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Spin-glass behaviour in KRu4yNiyOs hollandite materials
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C. Arnold®
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Abstract

We report the synthesisand comprehensive AC and DC susceptibility measurementd

KxRusyNiyOs hollandite. The value of the relative frequency shift, Af, has been

determined as 0.025 which is within the range expected for spglass systems (0.00%
$GGLWLRQDOO\ WKH FKDUDFWHULVWLFo ddLtBeSLQJ WL

dynamical critical exponent,-zvwere determined to have values 5.82 x G and 6.1(3)

UHVSHFWLYHO\ IURP WKH 3R ZH Uit BanparétivEipiary Wrfe-tzy DO X H R

is consistent with what is expected for spin glass systemBield cooled hysteresis

behaviour denmonstrates a small increase in the remnant magnetisation (at 2 K) on

increasing the strength of the cooling field suggesting that the degree of shoainge

correlations increases consistent with the formation of larger spin clusters.

Thermoremnant magnetisdion data indicates an exponentialike decay of the

magnetisation as a function of time with the remnant magnetisation remaining non

zero. However, it is clear from these data that multiple components contribute to the

decay behaviour Collectively, these data confirm spin-glass character for

Ko.73aNi1osRU2.150s and clearly demonstrate that the magnetic behaviour of this

material is far from simplistic .

Introduction

The lollandite family (general formulae MgO1, Where A is typically an Alkali or
Alkaline Earth metahnd M is a transition metal) offean excitingand flexible platfornfor
the investigation of complex behaviours. For example extensive studies have been performed
investigating hollandite materiafer application in molecular sievé$? catalyst§91° and in
battery technologi€$!! The hollandite structurean be described as reetwork of MG
octahedral units which share both corners and edges to form a 2 x 2 network of octahedra in
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the crystallographica/b plane! These octahedral units are eddmred in the lattice-
GLUHFWLR @g-28d¥ HFXWER.spwvn in figure 1. The Aation sits inthe tunnels
formed within the MDs framework. These materials typicallcrystallise with either
tetragonal I@4/m) or monoclinic [2/m) symmetry dependent on the size of the A and M
cations® Incorporation of magnetic ions on to the M@amework can lead to interesting
magnetic behaviour but in comparison with other potential applicati@getism in these
materials have received far less attenfidRecently, Larson et al. related the hollandite
structure to geometrically frustrated triangular lattices whereby the hollandite topography can
be thought of to arise from rolling infinite M@ayers to form 1D tubeSThis is exciting as
geometric frustration, where magnetic interactions are incompatible with the underlying
crystal structure, hee been shown to lead to unusual magnetic ground statesonet al.
demonstrated control of the magnetic properties inJBasO:6 through doping of the Mn
site with Co’ The parent BaMngO1s material exhibits a complex antiferromagnetigin
arrangement belown (25 K) where thefour unique spin arrangements result in a modulated
helical structure which spatially averages to zero. The addition &f tGahe framework
disrupts the helical order giving rise to a ferrimagnetically ordered state with a greatly
increased transition temperaturg;, of 180 K/ The same group alsmvestigated th
magnetic behaviour oBi17VgO1s and Sc to Ni doped (denoted by M) TKeyMyO1e
materialst?* All K 4Tig.,MyO16 materials exhibited curie paramagnetisomsistent with the
limited amounts of magnetic speciesdnporated intahese material$ In contrast whilst
the Bi.7V8Ois material exhibits no long range magnetic order, as observed by powder
neutron diffraction, magnetotransport measurements suggest a dimerization of the mixed
spin-cationst? Multiferroic character haalsobeen repded in BaMnTi4014.25 hollandite®16
In this material charge order results in the “MnMn®* and T#* being ordered on
crystallographically distinct siteand the observation of long range antiferromagnetic order
and ferroelectric switching.*®

Materials that contain &4 and % magnetic ions such as ruthenium and iridium are
attracting extense research interest due to the potential of these materials to exhibit exotic
electronic and magnetic ground states. For example, spin triplet superconductivity has been
reported for SIRUQy, whilst metamagnetisrand pseudgap formation have been reported
for SERWO7 and BaRu@ respectively:* More recently, Yinget al. report ferromagnetic
quantum criticality and nefermi liquid behaviour in L#RusO10°> Given the complex
magnetic ion connectivity irnollandites and the propensity ¢fd ruthenate matails to

exhibit interesting magnetic states it is natquestionable to suggesitat interesting
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phenomena may be realised in ruthenate hollandite$act dectronic measurements on
BaRwO12 single crystals demonstrated that the material was insulating and confamed
least electronically, thgquasi1D nature of the structufé Whilst, no long range order was
observed in magnetometry data down to 2 K, the auttioyfiowever,suggest (based on
cooperative measurementkg presence of a quantum phase transition and the existence of a
weakly localised ground statbelow 2 K!’ Similar results have also beenpoeted for
KRusOs crystals!® Foo et al. reported that KRiDs, RbRuOs and CaslioRwOs are
paramagnetic metal Whilst the resistivity measurements were performed to a temperature
of 0.3 K it is unclear what base temperature was used for the magnetometry measufements.
More recently quasi one dimensional electron condudtias been suggested for KiRg

from Density Functional Theory (DFT) calculatioi¥$? These authors further suggested that
KRusOs could be considered to be a Tomonagdinger liquid???® The influence of
structural disorder in /RwOg hollandite materials has been investigatehere A is K, Rb

or a mixture of Na and R#.These authors reported that all materials exhibited an anisotropic
resistivity which is dominated by metallic conductivity. All materials also exhibited Pauli
paramagnetism over the temperature range of 5 K to 360 K.

