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Magnetic properties of ferrihydrite nanoparticles doped with Ni, Mo, and Ir
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In this work, changes in the magnetic properties of ferrihydielYD) nanoparticleqformula FeOOH
-nH,0; size=5nm) on doping with 5 at. % each of Ni, Mo, and Ir by coprecipitation are reported. The
variations of magnetizatioll as a function of magnetic field (up to =50 kO¢ and temperatur& (5—-375 K
were investigated for the four samples, viz., FHYD, Ni/FHYD, Mo/FHYD, and Ir/FHYD, both for the zero-
field-cooled(ZFC) and field-cooled FC) conditions. TheT variation of the low-field H=100 Oe) magnetic
susceptibilityy (ZFC) peaks at temperatuig,=70, 47, 43, and 34 K for FHYD, Ni/FHYD, Mo/FHYD, and
Ir/FHYD, respectively. Folf <T,, x (ZFC)<x (FC), andy (FC) shows broad minima &ft;=30, 27, 22, and
16 K for FHYD, Ni/FHYD, Mo/FHYD, and Ir/FHYD, respectively. The data are analyzed in terms of the
modified Langevin functioM =ML(u,H/KT)+ x,H, wherey, is the magnetic moment/particle akds
the Boltzmann constant. From the analysis of the data, temperature-indepenged69, 375, 237, and
239%up are determined for FHYD, Ni/FHYD, Mo/FHYD, and Ir/FHYD, respectively. It is argued that the
decrease i, and T noted above with doping results from shape anisotropy due to demagnetization fields.
For T<Tj, the presence of exchange anisotropy may indicate spin-glass-like ordering of the surface spins. In
this temperature regime, a steplike magnetization reversal behavior is observed in the low-field region of the
hysteresis loops, in qualitative agreement with the theoretical predictions by FraetmiafPhys. Rev. B55,
184433(2002] for magnetic nanoparticles with interparticle interaction. Finally, from the observed magnitude
of u,, itis inferred that Ni substitutes for Fe throughout the nanoparticle, whereas doping with Mo and Ir
occurs primarily at the surface.
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[. INTRODUCTION surface and the core spifi¢ recent study from our group
using neutron diffraction and magnetometry on the deuter-
Ferrihydrite with the general formula FeOORH,0 is a  ated FHYD(Ref. 12 showed thaf =350 K, with a peak in
widespread iron oxyhydroxide which occurs naturally in thedc magnetic susceptibility occurring atT,=65K. For T
3-5 nm particle size range and is also easily synthesized. <T,, the field-cooledFC) and the zero-field-cooleFC)
Ferrihydrite(FHYD) is a precursor to other iron oxideand  x bifurcate, indicative of blocking or a spin-glass transition
is related to ferritin, the iron reservoir in living organisms, at T,. A magnetic moment/particlg,~300ug observed in
containing FHYD core encapsulated in a protein sh&-  FHYD could be explained by a random distribution of un-
cause of their small size, FHYD nanopartic(d) have also  compensated spins of Fe'?
been used as catalysts and absorbknts. A way to investigate the unique features of AF-NP sys-
Magnetism of NP systems is of interest because of theitems is by monitoring the changes in the magnetic properties
technological applications and because their magnetic progroduced by intentional doping by magnetic and nonmag-
erties differ substantially from their bulk counterparts due tonetic ions. In this work, we follow this approach by carrying
the increasing role of the surface spins as the particle size iBut detailed magnetic studies in FHYD-NP doped with 5%
decreasefi.The antiferromagneti¢AF) NP systems below each of Ni, Mo, and Ir. These dopants are of interest in part
their Neel temperaturely, provide a particularly interesting because of the resulting improvement in the catalytic prop-
case since any observed magnetic moment must result froerties of FHYD® It is generally believed that the structure
uncompensated spins. Also, not all AF-NP systems are alikef FHYD is associated with that of the hematite-Fe,O3)
since the observed moment depends on the nature of A€xcept that the poor crystallinity of FHYD is explained on
ordering as first suggested by &leand elaborated by Rich- the basis of replacing some oxygens by OH and/g®tnd
ardsonet al® These differences have been reported in recenby vacant Fe site5On the basis of XAF$x-ray-absorption
studies of NP systems of NiCRef. 9 and CuO(Ref. 10 fine-structurg spectroscopy, it has been inferred that the Fe
vis-avis ferritin and FHYD! In general, the surface spins in the core of FHYD is octahedrally coordinated by three O
have reduced coordination and broken exchange bondmnd three OH groups, whereas the surface Fe atoms are tet-
which can even affect the nature of ordering in the spins ofahedrally coordinated by O, OH, and,®.>® Since there
the core of NP because of the exchange coupling between tlzee coordinated unsaturated sites on the surface, it is likely
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FIG. 1. High-resolution transmission electron microscopy im-
ages(a)—(c) and particle size distributiofd) of undoped FHYD. FIG. 2. High-resolution transmission electron microscopy im-
Circle in (c) shows a separate particle as evident from the atomi@des(@—(c) and particle size distributioft) of Mo/FHYD. Micron
planes. Micron bars shown i), (b), and(c) represent 20, 5, and 5 bars shown in(@), (b), and(c) represent 2, 10, and 5 nm, respec-
nm, respectively. tively.

