Size Distribution and Frustrated Antiferromagnetic

Coupling Effects on the Magnetic Behavior of

Ultrafine Akaganéite}-FeOOH) Nanoparticles

Carlos Luna? Maxim Ilyn® Victor Vegd, Victor M. PridaS Julian Gonzalézand Raquel

Mendoza-Reséndez

Centro de Investigacion en Ciencias Fisico Matezaat{CICFiM) / Facultad de Ciencias
Fisico Matematicas (FCFM), Universidad Autonomadevo Leon (UANL)Avda.

Universidad S/N,San Nicolas de los Garza, Nuevo Ledn, 66450, Mexic

P Centro de Fisica de Materiales (CFM-CSIC), P° Maded ardizabal 5, 20018 San Sebastian,

Spain.

“Depto. de Fisica, Facultad de Ciencias, Universita@viedo, Calvo Sotelo S/N, 33007-

Oviedo, Spain.

9 Dpto. Fisica de Materiales, Fac. Quimicas, Unideis del Pais Vasco (UPV/EHU), Paseo

Manuel de Lardizabal 3, 20018 San Sebastian, Spain.

®Facultad de Ingenieria Mecanica y Eléctrica (FIME)jversidad Autbnoma de Nuevo Ledn

(UANL), Avda. Universidad S/N,San Nicolas de los Garza, Nuevo Ledn, 66450, Mexic

Corresponding Author: carlos.lunacd@uanl.edu.mxX.((a)




ABSTRACT

The magnetic properties of low dimensional matseridiseveral iron oxyhydroxyde phases, such
as akaganeéiteg3{FeOOH) or lepidocrocitey{FeO(OH)), remain poorly explored; probably due
to their specific preparation as single crystallpiase requires special conditions owing to their
structural instability. In the present work, ulfiae akaganéite nanoparticles were prepared by
the hydrolysis of FeGlsolutions at room temperature induced by the pesef NaOH. The
resulting product was characterized by severalyéinal techniques. Structural investigations
using X-ray diffraction (XRD), high-resolution tramission electron microscopy (HRTEM) and
selected area electron diffraction (SAED) revedlest the sample was mainly constituted by
rather-equiaxial akaganéite nanocrystals with ntkameter of 3.3 = 0.5 nm. In addition, a small
amount of rod-like akaganéite particles with 23 ard in length and 5 £ 1 nm in width was also
detected. The study of the respective dependentetheo dc magnetization and the ac
susceptibility on temperature and exciting magnkgic revealed complex magnetic relaxation
processes, high coercivity values at low tempeeatimd exchange bias effect. These results have
been tentatively explained considering size distidn effects and the presence of
superparamagnetic and spin glass-like contributianising from the frustration of the
antiferromagnetic order owing to surface effectsl am insufficient filling of the akaganéite

channels with Clanions.
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1. INTRODUCTION

The materials that constitute the iron oxide fanfishich, according to the tradition, includes
iron hydroxides and iron oxyhydroxidgsre of key importance due to their extensive gmes

in nature and their functional propertie®articularly, the wide variety of their magnetic
responses, including ferrimagnetic, antiferromaigneteak ferromagnetic, superparamagnetic
or speromagnetic behavioudrsyhich are closely correlated with the size, motpbg and
crystallo-chemical features of these materials, Atigmacted enormous attention for several
decades. Moreover, some of the iron oxides exhitigresting first-order magnetic phase
transitions, such as the Morin transition found hiematité® and the Verwey transition
discovered in magnetife® However, it is remarkable that the research im ioxides still
remains subject of intense study and controvensyg, the interpretation of some experimental
results demand better refinements. In fact, thestalipgraphic properties and magnetic
behaviors of some iron oxyhydroxides are subjecdebate. One clear example of this is
represented by the structural and magnetic pragsedti akaganéitgg{FeOOH), which is an iron
oxide phase found in chloride rich environmentsisTiton oxyhydroxide displays a hollandite-
like structure with edge- and corner-shared Fe(QsObttahedra forming one-dimensional
square hollows or channels that provide it inténgstlectrochemical and catalytic properties for
a variety of practical applicatioriS. Materials with this tunnel crystalline structuravie been
described with tetragonal or monoclinic unit celés schematic representation of akaganéite
structure is showed in the inset of Figure 1). iimper studies of th&-FeOOH structure using
X-ray diffraction and infrared spectroscopy, theagonal 14/m symmetry (a=10.48 A, c= 3.023

A) was assumed to describe the akaganéite crygtapibic properties*? However, further



analysis with the Rietveld method of powder X-raffrdction measurements, showed that the
monoclinic 12/m symmetry describes better the akégte crystalline structure (a = 10.600(2)
A, b = 3.0339(5) A, ¢ = 10.513(2) A3 = 90.24(2)°)® These results were subsequently

corroborated by synchrotron X-ray measuremémisd neutron diffraction experimerits.

Other open questions about the akaganéite strueitererelated to the role that plays the
presence of chloride anions into the akaganéitstaitine lattice and its magnetic behavior.
Results from several works have indicated thatoit®ipancy of these ions into the channels is
crucial for the formation of akaganéifs'® However, there is not yet a well-established
consensus about how is the occupancy distributidhese ions into the channel sites, which is
crucial to the charge balancing of the structuee®al works have suggested that theidDs
are periodically located with a sequence of twoseentive channels filled and a third site
vacant, being the reported X-ray diffraction, Mdaséx and synchrotron data in agreement with
2/3 Cl populated site's:**® Note that assuming that Cl ions are placed in,@),Ghe CI-Cl
distance should be equal to the b lattice paran{ateund 3 A), which is shorter than the Cl
ionic radius (3.6 A} However, some studies have pointed out that a meatéstic description
should consider shifts in the y-coordinate of thesites and few additional vacancies randomly
distributed** These differences in the description of the ctigsizhemical properties of
akaganéite have provoked controversy in the ing¢gion of the Mdsbauer spectra (summarized
in the introduction of ref. 16), because some ehtlconsidered the tetragonal unit cell in their
interpretation¥!’ while others the monoclinic céft* In addition, different locations of the

chloride ions have been considered.



