, then
M(t) o e where B < 1 is the stretching exponent [19]. Previous studies have
reported stretched recovery, however the distribution function for general B can
only be expressed as an infinite series. Here we assume a log-normal distribution
P(W1) with median T, ™' = e* and standard deviation 6, and fit the magnetization
recovery directly. This form was chosen because it mimics the distribution for
a stretched exponential recovery. This approach enables us to extract the width
of the dynamical distribution of the nuclei that contribute to the NMR signal, a
quantity that sheds important light on the glassy behavior.

A representative recovery data set with the best fit is shown in Fig. 2.

Echo Integral (arb. units)

4

' 1wt ' oW ot w1

1(s)

Figure 2 — Magnetization versus recovery time for the *As in Ba(Fe —
xCox),As, with x = 0.062 at 30K. The solid line is the best fit using the protocol
described in the text, and the dashed and dotted lines are the recovery curves
assuming a stretched exponential (as described in Ref. 14) or a single relaxation
time, respectively

The distribution function is given by:

1l -u ":" (1)

1
PW) = e—=|
R
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where u and o are variable parameters. We define T17! as the median of the

. . .. . . 2 2 2
distribution, ey, and the standard deviation is given by: o, =+/e***” (e —1).
BaFe, 0oy o)As, H,=117T Ba(Fe, ,Co,)As,
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Figure 3 — (a) Temperature dependence of P(W,) (normalized by peak height
for clarity) and the median 7As spin-lattice relaxation rate, T,™', (markers)
for Co-doping with x = 0.062 for /, || ab. Here T ™' = e° is the median of the
distribution, P(W ), as described in the text

The probability distribution broadens as temperature is decreased below
0100 K. Note the bottom axis is a log scale; the skewness of the Log-Normal
distribution results in the median falling on the high side of the peak (mode).
(b) T17" for several Co concentrations as a function of temperature. (c) Standard

deviation o, =,l<W]2>—<IfVI>2 of the distribution P(W1) for the same samples as
a function of temperature in the normal state. Dashed lines in all subfigures
indicate structural transition/nematic ordering temperature via bulk measurements
reproduced from the literature [18,27-30].

Py
(3D dma

50 150 1;0 20-0
1t
Figure 4 — Temperature dependence of P(W ) (normalized by peak height for
clarity) and the median "*As spin-lattice relaxation rate, T ', (markers) for
Co-doping with x = 0.062 for /7, || ab. The data is identical to that in Fig. 3(a),
but is plotted on a linear scale
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Recovery function for a spin 3/2 nucleus at the central transition is:

S(x) =M1 —2r;"!fi Rt g_x\:} ’ )
L10 0 )
where x = W t, t is the time between the initial inverting (or saturating) pulse and
the spin echo which samples the nuclear magnetization, MO is the equilibrium
nuclear magnetization and M, is the inversion fraction. M(t) was numerically
integrated during fitting using an adaptive Gaussian quadrature method and
recalculated iteratively using a least squares method. The limits for the numerical
integration were chosen to be 107% and 10%, though choosing a smaller range
when o is small results in faster convergence. This choice of limits was made
based on the timescale of the NMR experiment. Spins that relax faster or slower
than this time window will not participate in the spin echo, and therefore provide
natural limits of integration. The solid line in Fig. 2 shows the best fit determined
in this fashion, as well as the best fits assuming either a stretched exponential, or
a single value of T, using Eq. 2. It is clear that a single uniform relaxation rate
does not accurately describe the data, but both the stretched exponential and the
distribution fit well.
Figs. 3(a) and 4 show the temperature dependence of the distribution P(W)),
T, and o, as a function of temperature for Ba(Fe —xCox),As,. The data reveal
a progressive broadening of the distribution below 100K, as well as an increase
in both T, " and o, reaching a peak at a temperature that coincides with the onset
of long-range antiferromagnetic order at TN. The peak temperature is strongly
doping dependent, reflecting the suppression of TN with doping concentration.
The width 6, increases by two orders of magnitude, and is also doping dependent.
This quantity is a direct measure of the degree of dynamical inhomogeneity of
the system. Note that at low temperatures it is likely that the true width is even
larger, but we are unable to capture the full distribution due to signal wipeout. A
previous NMR study revealed that Ba(Fe,—xCox),As, forms a cluster spin-glass
state at low temperature below TN, characterized by a distribution of frozen
antiferromagnetic domains coexisting with superconductivity [14]. Subsequent
neutron scattering work concluded that this cluster spin-glass (or as termed by Lu
et al. «moment amplitude spin glass») state emerges also in Ba(Fe —xNix),As,
[31]. The NMR data, however indicate that this inhomogeneity begins to form at
0100 K, well above TN, where the spins are fluctuating dynamically. This large
onset temperature suggests that the inhomogeneous fluctuations are unrelated to
the presence of superconductivity, which emerges only below TN. Furthermore,
if the glassy behavior arises strictly from disorder and frustration among the spin
exchange interactions, it is surprising that the inhomogeneity would emerge at
temperatures well above TN, where the spin presumably remain uncoupled.
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Field and doping dependence. In order to explore the glassy behavior in more
detail, we have carried out detailed studies of the field and temperature dependence
of P(W)) as a function of doping in both superconducting and non-superconducting
samples. Changing the magnetic field alters the Larmor frequency, enabling
one to probe the frequency dependence of the slow dynamics. We measured the
relaxation in both Ba(Fe,—xCox),As, (up to 30.4 T at the National High Magnetic
Field Laboratory) and Ba(Fe,—xCux),As, (up to 8.75 T).