that the dopants preferably occupy the surface sites, whicbharacterized by TEMtransmission electron microscopy
should in turn affectu,, the magnetic moment/particle. In after appropriately diluting the samples in alcohol. In all four
preliminary studies on Si-doped FHYD, a decreaseujn  samples, observing the individual nanoparticles was difficult
with an increase in Si content has been repotfetth the  due to excessive agglomeration. However, for the undoped
studies reported here, we have carried out a detailed analydisrrinydrite and Mo-doped ferrihydrite, detailed analysis
of the temperaturéT) and magnetic fieldH) variation of the  could be carried out on the size, shape, and particle distribu-
magnetization in FHYD-NP doped with Ni, Mo, and(6%),  tion as illustrated in Figs. 1 and 2, respectively. The histo-
and these results are compared with those of the undopegtams were plotted by measuring the particle size of a large
FHYD-NP. number of particles from the TEM images. In the case of
highly agglomerated pure FHYD samples, the particle di-
Il EXPERIMENTAL DETAILS mensions were identified based on the pattern of the atomic
planes. The size distributions are centered around 5 nm for
The FHYD samples were prepared by the coprecipitatiorFHYD and 5.5 nm for Mo/FHYD. For Ni/FHYD and Ir/
method, the details of which have been given elsewh&rPe. FHYD, excessive agglomeration prevented determination of
For Ni/FHYD, appropriate amounts of nitrates of Fe and Nithe particle size.
are reacted with ammonium hydroxide to bring the pH to 10. Measurements of magnetizatithas a function oH and
For Mo/FHYD, ammonium hydroxide was added to a solu-T were made with a commercial superconducting quantum
tion of Fe(NG)3-9H,0 and (NH,)g- M0,0,4-4H,0 mixed interference devicéSQUID) magnetometer. Measurements
in appropriate amounts to bring the pH to 10. For preparingvere carried out on tightly packed powder samples placed in
Ir/FHYD, IrCl;-3H,0 was used similarly along with iron a white plastic drinking straw. The data reported here were
nitrate and ammonium hydroxide. The precipitates formed ircorrected for the background signal from the sample holder
each case were filtered, oven-dried in air at 50 °C, and thewith y=M/H=—2.3x 10 8 emu/Oe, independent &f and
ground to a fine powder. The 5% concentration represents tHg!?
atomic ratioM/(M + Fe), whereM =Ni, Mo, or Ir.
The samples were characterized by x-ray diffraction
(XRD) using CuK « radiation \ =1.541 85 A) in a Rigaku Ill. EXPERIMENTAL RESULTS AND ANALYSIS
diffractometer. The room-temperature XRD patterns for all
four samfles yielded the well-known two-line structure of
FHYD,*? although there are subtle differences between the
four cases. For example, for Ni/FHYD, the two broad lines The y versusT data measured in the zero-field-cooled
are sharper, and some weak lines, characteristic of six-lin€&ZFC) condition for all the samples peaks at a certain tem-
FHYD,! begin to become noticeable. The samples were alsperaturer, (Fig. 3 BForT> T,, data from the field-cooled

