C. Topaiirpipos arsinaare: agaoaap MeMACKeTTIK YHHBEPCHTETIHIN
FBIJIBIMH KYPHA!IbI

HAYUYHBIH JKYPHAI
ITasaonaperoro rocyiapersennoro ynusepenrera umenn C. Topaiirniposa

I'TMY XABAPIIBICBI

DU3NKA-MATEMATHKAJIBIK CePHSICHI
1997 »xkpu11ad OacTarn bIFA b

BECTHUK IIT'Y

@Ou3HKO-MaTeMATHYCCKAS CePHs
HUznaercs ¢ 1997 rona

Nel (2016)

NMasnopap



HAYYHBIN KYPHAJI
Iagsjaoxapceroro rocyrapersennoro ynusepenrera nmenn C. Topaiirbiposa

DUIHKO-MATEeMATHIECKAS cepus
BLIXOHT 4 pasa B 1o

CBHJIETEJIBCTBO
0 NOCTAHOBKE HA YUCT CPE/ICTBA MACCOBOH HHDOPMAIIMH
Ne 14213-K
BBIIAHO
MUHHCTEPCTBOM KYJILTYPbI, HHQOPMAMHK H OOIECTBCHHOIO COITIacHst
Pecnybnuku Kazaxcran

bac perakTopsl — ri1aBHbIH peaKkTop
Taeykenos C. K.
dokmop ¢h.-M.H., npogheccop
3amecTHTelb ITIABHOTO PEjlakTopa Uenynos H. A., k.¢h.-atn., doyenm
OTBeTCTBEHHBIH CeKpeTaphb Corzapikosa A, T.

Peraxums ajikackl — Pelakumonnas Kouierus

Orendaes M. O., 0.¢h.-a.n., npogheccop, akadevux HAH PK
Yamues I V., O.¢h.-m.n., npogheccop, akadevux HAH PK
Paxmon A. X, PhD (ITaxueman)

Trauenxo U, M., 0.¢h.-w.n., npogheccop(HMcnanus)

Hemkun B. I1.,  0.¢h.-wh., npogheccop(Poccu)

bakreibaes K. b., 0.¢h.-w.n., npogpeccop

Kymexor C. E.,  0.¢h.-w.n., npogheccop

KypanGaes 3.,  d.¢h.-avi., npoheccop

Ocnanos K. H.,  d.¢h.-w.ni., npogheccop

Hyproxuna b. B., mexnuueckuii pedaxmop

33 QOCTCAEPHOCTE MATEPHAN0E W PEKNAME! OTAETCTBEHHOCT: HECYT ABTOPS! U DEKNAMOLATENM
Panakunr octaanaeT 23 cofoi NPaso Ha OTKNOHEHWE MATEPHAN0e
[Py NCNONE30BaHM METEPUANO0E XyPHANA CColKa Ha sBecTrmx MNMYe coasarensHa

@ Ny waess C. Topamrsipoaa

Becranx T1I7Y, ISSN: 1811-1807. Cepus husuxo-yamesvamuveckan, Nel, 2016

MA3M¥HbI
MATEMATHKA

Apo6omyn B. H., Anumosea U. A.

PauvoHan cangap epiciHe baitnaHbICTsl

exi Myweni reraeyni Fanya tontapbl TYPANbl (1)...c.o e 6
HApo6omyn B. H., Anumosa Y. A.

Pauwonan cavpap epiciHe 6annaHbiCTbl

eki myweni Tenaeyni Manya tontapb! TYPanbl (11)....ccoovricieveinriernieeireernaaeran 18
HApo6omyn B. H., Ymap6ekoea C. E.

MpadTap TeopuAckiHAAFb MATPULANDBIK BAICTED (1) veiciiiieiiii it 26
HApo6omyn B. H., Ymap6ekoea C. E.

MpadTap TeopuackiHaars! MaTpUuanblk 3AICTED (). ..o 36
Maemok U. U., Masniok UH. U.

Tak peTTi WwekTi TonTap XaHe TOMNCOH-PEenT TEopeMach! TYPanbl.............c...... 45

PU3UKA

Hateapdu A. 1., Kucukoe T, Jlun U. X., Wupep K. P.,

Jloycon M. M., Ipaug X.-[x., Yy OQx.-X., Quwep U. P.,

®epHandec P. M., Kypo H. x., Ucnynoe H. A., XykeHoe M. K.

BaFe, (AS,-,P,), 6ip TexTi emec HemaTukansiK

hnykTyauranapabiH AMP A8MEME.....ccov e se e ees e s ssnae e 54
MevyepuubiH A. A.