Generally, it has been assumed that bulk akagahéhaves like an antiferromagriethere
two spin sublattices are antiferromagnetically dedpparallel to the one-dimensional channels
(along the b direction of the monoclinic 12/m reggatation). However, akaganéite exhibits some
features that would become it an unconventionafeartmagnet. For instance, in the thermal
dependence of the akaganéite susceptibility it was observed the typical well-defined
maximum near the Néel temperaturg,*° Moreover, it has been found that the determination
of this temperature strongly depends on the usetthadelogy and the characteristics of the
analyzed specimens. For example, based on thevaliser of an doublet or a sextet in the
Mossbauer spectra, several works have determiregdiitrof the bulk akaganéite is around 295
K,**?°while other works reported lower values based agmetic susceptibility measureménits
(for example, T 0260 K), in which the determination ofyTis based on the occurrence of a
weak peal® or deviations from the Curie-Weiss [&in the thermal dependence of the magnetic
susceptibility. Notice that in these experimentatimodologies used to determine the Néel
temperature, the magnetic disorder-order transitonld be partially concealed by weak
ferromagnetic-like  contributions and/or confused thwi magnetic  blocking or
spin glass freezing processes. Therefore, the mpetal observations could suggest that bulk
akaganéite does not exhibit a pure antiferromagrthavior. In this matter, the occurrence of
several magnetic contributions has been proposehleirexplanation of akaganéite Moéssbauer
spectra invoking four un-equivalent iron sites itie akaganéite crystal lattice: the monoclinic
structure involves two un-equivalent iron sitesjekHead to four un-equivalent Fe locations if it
is considered the occupancy (or vacancy) of chéoiimhs close to these sites, where the
octahedra closest to chlorine ions are more dsidftConsequently, the Cbccupancy should

display an important influence on the exchange kgetween the spin sublattices and the



resulting magnetic behavidt?* however it is not well-established what is theerdf the
chlorine ions. In this respect, Chambere and Gfaued that the Néel temperature decreases as
the increment of the crystal water content incre@sehich implies a reduction of Ctontent*

and Millan et af' proposed that a faulty of Thite occupancy yield to alterations in the
antiferromagnetically spin alignment resulting eaimet magnetic moment. Therefore, aiGh
vacant distribution should introduce spin disordad variations from site to site of the easy
magnetization direction. In agreement with this dtfiesis, Coe¥/ proposed a speromagnetic
model in all iron oxyhydroxydes instead antiferrgmetism, and more recently, Barrero et®al.
have suggested that the akaganéite magnetic seuctnsists of two asperimagnetic-like

structures antiferromagnetically coupled.

It is noticeable that the chloride content and otimécrostructural features of akaganéite
samples could be strongly dependent on the routéhioh they were obtained and purified, and
their size and shape if they are constituted byllspaaticles. In this regard, it is important to
emphasize that the specimens used in the reporte-structural and magnetic studies of
akaganéite, have been obtained by very differenthogs. In this way, in some of these
contributions, the investigated samples were etdchfrom meteorite§:* whereas other works
used samples biosynthesized by bactéoa prepared by thermal hydrolysis of Fe€blutions
aged at temperatures between 70 and 100°C durirgrasehours-229121021n the two later
cases, the samples usually are formed by nanogizdttles with a flattened rod-like shape.
Therefore, the effects of the lattice symmetry kiggrand broken bonds at the crystal surface,
which represent another source of disorder and tratisn of antiferromagnetic

s21,24,25
)

interaction could be not negligible due to the high surfackive ratio of nanoparticles.



To the best of our knowledge, there are few repiorthe literature focused on the study of
surface and finite-size effects on the magnetiperiies of nanosized akaganéite particles [for
example, references 19, 21]. In the present carttab, we report on the magnetic properties of
ultrafine akaganéite nanoparticles prepared by diysis of Fe (lll) solutions at room
temperature. Most of the particles obtained throtng synthesis method were nearly spherical
in shape, which is a morphology rarely observedanoscale akaganéite. In the interpretation of
the results, the possible contribution of partisiee distribution, interparticle interactions,

magnetization quantum tunneling and frustratiosph interactions were evaluated.

2. EXPERIMENTAL SECTION

i) Chemicals
Anhydrous iron (Ill) chloride (FeG) 97 %, Sigma-Aldrich), sodium hydroxide (NaOH, 98%
T. Baker) and absolute ethanol (Sigma-Aldrich) wesed with the as received purity. The water

added in all experiments was doubly distilled.

i) Preparation of akaganéite nanoparticles

Nanosized akaganéite particles were prepared byyteolysis of aqueous iron (Ill) chloride
solution at room temperature. This one-step prejoaraf an akaganéite colloid consisted in the
simple following procedure based on the resultprfvious works® Briefly, 25 ml of 2 M
aqueous solution of Fefivere rapidly added to 30 ml of 5 M aqueous sodiwdroxide

solution under vigorous and continuous stirringngse stirring plate at room temperature.