A. Temperature variation of the low-field magnetic
susceptibility
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10—@@% T e — x=xo+ (CIT), (©)]
12 % ‘ where C=pu,M*/3k and xo=x,—(C/Ty). Equation (3)
848 x| . was found to fit the experimentglversusT for both FHYD
_ W\ and ferritin aboveT,.™ A similar analysis is used for the
g [z Y ’%&‘J low-field M versusT data obtained for these pure and doped
2 6= |ty 1 FHYD samples also using the above relat[&y. (3)], and
Q the expected superparamagnetic behavior was observed.
.,:’ N | Weak deviations from linearity were observed in the plots of
= x ! versusT for T>T,, similar to our recently reported
’;f’ studies in pure FHYD and ferritiht The plots of (
=, T — xo0) " versusT, shown in Fig. 3, gave the expected linear
5% Mo variation, and the extrapolated lines go essentially through
5% Ni the origin using data fof >T,.
0 s . Pure

° 50 100 150 200 250 300 350 400 B. Magnetic-field variation of magnetization
Temperature (K)
. ) _ In Fig. 4, we show the experimentll versusH data for
FIG. 3. Plots of f—xo) ~VvsT, obtained using the temperature the four samples at various temperatures abibye In the
dependence of magnetic susceptibility measured withH — gapjier reported studies on FHY v, was determined from
=100 Oe for the ZFC samplés is defined in Eq(3)]. The dotted 0 jinear component of thd versusH variations at higH.
lines are extrapolations from the high-temperature linear parts. Thﬁowever it is obvious thal, so determined very likely
inset shows the temperature dependencg afeasured under FC contains ’some contribution frgm(x) since£(x) is not satu-

conditions for the four samples. rated, particularly at higher temperatures. In this work, we

(FC) and ZFC measurements are identical, whereasTfor estimated the values of, . a_ndMo at different .t?m'
<T,, x (FC)>y (ZFC), similar to the observations reported peratures for the four samples s_lmultaneously by fitting the
in other AF-NP systems such as NiQerritin,* and deuter- data of Fig. 4 directly to Eq(1) using aMATHCAD computer

ated FHYD'2 Note thaty (FC) below T, goes through a fitting program. The solid lines in Fig. 4 are the Langevin fits
minimum at a temperatur&, (Fig. 3. Tﬁe magnitudes of using Eq.(1). The magnitudes of, obtained are listed in

T,, Ts, and other relevant parameters are listed in Table |_'II_'abIe I'_ In Flgl. 5 Wehha%ve hplottegatdeterm[[ned ;rom tZe
For ferritin* and deuterated FHYEY the variations oM angevin analysis, which shows a temperature dependence.

againstH and T for T,<T<Ty were fitted to the modified ][n Fir?' 6f the plotsl of EXaHI)./MO ?‘gainsrllH{]T are shown fi
Langevin function or the four samples, where lines through the points are fits

to the Langevin functiodEq. (1)], using u, as the fitting
M =M oL(ppH/KT) + xaH. (1) parameter. The data for differemtcollapse very well into a
single curve for all the four samples indicating a
temperature-independept, . As observed for ferritify and
FHYD,'? M, is temperature-dependent. In Fig. 7, we show
plots of My againstT for the four samples. The variations are
clearly linear in the temperature range investigated. Extrapo-
lating this linear variation toMy=0 vyields Ty. The
temperature-independent values @f estimated from the
ok Langevin analysis as a function of temperature for the four
Mo=M*[1=(T/Ty)]. @ samples are shown in Fig. 8, whereas the magnitudes ob-
Recently, Seehra and Punnotskave shown that in the tained are listed in Table I. The estimatesTgf obtained by
limit w,H/kgT<1, Eqg. (1) and Eq.(2) lead to y=M/H the linear extrapolation of th®l, versusT plots to the limit
given by My=0 are also listed in Table I. The value =478 K

Here M, is the saturation magnetizatiop,, is the average
magnetic moment per particlg, is the AF susceptibilityk
is the Boltzmann constant, ang{x) = coth§)—(1/x) is the
Langevin function. The fits of the data to Hd) at different

T yielded M, which varied approximately linearly witf
ad12

TABLE I. Summary of the magnetic parameters obtained from different measurements and analyses for
FHYD, Ni/FHYD, Mo/FHYD, and Ir/FHYD.

