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Neutron scattering and magnetic studies of ferrihydrite nanoparticles
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Magnetic properties of two-line ferrihydrite (FeOGBRD,0) nanoparticles with an average sizd nm are
investigated using neutron scattering and magnetometry. Comparison of the neutron scattering and x-ray
diffraction patterns identifies th@02) peak atQ=1.3A~! as predominantly magnetic. The intensity of this
peak, measured from 10 to 450 K, decreases almost linearly with temperature until 350 K, becoming tempera-
ture independent above 350 K. From thig,=350K is identified to be the ordering temperature of the core
spins of the nanoparticles. The width of the line is temperature independent, yielding a magnetic coherence
length=particle size. The temperature variatioiss-300 K) of the initial susceptibilityy for the field-cooled
(FC) and zero-field-cooledZFC) cases yield a peak at,(m)=65K, below whichy(FC)> x(ZFC). ForT
>Tp(m), the variation ofy ! vs Tis analyzed in terms of the model of El-Hiki al, involving particle-size
distribution and interparticle interactions, and substantial interparticle interactions are inferred. Following the
observations in ferritin, the field dependence of the magnetizédiéor T>T,(m) is analyzed in terms of the
modified Langevin variationvl = M, L(up,H/KT) + x,H, wherewu, is the magnetic moment/particle. The fit at

100 K yieldsu,=250ug , consistent with the theoretical estimates based on uncompensated surface spins of
Fe.

. INTRODUCTION with 3.01 A as the F& -Fe** separation, whereas the surface
Fe*™ have only tetrahedral coordination. This model is in

In recent years, there has been a great deal of interest kigreement with the earlier studies that showed that nearly
the structural and magnetic properties of ferrihydrite30% of the F&' in these particles are tetrahedrally coordi-
nanoparticles:® Ferrihydrite is a naturally occurring hy- nated. The lower coordination number for the surfacd"Fe
drated ferric oxyhydroxide mineral which can also be syn-and the increase of their coordination number with exposure
thesized easily and is a precursor to other iron oxides such as moist air, resulting in the aggolemeration of these par-
hematite. A number of formulas have been proposed for itsicles, may be due to the binding of the particles through
structure(e.g., 5Fg03-9H,0, FgHOg-4H,0) but they are  H,O.® The unsaturated surface sites are believed to be the
all equivalent to FeOOHH,0.® Generally, ferrihydrites source of the catalytic properties of these particles.
have poor crystallinity since their x-ray-diffractiofKRD) The magnetic properties of the FHYD nanoparticles have
patterns usually contain between two and six broad linedeen investigated by several groups usingsbtmuer spec-
depending on the degree of crystallinity, with average pariroscopy. The Mesbauer measurements by Zheioal. in
ticle size of 3—5 nni~> Ferrihydrite(FHYD) is also related Ref. 1 included not only pure FHYD nanoparticles but also
to ferritin, an iron reservoir in living organisms, containing a particles with chemisorbed Sj‘p (Si,/FHYD with x
ferrihydrite core encapsulated in a protein shell. Since the- Sj/Fe=0.05, 0.1, 0.15, and FHYD/SKD These measure-
size of the ferritin particles can be manipulated experimenments showed that the low-temperature six-line hyperfine
tally and interparticle interactions are negligible because ogplitting disappeared at a superparamagnetic transition tem-
the protein shell, a large number of magnetic studies dea”ngeratureTB(M)zloo K and thatTg(M) decreases as sur-
with the particle size effects in ferritin have been reportedigce chemisorption of Sigj is increased forx>0. These
recently?”** The small size of the FHYD nanoparticles hasresults were interpreted in terms of the “superferromag-
also been exploited for use as an adsorbent and a catalystpetism” model of Mgrupet al1* in which the abovel g(M)

For the ferrihydrite with six lines in the diffraction pattern \yas associated with spin freezing due to interparticle inter-
(referred to as B), the structure is known to be based on theg.tions. Chemisorption of nonmagnetic $ioreduces the
trigonal unit cell, although the six-line XRD pattern can beinterparticle interactions, resulting in a lowering B .
equivalently indexed with a larger hexagonal cell wih For noninteracting nanoparticles, the timerequired to