It is clear that our understanding of the properties of this class of ruthenium based materials
is still limited. Furthermore, the effect of doping $kestructureto control/tune the electronic
and/or magnetic behaviour hasceivedamost noattention. In this paper we report the
synthesis of a lRuw.yNiyOsg hollandite materialCrystallographic studies confirm the material
adopts the tetragond¥/m symmetry with Ni and Ru disorderedross the e framework.

Both AC and DC susceptibility measurements confirm the material behaves asgtaspin
below Tc of approximately28 K (at0.1 T)

Experimental
PolycrystallineKxRuw.yNiyOs samples were prepared using hydrothermal methods. Bréefly,
2:3 ratio of NiCh and KRuQ (both Sigma Aldrich > 99 %were dissolved in dd¥ (30
mL). The resulting solution was heated in a 45 Teflon lined Parr cell for24 hours at200
°C. The cellwas placed into a preheated oven and cooledrateg.1 °C/min. The final
product was filtered and washed with ddHand dried at 60 °C for 24 hours.

Phase purity wasonfirmed using the Rigakmoniniflex 600 X-ray diffractomete(datanot
shown herg High quality diffraction data was collecteing a Rigaku SmartLab rotating
DQRGHGLIIUDFWRPHWHU XVLQJ &I8A).opgmatddaDBKN R 200

mA U D @J 8°). Rietveld réinemens were performetb obtain structural information
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using the GSASuite of programss described in more detail in the Results and Discussion
section”>?® DC magnetic susceptibility measurements were collectéolg us Quantum
Design Magnetic Property Measurement SystdPMS-XL7 instrument under dth Zero
Field Cooled (ZFC) anérield Cooled (FC) environmentsrer a temperature range of 1.8 K
to 300 K andapplied magnetic fiekl(H) of betweer0 T and 7.0 T Variable field tysteresis
data were collected a&mperatures betweehK and 300 Kover an applied magnetfeld
range of-5 T to 5 T. Compositional information was collected usiad® ANalyticalEpsilon

3XL X-ray fluorescence spectrometAC susceptibility measurementgere peformed using

a PPMS9 Physical Property Measurement syst&ata were collected at fixed frequencies
of 100Hz, 215 Hz, 464 Hz, 1000 Hz, 2154 Hz and 264 in an applied field 00.1 T over

a temperature range of 2100 K.

Results and Discussion

Powder diffraction studies confirmed the synthesis of the hollandite gHasever, we note

the formation of a Ru®second phase in our materials. Repeated attempts to prepare
materials without this impurity by changirfgpth synthetic conditions and starting ratios
failed to improve thenollandite phaseurity. The structure of the hollandite materials was
further investigated by performing Rietvelckefinements using the GSAS suite of
programs>>2° Refinements werdirst performed using th&4/m model reported by aurita et

al. for K\RwOg materialsfor 49 variables which included 12 background coefficig(fitted

with a shifted Ckhbyschev function lattice parameters, atomic positions danactional
occupancies (for K, Ni and Ru)hepeak shapevasfitted using a pseudwoigt relationship

as described bijoward andThompsoret d..?4?"28The thermal parametersli§) for the Ru
andNi ions were refined, however, tlks, for thepotassium andxygen atoms were fixed at

a value of 10 Ui/Ue*100 A? asrefinement led tmon-sensiblevaluesdue to insensitivity of
laboratory based Xay instrumentation tdight atoms A secondary Ru®phase was also
included in the refinement (refined 8.35) %). Good agreementetween the tetragonal
model and the data is observed as shown in figunatl2 refinement parameters given in
table 1 Refinement of the fractional occupancies for the K, Ni and Ru ions gives a nominal
formula of KoazyRwosNi1os20s, assuming no oxygen vacancieSince hollandite
materials can crystallise with either monoclinic or tetragonal symmetry we also considered
the monoclinic]2/m model?® These refinements were performed as described above for the
tetragonal model withb5 variables due to the extra degrees of freedom afforded by

monoclinic symmetry However, in all casethe Uiso were fixed at1.0 Ui/Ue*100 A? as
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refinement led to nogensible valuesThe RuG; content refined t022.65) %. The
refinement parameters and profile are given in table 2 and figure 2 respedtiovedying the
symmetry from tetragonal to monoclinic affords two crystallographic distinct M sites, based
on thegeneral formulae MgO16, Which could potentially allow fosite ordering of the Ni
and Ru cations. Close inspection of the refined fractional occupancies for both Ni and Ru
show they are reasonably equaligtributed across both crystallographic sites suggesting the
absence of any cation order in these materi@hble 2). A nominal formula of
Ko473gRuLg@Ni2.230s has been determined from the refinemdihie bond angles and bond
lengths for both the tetragonal and monoclinic refinements are given in table 3. We note that
the monoclinic refinement gives proved goodnessf-fit parameters over the tetragonal
model and we have further considered these two models using the significance tests for
crystallographicR factor as proposed by HamiltdhThe ratio of theRexp goodnessof-fit
factors is 1107, using the tables provided by Hamilton suggesthat the improved fit is not
significant at the 95 % confidence interval. We therefore suggest thaeitteivedmproved
fit for the monoclinic model arisesolely as a result of the extra degrees of freeqwasent
in monoclinic symmetry and thu&xRu.yNiyOg crystallises with tetragonal symmetry
consistent with other ruthenate holland&¥2* This is perhaps not surprising given
geometric andtation size raticonsiderationgin the absence of site ordering)raported by
Zhanget al.whereby monoclinic symmetry can only be satisfied whérO 3 :N E N; F