Ouvpak 6ip enwemai cTauMoHapnbiK TeHaeyaiH

[apby Typnenaipyi: auchepeHuuanaaynbl MEHLWIKT

MBHOEPTE KEOEMUTYMEH BYBICTBIPY .. eveviientieiaisesaeietassesaeseisasissessesecnsassaeiecnsans 68

UHO®OPMATUKA

Maynerios C. C., Aumewos X. A.
Google Maps kapraceliH RAD Studio XE
KOCbIMWACHIHAA KONAaHYAaFbl HEM3M MOCENENEP. . .ccvvreeeecinriareeierecaeeassmraeens 78

BAFbITTAP BOUbIHIUA FbITbIMU-METO[ONOMUANbIK 3EPTTEYIIEP

Bypaymbaeea C. K.

Exi 6enmeni natepnep MelcanbiHaa

AcTaHa KanacblHaa KanTanama TYPFbiH Yt HApPbIFbIHBIH

perpeccuanbik Mogensai Gretl optackiHga KOBANAY.......cocvviiiiiiiiiiiiiiiiciaiinn 84
Hxapacoea I'. C., CoipHali b.

AnropuTMaep TEOpUACLIH MHTENNeKTyanas!

KyWenepae KonAaHbinybiHa KATbICTbl TEPMUHAEPTE LUOMY ....ovveveerecieierneeannns 91
Pasaxoea b. Lll., Ckabaesa T. H.
AnemMeHTapnbiK MaTemMaTuka naHi boibiHWwa BiniM KOpsIH HopManaay............ 100

Yanuee H. C., Cepy6ali A. K.
Oky yaepicinae Web 3.0 TykbipbiMAaMacsiHbIH MYMKIHAIKTEDIH 3epTTey........ 108

ABTOPNAPFA QPHANFAH EPEKEIIEP....ccumieiireeeciiareeiriiaeraneaionessansesenreeesiasressnsnes 116



[IMV Xabapinbicet

COLOEPXAHUE
MATEMATUKA

HApo6omyn B. H., Anumosa M. A.

O rpynnax Manya ABy4neHHbIX YpaBHEeHW

Hag nonem paumnoHANbHBIX YNCES (11).....erii i ieieriirrieae e s vsreraesesessnvnaens 6
HApo6omyn B. H., Anumosa U. A.

O rpynnax Manya ABY“NEHHbIX YPaBHEHWI

Hag, NoNem PaUMOHANBHBIX YMCEIT (1)...viiiiiiiiiriiiiiiii i 18
HApo6omyn B. H., Ymap6ekoea C. E.

MaTtpuyHbie METOAB! B TEOPHUU MPAGIOB (1)..eiiirerreieeiiereciiie e s e cnnaeseans e snen s 26
Apo6omyn B. H., Ymap6ekosa C. E.

MatpuuHbie MeTogb! B TEOPHUU MPAGIOB ([1).......ciiiiiiiiiiiiceiiiiiiec i 36
Maeniok U. U., Maeniok UH. U,

O KOHEYHbIX rpPynnax HeYeTHOro nopsaka v Teopeme TomncoHa-PenTa........... 45

PU3UKA

Hadzapdu A. 1., Kucukoe T., Jlun U. X., Wupep K. P.,

JToycon M. M., Npatgh X.-Ax., Yy Ox.-X., Quwep U. P.,

@PepHaHdec P. M., Kypo H. [x., Ucnynoe H. A., XykerHoe M. K.

AMP pokasatenscrea HeOQHOPOAHLIX

Hematuyeckux ryktyaumin B BaFe, (AS - P ), ..o, 54
MevepuysbiH A. A.

MNMpeobpasosaHue papby 0AHOMEPHOrO

CTaUMOHapHOro ypaBHerusa [upaka: 3ameHa

AnhhepeHUMPOBaHUA YMHOXKEHUEM Ha CODCTBEHHBIE 3HAYEHUSA. ...cocvv i, 68

UHO®OPMATUKA

Mayneros C. C., Aumewos X. A.
OCHOBHbIE NpoGiemMbl UCMONbL30BaHWUS KapThbl
Google Maps 8 npunoxernsax RAD Studio XE...........ccocieiviiniineniininisineanionieeens 78

HAY4YHO-METOLOJIOrM4YECKHNE UCCIIEQOBAHUA N0 OTPACIIAM

bypaymbaeea C. K.

Paapabotka B cpene Gretl perpeccuoHHoin

MOOENU PbIHKa BTOPUYHOIO XWNbs . ACTaHa

Ha NPUMEPE ABYXKOMHATHBIX KBADPTUP ... ucietiieriiiatieaeeesaeaneassasensaesseinsansasiasansans 84
Hxapacoea . C., CoipHali b.