Ty (K) Xo (1075 Xa from the p (in pg) from the
Tp (K) Tg(K) (extrapolateyl emu/gO¢ Langevin fit Langevin fit
Material (+1) (=1 (£8) (0.8  (107° emu/g Oe) (=10
Pure FHYD 70 30 478 —-15.9 7.4-10.8 369
Ni/FHYD 47 27 462 —-13.0 8.9-13.3 375
MO/FHYD 43 22 423 -5.6 7.1-11.5 237
IfFHYD 34 16 420 —-4.6 6.1-10.5 239
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FIG. 6. Plots of Langevin functioff(x) = (M — x,H)/Mg from

tion of the applied magnetic field at fixed temperatures shown. Th&(#,H/ksT) using u, as the fitting parametdsee Fig. &

lines are theoretical fits using E({L).

mentalM g versusT data appear to be linear in the limited

obtained for pure FHYD from this analysis is significantly range investigated, the linear extrapolation method to deter-
higher than theTy=350K determined from a recent mine theT, seems questionable. It is noted that the tempera-
neutron-scattering study.A similar difference in the magni-  ture variation of the order parameter from neutron-diffraction

tudes of Ty was reported for ferritin based on a similar studies of pure FHYD did not show a true linear variattén.

analysis by Makhlouét al? also. In that case, &y of 460 K

Therefore, combined investigations of neutron diffraction
was estimated from th&1, versusT plot as compared to and magnetometry on these samples may be required to un-

Tn=240 K reported from other studies. Although the experi-derstand this problem.
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FIG. 5. Plots showing the temperature dependence, af Eq.
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function. The lines connecting the points are drawn for clarity.
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FIG. 10. The low-field portiongup to =2 kOe of the hysteresis
o ) loops for the four samples at 5 K, showing coercivity and loop shift.
C. Magnetization and hysteresis belowT

The hysteresis loops were measured at 5 K under the ZFfpagnitudes o, decrease with doping in all cases in the
and FC condition, by cooling the samples from 36GtK in  order FHYD, Ni/FHYD, Mo/FHYD, and Ir/FHYD. The larg-
zero field and irH=50 kOe, respectively. The full loops to est changes are for the I/FHYD sample, in whieh is
+50 kOe are shown in Flg 9, whereas details of the |00p$owered by an order of magnitude WheréAs is lowered by
for the lowerH values are shown in Flg 10. The magnitudeSa factor of about 2. The areas of the |00ps for the FC and
of the hysteresis loop parameters, viz., the coercitlty, ~ zZFC samplestb K are listed in Table 1. The areas decrease
remanenceM, , and loop shiftH, for the four samples, are in the order FHYD, Ni/FHYD, Mo/FHYD, and I/FHYD, the
listed in Table Il. For the four samples of FHYD, Ni/FHYD, same order as deC noted above. A very interesting result
Mo/FHYD, and Ir/FHYD,H values are higher for the ZFC observed here is the appearance of steps in the hysteresis
samples as compared to the FC samples. Conversely, thgops in the low-field region for all the four samplésig.
remanenceM, is increased for the FC cases. Thus the loopsi). It can be seen that the larger widtr coercivity of the
become narrower and taller for the samples cooled in S@FC loop as compared to the FC loop is related to the dif-
kOe. This is interesting since most antiferromagnetic nanoferences in the slopes and plateaus of the steplike features.
particles below their blocking temperatures show a signifi-To illustrate the temperature dependence, steplike features
cant increase in the loop width accompanied with strong exobserved in pure FHYD at different temperatures are shown
change bias when field-cooled from>Ty.**%* The in Fig. 11.

For the undoped FHYD, we carefully measured the hys-
teresis loop parameters both for the ZFC and(F(50 kOe
from 390 K) cases as a function of temperature. The tem-
perature variation oM, is shown in Fig. 12a) and that of
H. in Fig. 12b). Above about 30 K, the magnitudes Hif,
andM, for the FC and ZFC cases agree, whereas below this
temperature the magnitudes df, for FC are lowered and
those of M, are enhanced as compared to the ZFC case.
<14 From the data shown in Fig. 3 and TableTL=30 K is the
temperature at which a minimum in the FC susceptibility is

5% Mo/FHYD
T=6K

4 Pure FHYD
T=5K

e
N

bl

Q

'
(=2

Y
n

5% Ir/FHYD

=
?