M F r & wequation 1)wherera, rs andro are the ionic radii of the Aite, Bsite and O
cations respectivel§. In contrast, tetragonal symmetry can be expected wiherP

Y1:N E N; F N (equation 2) If we consider d.:1 ratio of Ni®* (ionic radii = 0.6 A) and
Ru** (ionic radii= 0.62 A) as determined from our refinemenig obtain the values30 A
and 145 A for equations 1 and 2 respectively. The ionic radii fér i, is given as 1.64 A
(12 coordinate)n this case we can see thatis far larger than botth.30 A and 145 A and
thus tetragonal symmetry should be expected.

In order to probe thpossible composition of these materialgher we performed Xray
fluorescencgXRF) spectroscopy. Thesaeasurements gave approximateeomposition of
Ko.73eRW.15Ni1oE0s taking into accountRuG, at the percentagedeterminedfrom the
Rietveld refinementéin tetragonal symmetryof the X-ray diffractiondata This Ru:Niratio
is consistent with that determined from Rietveld refinement. We note however, a larger K
content than that determined from refinements. Given difficulties in refiningithér K in

our refinements coupled with thesensitivities of Xray diffraction experimentsve believe



the potassium content is most likely underestimated in our current refinements. The
potassium content determined from the XRF experiments is also more closely aligned with
the potassiuri-cationcontents observed in otharthenate hollandite’$:1%2* If we assume

no oxygen vacancies charge balance means we have nickel in the +3 oxidation state whilst
ruthenium is mixed betweerd and+5 oxidation states.

Zero field cooledZFC) and field cooledFC) SQUID magnetometrgata were collected
between 2 K and 3BK in an applied field of 0.1 T as shown in figl@eThe data shows a
clear divergence between ZFC and FC data bel@® K suggestive of spin glad&e or
ferimagnett behaviourRuQ®, like many other d transition metal oxidesias beemeported
to be a Pauli paramagnet with lemg range magnetic ord&rMore recently,Berlijn et al.
have reported that RuGs in fact an itinerant antiferromagnet witR * . D gmall
PDJQHWLF PRPH&WhiRmanifests itself as wery subtle broad peak at high
temperature in the susceptibilidhata with parmagnetielike behaviour below @ K. In this
sense it is therefore unlikely that the low temperature behaviour observed in our susceptibility
data arises as a result of the secondary -Raf@ase and thug can be considered to be
characteristic of the fRuw.yNiyOg hollandite materialLikewise, undoped RRwOs has been
reported toexhibit paramagnetitke behaviour with no anomaliesbserved in SQUID
magnetometry datebelow room temperaturéi®?* This suggests that doping of the
ruthenium site with nickel results in some degree(sifort range)magnetic orderas
evidenced by the spin glaBke behaviour observed in our SQUID magnetometry data
(Figure 3) This presumably arises as a result of cation disorder on tsgeMwhich is
consistent with the model proposed by Crespal. which suggest that a combtian of
geometric frustration, antiferromagnetic nearest neighbour interactions and cation disorder
are responsible for the evolution of spin glass behaviour in hollandite mat&féting the
CurieWeiss law to thse data between 200 K aB@D K gives the expected linear fEigure
3(b)). From the equation of the straight line we have extracted values for the Weiss constant,

DQG WKH REVHUYHG PDJQHWLF PRPHQWf -178.$1KQiBIJDWLYH
obsened which is consistent withntiferromagnetic/ferrimagnetic @pinglass character.
From this fit atotal magnetic moment ¢f.8 g was also determinethis is considerably
lower than thecalculatedmagnetic momenper formula unit8.1 . However, it iscommon
for ruthenium containing oxides to show very low magnetic moments from-Qlgiss fits
and this may suggest that the effective magnetic moment is dominated g4 We
shouldalso notg that these data additionally contain a contribution from Rukich may

additionally effect the calculations performed hdfewe consider the relationship between
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the Weiss constant and the transition temperalfrexhich can be used to give ardication
of the level of frustration in these materials given in equation elow), we get a value for
the frustration index of 6.4 which suggests the material is heavily frustatesistent with
the 1D structural chains and thdel proposedly Crespcet al 33

BL 'I," -(3)