O630p TEPMMHOB TEOPUW aNTOPUTMOB,

YacTo UCNONB3YEMBIX B UHTENNEKTYANEHBIX CUCTEMAX. .. vverveeeereeerneerneeesneernes 91
Pa3zaxoea b. Lll., Ckabaeesa T. H.
HopMupoBaHMe 0CTaTONHbLIX 3HAHUWA MO ANEMEHTAPHOW MaTEMAaTUKE............. 100

Yanuee H. C., Cepy6au A. K.
McecnenoBaHne BO3MOXHOCTEI KOHUENUMI
Web 3.0 8 06pa30BATENBHOM MPOLECCE.....coiiieriumiaeraracraianenraiaeseaeassnransasesaanss 108

[TDABUNGA AIA @BTOPOB. ... vutiiaiietasiniaasasinsaasasstssesansansesamsbesassssassassasaesssnssesansass 116
4

Becrauk I, ISSN: 18]11-1807. Cepus hususo-vamesmamuyecxkan. Nel, 20

16

CONTENT
MATHEMATICS

Drobotun B., Alimova I.

On the Galois groups of two-term equations

over the field of rational NUMBErs ()., ..o e
Drobotun B., Alimova I.

On the Galois groups of two-term equations

over the field of rational numbers (I1)........cocuoiieiiiiiiiiiccee e
Drobotun B., Umarbekova S.

The matrix methods in the graph theory (I)........ccccciiiniiiii . 26

Drobotun B., Umarbekova S.

The matrix methods in the graph theory (). 36

Pavlyuk I., Pavlyuk In.

On the odd-order finite groups and the Thomson-Feit theorem............c.ccccccineee, 45

PHYSICS

Dioguardi A. P, Kissikov T, Lin C. H., Shirer K. R.,

Lawson M. M., Grafe H.-J., Chu J.-H., Fisher I. R.,
Fernandes R. M., Curro N. J., Ispulov N. A., Zhukenov M. K.
NMR evidence for inhomogeneous nematic

fluctuations.in BaF e, (AS - P ). cvanussmmuinisssiiivussssibisnissarsinsasianissasrienisiee 54

2

Pecheritsyn A.

Darboux transformation of one-dimensional stationary

Dirac equation: replacement of differentiation

by multiplication on eigenvalues............coccociiiiciiiiicirn i

INFORMATICS

Maulenov S. S., Aimeshov Zh. A.
The main problems of using

Google Maps in RAD Studio XE applications..........ccccociiiiiniiieiiniieiiinsiieean 78

SCIENTIFIC AND METHODOLOGICAL BRANCH RESEARCHES

Burgumbayeva S.

Development of the regression model

of the secondary housing market in Astana

in Gretl environment on an example of two-bedroom apartments......................
Jarassova G., Sirnay B.

Review of the terms of the theory

of algorithms commonly used in intelligent systems...........cccccovcviiiniiiicinennn,
Razakhova B., Skabayeva T.

Rationing the residual knowledge in elementary mathematics........c.cccoecueeeenn 1
Ualiyev N. S., Serubay A. K.

Research of the possibilities of the concept

of Web 3.0 in @ducational ProCeSS...........oirimiricrinrsinsamiaermssessssarssaassssesranaesranes 108

RuUlesioralnOrS: vt i o e T S SRS A SRR G 116



TIMV Xabapmbics

Cexuus
«DHU3UKA»

UDC 538.945

A. P. Dioguardi’, T. Kissikov”, C. H. Lin', K. R. Shirer’,
M. M. Lawson’, H.-J. Grafe?, J.-H. Chu**, I. R. Fisher®“,
R. M. Fernandes?®, N. J. Curro’, N. A. Ispulov®, M. K. Zhukenov?®

'PhD, University of California, Davis, USA

"PhD student, University of California, Davis, USA

*PhD, IFW Dresden, Institute for Solid State Research. P.O. Box Dresden,
Germany

*PhD, Stanford University, Stanford, California , USA

*PhD, Stanford Institute of Energy and Materials Science, California , USA

*PhD, University of Minnesota, Minneapolis, Minnesota, USA

‘phys.-math.sc.candidate, S. Toraighyrov Pavlodar State University,
Kazakhstan

e-mail: “nurlybek 79(@mail.ru

NMR EVIDENCE FOR INHOMOGENEOUS NEMATIC
FLUCTUATIONS IN BAFE, (AS, P,),

We present evidence for nuclear spin-lattice relaxation driven by
glassy nematic fluctuations in isovalent P-doped BaFe As,single crystals.
Both the "As and *'P sites exhibit stretched-exponential relaxation similar
1o the electron-doped systems. By comparing the hyperfine fields and the
relaxation rates at these sites we find that the As relaxation cannot be
explained solely in terms of magnetic spin fluctuations. We demonstrate
that nematic fluctuations couple to the As nuclear quadrupolar moment
and can explain the excess relaxation. These results suggest that glassy
nematic dyvnamics are a universal phenomenon in the iron-based
superconductors.