_ _ 45 M crac s, U .
_,5-08'& gndc-9.4A. The structures of the ferrihydrites e\ erse the direction of magnetization is usually described by
with two lines (2.) and four lines (4) in XRD are assumed  he Neel-Arrhenius relatior®

to be similar except for lower crystalline order in thé& 2

case. Zhaet gl.3 have carried out a detailed analysis of the 7= 10 eXp(EL/KT). (1)
x-ray-absorption fine-structureXAFS) spectra of 2 ferri-

hydrites. They proposed that the®Fen the interior of the In Eq. (1), k is the Boltzmann constart, is the temperature
particles are coordinated by three O and three OH groupandE =K,V is the magnetic anisotropy energy barrier be-
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tween the equivalent easy axes, with being the magnetic
anisotropy constant and the volume of the nanoparticles. (a)
The pre-exponential relaxation timg depends only weakly
on temperature, with magnitude in the range of 9@o
10~ 3s for various material$? As T decreasess increases,
and at somé the time needed for the particle magnetization
to relax will exceed the characteristic timgof the measure-
ments. The blocking temperatufg is then defined from Eqg.
(1) when 7= 7., leading to

FeOOH

Intensity (arb.units)

Tg=E /k/n(7:/7p). 2

From this relation one can calculate the blocking temperature
Tg(m) for dc magnetometry {.=10°s) and Tg(M) for
Mossbauer spectroscopy 7.=5%10 %s). Using 7o
=_1O*115 in Eq. (2), the ratio Tg(M)/Tg(m)=4.8 is ob- . 5 3 4 5
tained. The above model is found to be valid in ferritin pro-

teins in thatTg scales appropriately with, andV.*~13For o000 = o
a system with a particle size distribution, a distributionTgf

leads to the concept of an averahg,*® which is related to
the peak temperaturg, in the magnetic susceptibility by
T,=BTg, with f=~1.5-2.0""

Deviations of the superparamagnetic behavior from the
predictions of Eqs(1) and(2) have been observed in nano-
particles ofy-Fe,0;,2°71° a-FeOOH?° and in ferrihydrites.
These deviations have been interpreted generally in terms of
interparticle interactions. Investigations by El-Hilo,
O'Grady, and Chantréil showed that the behavior of the ‘ ‘
initial susceptibility y for T>Tg is affected by both the par- 1 2 3 4 5
ticle size distribution and by the interparticle dipole-dipole QA"
interaction. Their calculations showed that the temperature
variation of y follows the equatiot! FIG. 1. Room-temperature XRD patterns of the FeO@Hand

FeOOD (b) nanoparticles again€ =4 sin d/\, the lower signal/
C noise in(b) being due to smaller sampléc) Neutron-diffraction
X= 1.’ (3 pattern of the FeOOD nanoparticles at 10 K. The inset shows the
0 difference patterr10 K minus 325 K with the peaks for the Al
sample holder deleted.
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whereTo(=T;+T,) has contributions from both the inter-
particle interaction T;) and a log-normal particle size distri-
bution (Tp,). At high enough temperatures, particles of all 9ate the ordering temperature of the core moments, the
sizes are unblocked, leading To=T;. However, at lower Nature of the magnetic state of the uncompensated surface
temperatures, effects of boffy and T, are included in the Moments belowlg(m) and the role of interparticle interac-
measuredl,. T, is estimated to be negative wheregsis  tions. Results of neutron-scattering studies presented here
positive so that the observedvs T behavior in such a sys- Show that core moments order at theeNeemperatureTy

tem for T>Tg does not simply follow the Curie law ex- =350K, whereas thg vs T gives Tg(m)=65K. The ob-
pected for a superparamagn@g(m) and Tg(M) are also ~ Seérved magnetic moment,=300ug/particle is shown to
affected by the interparticle dipole-dipole interactfdman-  result from the uncompensated surface spins éf Bed the
other factor which affects the relaxation timand the mag- x ' Vs T behavior is analyzed in terms of the particle size
netic ground state of the nanoparticles is the microstructuradistribution and interparticle interaction using the model of
details of their surface® Thus the nature of magnetic order- El-Hilo, O'Grady, and Chantrefi! Details of these results

ing in a nanoparticle system is influenced by several factor@nd their discussion are presented below.

and it remains a question of significant importance.