5% Ni/FHYD

MAGNETIZATION (emu/g)

o] K T=5K observed. Thus the effects of R@s-avis ZFC are particu-
larly prominent at temperatures below.
04
8 .6 IV. DISCUSSION
L ——FC L —FC
RTIBEE I wHl— aid I P For nanoparticles each with volunveand obeying super-
4 30 0 20 40 40 20 o 2 pa}ramggnetism, the NeeI-Arrhenius relgtion for the relax-
MAGNETIC FIELD (kOe) ation time 7 for switching of the magnetization across the

anisotropy barrieK,V is usually written as
FIG. 9. Hysteresis loops of the four samplé$d& measured up Py a y

to =50 kOe. For the FC case, the samples were cooled from 390 to
5 K in 50 kOe. =10 eXp(K,V/KT), 4
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TABLE Il. Hysteresis loop parameters of FHYD, Ni/FHYD, Mo/FHYD, and Ir/FHYD.

Field cooling to 5 K Zero-field cooled to 5 K from

at 50 kOe from 390 K 390 K Loop

shift

H. (O¢ M, Loop area H. M, Loop area He

(£3) (emu/g (a.u) (Oe (emu/g (a.u) (Ce

Material (0.1 (+0.5 (+5) (+0.1) (+0.2) (£2)
Pure FHYD 470 51 16.7 1450 2.2 15.2 —250
5% Ni/FHYD 185 5.2 12.1 350 2.9 11.3 -75
5% Mo/FHYD 110 2.2 5.8 235 1.7 6.8 +17
5% Ir/FHYD 48 1.7 3.3 135 1.5 4.7 +8

where K, is the anisotropy energy/volume and, expectedTg. The data of Fig. 12 for undoped FHYD show
=10 ! sec for FHYD® The thermal switching oM gets  that the coercivityH, and remanenc#!, go to zero aff,.

blocked at a temperatufBs when 7 becomes equal ta., But belowT,=30 K, H, is different for FC and ZFC cases
where 7 is the characteristic time of measurements. Usingand an exchange bias$g appears foilT<T,. For undoped
7.=10? sec for magnetometry yields FHYD, our observations here for a minimum yn(FC) at T
and appearance &fg for T<Tg are similar to those reported
Te=KaV/30k. (5)  for y-Fe,0; nanoparticles withl,=75 K andTs=40K, in

. . . o , which T¢=40 K has been designated as a surface spin-glass
In a system with particle size distributiofig will have a transition'®2° Thus it is likely that in the FHYDT, repre-
_— . 'S

distribution leading to the concept of an averdge Tythe  sents a transition to a state with spin-glass-like ordering of
temperature at which ZFC peaks, is then given By  the surface spins.

=BTs, with f=1.5-2.0 depending on the distribution  From Eq. (5), Ty varies linearly withK, and V. For

function17-18 FHYD and Mo/FHYD, the particle size distributions are ac-
From the data collected in Table I, the largest observed
changes in FHYD on doping with Ni, Mo, and Ir occur in 5

Ty, Ts, and up. Since our samples have a particle size

distribution (Figs. 1 and 2 T, representslg for particles
with the largesV. We note that the rati@, /T, for the four 4L
samples varies between 1.75 and @@&ble ) approximating -
B discussed above so tha@t appears to coincide with the 2 3
5
= %

: -
/

Y

/'1~5 s
0.0

/ /, o : k
3, / / 1500,
g 2 1.5 N
T ] —h— \Q —e—FC
R 5] Lo S ~=
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/ 500
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—e—25 ‘
3] ) 20 40 60 80
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Magnetic Field (Oe)
FIG. 12. Temperature variations ¢f) M, and (b) H. for the