Keywords:  inhomogeneous, nematic, fluctuation, spin-lattice
relaxation, superconductors, magnetic, spectorscopy, hyperfine coupling.

INTRODUCTION
The iron-based superconductors continue to attract broad interest not only
because of the presence of unconventional high-temperature superconductivity,
but also because of their unusual normal state behavior [1]. As in other
54
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unconventional superconductors the superconductivity emerges at the boundary of
antiferromagnetism, suggesting an important role for antiferromagnetic fluctuations
in the superconducting pairing mechanism |2, 3]. In recent years, however, significant
attention has focused on the presence of nematic order that breaks the C, point group
symmetry of the lattice at the tetragonal to orthorhombic structural transition, as well
as the large nematic susceptibility in the tetragonal paramagnetic regime [4-8]. Elasto-
resistance measurements indicate that the static nematic susceptibility diverges near
optimal doping in several pnictide families [9, 10]. Similar conclusions are drawn
from both elastic constant measurements [11] and Raman spectroscopy [12-14].
An open question, therefore, is whether there is a connection between the nematic
fluctuations and the unconventional superconductivity in these materials [6, 15, 16].

MAIN PART

Experimentally the nematic fluctuations appear to be strongly coupled to
the spin degrees of freedom. The shear modulus and the nuclear spin-lattice
relaxationrate, T, ', are strongly temperature and doping dependent, but scale with
one another in Co- and K-doped BaFe,As, [17, 18]. Assuming that the dominant
channel for T, ' is via the hyperfine coupling to the Fe spins, this empirical
relationship implies that the lattice and spin fluctuations have a common origin.
Further evidence for a coupling between these order parameters has emerged from
neutron scattering studies which reveal that C, symmetry is broken for the spin
fluctuations in the high-temperature phase of uniaxial-strained Ba(Fe —xNix),As,
[19]. Other neutron scattering experiments have uncovered an enhancement of
spin fluctuations in both LaFeAsO and Ba(Fe —xCox),As, between the structural
transition and antiferromagnetic transition temperatures [20]. In contrast, the iron
chalcogenide FeSe undergoes a nematic phase transition despite the absence of
long-range magnetic order down to the lowest temperatures. Although nuclear
magnetic resonance (NMR) measurements do not ob-serve significant low-energy
magnetic fluctuations above the nematic transition [21, 22], neutron scattering
indicates the presence of sizable spin fluctuations at moderate energies [23, 24].

Direct evidence for the nematic fluctuations has remained elusive. NMR
studies of Ba(Fe, —xMx),As, (M = Co, Cu) uncovered the presence of glassy spin
dynamics extending up to 100 K, with a doping and temperature response that
matches that of the nematic susceptibility [25, 26]. The glassy behavior possibly
originates from quenched disor-der, which can act as a random local field on
the fluctuating nematic order [10, 27]. In such a case, magnetoelastic coupling
ensures that random variations in the local value of the nematic order parameter
also affects the local spin fluctuations measured by NMR [17].

In order to investigate the presence of nematic fluctuations directly, we
have investigated the NMR properties of both the “As (™y = 7.2919 MHz'T, |
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=3/2, Q=0.31 barns) and *'P (*'y = 17.2356 MHz/T, I = 1/2) in single crystals
of BaFe (As —xPx),. Isovalent substitution of P for As in BaFe, As, gives rise to
buperconductmty with a phase diagram that is similar to that of the electron- or
hole-doped system [28, 29]. These nuclei present a unique opportunity because
they are located at the same crystallographic site, but the [ = 3/2 75As nucleus
experiences a quadrupolar inter-action whereas the 1 = 1/2 31P nucleus does
not. Both nuclei are sensitive to magnetic hyperfine fluctuations of the Fe spins,
however the As is also sensitive to fluctuations of the local electric field gradient
(EFG). Nematic fluctuations couple directly to
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Figure | — (T, T )" and § for 75As (+) and *'P (~) vs. temperature
for x = 0.26 (underdoped) and x = (.33 (optimal doping).

EFG and give rise to an extra channel for relaxation at the As. We carefully
analyze the relaxation of both nuclei, and conclude that quadrupolar fluctuations
are indeed contributing to the relaxation of the As, giving rise to a maximum
in the ratio 75T ™" / 31T at the structural transition temperature, Ts. We also
observe inhomogeneous dynamics that result in stretched exponential spin-lattice
relaxation for both nuclear species. The amount of dynamical inhomogeneity
is similar to previous NMR observations in both Co- and Cu-doped BaFe, As,
[25. 26] and LaFeAsO [30, 31] compounds.