Wheref is the frustration index (where a value of 1 is expected foffnmtrated spin order),
cw is the Weiss constant aifd is the transition temperatufeVariable field data collected
a 2 K exhibits weak hysteresis thaedmot saturate under the conditions investigafteglite
3(c)) consistent with spiglasslike behaviour. Close inspection of the data demonstrates that
the loop is pinched similar to thogeported forthe antiperovskite, PANE?® This is
suggestive of cation disorder consistent with the diffraadata discussed above.
In order to further investigate the potential spin gldssbehaviour we have additionally

performedvariable frequency AC susceptibilitfhe real $+ ard imaginary $Z part of
the AC susceptibility are shown in figure Bhere is a clear frequency dependence of the
VXVFHSWLELOLW\ LQ WKH $¢ 7 GDWD ZLNgKerDemapRratmed Q SHDI
of the spinglass transition temperatur€, with increasingfrequency consistent with other
spinglass system¥93¢40 |n contrast there is little frequent GHSHQGHQFH LQ WKH $:
+RZHYHU $Z 7 Lxeré @ldwivdichQsRe@nsistent with spiglass behaviour.
We also note that the noise associated with these data may mask weak frequency dependence
LQ RXU $ZInforn@&iWrBgarding the spin dynamics of the system and the strafngth
the spin interactionscan be extracted fronthe frequency dependence diie transition

temperatureT; (given by the peak maxima in thge @ata) as detailed iequationd. 3

. (;i N
VoL T rann )

Where At is therelative frequency shift ands is the transition temperature at a given
frequencyf. From our data we calculate a value fdk of 0.025. This value falls within the

expected range of between 0.005 and Qygical of spin glassystems as discussed in
previous works®373%40 Typically in spin glas materials the relationship between the

relaxation time and the transition temperature can be described by the power law given in

equations.>®



inf, 20€é
1L BAC )
A,

WhereTsc is the freezing temperature as the frequency tends to(@etermined as 18.7(1)

K from a plot of T vs. f as shown in figure 4(c)) ods the characteristic flipping time of a
VLQJOH VSLQ IOLS 2 Lag gWer Hylf idrdl 2y BWhe Ry@arkichlRcHtical
exponentExtracting the intercept and the slope gives valuesgfand-zv of 5.82 x 1& s

and 6.1(3) respectively. Whilst the value &k is in line with the vales typically observed

for spinglass materials the value of is far larger than the %102 values
expected®373%40 Anand et al also noted large values foB (2.04 x10'° s) in the
intermetallic, PrRhSwhich they attributed to strong spin correlations in clusters as opposed
to the interactions of individual spiA$Whilst our observations may also suggest slow spin
dynamics arising as a result of either the formation of cation ordered clusters or strong spin
correlationsafforded by the complex nature of the mixed cation stateateethat since these
values are determined ultimately from the interpretatiof; &fom the frequency dependent

$+ data andlsg from the extrapolation of the linear relationshipTefvith frequency there

is propensity for errorin real terms it is unlikely that error alone can account for the high
value of 3 andit is likely that these results do indeed suggest some level of strong spin
correlation in these materials. Furthermore, whilst unlikehg, cannot rule out thathe
secondary Ru@ phase may additionally contribute ttus larger than expected valu&hen
investigating spin glass systems further information about spin dynacamslso be
determined from the Arrhenius relationship (equadrand VolgeifFulcher law (egation

7).

BL BATLF—2p -(6)
b T g

3
BL BATk—rmp £7)

Wherefy is the fundamental attempt or limiting response frequency of the dpiris, the
activation energyTo is the VolgesFulcher temperature ankk LV % R O Wddn8aptQ VvV
(1.381x 1023 J K. Figure 5(a) shows the linear plot off ms 1/Ts; typically a linear
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Arrheniusrelationshipis indicative of weaklyr nonrinteractingspins®’ For example Anand

et al saw a deviation from linearit low frequencies which they attributed to the formation

of strongly interacting cluste®.:H QRWH WKDW GHVSL WdbhsamwidfordrUJH YD
materials from the fit to the Power Law we see no evidence of a deviation from linearity to
support the formation of strolygcorrelated clusters. However, the lowest frequency we
collected our data at fs= 100 Hz and thus we cannot rule out the formation of such clusters
from our measured frequency range. From the equation of the straight line we have extracted
values of 1.1 x 18 Hz and 882(32) K forfo and E«/ks respectively. Both values are
physically unrealistic withfo expected to be of the order of'#(Hz. The observation of
unrealistic values from Arrhenius plots is not uncommon, howeverbatidBakaimiet al.

and Anand and cworkers reported unrealistic values fofand Ea/ks from Arrhenius pbts

for NaMnO..yH.0 and PrRhSymaterials’’ 3 Fitting of the VolgetFulcherto determineo,

Ea andTo proved difficut due to the limited frequency range that the dets been collected

over meaningt is impossible to fit the expected curve to the date have seen similar
problems in dielectric relaxor data whereby unrealistic values are obtained as a result of the
sensitivity of fitting to the curvature ofm(f) dataand subsequeit extrapolatng over
several orders of magnitudeWe have therefore adopted the method outlined by Aeand

al. in order to try and estimate values for these paramétdisey enployed two different
methodologies; the it was to assume a value of the attempt frequency suctthas i,

with the value of3 taken to be that determined from the Power Law fit. Value&dte and

To can then be determined from the slope and intercept of the linear relationship b&tween
and DUIn(fo/f) and given by equation 8. Secondly, in order to investigate if the values of
Eo«/ks andTo have been biased by the assumption of the valtig they determined a value of

To based orthe methodoutlined previously®®#? Subsequently plotting of frversus 1/ +

To) allows for Ea/ks andfo to be determined from the slope and the intercept respectively
(equation 9).