Co Co Co Co Co Co Cu
x=0.022£0.00] x=0058=0003 x=0059%0.00] x=0,0620002 x=0.066=0.007 x=0075 0.003 | x=0.040 = 0,003
1 L HU T HL T T 1 T L 1 I T
4001 T U T T T = B=3T T oiE=45T
~ 300} 4 ¢ 4 + 4 o EeisT L oim=65T o
< ol ik 1 1 1 -m=er | | aiH=87%5T
= - - 4 H,=875T
w LI TAL T TeEsr TR
of—4— 1t 1 oo g o — LTI Ko LTI PSR o ¢

(s )
=
T

ot s Y] HE T i |
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10 f ‘i “-a?\. *‘%ﬁn *”k.‘ "\r T~ ﬁ"'ﬂm, ]
00

Figure 5 — Field and temperature dependence of the median (T, ™)
and standard deviation (c,) of the distribution of As relaxation rates for
Co- and Cu-doped BaFe,As,. The peak in T ™is strongly field dependent,
typical for glassy dynamics. 6, grows substantially (~ 10*s™) below 100 K,
reflecting the inhomogeneous relaxation of the nuclei. Dashed lines indicate
structural transition temperatures via bulk measurements reproduced from
the literature [18, 27-30]

Fig. 5 shows T17! for several different doping concentrations and fields as

a function of temperature in Ba(Fe,—xCox),As,and Ba(Fel—xCux),As,. Both Co
and Cu dopants suppress the long range nematic and antiferromagnetic ordering,
but Cu also suppresses superconductivity to a maximum Tc = 2 K, whereas Tc
reaches a maximum of 23 K in Co-doped samples [1, 30]. This enables us to discern
whether the glassy behavior is connected to the competing superconducting and
antiferromagnetic ground states [32]. Both systems exhibit qualitatively similar
glassy behavior, suggesting that its origin is unrelated to the superconductivity.
The maximum T17! is suppressed with field, reflecting the fact that the relaxation
measurement is sampling the fluctuation spectrum at a different Larmor
frequency. For a hyperfine field h(t), the autocorrelation function is given by
h(t)h(0)> = hie™''™ , where h, is the root mean square value of the field and tc is
the autocorrelation time [33]. In this case, the nuclear spin-lattice relaxation rate is:
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Wf1 =1L hozrcz ’ G)

1+ w7,
where y =7.2919 MHz/T is the *As gyromagnetic ratio and o, =yH is the NMR
Larmor frequency. Note that P(IW)) reflects a distribution of both t_and 4. For
concreteness, however, we consider only single values of these quantities giving
rise to the median of the distribution, T, which is an oversimplification for the
real system. Eq. 3 shows that T, ™' reaches a maximum when o, 1, = 1 and is equal
to T,"",max = yh/2H,. Fig. 6 (a) shows T ™', max varies linearly with H ™ for
various dopings, as expected. The slope of this line gives 4, (fit values given in
Table 1), which decreases with dopant concentration, and agrees with previous
measurements in LaFeAsO —xFx [12].