FIG. 11. The low-field regions of the hysteresis loops for theundoped FHYD. For each data point, the sample was cooled from
pure FHYD sample at 15, 25, 35, and 45 K measured after fiel90 K to the temperature of measurementHr=0 for ZFC and
cooling in 25 kOe from 390 K, showing the temperature variationH =50 kOe for FC. The lines connecting the points are drawn for
of the steplike features. visual clarity.
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model of nanoscale magnetism in antiferromagnetic materi-
als predicted that the magnetic moment of the particles for
H—O0 depends on the uncompensated spisn,—ng,
wheren, andng are the number of magnetic atoms on the
two sublattices. For a particle of sizg the numbem of
atoms per particle with magnetic momemn}, on each and
interatomic distance od is given byn~d®a®. The depen-
dence ofp onn and hencel goes as follows: (i) p=n?for
random distribution of missing spins;(ii) p=n??if the top
and bottom layers of a particle belong to the same sublattice;
and (i) p=n?if only the alternating planes belonging to
the same sublattice of the top and bottom layers are uncom-
pensated. In undoped FHYD, the obserygg=369ug from
] this work means that the number of uncompensatetf Fe
. : : — spins p=63 assuming 58z /F€" ion.}? With an average
0.0 05 1.0 1.5 20 25 particle size of 5 nm, as obtained from the HRTEM data, and
(-2, (10 emu/g Oe)’ a 3-A interatomic distance between the®Feions?* n
=4630, of which 1025=22% ofn) will be on the surface of
FIG. 13. Plots of T, and Ts (Table ) as a function of the particle. Since the estimated magnitude @ relatively
(X~ x0)? at 330 K. The lines are linear “eyeball” fits. closer ton*2 among the three predicted situations, one would
assume a random distribution of uncompensated spins in the
curately known from TEM studiegFigs. 1 and 2showing  nanoparticles based on Neel's arguments. If there is uniform
the distributions centered around 5 nm for FHYD and 5.5 nnsubstitution of the dopants for £e ions, thenp will only
for Mo/FHYD. Therefore, from size consideration alofig¢,  change by 5% leading tp.,=~297ug for the Mo- and Ir-
for Mo/FHYD should be slightly higher than that for FHYD. doped samples, assuming no moment for the dopants. This is
Experimentally,Tg, Ts, andu, for Mo/FHYD are lower by  clearly not valid for Mo/FHYD and Ir/FHYD, whergw, is
30—-40 % than the corresponding values for FH¥Table ).  lowered by=35%, although for Ni/FHYD, this may be a
Therefore, according to the above analysis, anisotropy erpossibility. On the other hand, pure FHYD displays strong
ergy K, for Mo/FHYD, as compared to that for FHYD, must exchange anisotropy at low temperatures, which clearly pre-
be considerably lower. Although we were not able to accusents the picture of a spin-glass-like ordered surface layer
rately determine the particle size distributions for Ni/FHYD and a compensated AF ordered core. This will be possible
and Ir/FHYD due to the agglomeration problem mentionedonly if the particle moment of 369 of the pure FHYD is
earlier, the systematic decreasesTinand T observed for completely due to the surface ¥e spins alone, which
these cases may also be due primarily to changés inThe  amounts to 5% of the total E€ spins on the surface. Using
analysis presented below provides additional support for thislo K-edge EXAFS (extended x-ray-absorption fine-
argument. structur@ spectroscopy in Mo/FHYD, Zhaet al?* have
The dominant contributions ti, for NP systems come shown that Mo species are primarily at the surface of FHYD
from magnetocrystalline anisotrop§; and shape anisotropy surrounded by three to four oxygen atoms at distances of
due to demagnetization energKy for nonspherical 1.73-1.76 A, which are typical distances for tetrahedrally
particles? SinceK varies asM?, we have plottedr, and  coordinated (Mo@)?~. As noted in the Introduction, the
T versus the magnitude of¢t xo)? at 330 K(from Fig. 3 coordination of the surface e sites is tetrahedral as op-
in Fig. 13. Reasonably linear variations are observed as exosed to the octahedral coordination of thé Fsites in the
pected from the above arguments with the interceptyat ( interior of FHYD. If the argument that the particle moment
— X0)?=0 presumably resulting from the magnetocrystallineresults from surface Bé spins is valid, then 5% Mo doping
anisotropyK,. The above interpretation is consistent with should destroy the spin-glass-like ordering of the surface
the observed temperature variations of the E@kRctron layer of uncompensated spins. In this case, the result will be
paramagnetic resonancknewidth AH and resonance field the disappearance of exchange anisotrbigyand lowering
H, in a number of systems including FHYD, where, Bs of the FC remanenc®, and u, significantly. The valence
approached g from above, rapid increases ihH and de-  state of Mo in (MoQ)?~ is Mo®*, which is diamagnetic and
creases irH, have been interpreted in terms of the shapehence carries no magnetic moment, leading to the observed