Immediately, the solution changed its color andatjuired a yellowish brown, suggesting the
formation of an iron oxyhydroxide colloidal suspims After ten minutes, the resulting
suspension was diluted with absolute ethanol amdriigged. The supernatant solution was
removed and the precipitated powder was washedraetimes with doubly distilled water,
absolute ethanol and centrifugation. Finally, tbepsepared powders were dried at 50°C during
5 hours. The obtained particles were not subjettedosterior aging process at temperatures

close to 100°C as in previous wofks.

iii) Characterization Techniques

The crystalline phase of the sample was identifiggpbowder X-ray diffraction (XRD), using a
Panalytical Empyrean diffractometer. This difraceter is equipped with a graphite
monochromator on the diffraction bean and a X Gaterlinear detector. The difractometer was
calibrated with a silicon standard sample. CuyKX-ray radiation ¥ =1.5405980 A) was
generated from a Cu anode and was set up on 45&\4@ mA. Data were collected at room
temperature in the®2range between 19.996 and 90.000°, with a scansstepof 0.017°. The
mean coherence lengths (MCL) perpendicular to sorgstallographic planes of the sample
were calculated from the full width at half maximwhthe corresponding XRD peak using the

Scherrer equatioff:

092
MCL = BCosOp

10

wherel is the X-ray wavelengtlf is the broadening of the diffraction peak (aftaptsacting the

instrumental broadening) afg is the diffraction angle associated to each peak.



The particle size and morphology of the sample wetamined by Transmission Electron
Microscopy (TEM) using a FEI-TITAN 80-300 kV microgpe operated at 300 kV. The average
size and size distribution of the particles werdedeined by statistical analysis of the
dimensions observed in the TEM micrographs of ntbe:m 100 particles. In addition, High
Resolution Transmission Electron Microscopy (HRTEMY Selected Area Electron Diffraction
(SAED) studies were carried out in order to gairthfer information about the nanoparticle
microstructure. HRTEM images were analyzed by Fasirier transform (FFT). For the TEM
analysis, the synthesized powder was dispersethanel by ultrasonification and a drop of the

resulting suspension was deposited onto a lacépnafEM grid of copper.

A commercial vibrating sample magnetometer (QuanBResrign) was used to investigate the
magnetic behavior of the samples by applying dcrmatig fields (with a maximum applied field
of 70 kOe). The thermal dependencies of the ze&ld-fcooled (ZFC) and field-cooled (FC)
magnetizations were measured in the range of 108<30nder variable external magnetic fields
(from 100 Oe up to 70 kOe). These measurements pesfermed according to the following
procedure. Firstly, the sample was cooled from raemperature (RT) down to 1.8 K in zero
applied field. Then, in order to obtain the ZFCweyran external field was applied and the
variation of the magnetization was recorded withgerature increasing from 1.8 K up to RT.
Afterwards, to obtain the FC curve, the magnetiratvas reordered as a function of temperature
by cooling the sample down to 1.8 K keeping theesapplied field. The cusp temperatures of
the ZFC curves obtained with different applied dielvere determined by using the first
derivative test (dM/dT vs T). The thermoremanenRNI) curve was measured as follows.

Firstly, the sample was cooled from RT down to K.81 a field of 100 Oe. At the lowest



temperature value the field was removed and thenggmnant magnetization was measured as a
function of temperature for increasing temperatumezero field. The isothermal magnetization
versus magnetic field curves where measured agrdiit temperatures in the range of 1.8-300 K
by sweeping the applied field from 70 to -70 kOe badk to 70 kOe. In these measurements,
the sample was cooled from 300 K down to the measent temperature in absence of magnetic
fields (ZFC condition), or in presence of 70 kOeC(Eondition). In the case of the ZFC

hysteresis loop obtained at 1.8 K, the first maigagbn curve was also recorded.

The coercive field, b, and the exchange bias fieldgdwere estimated from hysteresis loops

using the following expressions:

) HEB_i (2)

where H and H' represent the fields at which the magnetizatiotobees zero in the loop’s
branches ascribed to the negative and positivd Beleeping, respectively. To determine the
magnetic viscosity, S, the sample was previoustyrated by applying a positive field (2T).
Then, the magnetic field was abruptly removed amel magnetization was measured as a
function of the time. This measurement was repeatetifferent temperatures (from 3 to 15 K)
and the S values were obtained by fitting the drpemtal M vs time curves to the following

equation:

M(t) = M(0) — S In(t) 3)

10



The in phase component (i.e. the real pdjtand the out of phase component (i.e. the imaginar
part,x'’) of the ac susceptibility were both simultaneouslyasured at 21 different frequencies,
v, in the range of 100-10,000 Hz and at the tempezaange of 5-100 K in absence of dc fields
using a PPMS (Physical Property Measurement Systemmjlel 6000 (Quantum Design). The
data were recorded following the next procedurestlyi the sample was cooled from room
temperature to 5 K in the absence of exciting magrields. Then a probing ac magnetic field
of amplitude 2 Oe was applied with frequenciesedgfrom 10 up to 10,000 Hz. Afterwards, the
same measurements were carried out at higher tatopes up to 101 K in steps of 2K. The cusp
temperatures of thg vs T andy” vs T curves were accurately determined as thedeatyre at

which the corresponding first derivative curve o of sign.

3. RESULTS AND DISCUSSIONS

i) Microstructural and morphological studies

Figure 1 shows the X-ray diffraction (XRD) patteshthe sample. It consists on rather broad
peaks that can be resolved and ascribed to a pagaaéite phase (JCPDS card No. 42-1315).
The peak broadness evidences the ultra-fine crgstal of the sample, and the peak positions
indicate that the sample exhibits lattice paransetése to the bulk ones: a = 10.492(9) A and ¢
= 3.066(6) A, for the tetragonal cell descriptiand a =10.60(4) A, b = 3.04(1) A, ¢ = 10.47(4)
A andp = 89.4(6)°, for the monoclinic unit cell descrigii The crystallite size determined from
the MCL of the diffraction peak more intense wa3(3) nm. It is remarkable, that the relative

diffraction peak intensities in the XRD patterntbé sample are not the same than those of the
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reference pattern, probably due to the atypicalaeggl morphology of the ultrafine particles
studied herein. Also, the akaganéite structure seagirmed by SAED analysis. Inset of Fig. 2a
shows a typical pattern of several nanoparticlest tre constituted by slightly diffused
diffraction rings consistent with the akaganéiteicure and the extremely reduced crystal size

of the sample.