AP

Ol EG -(8)

HJBHB F22 -(9)
P21

Using the value of3 (5.82 x 1@ s) as determined from the Power Law we have determined
values ofEa/ks andTo as 0.58(3) K and 16.5(3) K respectively (Figure 5()k note that
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these values are most likely compromised by the higher valugextracted from our fits.
Attempts to determindp and thus use the modified VolgEulcher equation proposed by
Anandet al to extract values fdEa/ks andfo (equation 9) proved unsuccessful due to a lack
of low frequency dat®® It is clear from these data fitting that complications exist in
extracting data using the Power Latrrhenius and VolgeFulcher type plots abas been
discussed at length by Souletie al*?> However, these data do demonstrate that the values
extracted(at least from the Power Lavare typical of spirglass behaviour supporting the
cation disorder proposed from our diffraction data.

In order to investigate the spglass character further we have additionally collected DC
susceptibility data under a number of different coodsi including variable temperature
ZFC/FC in applied magnetic fields between 2.5 mT and 7 T, ZFC hysteresis loops collected
at temperatures of between 2 K and 3Q0~& hysteresis loops collected at 2vith cooling
fields of betweerbO mT and3 T as wellas isothermal remnant magnetisation measurements
Figure 6 gives the ZFC/FC DC susceptibility at different applied magnetic fidtdew
fields two features are clear. Firstly the divergence between ZFC and FC data, labelled as
feature 1 in figure 6(a)ral a broad cusp in the ZFC data, labelled as feature 2 in figure 6(a).
As the field increases between 2.5 mT and 50 mT the temperature at which these tw® feature
occur lowers and théwo transitionsbecome closer togetheincreasing the applied field
further results in thecusp beconmg broader and less pronounced Additionally, the
divergence between the ZFC and FC dahmainishesdisappearing almost completely by 7 T
suggesting that the spglass state is destroyed under high applied magnetic fields as
expected fothese types ofystems®3" This perhaps suggests that there may be more than
one contribution to the spin glass behaviour at low applied field® temperature
dependence of bottne divergence between ZFC and FC dé&ature 1 in figure 6) and
(feature 2 in figure 6allows us to probe théemperaturdield phase diagranand the fiedl
dependent paramagnetisspin-glass phase transition as shown in figure 6(c).

Isothermalremnant magnetisation measuremente performed by cooling thexRus-

WNijOs KROODQGLWH PDWHULDO LQ DQ DSSOLHG PDJQHWLF I
setting the field back to zero and collecting susceptibility data as a function of time (Figure

7). The data showsnaapparentexponential decags a function otime with the remnant
magnetisatiomemaining norzero across the whole experiment consistent with what has been
observed for other spiglass system®:*® Plotting the data on a setaigarithmic scale

clearly does not give a straight line (Figui@®)). Close inspection of these data suggasts

least threeseparate regions associated with the decay suggestiltiple components to the
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decay curve potentially arising as a result of either different spin correlations {Ne. Nii-
Ru, RuRu) and/or contributions from the Re®econd phase. We notewever thatwhilst
this is contrast with the data observed for PAdNICris more consistent with the trends
observed by Anandt al.for PrRhSa highlighting the vast differences that can be observed
in spinglass system®3° Attempts to fit this data to either a power law opemential
function of a power law as have been reported previously proved unsuccessful due to the
compkx nature of the decay profite3®

The temperature dependence of the hysteresis behasisbown in figure8. Under ZFC
conditions the degree of hysteresis weakens with increasing tempewstzd K only a
ZHDN GHYLDWLRQ IURP OLQHDULW\ up69 VKDriatibn dftheREVHUY
field. By 50 K no hysteresis is observed with a linear response as a function of field recorded
consistent with loss of spiglass characteHysteresis data was also collected at 2 K after
field cooling from 150 K (Figure). There is a clear shift in the remnant magnetisation to
higher values with increasing FC strength. etral. suggested thah PbNCE this arises as a
result of the formation of larger magnetic clusters with larger applied cooling ¥fandkilst
this is a weaker effect in our hollandite materials it is not unreasonable to suggest that the
increase in remnant magnetisation observed here also arises as a result of the formation of
larger spin clusters.

Overall, oursusceptibility data confirgithe glassy nature of Ruw.yNiyOg. However, it is
clear that this system is far from simple with complex behaviour observed in all
measurements. Our refinements and spectrometry experiments suggest a potential
composition of approximatelio.73gRU.1sNi190s giving a disordered midre of Ni3,
Ru™ and Ru™. This means that multiple possible short range spin correlations may exist
between NiNi, Ni-Ru and ReRu all of which may have different strengths and dynamics. Of
course this composition is an oversimplification and we caruiet out the possibility of
oxygen vacancies and natoichiometry which will further complicate this system and may
additionally introduce Ni into the mix.Another point to note is that the field/temperature
susceptibility dependence can also be ctiyjcdependent on the way the experiments are
conducted. In order to ensure comparability in our measurements we have conducted all our
experiments in the same way (ZFC/FC from 300 K and 150 K in temperature and field
dependent studies respectively). Howeweghilst it is widely accepted that the nature of spin
glasses mean that there will be inherent differences between systems differences in our data
collection protocols may also limit comparison with other known -gfass systems.