anisotropy due t&4.?°"?*Thus the observed changesTip  large decrease ip, for Mo/FHYD. Although Mo ions will
and T may simply be related to decreasesup (magnetic  preferably substitute for surface Fesites, they will replace
moment/particleand the resulting lowering of the magnetic both compensated and uncompensatetf Fens on the par-
susceptibilityy. The observed decrease in the areas of loopsicle surface. Since exchange anisotropy completely disap-
upon doping(Table 1) also indicates lowering of anisotropy peared and botM, andu, reduced considerably by 5% Mo
since the loop area is proportional to magnetic anisotfdpy. doping, it is safe to conclude that the observed particle mo-
The changes i, on doping FHYD with Ni, Mo, a}nd Ir ment in ferrihydrite nanoparticles results from uncompen-
noted above are another important reqiable ). Neel's  sated surface spins. For Ir/FHYD, a similar absence of ex-
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change anisotropy and the large dropgiinandM, suggest may also be important to introduce the dipolar interparticle
a situation similar to that for Mo/FHYD, although boti¥1r  interactions so that the steps are observed onlyTfaiT,.
and 1I#" should have a magnetic moment. For’Niand  More detailed investigation of these steplike features are cur-
Ni*, the Hund’s rule moments are less than that of'Fe rently underway. A more quantitative check on the theory by
Although the exchange anisotropy is reduced considerably ifrraermaret al® requires a systematic variation of the inter-
Ni/FHYD also, u, andM, remain undiminished. This indi- particle separation and measuring the effects of this varia-
cates that Ni ions probably occupy vacant Fesites and tion on the hysteresis loops. Another feature of these results
may substitute for Fe throughout the particle. This is cor-in samples cooled in a high magnetic field of 50 kOe from
roborated by the XRD patterns, which show some improvetemperature§ >T, is that there is an increase M, and a
ment in crystallinity for Ni/FHYD and some decrease in decrease iH. (Fig. 10. For FC samples, the surface mo-
crystallinity for Mo/FHYD and Ir/FHYD, using widths of the ments are expected to align along the cooling field direction
lines as a criterion. The relatively sharper XRD peaks ando that the changes M, andH, are understandable.
the larger magnitude ofi, for Ni/FHYD may be attributed
to a bigger particle size, but the lower valuesTgfandTs go
against this possibility. Thus from this analysis, it is con-
cluded that doping occurs primarily at the surface for Mo/ Analysis of theM versusT and M versusH data at dif-
FHYD and Ir/FHYD, whereas for Ni/FHYD, experimental ferent T has been carried out in FHYD nanoparticles and
evidence suggests Ni substituting for Fe throughout thdHYD doped with 5% each of Ni, Mo, and Ir. From the
nanoparticle. changes in the magnetic parameters observed upon doping, it
Next, we consider the steplike features observed in thés inferred that the particle moment in FHYD is due to un-
low H regions of the hysteresis loops of Figs. 10 and 11compensated spins on the surface of the particles and that
These features became less pronounced as the temperatie and Ir preferentially substitute for the surfaceFéons,
was increased fra 5 K towardsTg and were completely and Ni appears to substitute for Fe throughout the nanopar-
absent forT>T. Such steps in the hysteresis loops haveticle. The ZFC susceptibility peaks at a temperatilitg
been predicted by the recent theoretical studies of Fraermamhich is nearly twice the temperatufg at which spin-glass
and SapozhnikdV for a one-dimensional nanoparticle sys- ordering of the surface spins is indicated. The shiff pfand
tem with long-range interaction energy proportionak t@. T, with doping suggests that a significant source of magnetic
The nature of the steps is determined by the competing efanisotropy in these particles is the shape anisotropy resulting
fects of coercivity, interparticle interactions, and thermal enfrom the demagnetizing fields. The steplike features ob-
ergy. Wider (narrowej steps are due to interactions of the served in the low-field regions of the hysteresis loops might
nearer(distan) magnetic moments, and an increase in tem-be due to the dipole-dipole interparticle interactions.
perature tends to smooth out the steps. Experimentally, Grun-
dler et al?® have reported some steplike features in the hys-
teresis loops for arrays of single-domain Ni nanomag(fe3s
nanomagnets with 600-nm spacing$he steps in the hys- This research was supported by the NSF-ldaho-EPSCoR
teresis loops observed in the FHYD samplEfys. 10 and Program and the National Science Foundation at Boise State
11) in the low-field region could be due to the dipolar inter- University and by the U.S. Department of Energy Contract
particle interactions since these particles are severely agNo. DE-FC26-99FT40540 and No. DE-FC 26-02NT41594 at
glomerated. The spin-glass-like ordering of the surface spingVest Virginia University and the University of Kentucky.
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