Table 1 — Fit parameters extracted for linear fits to T, *(H, ™)

Dopant Doping = hg (mT) offset (s—')

Co 0.058 7.04 + 043 117.32 + 24.50
Co 0.062 4.13 + 0.4 90.28 + 11.60
Cu 0.040 4.80 + 0.07 18.02 + 2.77

Using the measured /4, we proceed to extract t . Solving Eqn. 3 for _c yields:

| Tt ([T |
7. _le|: ;71 * ( }71 J -1 5 (4)
1 1

where the positive sign for the radical arises at low temperature below T1—1,max
where tcomL—1, and the negative sign arises at high temperatures when tcoolL—1.
Fig.6 (b) presents an Arrhenius plot of tc/ 1cO versus T—1, where tc0 is the
high temperature limit of the correlation time. The data clearly deviate from
linearity, indicating that there is not a single activation energy that describes
the system. The solid black line represents a Vogel-Fulcher-Tamman law
(tc/ 1¢0 = exp(DTK/(T — TK)), with D = 0.5(4) and TK = 25(3)K). This behavior
is often found in glassy systems, and indicates a ‘fragile’ glass, in which the
effective activation energy increases with decreasing temperature reflecting the
collective nature of the fluctuations [34]. TK represents the temperature below
which the system becomes trapped in a local minimum in free energy at a glass
transition temperature. In this case, TK appears to correspond roughly with the
Neel temperature. However, based on constant field Co-doping variation fits,
this trend appears to break down once TN(NMR) < Tc, where TN(NMR) is the
temperature at which T1—1 reaches a maximum. Below this temperature, the spins
are ordered in frozen clusters with a broad distribution of sizes [ 14,31]. For the Cu-
doped system, the tc exhibits more Arrhenius-type behavior. At x = 0.04, the peak
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temperature of T1—1 is = 20 K, which agrees with the phase diagram determined
via bulk transport and magnetization [30]. It is unclear why the Cu-doped samples
differ, but the data suggest that the fluctuations are less correlated in this system,
which may, in turn, be related to the strong suppression of the superconductivity
in this compound. Recent 63Cu NMR data suggest a strong local effect of the
dopants, supporting such an interpretation [18].

The data in Figs. 5 and 6(b) indicate that P(W)) is slightly modified by the
field. In particular, the median fluctuation rate t_ and the width o are suppressed
by fields up to 30.4 T in the Co-doped sample and 8.75 T in the Cu-doped sample.
These results suggest that in high fields the distribution of domain sizes is narrowing
and shifting toward smaller domains. Note that because of the wipeout effects, these
characterizations of the temperature dependence of the glassy behavior may not
fully capture the behavior of the entire distribution. Since we are unable to detect
large domains (with correspondingly large correlation times t,) due to wipeout, it
is possible that the field alters the domain distribution in a manner that shifts the
weight of the observed distribution towards smaller sizes. Superconductivity in
the Co-doped samples is also strongly suppressed in these fields, which may alter
somewhat the domain distribution [27].

Spin Echo Decay. Further evidence for glassy behavior is found in the
temperature dependence of the *As spin-echo decay curves. In addition to the
increase in 1/ 1, and o,, the NMR signal intensity gradually becomes suppressed
and the character of the echo decay changes below 100 K. Fig.7(a) shows the
echo intensity following a standard echo pulse sequence ('"E —t—n—) for Ba(Fe —

xCox),As, with x = 0.062. The intensity decreases with pulse spacing t due to
various decoherence effects, including fluctuations of the hyperfine field, 4(?),
over the course of the spin echo experiment. The data have been normalized
by temperature to account for the Curie susceptibility of the nuclei, and clearly
reveal the suppression of intensity (wipeout) with decreasing temperature [14].
As seen in Fig. 7(a), the character of the echo decay function crosses over from
a Gaussian-dominated decay at high temperatures to exponential decay below
0 100 K. This crossover is due to the growth of fast spin fluctuations, contributing
a factor e?“* to the echo decay, with W, = v’ >t . Here A ?is the root mean
square of the hyperfine field parallel to /, in contrast to %, in Eq. 3 which lies
perpendicular to H[33]. Since there is a distribution of correlation times _c as
evident from the T, data, we fit the echo decay data with the same protocol

involving a distribution of decoherence rates, #2. The data were fit to the function:

M(20) =[,» PO )g(20dW,, where g(20)= M e *""'* ™ Here W, is the
exponential component of the spin-spin relaxation rate due to spin-fluctuations,
T is the time separating the 7/2 and & pulses of the spin echo sequence, and T, is
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the temperature independent Gaussian component of the spin-spin relaxation. At
high temperatures the echo decay has a Gaussian form, which reflects the complex
direct and indirect couplings between the like As nuclei. We do not expect this
component to change with temperature, whereas the growth of spin fluctuations
at low temperature will affect W2 [33,35]. Each temperature dependent data set
was fit globally with a temperature-independent T, to achieve the best fit to all
temperatures. This global analysis was confirmed by individually fitting the data

set at each temperature, results of which show no trend in T, as a function of
temperature.