TEM studies revealed that the sample is constitbiedanoparticles nearly spherical in shape
with an average diameter of 3.3 + 0.5 nm, whostemihce with the estimated average crystal
size is within experimental error. In addition, &or presence of very small rod-like particles
with 23.4 £ 5.1 nm in length and 4.9 + 1.4 nm irdthi was clearly detected (see Fig. 2a). Fig. 2b
depicts a typical HRTEM micrograph, where latticendes ascribed to the monoclinic
akaganéite structure are observed (see the in§dfseoFig. 2b), whereas lattice fringes of
additional phases were not found confirming that #kaganéite phase is the only single

crystalline phase present in the sample.

Figures 2c and d show the histograms of the efeqgbarticle diameter of both particle
families. In the case of the second family, theedif’e diameter of each studied nanorod was
determined with the half sum of its length and Wwidlt is well known that the akaganéite
nanoparticles tend to exhibit somatoidal, rod-kesven tubular morphologi¢s®®?#\vhose
formation mechanism could consist on the precipitabf primary equiaxial nanoparticles with
sizes around 3-4 nm, followed by their rapid growthhe direction of c-axis, and a secondary
nucleation occurring at sites on the eddeBherefore the particles studied herein (that were

subjected to aging effects at temperatures closigetboiling point of water) are in the first stage

12



of the growth of the elongated particles. An ing#ireg point to note is that after storing the
sample in powder form at room temperature during year, the specimen was not experienced
significant changes in the particle morphology andfs crystallinity (Fig.1 shows the DRX

pattern of the aged sample in comparison with tbghf sample one).

il) Magnetic studies

The thermal dependence of the inverse of the donetagsusceptibility, 3, measured in a

constant magnetic field of 100 Oe is showed in BigThe complex behavior of this curve
suggests that the sample experiences changesrimikgnetic behavior with the variation of the
temperature. In fact, three different regimes, esged to the temperature intervals: a) 1.8-40 K,

b) 40-260 K and c) 260-320 K, can be distinguished.

At temperatures above the Néel temperature, thenetiag susceptibility of a bulk

antiferromagnetic material should follow the Cuvikeiss lav®

xi=12f (4)

where T is the temperature aBdcand C are the Weiss and Curie constants, respbctin the
case of the nanosized akaganéite studied hereinpbserve that the best fit curve of the
experimental data to equation (4) in the tempeeatange from the maximum reported Néel
temperature for bulk akaganéite (295 K) up to 32@&viates from the experimental values at
temperatures below 260 K (Fig. 3). It suggests tihataverage Néel temperature ascribed to the
particles is around 260 K, which is the same valejgorted by Urtizberea et al. for bulk

akaganéite and very fine akaganéite nanotdds.
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Astonishingly, the best fit of the data to equat{dh in the temperature range of 295-320 K
implies a positive Weiss constant (see Fig. 3)if asexpected for ferromagnetic materials and
not for pure antiferromagnetic systems. It indisateat in the sample coexist several magnetic
phases. In fact, the non-observance of a maximuan fein the thermal dependence of the
susceptibility in Fig. 3 suggests the occurrenceadtlitional weak ferromagnetic-like or
superparamagnetic contributions, which should difigen non-compensated spins, and which

partially conceals the rapid change of the magagtia at temperatures close tQ. T

Two possible different sources of antiferromagnetitipling frustration can be present in
small akaganéite particlé50One of them would be related to the imperfectpamtillel alignment
of spins given by a deficient occupancy of chloiiies into the akaganéite chann@lss above
mentioned. The other one is ascribed to surfaeesif In ultrafine particles, most of the atoms
lie at particle surface, where the coordination hamdisplays a distribution with values more
reduced than in volume, and the antiferromagndigniment becomes geometrically frustrated.
Both kinds of sources of uncompensated spins argheti& disorder should yield to relaxation
phenomena at low temperatures, whose contributghreaild be strongly dependent on the
particle size and shape. The resulting disorderednetic structure of each particle should
originate multiple degrees of freedom leading tocenfiguration of several equivalent
fundamental states, which give rise to spin gldssfehaviors. We assume that the effects of
the phenomenon naméaermoinduced magnetic momgeptoposed by Mgrup and Frandsen for
antiferromagnetic materidfsand very recently studied in akaganéite nanotodse negligible

in our particle system due to its large fractiomn€ompensated spins.
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According to these considerations, in the tempesatange from 260 K up to 320 K, the
antiferromagnetic spins would exhibit a paramagnéehavior, whereas the uncompensated
spins would be in a superparamagnetic-like registeemperatures in the range 40-260 K, the
values of 1¥ monotonically decrease as temperature decreasesawower ratio than that at
higher temperatures. It suggests that in this loemperature range, the spins
antiferromagnetically coupled experienced a pararaggcrantiferromagnetic transition, whereas
the uncompensated spins remain into a superparatiagegime. Finally, at temperatures
between 1.8-40 K, %/exhibits a maximum at ~ 21 K (see the inset of B)gsuggesting that the
uncompensated spins experience a blocking (or anetigg freezing) process when the

temperature decreases.