Single crystals were synthesized via a self-flux method and characterized
via transport measurements to determine P-doping levels. The P concentration x
was estimated by comparison of transport properties with samples from the same
and similar growth batches for which the composition had been determined via
microprobe analysis [32]. The spin-lattice relaxation rates of “As and *'P were
measured at the central transition (I =+1/2) in two BaFe,(As — P ), crystals with
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x = 0.26 (underdoped, T =T =45 K) and x = 0.33 (optimally doped, T_= 31 K)
as a function of temperature via a standard inversion recovery pulse sequence. The
crystals were aligned with the external field H, = 11.7285 T oriented perpendicular
to the c-axis, and the magnetization recovery was fit to the appropriate normal
modes recovery function modified by a stretching exponent 8, as described in [25].

The spin-lattice relaxation rate divided by temperature (T T ) ' is shown in
Fig. 1 as a function of temperature for both nuclei. At high temperatures (T, T) " is
roughly constant, indicating metallic Korringa behavior. In the underdoped crystal
(T, T )" goes through a peak at T reflecting critical slowing down of the spin
fluctuations. In the optimally doped crystal (T, T )™' continues to increase down to
T.. These results are consistent with previously published data in polycrystalline
qamplee [28, 29]. The relaxation rates of the two nuclei scale roughly with one
another, but there are important differences that emerge at low temperature, as
discussed below.

The stretching exponent, £, shown in Fig. 1, is a measure of the degree of
dynamical inhomogeneity in the material [25, 26]. § = | indicates homogeneous
relaxation whereas f < | indicates a distribution of local relaxation rates
[33]. Both crystals and both sites become dynamically inhomogeneous below
~ 100 K, reaching down to = 0.6 for the underdoped sample. Similar behavior was
observed in other iron pnictides [30, 31]. Surprisingly, the degree of inhomogeneity
does not appear to be reduced in the P-doped system as compared to the Co-doped
system, despite the fact that the former is cleaner than the latter (comparisons of
in BaFe,(As — P ), and BaFe,— Co As, are available in the supplemental material).

We now turn to the relatlonshlp between the As and the P relaxation rates.
Fig. 2(a) shows T ' /*'T " as a function of temperature. This ratio is nearly
constant and ~ 1.3 above approximately 60 K, indicating a common relaxation
mechanism for both sites. However, below this temperature the ratio increases
with decreasing temperature and reaches a maximum value of ~ 2 in both the
underdoped and optimally doped crystals. The strong temperature dependence
of this ratio reflects either a change in the antiferromagnetic fluctuations, or an
additional relaxation mechanism present at the As site.

Spin fluctuations give rise to dynamical hyperfine fields causing nuclear
spin relaxation. In order to properly extract the contribution of antiferromagnetic
fluctuations to the relaxation rate, it is crucial to know the components of the
hyperfine tensor, B, at both the As and the P. The hyperfine interaction is given
by Hl i 2. S [*Be *S(r,), where S(r.) is the electronic spin of the Fe, and I is the
nuclear spin of cither the *'P or “As [34]. By comparing the Knight shift and
magnetic susceptibility, Kitagawa etal. found 75B_ =75B, = 0.66 T/uB, and “B_
=0.47 T/ uB [34]. In BaFe,(As — P )2, our measuremems of the Knight shift (see
supplemental material) mdlc.:te that B, /MB,, = 0.40+ 0.02 in agreement with
a previous study [29].

Cepus ghusuxo-pamenamuveckas, Nel, 2016
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It is also important to consider the off-diagonal component Bac, which
gives rise to the internal field at the antiferromagnetic wavevector. Previous
measurements revealed that *Bac =0.43 T/ uB [34]. To determine this component
in BaFe (As — P ), we measured the angular dependence of the magnetic splitting
of the cc,ntral fine in the antiferromagnetic phase of the underdoped sample. Fig.
3 shows spectra of both the As and the P for various orientations of the crystal.
The internal field, H_, is oriented along +¢-axis, giving rise to two separate
resonances. The P resonances are given by: *'f="'y(1 + K) (H + Hint cos 8), where
K is the Knight shift and 0 is the angle between ¢ and H_. For the As, there is an
additional shift due to the quadrupolar interaction: ="y (1 + K) (H, #H_ cos
0) + A, (1-9 cos, B)(1—cos, B), where Ap = =€*Q*V*./"*H,, Q is the quadrupolar
moment and Vzz is the component of the EFG tensor at the As [35]. Fitting the
angular dependent spectra, we extract internal fields 75H, = 0.45 + 0.01 T and
*'H,, =0.100£0.001 T, yielding *'B_/ "B_ = 0.226 + 0.007. It is noteworthy that
the transferred hyperfine couplings to the P are less than those to the As, which
probably reflect the fact that the 4p orbitals at the As are more extended. Previous
studies of the hyperfine couplings at the As and P sites in other compounds have
found a similar ratio [36].
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Figure 2 — (a) Ratio of the spin lattice relaxation rates of As to P (*T '/ ¥'T )
and (b) A(T, T ) ' vs. temperature for x = 0.26 (®) and x = 0.33 (A). The gray
horizontal region indicates the range of values for purely magnetic fluctuations.
INSET: The theoretical ratio as a function of the antiferromagnetic correlation
length, £. Solid lines in (b) are best fits as discussed in the text.
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With the knowledge of the hyperfine couplings, it is now possible to compute