1
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Figure 6 — (a) T1—1,max versus HO—1 for x = 0.058 and x = 0.062 in
Ba(Fel—xCox)2As2 and x = 0.04 in Ba(Fel—xCux)2As2. The slope of these
data sets reveal the RMS hyperfine field values at the As site, and the fit
coefficients are detailed in Table I. (b) Arrhenius plot of log(tc/tc0) versus
inverse temperature for several different fields for Co doping with x = 0.058
and Cu doping with x = 0.04. The solid black line shows a Vogel-Fulcher-
Tamman function, as described in the text

The data in Fig. 7(f) shows P(W)), panels (b) and (d) show the median T,
and panels (c) and (e) show the standard deviation o, for several doping levels
and dopants as a function of temperature. The temperature dependence of T,
agrees qualitatively with the correlation times extracted from the T ™' data seen
inFig.6 (b). T,'=y 2h/2 7. , therefore we expect a monotonic increase of T, ! with
decreasing temperature. Surprisingly, the width o, of this distribution differs from
o, extracted from the spin-lattice relaxation data, and exhibits a downturn below
TN. Note, however, that P(W)) is cut off at large W, by the finite detection window
of the NMR experiment, which is the primary cause of signal wipeout [20]. As a
result, the measured width o, is reduced as the majority of the distribution shifts
outside of the detection window at low temperature.

38



Bectauk III'Y, ISSN: 1811-1807. Cepus puszuxo-mamemamuueckas. Ne3. 2016

Discussion. Missing signal. 1t is clear from Fig. 7 that signal wipeout of up
to 80 % is present, consistent with previous measurements of the spectral intensity
in these samples, which raises the question of where the missing signal has gone
[14]. The system is either dynamically or spectrally inhomogeneous. In our
experiments we find no significant broadening of the spectra in the paramagnetic
state, as shown in Fig. 1. It is possible that the distribution is such that a large
fraction of the nuclei resonate outside of this window, but the internal field in the
ordered state is small in this range of dopings and the spectral shift for this field
orientation is minimal [36].

Co-doping x=0062, H, =877T © CorsQOSEH,=S74Tlc A Cor=0O06LH=35Tia 10— REEr=0000, B, =65T
T

=8M5Tie 4 Cox=002H=87Tlad o 1
=43Tih 0 Cox=000.H=85Tib A )
T — T
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Figure 7 — Temperature and field dependence of *As echo decay for Co-and
Cu-doped BaFe,As,. (a) Echo decay curves for x = 0.062, scaled by the nuclear
Curie susceptibility. These data are fit (solid lines, see text for details) to extract

the distribution of spin-spin relaxation rates, P(W,). The data were globally fit

holding the Gaussian component constant as a function of temperature, and
by employing the same log-normal distribution form to fit the exponential
component. (b) The median (T, ') and (c) standard deviation (c,) of the

distribution versus temperature for several Co-doped samples. (d) T, (¢) o,

versus temperature for the Cu-doped sample. (f) The distribution P(W,) and

median T, (markers) versus temperature for x = 0.04 at 6.5 T
for Ba(Fe,—xCux),As,

The spin lattice relaxation was measured at the peak of this resonance, and it
is possible that not all of the nuclei were inverted by the radiofrequency pulses. It is
more likely, however, that the missing signal arises from dynamical heterogeneity,
given the broad distribution of relaxation rates that we observe. The missing signal
in this case arises from nuclei that are located in an environment with a sufficiently
long t_ such that they recover to equilibrium before they can contribute to the
spin-echo signal. It is important to note that the distributions shown in Fig. 3, 4
and 7 are representative only of the nuclei that are actually contributing to the
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signal. In fact the true distributions are likely to be much broader than what we
are able to measure, as a significant portion of the nuclei experience even faster
relaxation rates.