The plots of M vs H/T (Fig. 4) at fixed temperatireonfirmed the existence of several
magnetic regimes: at temperatures above 100 Kgetlasves are roughly coincident in fair
agreement with a paramagnetic (or superparamagrethtavior’® However, deviations from
this coincidence were observed in the temperatange between 20 and 100 K, being more
relevant as temperature decreases below 50 K, Isignéhe start of a magnetic blocking or
freezing process, and/or an increase in the impoetaf interparticle interaction effects at low
temperature that yields to deviations from a purgesparamagnetic behaviAt temperatures
below 20 K, the sample presented magnetic hysgemdicating that a large fraction of the spins

are blocked (or frozen).

The experimental M vs H curve measured at 300 K fiteed to the Langevin function,

corresponding to the paramagnetic regime:
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M (8) =M |CotH{a)- ¥] (5)
with azuH/ksT, wherekg is the Boltzmann constant,JMhe saturation magnetization in emu/g
andp is the net magnetic moment per particle. The fiistg parameters were § 15.1 £ 0.1
emu/g andu = 143 * 2ug. Since each Béion has a magnetic moment ofig,** we can expect
an average uncompensated spin number per partigle 89. The number of uncompensated
spins distributed on the particle surface can lisnated from the total number of spins per
particle (n), Dnesutacd NT-.2° For akaganéite, there are 2.5 X" ions per crittherefore, for
a spherical particle with a diameter of 3.3 nnx 8,763 and ¢ surface 16, which is around the
half value of p,. The difference between the estimated values ,@f and RincsurfacelS IN
agreement with the occurrence of uncompensated spithe particle volume, however it is
important to remark that in these simple estimatioe have not considered crucial factors such

as size distributions and deviations from the sphemorphology.

Figure 5 shows the zero-field-cooling (ZFC) anddfieooling (FC) magnetization curves for
different applied magnetic fields. These curvessgn¢ several typical features associated to
small single-domain nanostructufe¥' and very small antiferromagnetic nanoparticfes.
Specifically, it is observed that the ZFC and F@ves measured at high values of the applied
magnetic fields (H= 30 kOe) are roughly coincident in the entire stddiemperature range (1.8-
300 K). However, these curves split below certaémpgerature for H < 30 kOe, called
irreversibility temperature (f); whereas the FC magnetization increases as temoper
decreases, the ZFC magnetization decreases rea@lpegk at a temperaturg {See Fig. 5).

These behaviors indicate that a magnetic blodRitffglor a magnetic freeziftg®*>>y process

16



occurs in the system when the temperature decréaseRT down to low temperatures, which
is associated to the uncompensated spins arisem thie frustration of the antiferromagnetic
coupling. According with these considerations, jeak temperature gfat which the maximum
of the ZFC curve occurs for a low value of the &gpmagnetic field, J{H=100 Oe) = 34.5 +
0.1 K, could be related with the average blockiegperature, g (or spin-glass freezing
temperature, ) of the uncompensated spins. On the other haedlithcould be ascribed to the

blocking temperature (or spin-glass freezing tempee) of spins with highest energy barffer.

The field dependences of, Bnd T, are reported in Figure 6. For uniaxial single-doma

nanoparticles, the blocking temperatur is

Tb = U/ [ks In(t/T0)] (6)

where U is the anisotropy energy ik the Boltzman constant, ts the measuring time of the
employed characterization technique agds the attempt time. On the other hand, the energy

barrier U can be modified by the applied magnegldf H, as follows:

U = KaV(1-H/Hk)? (7)
where K, is the anisotropy constant, V the particle voluane Hc = 2Ka/Ms is the anisotropy
field (Ms is the saturation magnetization). Thereforg,sfiould decrease monotonously as H

increases! Interestingly, the curveplvs H in Fig. 6a does not follow a (1-H4 law, and the

change rate is considerably lower at magnetic didll< 1 kOe than that at higher fields.
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Moreover, the Fvs H curve only follows the so-called Almeida-Thess (A-T) line for fields H
> 5 kOe (Fig. 6a). The A-T line is usually obsenfedspin glasses and nanoparticles with spin-

glass-like behavior®*°and is given by:

HO(1-Ty Ty*? (8)

where T is the spin glass transition temperature. On tiherobhand, i, values present a non-

monotonic dependence showing a maximum at H = Kk

In some nanoscale magnetic materials, it has baemdfthat F (and/or T;) firstly increases
with increasing field until it reaches a maximumdahen it decreasé$*?Usually, this behavior
has been related to the resonant magnetizatiorelingneffect***> However, computational
simulation results have showed that the v6 H curve of uniaxial magnetic nanoparticle
assemblies could adopt a bell-like shape when tlexiergy barriers are log-normal
distributed’** due to log-normal distributions of the particlees? and/or the existence of weak
interparticle magnetostatic interactioli$* Under these circumstances, the average blocking (o
freezing) temperature could be rather differenntlize maximum observed in the ZFC curve
obtained in presence of lower magnetic fiéfidn agreement with this, we observe that
To(H=100 Oe)= 34.5 K is considerably larger than the minimum genature (~20 K) above
which no magnetic hysteresis was found. Therefooth dependences of, Bind T, could be
explained assuming that the blocking (freezing) gerature distribution displays several
contributions with different field-dependenciestthi@ld to a distribution of energy barriers with

a field-dependent width. In our nanoparticles, bhecking (or freezing) temperatures should
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display a wide distribution owing to the presendetwo particle populations with different
shapes (a predominant population of rather-spHerar@ocrystals together a minority quantity of
nanorods), in which several relaxation mechanismesrilzed to two different sources of
antiferromagnetic exchange coupling frustratione(@scribed to surface effects and other one

associated to the Tbn vacancy effects) take place.