the magnetic component of the spin-lattice relaxation rate:

Im 7% (q.
Wo=r"keT 3% T Fusld yde (8.0, )

where Fafi(g) are the form faclors (given in the Supplemental Material),
%.4(q, ®) is the dynamical magnetic susceptibility, and a, # = {a, b, ¢} [37]. For
purely magnetic fluctuations, T, = 2W . Because the hyperfine coupling ratios
B, /"B, and *'B_ /B, are not the same, the form factors F (@) for the two
sites do not simply scale with one an-other. As a result, the ratio *T ' /'T
will depend of the detailed g-dependence of y_*(g, @), which can change with
temperature. To estimate the effect of antiferromagnetic correlations on the T, !
ratio, we use Eq. 1 and the dynamical magnetic susceptibility:

i Xaa(Q;)
Am (q,('))'—' Z 2 ,j ”
;-!ll+|q—QJ| &° —i(o/iw,f

where £ is the antiferromagnetic correlation length, waf is the charac-teristic
spin fluctuation frequency, and y (O) is the value of the susceptibility at the
ordering wavevectors Q, = {w/a, 0} and Q, = {0, w/a} [19, 38]. The inset of Fig.
2 (a) shows the calculated T,' ratio as a function of correlation length, with the
following assumptions: (i) 'B_/“B_="B_/75B,_ ,(ii) Bab is negligible, and (i)
%, (©,) is the same for all values of i and « (isotropic fluctuations). This quantity
changes only slightly with &, varying between 1.19 (£ = 0) to 1.40 (£ = =), as
shown by the gray area in Fig. 2 (a). For the underdoped sample. the experimental
ratio exceeds this prediction below the structural transition, reaching up to ~ 2
at T,,. The experimental ratio for the optimally doped sample reaches the same
v alue justabove T . It is clear that magnetic fluctuations alone cannot explain this
large increase, suggesun; that there is an additional relaxation channel affecting
the As site.

Since the ™As has spin [ = 3/2 it is susceptible to relaxation by fluctuations
of the EFG through the quadrupolar coupling. Quadrupolar spin-lattice relaxation
of nuclear spins with [ = 5 is described by the Hamiltonian:

(2)

e
a1(21 -1)2;,_ {OT @
where T,, are the spherical tensor operators, V=¥, VEl =Y. iV, V&2
== (V -V )£iV_,and V L Are the components of the EFG tensor [35] The
umultancous prcscncc of both magnetic and quadrupolar fluctuations has been
discussed in detail by Suter, who has shown that these fluctuations give rise to
three relaxation channels for the nuclear spins, one purely magnetic and two

Ho(r) =

o

9



TIMYV Xabapmsicel

quadrupolar [39]. The magnetic relaxation channel is described by Eq. 1, and the

quadrupolar relaxation rates are givenby: W, , = (GTQ} j( Va2t 5(0))e dr.
There are two components to the EFG at the As, one from the lattice orthorhombic
distortion and the other from unequal populations of the As 4px_y orbitals, such that
V_ =0and V_=V_"+V_%[40]. From the definition, we see that (V , +V ) has
B.g symmetry, whereas 1 (V_, ~ V_) has Blg symmetry (in the coordinate system
of the crystallographic tetragonal unit cell). Thus, the former couples directly to
the nematic order parameter. Using the fluctuation-dissipation theorem, we can
express the quadrupolar relaxation rate in terms the of the dynamical nematic
susceptibility . :

N eQ # ) Imy, (9.0)
W,=|=| k;T-ny 202" =,
- ( h J B m—vog 'x(o (4)