Additionally, whilst it is expected that RuQvill behave as a Pauli paramagnet and thus not
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contribute to the spiglass behaviour of the xRusyNiyOsg hollandite material investigated

herewe cannot entirelyule outthis possibility

Conclusion

In summary we report th&ynthesis of nickel dopedxRwOs. Rietveld refinement of the -X

ray diffraction data confirms that the material crystallises with tetragdifa symmetry
consistent with other ruthenate hollanditesd cation size constraints with the nickel and
ruthenium disordered across the cation $it€?*XRF spectroscopy suggests an approximate
composition of K.733Ni1.9RU2.1(50s. Despite the presence of Ru€econdary phase (~25
%) we have been able to probe the magnetic order in the hollandite pdasbave
performed a comprehensive AC and DC susceptibility study of these materials with all
measurements confirming spgtass behaviour in this materid®C susceptibility data were
analysed using the Power Law, Arrhenius and Velgdther methods. The value of the
relative frequency shift A, was determined & 025 which is within the range expected for
spinglasssystems @.005 +0.06). Additionally, the characteristic flipping time of a single
spin flip, 3, and thedynamical critical exponentzvwere determined to have values 5.82 x
10® s and 6.1(3) respectively from the Power LaMhilst the value of3is comparatively
very large,-zvis consistent with what is expected for spin glass systenmsontrastto the
Power Law treatment of this datfits to the VolgeiFulcher andArrheniusequations were
not successful. This is not unexpected and with respebetVolgefFulcher can be linked to
limited (useable) data collected at very low frequencies. The problems with these types of
evaluations of AGsusceptibilitydata have been discussed at length elsevif&ero field
cooled *field cooled DC susceptibility measurements demonstrate a loss oflapm
character with increasing magnetic fiekleld cooled hysteresis behaviour demonstrates a
small increase in the remnant magnetisation (at 2 K) on increasingehgtbtof the cooling
field suggestingthat the degree of sheminge correlations increases consistent with the
formation of larger spin clusters. Thermoremnant magnetisation data indicates an
exponentialike decay of the magnetisation data as a functbrime with the remnant
magnetisation remaining nerero. However, it is clear from the log t relationship that
multiple components contribute to the decay behaviour obsamaddhg it difficult to gain
detailed insight from these dat®verall, we suggésthat the spirglass behaviour of
Ko.73@Ni1osRW.150s iIs complex potentially @ing as a result oflifferent (strengthkpin
correlations (i.e. NNi, Ni-Ru, RuRu) due tocation disordeand/or contributions from the
RuQ; second phasdt is clea from this study that doping ruthenium based hollandites can

12



lead to interesting magnetic behaviour. Given the interestl ifadd %l) magnetic systems,
spinglasses and frustrated magnetism thwk may revitalise the study of magnetism in

hollandite materials.

Acknowledgements
We are thankful for access to the Materials Characterisation laboratories at the ISIS Muon
and Neutron SourceDCA is grateful to Dr Mark Price (University of Kent) farelpful

discussion.

Notes and References

1 R. J. CavaDalton Trans.2004,19, 2979.

2 Y. Maeno, H. Hashimoto, K. Yoshida, S. Nishizaki, T. Fujita, J. G. Bednorz and F.
LichtenbergNature,1994,372 532.

3Y.S. Lee, J. S. Lee, K. W. Kim, W. Noh, J. J. Yu, Y. Bang, M. K. Lee and C. B. Eom,
Phys. Rev. B2001,64, 165109.

4Y. Tokiwa, M. Mchalwat, R. S. Perry and P. Gegenwrinys. Rev. Lett2016,116,
226402.

5Y.A.Ying, K. D. Nelso, I. G. Deac, P. Schiffer, P. Khalifah, R. J. Cava and YPhys.
Rev. B.2009,80, 024303.

6 T. Kuwabara, M. Isobe, H. Gotou, T. Yagi, D. Nisklamane and Y. Uedd, Phys. Soc.
Jpn.,2012,81, 104701.

7 A. M. Larson, P. Moeikef, K. Gaskell, C. M. Brown, G. King and E. E. Rodrigu@zaem.
Mater.,2015,27, 515.

8 J. Zhang and C. W. Burnha/m. Mineral.,1994,79, 168.

9 S. Wasserman, K. Carrado, S. Yuchs, H. Cao and S.Buibica B]1995,208 674.
10 N. Duan, S. Suib ar@. J. O'Young,). Chem. Soc. , Chem Commu®95,13, 1367.
11Y. Shen, S. Suib and C. J. O'YoudgAm. Chem. S0d 994,116, 11020.

12 A. M. Larson, B. Wilfong, P. Moetakef, C. M. Brown, P. Zavalij and E. E. Rodriguez,
Mater. Chem. C2017,5, 4967.

13 P. Moetakef, A. M. Larson, B. C. Hodges, P. Zavalij, K. J. Gaskell, P. M. Piccoli and E. E.
RodriguezJ. Solid State Chen014,220, 45.

13



14 P. Moetakef, L. Wang, A. E. Maughan, K. J. Gaskell, A. M. Larson, B. C. Hodges and E.
E. Rodriguez]. Mate. Chem. A2015,3, 20330.

15 M. E. Hossain, S. Liu, S. O'Brien and J.Appl. Phys. Lett2015,107, 032904.

16 S. Liu, A. R. Akbashev, X. Yang, X. Liu, W. Li, W. Zhao, X. Li, A. Couzis,-\VHan, Y.
Zhu, L. KrusinElbaum, J. Li, L. Huang, S. J. Lillhge, J. E. Spanier and S. O'Brie3gi.
Rep.,2014,4, 6203.