Glassy nematic fluctuations. The inhomogeneous fluctuation distribution
cannot be understood simply in terms of critical slowing down of the spin degrees
of freedom. The spin fluctuations are not averaged out spatially, implying the
existence of multiple local domains of characteristic size {ot,. Figure 8(a)
summarizes the doping dependence of the width, o, (x, 7), of the inhomogeneous
distribution, where o is related to the distribution of domain sizes. For the parent
compound BaFe,As, we find that the recovery fits best to a single component
of relaxation for all temperatures, so the system is dynamically homogeneous.
o, remains small for the lightly Co-doped regime; however near optimal doping
it becomes a strong function of temperature, reflecting a large dynamical
inhomogeneity both in the Co and Cu-doped crystals.

A likely origin for this inhomogeneity is nematic fluctuations associated with
the proximate tetragonal-to-orthorhombic structural phase transition. The doping
and temperature trends exhibited by o, (x, T) shown in Fig. 8(a) closely resemble
the behavior of the static nematic susceptibility, y,.”* Chu et al. have found that
x,(T) exhibits Curie-Weiss behavior, with Weiss temperature 0 that vanishes at the
critical doping of xc = 0.07 for the Co-doped system. The fluctuation-dissipation
theorem implies that because of the large susceptibility, there are also significant
thermal fluctuations of the nematic order. In other words, even though there is
no long-range nematic order, local orthorhombic distortions continue to fluctuate
well above the ordering temperature. Because the spins are strongly coupled to the
nematicity, these nematic fluctuations will drive spin fluctuations, which in turn
couple to the nuclei via the hyperfine interaction to influence nuclear spin-lattice
relaxation. In fact, T, ™' scales with shear modulus in this phase, reflecting the fact
that both quantities are probing the dynamics of the nematic fluctuations [37].

The glassy inhomogeneous nature of the fluctuations, therefore, probably
reflects a property of the nematic fluctuations. Because the nematic order has Ising
symmetry and breaks spatial symmetry, it is highly sensitive to quenched random
impurities and is prone to exhibit glassy behavior [38]. The theory of electronic
nematic order and the role of disorder is well established in the context of the
cuprates [39-44], and more recently in the context of the iron pnictides [45,46].
The dopant atoms may provide a random field potential for nematic order that
suppresses the phase transition temperature and gives rise to a distribution of
frustrated nematic domains with different fluctuation rates, as illustrated in Fig.
8(b). With increasing dopant concentration, the nematic ordering transition is
gradually suppressed. In the disordered phase, there are fluctuating patches in
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which C4 symmetry is temporarily and locally broken, but there is no long range
or static order. These fluctuating patches, however, exhibit a broad range of sizes
and fluctuation times. The inhomogeneity we observe reflects the distribution of
these patches. The NMR data indicate that the nematic fluctuations and distribution
of domains persist up to 0 100 K, as shown in Fig. 8(a). The local autocor-relation
time of the domains, 7, is proportional to the domain size, thus the width of the
distribution of domain sizes grows up to two orders of magnitude by the onset
of long range nematic order. This scenario provides a natural explanation for the
large y, as well as the broad distribution of relaxation times observed in our NMR
experiments. Further, it explains the similarity of the phase diagram of both electron
and hole-doped systems, as well as the isovalent BaFe (As,—xPx), system [10].
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Figure 8 — (a) Temperature vs. doping phase diagram of Cuand Co-doped
BaFe,As,. Markers have been reproduced from bulk measurements in the
literature, and solid lines are a guide to the eye.'#?7° The color scale overlay

shows the standard deviation o, = 1/<Wl2 > ~(,)* for the distribution P( w),
characterizing the degree of inhomogeneity of the NMR spin-lattice relaxation
rate. (b) Schematic of local nematic domains, indicating directions of Fe spin
(arrows). The tetragonal and orthorhombic unit cell axes are shown. The local
nematicity is oriented along the ellipses

The temperature-pressure phase diagram of the stoichiometric parent
compound also exhibits a suppression of antiferromagnetism and emergence of
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superconductivity without the presence of dopants [47, 48]; however, natural
lattice defects may provide a source of quenched disorder that could be amplified
by non-hydrostatic pressure.

On the other hand, non-isovalent dopants clearly play a role in tuning the
density of states, as revealed by a recent study of simultaneous hole- and electron-
doping in Ba xKxFe ,Co, ,As, demonstrating that that the magnetic state can
be partially recovered by compensating the carrier concentration [49]. Thus
both disorder and tuning the density of states appear to be important parameters
controlling the phase diagram.