In order to check this conjecture, the thermoremameagnetization (TRM) was measured
with a magnetic field of 100 Oe as a function ahperature (see the inset of Fig. 7a). The
corresponding derivative vs temperature has besoceged to the energy barrier distribution for
non-interacting® and interacting magnetic nanoparti¢fesind also for antiferromagnetic small
particles®® This curve for ultrafine akaganéite nanoparti¢iig.7a) confirms the coexistence of
several energy barrier contributions with the pneseof a shoulder before reaching its maximum
value, and it was satisfactorily described? (R 0.9989) as the sum of two log-normal
distributions with central values 8.1(4) and 1497 and standard deviations of 0.73(2) and
0.37(1), respectively. Note that, the height ofstburve decreases down to the 34% of the
maximum height at around 20 K (i.e. the maximum gerature at which the sample present

magnetic hysteresis).

On the other hand, the thermal dependence of thieatiee of the difference between FC and
ZFC magnetization with respect to temperature, Med(- MZgc) / dT, also represents the
anisotropy energy barrier distribution of the sysfé“® offering the possibility to study its
dependence on the magnetic field. Fig. 7b-f defhiese curves obtained at different applied

magnetic fields, and are compared with the desreatif the TRM curve vs temperature. The
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former curve is very similar to the — dfM- MZgc) / dT vs T one obtained at H = 100 Oe,
confirming the direct relation between both curvBse — d(Mc - Mzec) / dT vs T curves were
also fitted to the sum of two log-normal distritmsts (named 1 and 2 in Fig. 7b-f) whose fit
parameters are represented as a function of Hdn &-c. The temperatures at which the
maxima occur for both distributions {1 and Tc,, respectively) tend to decrease when H
increases (Fig. 8a). The distribution 1 tends toistaat H > 5 kOe, suggesting that the average
anisotropy field associated to this energy banistribution is around 5 kOe. At H > 5 kOe, the
total energy barrier distribution becomes considigraarrower and a small increase of the ZFC
magnetization is observed as temperature decr@asies lowest temperature range (see Fig. 5).
On the other hand, the ZFC-FC curves are roughlycatent at H = 30 kOe, indicating that the
average anisotropy field associated to the didiob? is close to 30 kOe (approximately twice
the value for bullB-FeOOH recently estimated by Urtizberea €f)al.Noteworthy, the standard
deviations ¢; and o,, Fig. 8b) and the amplitude {Aand A, Fig. 8c) of both log-normal

distributions are field-dependent.
In order to estimate the importance of the magnatiosinterparticle interactions on the

magnetic behavior of the system, the mean dipgletdi interaction energy between two

neighboring spherical particles was roughly estédatsing the following equatiofi*’

_ Horp243
E, ., =foMm2d3e 9
d-d 24 S ¥m ()

where M is the saturation magnetization of the partiatisis the median particle diameter and

€ is the particle concentration by volume. Assumihg= 50 kA/m, ¢ = 3.3 nm (the mean size
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of the equiaxial nanoparticles) aad 63.4 % (the maximum density for a random packing
obtain B4/ ks = 0.24 K, (i.e., around two order of magnitude lowean T at H=0.1 kOe). The
size of nanorods is considerably larger than 3.3 momwever their concentration by volume is
substantially lower than the equiaxial particles.this manner, estimations using equation (9),
and assuming = 16 nm anc < 20 % gives kq/ ks values largely lower thangTat H = 0.1
kOe. Hence, this crude approximation indicates tihatinterparticle interaction effects have not

an important contribution on the blocking/freezprgcesses.

For nanoparticles of antiferromagnetic materiailsais been observed that the temperature of
the peak in ZFC magnetization measurements desremisle increasing the particle siz&!’
which is the contrary tendency observed in nanapest of ferromagnetic (or ferrimagnetic)
materials®® Hence, assuming that interparticle intaractionsehaot a relevant contribution, we
attributed the log-normal distribution 1 to the er energy distribution of the akaganéite

nanorods and the distribution 2 to the barrier gpeistribution of equiaxial ultrafine particles.

In order to analyze the possible contribution & tjuantum tunneling of magnetization to the
magnetic relaxation of the sample, additional ®sidivere carried out. In this respect, it is
important to have in mind that antiferromagneticeosized systems with a small magnetic
moment originated by the non-compensation of cedlinspin sublattices are considered as more
suitable experimental models than ferromagnetic oparticles to study this quantum
phenomenof’ The temperature of the crossover from thermal uantum regime can be

estimated through the following expressfén:
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Tcr — gkg/2HpHEg 061

2mkg
where g is the landé factqg is the Bohr magnetongkhe Boltzmann constant andh ldnd H
are the anisotropy and exchange fields, respegtivedsuming the values of4Hand H: of bulk
akaganéite recently reported by Urtizberea éf@he estimated value &~ 5K, which is of the

same order (or even larger) than thevalue obtained for ferritin.

Figure 9 shows the thermal dependency of the magwistosity. In this curve, the S values
increase as temperature decreases in the whol@regdptemperature range. Therefore, the
temperatures at which the viscosity is not tempeeatiependent due to the occurrence of
quantum relaxation phenoméhnais significantly lower than the temperatures atiolth
measurements were carried out. Consequently, theriexental value of d; is significantly
lower than the estimated value, probably due towide distributions of W and H of our
akaganéite nanoparticles, being the mean valuklcofirastically smaller than that of the

corresponding one for the buylkFeOOH owing to their ultrafine size and surfadeas.