17 Z. Q. Mao, T. He, M. M. Rosario, K. D. Nelso, D. Okuno, B. Ueland, I. G. Deac, P.
Schiffer, Y. Liu and R. J. Cav®hys. Rev. Lett2003,90, 186601.

18 W. KobayashiPhys. Rev. B2009,79, 155116.

19 M. L. Foo, W-. Lee, T. Siegrist, G. Lawes, A. P. Ramirez, N. P. Ong and R. J. Cava,
Mat. Res. Bull.2004,39, 1663.

20 Y. Ohta, T. Toriyama, M. Sakamaki and T. KonishiPhys: Conference Seri€€12,
400 032070.

21 T. Toriyama, T. Konishi and Y. Ohth, Phys: Conference Seri€€)12,391, 0121009.
22 T. Toriyama, M. Watanabe, T. Konishi and Y. ORtays. Rev. B2011,83, 195101.
23 T. Toriyama, T. Konishi and Y. Ohth, Phys: Conference Serig¥)12,400, 042@53.

24 G. Laurita, R. Grajczyk, M. Stolt, I. Coutinho, A. W. Sleight and M. A. Subramanian,
Inorg. Chem.2016,55, 3462.

25 A. C. Larson and R. B. von Dreel@ms Alamos National Report LAUR994,96, 86.
26 B. H. TobyJ. Appl. Crystallogr.2001,34, 210.

27 P. Thompson, D. E. Cox and J. B. Hastidg#ppl. Crystallogr.1987,20, 79.

28 C. J. Howard). Appl. Crystallogr.,1982,15, 615.

29 H. Miura,Mineral J.,1986,13, 119.

30 W. C. HamiltonActa. Cryst.1965,18, 502.

31 W. D. Ryden and A. WLawson,J. Chem. Phys1970,52, 6058.

32 T. Berlijn, P. C. Snijders, O. Delaire, HZhou, T. A. Maier, H:. Cao, S-. Chi, M.
Matsuda, Y. Wang, M. R. Koehler, P. R. C. Kent and H. H. WeiteRhgs. Rev. Lett2017,
118 077201.

33 Y. Crespo, A. Adreanov and N. Seriarhys. Rev. B2013,88, 014202.

34Y. Xu, S. Liu, K. Sun, x. Yu and X. Had, Appl. Phys.2017,121, 215106.

14



35 A. P. RamirezAnnu. Rev. Mater. Scil994,24.

36 S. Lin, D. F. Shao, J. C. Lin, L. Zu, X. C. Kan, B. S. Wang\.YHuang, W. H. Song, W.
J. Lu, P. Tong and Y. P. Suh,Mater. Chem. Q015,3, 5683.

37 |. Bakaimi, R. Brescia, C. M. Brown, A. A. Tsirlin, M. A. Green and A. Lappags.
Rev. B.2016,93, 184422.

38 H. Khurshid, P. LampeKelley, O. Iglesias, J. Ainso, M.-. Phan, C-. Sun, M.-.
Saboungi and H. SrikantBci. Rep.2015,5, 15054.

39 V. K. Anand, D. T. Adroja and A. D. HillieBhys. Rev. B2012,85, 014418.
40 J. Yu, S. Tang, L. Wang and Y. Bthem. Phys. Lett2010,496, 117.

41 A. RotaruD. C. Arnold, A. Daouehladine and F. D. MorrisorRhys. Rev. B2011,83,
184302.

42 J. Souletie and J. L. Tholen&hys. Rev. B1985,32, 516.
43 D. Sherrington and S. KirkpatridRhys. Rev. Lett1975,35, 1792.

44 M. Gabay and G. Touloudehys.Rev. Lett.1981,47, 201.

15



List of Tables

Table 1:Rietveld refinemenparameters determined from thefinement of Xray diffraction
data collected for KRu.yNiyOs (space group: 14/m $ 3.718 wRP =9.24 %, Rp =6.46

%_24

Refinement Parameters
a (A 19.9980(2)] c(A) |3.09697) | Cell vol. (A% | 309.51(1)
Atom positions K Ru/Ni o1 02
X 0.000000| 0.328(2) | 0.1200(1) 0.5469(1)
Y 0.000000| 0.1672(2) 0.191(1) 0.131(1)
z 0.500000| 0.000000 | 0.000000 | 0.000000
UgsoyUe) X 100 (A 1.00 0.40(7) 1.00 1.00
Fractional occupancy| 0.43(1) | Ru=051(2) 1.0000 1.0000
Ni=0.49(2

Table 2:Rietveld refinement parameters determined from the refinemetatagf diffraction

data collected for RuyNiyOgs VSDFH JURXS 2,868wWRR=8.35%, Rp =5.90

%.29
Refinement Parameters
a (A 9.99994) b (A) | 3.0953(8) c (A 9.995(3)
z 90.148(5) Cell vol. (A% 309.41(2)
Atom K Ru/Nil1 Ru/Ni2 01 02 03 04
positions
X 0.00000 0.1600(3 0.3442(3) 0.17(1) | 0.123(2) | 0.08(2) | 0.508(2)
y 0.50000 0.000000 0.000000 | 0.000000| 0.000000| 0.000000| 0.000000
z 0.00000 0.341@q4) 0.8304(3) 0.110(2) | 0.790(1) | 0.4491) | 0.816(1)
Fractional | 0473(8 | Ru=037(2) | Ru=0.8(2)| 1.0000 1.0000 1.0000 1.0000
occupancy Ni =0.632) | Ni=0.472)