Note that 7, is defined in terms of the EFG, and that there is no form factor for
the nematic fluctuations because the on-site orbital occupations are the dominant
contribution to the EFG. The nematic fluctuations order at q = (0, 0) with Curie-
Weiss behavior, and the existence of of'a Fermi surface implies Landau damping
[5,9]. We estimate the magnitude of W, by considering the static EFG at the As site.
In the orthorhombic phase. V_, develops a finite value reflecting the static nematic
order [34]. If we assume that the lattice, orbital and spin degrees of freedom have
a similar power spectrum, then ratio of the quadrupolar to magnetic relaxation
rates is W, /W, ~ (te_’z / 7{171)1, where V', and h are the root mean square of
the EFG and hyperfine field fluctuations, respectively. Previous field-dependent
studies in BaFe,— Co As, found h ~ 40 G [26]. eQV » / h reaches a static value
of 2.6 MHz in the orthorhombic phase of the parent compound [34], and a value
of ~ 0.3 MHz at the structural transition in BaFe (As .. P, ). [40]. We estimate
W./W, can reach a maximum of ~ 8.4 at T =T, thus it is clear that both magnetic
and nematic fluctuations are of comparable magnitude and can contribute to the
spin-lattice relaxation of the As. We conclude that the enhanced temperature
dependent ratio seen in Fig, 2(a) reflects the presence of nematic fluctuations.
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Figure 3 — Spectra of the central resonance of the As (a) and *'P (b) as a
function of angle 6 with respect to the c-axis for x = 0.26. Markers represent
the centers of the respective peaks extracted from global fits (solid black
lines) to each of three data sets at 0°, 72° and 90°. Dashed black lines show the
calculated angular dependence of the resonance centers of the peaks based on
extracted fit coefficients for the internal fields.

Note that in the presence of both quadrupolar and magnetic fluctuations,
the two relaxation rates W and W, become entangled and the exact form of the
magnetization recovery becomes complex [39]. Attempts to fit the recovery data to
amodified relaxation form with W, as a floating parameter do not necessarily lead
to a better quality of fit as measured by the %, value. Such fits have poor precision
because both relaxation rates W and W, follow a broad distribution function, thus
the relaxation curve is stretched. This distribution is evident in the P relaxation,
which has no quadrupolar relaxation channel but still exhibits stretched recovery.
Thus the difference A (T, T)" =" (T, T)" =k ('T,T)"', where k = 1.31 is the high
temperature ratio of the As to P relaxation rates is not simply proportional to W.
Yet, in order to assess qualitatively the contribution from W, we can still focus
on this quantity, plotted in Fig. 2 (b), since W, = 0 would imply A (T T)"' = 0.

It i1s clear from Fig. 2 (b) that nematic fluctuations are present in both
the underdoped and optimally-doped samples. In the underdoped crystal, the
tetragonal-orthorhombic phase transition Ts coincides with T, and the nematic
fluctuations diverge at this phase transition [41]. The solid lines through the
data points are best fits to the expression A (T, T) ' = AT — T,)", where for the
underdoped crystal n=1.4+1.1 and T =41.5£5.7 K. In the optimally doped sample,
the data reveal that nematic fluctuations are present in the tetragonal phase down
to T . The best fit through the data points yieldsn = 1.5+ 1.9and T = 13 £ 33 K.

Although the exact relationship between A (T, T) "and W, &€ y_is not known, it is
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interesting to note that this result is consistent with elastoresistance measurements,
which indicate an enhanced y_ near a putative quantum critical point [10].

An alternative explanation for the behavior of the T ™' ratio in Fig. 2(a) is
that the spin fluctuations are locally suppressed at the P sites. In this case, the
As relaxation would not be enhanced by nematic fluctuations, but rather the P
relaxation rate would be suppressed. A recent comparison of NMR of “*Cu and

"As in Ba(Fe — Cux),As, revealed a slightly reduced relaxation at the Cu site
[42]. However the form factor and hyperfine couplings to the Cu are different
than the As, which could explain the difference. Furthermore, since “Q <™Q, it is
possible that this difference reflects the reduced quadrupolar interaction at the Cu
sites. Thus, our results indicate that 75(T,T) " always contains a contribution from
nematic fluctuations. The extent to which these fluctuations affect the expected
Curie-Weiss behavior (T, T) ' o (T —T,) ' near amagnetic transition remains to
be further investigated. For instance, in systems with split nematic and magnetic
transitions, such as NaFeAs and Ba(Fe — Co ),As,, (T, T)" seems to display no
additional peaks at T , suggesting that W, may be subleading compared to W, at
least in those materials.

The approach we have taken using the susceptibility in Eq. 2 to estimate the
magnetic contribution to the relaxation is essentially identical to a recent study
using sclfconsistent renormalization spin-fluctuation theory (SCR) [29]. In the
previous study, the authors found that the spin fluctuations evolve with doping
and exhibit quantum critical behavior near optimal doping for superconductivity.
These antiferromagnetic spin fluctuations may provide the pairing glue for
the superconductivity [3]. Our results indicate that these spin fluctuations are
accompanied by nematic fluctuations in the optimally doped sample. It is possible
that the nematic fluctuations may also be important for the superconducting
mechanism [15].