Figures 10a and b show the temperature dependénicgbasex’, and out-of-phasey'’’, ac
susceptibility components measured at selectedidrazies. In all these curves, a well-defined
frequency-dependent peak is clearly observed cuoifg the occurrence of a magnetic blocking
or freezing process. Interestingly, the frequenepeahdence on the temperature of the peak is
rather different than the usually found in non-iat¢ing superparamagnetic particfesspin
glasses? surface spin glass&sand super spin glass&s,’ where the temperature of the peak
increases as the frequency is increased. In faetboth cusp temperatures)gfandy' of the

analyzed akaganéite nanoparticles, which were naméia and Thaxe respectively, present a
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non-monotonous dependence with the ac field frecpuésee Fig. 11a-b). This behavior is in

agreement with the occurrence of several magnelaxation mechanisms with different thermal

dependences (see the discussion above aoand T,). Figures 12a and b presents the Cole-
Cole plot of X' vs X' at different temperatures. The asymmetric shapgheée curves

corroborates the coexistence of several relaxdimo® distributions.

Figures 13a and b show the dependence of the readlhenagnetization on the magnetic field
measured at different temperatures. All these cudigplay a linear behavior at high values of
the applied field, ascribed to the presence of sspiith antiferromagnetic ordering and
paramagnetic-like contributions. The magnetizatiatues found at high magnetic fields were
considerably larger than those reported in theditee for akaganéite nanoparticles and bulk
akaganéité? ?! indicating an unusual enhanced fraction of uncarsaed spins in agreement
with the extremely reduced dimensions of our nartapes. At temperatures above 20 K no
magnetic hysteresis was found. However, hysteless with rapidly increasing coercive fields
as temperature decreases were observed at tempsrdtelow 20 K. The found thermal
dependence of the coercive field at low temperatwas not satisfactorily described by models
taking into account non-interacting identical senglomain particles with uniaxial anisotropy

(see Fig 14), where it is expected the followinigtien:
T K
H, (T)=H(0) [1[} } 1)

being H: (0) the coercive field at T= 0,Kg the blocking temperature of the system, amsl k5
when the magnetic anisotropy axes of the partiakesaligned or 0.77 when the particles are
randomly oriented! The parameters of the best fit?(R 0.99763) of the experimental data to

equation (11) wittkk as a free fit parameter, were kD) = 7.5(2) kOe, d = 13.9(5)K andk =
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0.181(6). On the other hand, the hysteresis loogsemted typical characteristics observed in the
hysteresis loops of very small antiferromagnetinaparticles: they are not fully saturated and
display large coercivity and irreversibility at hidields (around 20 kO&5:*¢4° Additionally,
these hysteresis loops appear shifted along th@etiagield axis when they are measured after
field cooling, suggesting the exchange couplingveen the uncompensated spins together with
the compensated on&s'® However, the found values of the exchange bidd fier example,
Heg= 354 Oe measured at 1.8 K after cooling the samnpdier a magnetic field of 7 T) are quite
low in comparison with the reported ones for selvardiferromagnetic nanoparticle systems,
which are typically of the order of few or evengasf kOe***® On the other hand, the coercive
fields of the FC hysteresis loops were roughly shene as those obtained in ZFC hysteresis
loops, therefore, the other typical manifestatidrth® exchange anisotropy consisting on the
broadening of the magnetic hysteresis loops medsumder FC conditiortd was very modest.
This moderate character of the exchange bias effexinsistent with a very limited presence of
antiferromagnetically compensated spins in eachigarowing to the ultrafine size of the

nanoparticles studied herein.

Another interesting feature of the hysteresis logbsakaganéite nanoparticles was the
occurrence of small “jumps” of the magnetizationat fields in both branches (see Fig. 13b
and the sharp peak of the dM/dH vs H curve at Hrthe inset of Fig. 13a). Similar noticeable
magnetization jumps at low fields have been reploreseveral experimental studies of different
nanoparticle systems, and they have been assodatelifferent phenomena. For instance,
Friedman et al*! reported on magnetic hysteresis loops at low teatpees in ferritin exhibiting

an anomalous “pinched” shape at near zero fielés&hauthors attributed this effect to quantum
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tunneling of magnetization that implies that thegmetic relaxation should be faster in zero field
than at low applied field valué5.0ng et aP® found noticeable magnetization jumps in both
branches of the hysteresis loops in Fglizeore-shell and RB®, hollow-shell nanopatrticles, and
these authors attributed them to a sudden switahirsell magnetic moments. Ammar etal.
observed similar jumps in the hysteresis loopsotfatt ferrite nanoparticles when they are not
enough dispersed in a matrix, and these authaibuaétd such jumps as a consequence of the
interparticle interactions, however the mechanismwiich it should occurs was not explained.
The same phenomenon was observed by Caldero-Dde#. e similar samples, and they
suggested that magnetization jumps could occurtadurgid body rotation of the particles when
the applied field direction is switched during me@snent’ In the case of our akaganéite
nanoparticles, the low field demagnetizations & X normalized with respect to the
magnetization measured at 70 k@Q&)/M 7, were 2.15 and 2.20 % for the branches ascribed to
the negative and positive field sweep, respectjveigasured in ZFC conditions. These jumps
were less marked as the temperature was increémedx@gmple, 1.67 and 1.56% at 5 K, and
1.11 and 1.11 % at 10 K) until becoming negligibbigerestingly, these demagnetization jumps
were higher when the hysteresis loops were perfdrimé&C conditions (for instance, 3.50 % at
1.8 K for both field sweep) and this effect was abserved in the first magnetization curves of
the ZFC hysteresis loops. These discoveries sudigasth small population of uncompensated
spins reverses before the whole. The demagnetizatiops are more marked in FC hysteresis
loops probably due to the distribution of the sfgimg angle with respect to the direction of the
exciting field should be narrower when the unconspéed spins are frozen in presence of a
magnetic field. The existence of populations ohspwith different switching fields is consistent

with the wide distributions of the exchange andatmopy fields (mentioned above) owing to the
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particle size and shape distributions, and theribigtons of the coordination number at the
particle surface and of Tbccupancy in both particle populations (ratheresiglal ultrafine
particles and nanorods). On the other hand, thercerce of these jumps should be vanished for
nanoparticle systems with strong magnetic inteosasti confirming that there is not an important
effect of interparticle interactions in our systelm.this matter, simulations of fine magnetic
particles have predicted jumps in the magnetizatinginated by the influence of the surface
anisotropy, where each jump is related to a pddicet of spins reversing, and their observation
is strongly depend on the ratio of the intensityhd interparticle interaction and the strength of

the surface anisotropy.