16



Table 3:Selected bond lengths and bond angles determined froRi¢inveld refinementf
X-ray diffraction data collected for #Ru.yNiyOs (space group: 14/m and 12/mj}:?°

Tetragonal, 14/m Monoclinic, 12/m
Parameter Value Parameter Value
Rul/Ni1-01 (A) | 2.240(9 | Rul/Ni1-O1 (A) | 2.31(2)
Ru1/Ni1-01 x 2 (A) | 2.133(6) | Ru1/Ni1-O1 x 2 (A) | 2.306(9
Rul/Ni1-02 (A) | 2.063(9 | Rul/Ni1-O3 (A) | 2.221)
Ru1/Ni1-02 x 2 (A) | 1.9856) | Ru1/Ni1-04 x 2 (A) | 2.180(9

n/a n/a Ru2/Ni2-02 (A) | 2.25(2)
n/a n/a | Ru2/Ni2-02 x 2 (A) | 1.986(9
n/a n/a | Ru2/Ni2-03 x 2 (A) | 2.084(9
n/a n/a | Ru2/Ni2-04 x 2 (A)| 1.652)

Rul-O1-Rul (® | 93.1(3 | Rul-O4-Rul(®) | 90.5(3

Rul-O2-Rul (° | 125.32) | Rul-O4-Ru2 (®) | 133.0(3

Rul-O2-Rul (° | 102.64) | Ru2-O2-Ru2(°) | 100.6(6)
nia n/a Rul-O3-Ru2 (°) | 115.1(5)
nia n/a Ru2-03-Ru2 (°) | 96.005)
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List of Figures

Figure 1: Schematiaepresentation of the hollandité«M4Qs, structurein the tetragonal
l4/m settingwhere (a) shows th2 x 2 tunnels formeth the crystallographic # planeand
(b) shows theedge sharediOs octahedr& networkin the crystallographic -@irection The
pink spheres and squares represent the M ions and db@ahedra respectively. Thprple

spheres represent tifecations and the red spheres the oxygen i@wadur online).
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Figure 2: Rietveld refinementf X-ray diffraction data collected for Ru-yNiyOs refined
with (a) tetragonal 12/m and (b) monoclinig 14/m symmetry*2° The black circles represent
the observed data, the red lirntgetcalculated model and the blliee is the difference curve.
The top row of tick marks represent the reflections expected forxBe-JNiyOs phase and
the bottom row of tick marks represehe reflections expected for the Ru@purity phase

(Colour online).
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Figure 3: DC susceptibility data collecteat 0.1 Tfor KxRu..yNiyOs where (a)shows theero
field cooled (black squares) and field cooled (red circles) d#@jagives theemperature vs.

$ &XWeLHVY SORW VKRZLQJ OLQHDU FKDUDFWEUK &bdva. QJ D :H
total magnetic moment ef.8 g and (c) shows thevariable field data collected at 2 K
showing weak hysteric behaviounset of (a) shows a zoomed in region tife zero field
cooled and field cooled datahowingmore clearly thedivergence between the data at
approximately28 K and the inset of (c) shows a zoomed in region of the magnetisiaiichn

hysteresis loop showing the SL@AKKDWXUH RI WKH &R $bterREWDLQH
(Colour online).
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Figure 4:(a) 5HDO $¢« 7 DQG E LPDJLQDU\ $Z2 7 SDUWV RI WKH
of temperature and frequency (applied AC field of 0.1 T) showing spinlddadsehaviour

and frequency dependence of the freezing temperaturepldtted (c)as a function of
frequency where the linear fit allows the intercept 1 be determined and (ds OQ 2 YV
In[(T+Tsg)/Tsd with the linear fit representing the fit to the power laNowing for the

GHWHUPL Q b(teree@t) Bid®y @sldpe)Colour online).
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Figure 5: (a) Arrhenius fitof the frequency as a function of the freezing temperaturevd./T
Inf) and (b) VolgelFulcher fit of the frequency as a function of the freezing temperature
(100/(In(b/f) vs F) assumingd= 5.82 x 16° s (Colour online).
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Figure 6: DC ZFC/FC susceptibility data collected (a) between applied fiel@5ofT and

50 mT, (b) between applied fields 6f1 T and 7 T showing thehift andeventual loss of the
divergence between ZFC and FC déature 1) and the broadening and eventual loss of the
VSLQ JODVV uFEXVSY (c)l Hebnperatundield phHasg Gdiagram showinghe
dependence of the paramagnetpin glass phase temperature on applied fieletre the red
circles are determined from the maxima of the cusp and the black circles represent the
temperature at which the divergence in ZFC/FC data occurs. The ins¢tsbiofes a zoomed

in portion of the low field region of the phase diagr@olour online).
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Figure 7: Remnant magnetisation decay behaviour as a function of (a) time showing
exponentialike decay and (b) log time showing at least three distinotponents contribute

to the decay behaviouNote: the dotted red lines act as a guide to the(€gpdour online).

Figure 8: (a) Zero field cooled hysteresis data collected at temperatures between 2 K and
300 K showing the loss of hysteric behaviabove ~50 K, (b) zoomed in region of the data

shown in (a), field cooled hysteresis data collected at 2 K as a function of cooling field
showing the increase in remnant magnetisation with increasing cooling field strength and (d)

zoomed in region of the thashown in (¢ (Colour online).
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