In thi_s work, we report results of_our invgstigations on the Il. EXPERIMENTAL DETAILS
magnetism of 2 FHYD nanoparticles using temperature
and magnetic-field variations of the magnetizatignand For the studies reported here, a powder sample of

temperature variation of a magnetic peak in neutron scatteFeOOH nH,O was deuterated to yield a corresponding
ing. These studies are new since earlier magnetic studies dreOOD sample, in order to reduce the background signal in
this system were carried out primarily by &bauer neutron scattering. The procedures for preparing nanoscale
spectroscopy.® With 7,=10"*3s (for the present energy 2L and @ ferrihydrites have been described earliéThe
resolution, neutron-scattering studies are ideal for determintoom-temperature XRD patterns of FeOOH and FeOOD
ing the nature of magnetism in nanopartict&s?® Our stud-  nanoparticlegFig. 1) show the usual two broad lines char-
ies of 2L FHYD nanoparticles were undertaken to investi- acteristic of the 2 ferrihydrites®~’ Because of lack of crys-
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tallinity, these broad lines cannot be used for accurate deter- 22— 77— 15
mination of the particle size. Instead, transmission electron o Integrated
microscopy of this sample was carried out using the proce- 10 L Peak
dures outlined in Ref. 3, which gave a particle size of 40
+12 A. XRD measurements of the samples were done with
a Rigaku Diffractometer using ®y, source §=1.542A).
Neutron-diffraction studies were carried out at the NIST
Center for Neutron Research employing neutrons \of
=2.35A, with a pyrolytic graphite monochromator, ana-
lyzer, and filter and with an energy resolution of 1 meV.
Studies of the sample magnetization as a function of tem-
peratureT and magnetic fieldd were done with a SQUID

Q=131A"

| 05

Integrated Intensity (10%)
(,01) ("uiw /) Ayisuayu) yead

1 L I L 1 . ! L 1 L I L |

(superconducting quantum interference deyvitmgnetome- 0 | 50 100 150 200 250 300 350 | 400

ter, Quantum Design Model MPMS. The magnetization data Temperature (K)

presented here were corrected for the diamagnetic back-

ground signal from the sample holdgvhite plastic drinking FIG. 2. Temperature variation of the intensityintegrated and

straw). The magnetic susceptibility of this background signalpeak heightof the neutron peak &@=1.3A"*. The line through
is independent of magnetic fie{dp to 50 kO¢ and tempera- the points is a guide to the eye.

ture (5—300 K) with a magnitude of—2.3x 10 8 emu/Oe.

This represents about 1% correction to the room-temperatuigs the apove results is that for the shegt=10"13s in neu-

magnetization at 100 Oe, with decreasing contributions afron scattering, the individual nanoparticles of FeOOD ap-
lower temperatures. pear magnetically ordered fdr<Ty=350K, with magnetic
coherence lengthpatrticle size.

. EXPERIMENTAL RESULTS AND ANALYSIS The intensityl of the neutron peak is known to be pro-
portional to the square of the order parameter. Therefore we
. . have plotted the normalizetf,f2 versusT/Ty (Ty=350K)

In Fig. 1, we present a comparison of the XRD patterns obter correcting for the high-temperature nuclear Bragg con-
the FeOOH and FeOOD samples and neutron-diffraction patyipution (Fig. 3. The only known similar data is for fine
tern of the FeOOD sample, in terms of momentum tra”Sfebarticles (49 nm long by 12 nm wide of goethite (a-
Q=4msin¢/\. The two intense broad peaks in the XRD FeOOH with Ty=358 K (goethite has orthorhombic crystal
patterplathZ_A_and 4.2 A* and a weaker peak nel  strycturg,® and the temperature variation of2 for the
~3 A", are similar tost_f;e observations reported by otherggaq) peak of goethite is also shown in Fig. 3 for comparison
for the 2 ferrihydrites™" The neutron-diffraction pattern  purposes. It is obvious that the temperature variation of the
taken at 10 K and covering the range@#0.4 to 3.8 Atis  order parameter for the FeOOD nanoparticles is more rapid
al§(l) shown in Fig. 1. The sharp peaks nQar2.7 and 3.1  {han goethite. This may be related to the considerably
A~ are Bragg peaks due to the aluminum salmple holdergmalier size of the FeOOD nanoparticles compared to the
The three broader peaks@t=1.3, 2.4, and 2.8 A are due  gjze of the goethite, making the magnetization of FeOOD
to the FeOOD nanoparticles, the latter two essentially idenmgre susceptible to thermal fluctuations. A theoretical under-

tical to the peaks observed in XRD. Comparison between thgianding of this difference is, however, lacking at present.
XRD and the neutron-diffraction patterns shows that the

peak at Q=1.3A"!, observed only in the neutron-
diffraction pattern, must be primarily magnetic. Referring to
the hexagonal structure with=5.08 A andc=9.4 A for the
ferrihydrites, the line aQ=1.3A"! can be indexed as the
(002 line of this structure. From this indexing one can infer
that the chemical and the magnetic unit cells are equivalent
The fact that thé002) line does have a Bragg component as
discussed later, is consistent with this interpretation.