CONCLUSSIONS

The hydrolysis of FeGlsolutions at room temperature induced by the pesef NaOH, and
without further thermal treatments, yields to tbaration of ultrafine akaganéite particles. Such
nanoscale system is mainly constituted by ratheraatpl B-FeEOOH nanocrystals with
diameters around 3.3 nm and by a small fractiorodflike particles with 23 + 5 nm in length
and 5 £ 1 nm in width. These patrticles exhibit ateliesting magnetic phenomenology that
includes superparamagnetic-like behaviors, anorsalbeld dependences of,Tand T,
magnetic hysteresis at low temperatures with stathps” of the magnetization at low field
values and exchange bias. This complex phenomendiag been explained considering the
presence of two particle populations (rather egalaand rod-like particles) and the coexistence
of antiferromagnetically coupled spins and uncomspésd spins in a freezing magnetic state at

low temperatures. The partial breakdown of thefamtmagnetic order is produced by two
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sources of frustration of antiferromagnetic intéi@ts and magnetic disorder: i) the geometrical
frustration of the antiferromagnetic coupling prodd by the reduced coordination number and
structural disorder at the particle surface, whitee breaking of the crystal lattice symmetry
occurs, and ii) a deficient occupancy of chlorides into the akaganéite structure channels that
yields to an imperfect antiparallel alignment ofnsp(frustration by spin canting) resulting in a
net magnetic moment. The effects of interparticigeractions and quantum relaxation

phenomena apparently have not a notorious coniibut the observed magnetic behaviors.
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Figure 1 XRD pattern of ultra-fine akaganéite nanoparti¢lesfore and after the aging process
at room temperature during one year). The insetvsteoschematic ball-and-stick representation
of the akaganéite unit cell (monoclinic 12/m regnasition). This arrangement displays square

channels that are occupied by chloride ions tleddilste the structure.
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Figure 2 a) TEM micrograph of the akaganéite nanopartieietow magnification. The inset
shows the SAED pattern of the large-area showgrmel a) of the Figure. The presence of rod-
like shape nanoparticles is highlighted by arrow$. HRTEM image. Above inset is a
magnification of the image. Below inset is the Fpditern of the area highlighted by square. c)
and d) Histograms of the effective particle diameié the equiaxial particles and nanorods

observed in the TEM micrographs.
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Figure 3 Thermal dependence of the inverse of the dc magsasceptibility of the sample
measured in a constant magnetic field of 100 Oe dd¢t line represents the best fit curve to
equation (4) in the temperature range from 2952 RB. The fitting parameters are C=0.024(2)

emu K O& g* and6 = 133(1) K. The inset represents thg ¢ T curve at low temperatures.
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Figure 4 Experimental magnetization versus H/T curves olethiat different temperatures. The

best fit curve to equation (5) is represented lagkkolid line.
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Figure 5 Zero-field cooled and field cooled magnetizatiamves obtained at different applied

fields.
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Figure 6 Dependence of (a) the temperature at which the @Bg@netization curve reach a peak
and (b) the irreversibility temperature of the ZFC-curves on the exciting dc magnetic field.
The solid blue curve is the best fit curve to emueaf6) assuming equation (7). The dashed black

curve corresponds to the best fit to equationR&H dotted curves are just guides to the eye.
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Figure 7 a) Thermoremanent magnetization+M) curve measured at 100 Oe (inset) and its
temperature derivative, -dpw/dT. b)-f) Thermal dependence of the derivativeéhef difference
Mec- Mzec With respect to temperature obtained at differeagnetic fields. The green curve is

the best curve fit to the sum of two log-normalrisitions (curves in blue and red, named 1 and

2 respectively).
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Figure 8 Field dependences of the parameters obtained hlHits presented in Figure 7: a)
central values, b) standard deviations and c) dongdivalues of the log-normal distributions 1

and 2.
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Figure 9 Thermal dependence of the magnetic viscosity.
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Figure 10 Thermal dependence of the (a) real and (b) imagiparts of the AC susceptibility of

the akaganéite nanoparticles obtained at diffdrequencies of the exciting magnetic field.
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Figure 13 a) Field-dependence of the magnetization obtaatelifferent temperatures. The inset
shows the field dependence of the field derivatt®@ne of the branch of the hysteresis loops

measured at 1.8 K. b) Low field region of the hysses loops measured at 1.8, 5, 10 and 20 K.
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Figure 14 Temperature dependence of the coercive field.green curve corresponds to the fit
of the experimental data to equation (11) with kaa$ree fit parameter. Inset shows the
experimental data (black points) and the best titves for #2 (dashed line) and °F’
(continuous line) models, respectively. The paransebbtained from these fits were ) =
2,962(395) Oe, 3= 17(2) K for the > model and H(0) = 2,255(370) Oe, d= 17(3) K for the

T%""model. The coefficients of determinatioA Rere 0.90592 and 0.83918, respectively.
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