CONCLUSION

In summary, the glassy behavior we observe in the dynamics reveal a highly
inhomogeneous system in a region of the phase diagram that is nominally a
homogeneous disordered paramagnetic phase. The NMR response probes the Fe
spins through the hyperfine coupling, but it is the nematicity that drives the response
of the system. The disorder introduced by the dopants generates random strain
fields, which couple to the nematicity and may contribute to the suppression of the
nematic ordering temperature. The nematic order parameter develops a complex
fluctuating spatial landscape, with various domain sizes. Future measurements
under uniaxial strain may significantly suppress the width of the distribution, and
will provide an important avenue to investigate the dynamics in the glassy phase.
NMR studies of the dynamics under pressures up to 10-15 GPa in stoichiometric
samples will also help to elucidate the role of disorder in suppressing the nematic
phase.
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bBiz PAs A0ponvlK cnun-mopavlK JHCoHe CNUH-CNUHOIK MASHUMMIK
PE30HAHBIHLIY  MeMnepamypaza, Jjesupieyee JcoHe MazHum opiciHe
batinanvicmor  Ba (Fel-xCox) 2A4s, owcone Ba (Fe [-xCox) 2A4s,
PenaKcayuacsl  HCulI0amMobi2bl  Mypanbl  MOAIMEmmep  YCbIHAMBbI3.
Penaxcayus xucvikmapolr 0ip mekmi emec wbiHbl Mopizoi mopminke
cotikec 100 K Oetiin peraxcayus sHcolioamMObIKMAapbiHbIH KeH YieCmipinyin
OemoHCcmpayuAnauovl. Jlecupiey icoHe OUHAMUKATBIK OIp MeKmi emecmik
eHIHIY ~ MeMnepamypacvlHan moyendinix, cepnimoi KedepeiHi eoiuiey
KOMe2iMeH ONUEeHeeH, HeMAMUKAbIK aneblpavikka ykcac. biz cnunniy
OUHAMUKACLIHOA KOPIHIC MANKAM, HeMAMUKAIbIK WbIHbL MYOblpaAmbiH,
HeMAamuKanvlK, mopminme Oipicemin Ke30elicok epicmepoiy eweminoiei
mypanvl ceHOipin aumamol3.

Mbul  npeocmasnsiem  Oanmnvie o0 ckopocmu  penaxcayuu  As
0EPHO20 MAZHUMHO20 PE30OHAHCA CRUH-DeUemoyHOU U CRUH-CRUHOBOIL 8
Ba (Fel-xCo) 24s2 u Ba (Fe I1-xCox) 24s, ¢ sasucumocmu om
memnepamypbl, 1ecupo8anus u macHumuozo nois. Kpusvie peraxcayuu
O0eMOHCMPUPYIOM  WUPOKOe PAcCnpeoesieHue CKOpoCcmell perakcayuu,
8 Ccoomeemcmeuu ¢ HEOOHOPOOHBIM —CMEKIOBUOHbIM —NOBeOeHUeM
senioms 0o 100 K. Jlecuposanue u 3a8ucumocms om memnepamypol
WMUPUHBL OUHAMUYECKOU HEOOHOPOOHOCU AHANOSUYHO HEMAMUYeCcKoU
BOCIPUUMYUBOCINY, USMEPEHHOU C NOMOWbIO UBMEPEHUll YNpyeo2o
conpomusnenus. Mol ymeepoicoaem, umo 2acamcs CayyaiiHble NoJs,
KOmopule COeOUHAIOMCS 8 HeMAMUYeCKOM NopsioKe, NOPOAHCOAOUUM
HeMamuyeckoe CIMeK10, Yo HAxX00um OmpajiceHue 8 OUHAMUKe CNUHA.



Tepyre 15.09.16 x. xi6epinai. bacyra 18.09.2016 . Ko7 KOWBIIIBL
Minrimi 70x100 '/, . KiTan-xypHan KaFassL.
IaprTse! 6acma Tadars! 5,06. Tapangsmver 300 nana. barack! kexiciM OOWBIHIIA.
Kommnerorepae 6erreren M. A. Ulpeiinep
Koppekropmap: A. P. Omaposa, b. b. Pakumiera
Tamnceipsic Ne 2955

Craano B Habop 15.09.2016 r. [loanucano B neyats 18.09.2016 .
®opmat 70x100 /. Bymara KHHKHO-KypHAIIbHASL.
Yenneu.t 5,06. Tupax 300 sx3. Llena goroBopHast.

Kommnerorepnas Bepctka M. A. Llpeiinep
Koppexropsr: A. P. Omaposa, b. b. Pakummesa
3aka3 Ne 2955
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C. TopaifFBIpOB aThIHAAFBI
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