The temperature variation of the peak@t1.3A ™" in = FeOOD
FeOOD was investigated from 10 to 450 K. The width of the — nanoparticles
peak was found to be temperature independent but its inten” ~ 0.2
sity (integrated area as well as the peak heiglgcreased

A. Neutron scattering and magnetic ordering

goethite

"Y(normalized)
>
(-
T

with increase in temperature up T6=350K, above which 0 ! L I | N
the intensity became temperature independ€ig. 2). On 0 0.2 0.4 0.6 0.8 1
heating above 425 K, the sample recrystallizedrvtée,0s. T/T
The use of the Scherrer relation shows that the width of the N

magnetic peak is primarily due to the particle size. Since the Fig. 3. Normalized|? versus T/Ty (Ty=350K) for the
width of the neutron peak is approximately temperature in£e00D nanoparticles whet, is the magnetic component. For
dependent, this implies that the range of the magnetic ordefomparison, similar data for the goethite particlesFeOOH is

in the nanoparticle of FeOOD is temperature independendiso shown from Ref. 20. The line through the points is a guide to
and, importantly, limited to the particle size. The importancethe eye.
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FIG. 4. Temperature variation of susceptibiligy= M/H for H FIG. 5. Plot ofy ! againstT. The dotted lines represent exten-
tions.
B. Temperature dependence of magnetic susceptibility However, we propose that the uncompensated surface spins

_ . . with broken exchange bonds in the surface layers of the
The temperature variation of the initial magnetic SUSCePhanoparticles, which are responsible for the increasg in

tibility x(=M/H) for the FeOOD nanoparticles measured inyih decreasing, are affected by a cooling field. Following

H =100 Oe, for the field-cooled~C) and zero-field-cooled the arguments recently advanced by Kodama and
(ZFC) cases, is shown in Fig. 4. The susceptibility peaksgeryqwitz22 the surface spins have many available configu-
nearT,=65K, whereas the FC and the ZFC curve separai@aions. A cooling field then picks out a particular spin con-
below about 50 K, similar to the observauon ina Commerc'alfiguration resulting in a spin-glass-type ordering of the sur-
FeOOH nanoparticle systefrs noted earlier, the average cq spins belowl’,. Because the time scale of the neutron-
blocking temperaturelg(m) will usually be less tharl,  gittraction measurements is very short (#8s) and
because of the expected particle size distributfofi measurements were carried out in zero field, absence of any

. 71 .
To compare the results with E(), thex_“ vs T plotis  cpanges characteristics of a phase transition figab5 K is
shown in Fig. 5. Following the analysis of El-Hilo, O'Grady, ,nqerstandable.

and Chantrelt/ the near linear portion of thg~* vs T plot
for T>220K can be associated with interparticle interac-
tions, with T;=120K andC;=0.017 emu/gOe K. On the C. Magnetic field variation of the magnetization

other hand, for the lower temperature region of<70 The magnetizatioM was measured as a function of ap-
<170K'in Fig. 5, both progressive blocking due to particle yjied fieldH (up to 50 kOg for several selected temperatures
size distribution and interparticle interactions contribute. The(loo, 140, 180, 220, 260)KaboveT, . The variation oM vs

linearity of x vs Tin this region yieldsTo=0K andCo 1 shown in Fig. 6, is quite similar to that reported in
=0.035emu/gOeK". Using To=T;+T, vyields Ty= " farritin,33in that this variation has a linear component, quite
—120K. SinceTy=0K, the effects of particle size distribu- eyident in the higtH region, with a temperature-dependent
tion and interparticle interactions cancel each other in th'%usceptibilityxa. Consequently, the Langevin variation\f

system in the 70 to 170 K range. _ expected for superparamagnetism, is modified to the
The data of Fig. 4 show that beloW,, x(FC) is nearly equatior®