It is interesting to consider why the inhomogeneous glassy behavior is
unaffected by isovalent P doping on the As site rather than electron doping at the
Fe site. Elastoresistance measurements of the nematic susceptibility find Curie-
Weiss behavior over a broad range of temperatures in various doped iron pnictides
[10]. However, at low temperatures in both the electron and hole doped systems,
the nematic susceptibility exhibits a deviation from Curie-Weiss behavior that may
arise from quenched disorder. The P-doped system, on the other hand, showed no
such deviation suggesting that this system contains the least amount of disorder.
Our NMR results show no distinction and indicate a similar glassy distribution
of relaxation rates in P, Co and Cu doped systems. It is likely that doping at the
As site still disrupts the exchange interaction between the Fe orbitals, providing
a source of frustration. Alternatively, these results could also indicate that the
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electronic glassiness is driven by frustrated interactions rather than chemical
inhomogeneity [43].

CONCLUSION

To summarize, we have measured the hyperfine couplings and spin lattice
relaxation rates of the As and P sites in BaFe (As — P )y We find that spin
fluctuations alone are insufficient to explain the ratio belween the relaxation rates
at these two sites, however critical slowing down of nematic fluctuations in the
tetragonal phase that couple to the quadrupolar moment of the As can explain
the enhanced relaxation at the As site. In contrast to torque magnetometry and
optical measurements, our results show no evidence for a phase transition above
Ts, however the critical fluctuations persist well above the structural transition
[44, 45]. Furthermore, the presence of inhomogeneous strain distributions in the
tetragonal phase may be responsible for the distribution of relaxation rates that
we observe.
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biz  wemamuxanwix  wzoearemmmi - P-wecupnenzen BaFe:As_,
MOHOKpUCIAIOQPOQ, Woikbl Mopizdi mepoericmepsen wapmmaizan,
AOPOABIK  CRUM-MOPABIK  perakcayusisiy  domenin  yeoinavwnis.  Exi
obwexmi de “As dcane Y'P omekmpondsi-recupieneen wcylierepze ykedce
cosbiiean IKcnoxenyuandsl perakcayusea ue. Ocor dcepaepoesi aca
HCYKQ  epicmep MeH  peiaxcayus  HeblioamMObIKIapuin  caiblcmoipa
omeipein, 0iz  As  perakcayuacer  Dipieatl  mazHummix - Cnunoix
avkmyayust mepmundepinde mycindipin aimMaumsinbiin QHapaMbl3.
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biz  nemamurarwiy  mepbenicmepdiy  AOPOABIK  KEAOPPYROILOIK
MOMeHm CusKmot Oipiceminin HCOHe apmul peiaxcayuanst mycinoipe
AIAMBIHOBIZHIH OEMOHCMPAYUATAUMbIZ. BYa Homudcesep uibiibl mopizol
Kozeaywbl  Kywumepoiy memip wnezizindezi  ackein emkizeiwmepoe
dorambin ombetan Kyouabic exendizin kopeemeoi.

Mot npedcmasigem dokazamenrsbemea AVEPHOU CRUH-PEUIEMOYHOT
peraxcayuiu, 0OVCA0GIHHOU — CIMEKT000PAZHBIMU  KOROAHUAMU
6  HeMAMUYecKkux wzosaenmibly  P-wecuposannbix BaFe,A.s'_,
sonokpucmaniax. Oba obvexma “As u P o6radaom pacmsnymo
IKCHOHEHYUATBHOU PERAKCAYUEL, HOXOHCEN HA ITCKIMPOHHO-EUPOBUHHBIE
cucmemnl. CPABHUBAA CBEPXIMOHKUE NOIA U CKOPOCHIU PEIAKCALUL 6 INUX
MECmax Mbl HAX00UM, Mo perakcayus As He Modicem dvimb 00bACHEHA
UCKNOUUNEALHO 6 MEPMUHAX MAZHUMHBIX CRUHOGHLY uiykmyayudl. Mot
deMoncmpupyesm, 4mo neMamuyeckue Kowoanus coeounsiomes Kax
AOEPHBIN KEAOPYNOALHBIT MOMEHM 1 MO2YM OObACHUMb UOBINOUHYIO
perakcayuio.  Dmu  pesyabmams  CEUOCMETLCMEYION 0 IMOM,  HIMO
CIMEKTOBUOHBIE HEMAMUYECKUE OBUNCYIYUE CUTBI ~ MO YHUBEPCATLHOC
AGKHUE 6 CBEPXNPOBOOHUKAX HA OCHOBE HCER3A.
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