independent of temperature. This is in contrast to the obser-
vation in ferritin1® where y(FC) continues to increase with
decreasingl below T, . Ferritin is known to be a prototypi-
cal superparamagr‘]@l’13 because interparticle interactions
are negligible as a result of the shielding by its protein shellHere w, is the average magnetic moment per particle,
So this difference in the behavior gfFC) below T, (Fig. 4) L(x)= cothx—1/x is the Langevin functionM is the satu-
warrants some discussion. In the neutron-diffraction studiegsation magnetization, ang, is the susceptibility of the anti-
reported here, an anomalous change in the scattering nefarromagnetic nanoparticles, predicted byeN® and ob-
T,=65K, characteristic of a phase transition, is not ob-served, e.g., in ferritin® M, was evaluated by extrapolating
served. Therefore it may be inferred that magnetic orderingdM — y,H) to the limit 1H—0. The observed temperature
of the core spins of the nanopatrticles of FeOOD detected bgependence o1, and y, for the FeOOD nanoparticles are
neutron scattering belowy=350K is unaffected afl,. shown in Fig. 7. These temperature variations are quite simi-

M=MoL(upH/KT)+ x,H. (4)
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lar to those reported for ferritit although the magnitudes of
M, Mg, and x, in FeOOD are larger by nearly an order of ~ FIG. 8. Plot of M — x,H)/M, againstH/T for five tempera-
magnitude. tures indicated. The solid lines represent the Langevin functions
To check the Langevin variation of E¢4), the plot of  With u, evaluated from the fit shown in the inset at different tem-
(M—xaH)/M againstH/T is shown in Fig. 8. For a Peratures.
temperature-independept,, data at all temperatures far .
>T, should collapse onto a single curve if Bd) is valid. ~ increase ofu, at higher temperatures, where the effect of
For ferritin, this was almost true in that the evaluaeg  this interaction is more clearly evident in the * vs T plot
varied only weakly between about 300 and agdor differ- ~ of Fig. 5. The solid lines in Fig. 8 are the Langevin function
ent temperatures. variations for different temperatures with, against tem-
For FeOOD(Fig. 8), there appears to be a consistent in-perature shown in the inset of the figure. The remaining dis-
crease in the magnitude @f,, with increase in temperature. crepancy may be associated with the particle size distribution
We estimate magnitudes of 250, 300, 335, 360, anqu4a@t  (Which will require the use of a distribution of Langevin
the temperatures of 100, 140, 180, 220, and 260 K respedunctions that has been ignored in the above analffsis.
tively. This difference in the temperature variationsigf in Using the argument that the number of uncompensated
ferritin and FeOOD may be due to the effects of interparticlesurface spins approximately equall, whereN is the total
interactions in the latter. Since the effect of the dipolar inter-number of spins in an antiferromagnetic nanopartiie,an
particle interaction is to align the uncompensated momentéstimate ofu, can be obtained. P& in FeOOD are about 3
of the neighboring particles, this could result in the observedh aparf and the average particle side=40 A and average
particle volumeV=d?3. This yieldsN=2400/particle and so

6 12 JN=49. Using u=2JS(S+1)ug with S=3 for Fe*
yields u=5.9ug/Fe€" on. This leads to u,
sl g‘\o‘ 110 =290ug/particle. Another estimate gk, can be obtained
Voot from the saturation magnetizatioMl, using the relation
".‘ ‘-\0 = Mo=u,/pV wherep andV are the density and volume of
= ar Y ———> 18 . the particles, respectively. The structure of FeOOD nanopar-
El -‘ v s ticles is based on that of hematite for whigks5.24 g/cni.
E 3l \ 16 & For FeOOD, usingp=5 g/cn?, My=7 emu/g obtained by
T o g extrapolating the data of Fig. 7 6—0 K andV=d3=64
= KN =S X 10" #'cm?, we getu,~242ug. Thus the estimated mag-
2 ‘~O 14 e nitudes ofu, are quite close to the experimental values de-
s T, ~ termined in Fig. 8.
1} © 12
L l IV. CONCLUDING REMARKS
00 100 200 300 40?) The results reported here for the FeOOD nanoparticles

and their comparison with the observations in ferritin pro-

vides the following picture. The FeOOD particles order an-
FIG. 7. Temperature variations ™, and x, of Eq. (4). The tiferromagnetically atTy=350K, with the temperature

dotted lines joining the points are drawn as guides to the eye.  variation of the order parameter for< Ty significantly dif-

Temperature (K)
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