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Magnetic anisotropy and quantized spin waves in hematite nanoparticles
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We report on the observation of high-frequency collective magnetic excitafions,1.1 meV, in hematite
(a-Fe&03) nanoparticles. The neutron scattering experiments include measurements at temperatures in the
range 6-300 K and applied fields up to 7.5 T as well as polarization analysis. We give an explanation for the
field- and temperature dependence of the excitations, which are found to have strongly elliptical out-of-plane
precession. The frequency of the excitations gives information on the magnetic anisotropy constants in the
system. We have in this way determined the temperature dependence of the magnetic anisotropy, which is
strongly related to the suppression of the Morin transition in nanoparticles of hematite. Further, the localization
of the signal in both energy and momentum transfer brings evidence for finite-size quantization of spin waves
in the system.
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I. INTRODUCTION Morin transition has been observed in hematite

The magnetic dynamics of nanoparticles is an interestingianoparticles!-*>The Morin transition is related to the mag-
field both technologically and scientifically. As the size of anetic anisotropy, and thus studies of the suppression could
particle decreases and enters the nanometer scale, the maggld important information on one of the key properties of
netic properties change and new phenomena appear. One a@ragnetic hanoparticles.
ample is superparamagnetic relaxation, in which the direc- Superparamagnetic relaxation and low-frequency collec-
tion of the total magnetic moment of the particle performs ative magnetic excitations were directly observed by inelastic
spontaneous reversal. A related example is collective magheutron scattering in a powder sample of diameter
netic excitations, which can be described as a spin wave witg=16 nm hematite particl€sThe measurements were per-
wave vectorq=0: the individual magnetic moments move formed at a triple-axis spectrometer with a momentum trans-
coherently and the totgbublatticg spin performs a preces- fer corresponding to the antiferromagnetd3) reflection

sion in an effective crystal anisotropy field. This corresponds(hexagona| indexing 7o0s=1.37 A, and a maximum en-

to the 'Iowest magnetic e_xmtatlon of naryopartu':les,.ln WhIChergy transfer of 1.0 meV. The collective magnetic excitations
the spin waves are predictetb be quantized with discrete,

haro ene level hile showin broadening with e(at e=+0.26 meV,q=0) were found to be strongly
sharp rgy levels, whiie showing a ing with 1 broadened, to overlap ate=0. The broadening could be
spect to the spin wave vectar,

Few experimental studies have been performed on finite(-:aused by damping, distribution of anisotropy constants, or

sized systems in order to investigate spin wave quantizatiorphom'tl“;’jlter fh|gh-resolut|on nel:.tron IStUdt'.eS W_?rze focused on
Clear evidence for standing spin waves has been found b € Study of supeérparamagnetic relaxation. These measure-

Brillouin light scattering in ferromagnetic NiFe wires of 1.8 Ments were performédi with energy transfers up to 0.75
um widt?® and by pulsed-field techniques in square NiFeMeV: _ . _
dots of 50um size? In magnetic clusters, discrete energy N this paper we present inelastic neutron scattering mea-
levels have been observed by neutron scattering in,Mn surements on the same powder sample, as in Refs. 9 and 13,
clusters>® and in Fg clusters’ In both cluster studies, the measured with momentum transfers corresponding to the an-
reorientation of the total cluster spin was seen, correspondintferromagnetic(101) reflection, 71,=1.51 A™*. We show
to collective magnetic excitations, while in Mntransitions  the existence of a second magnetic excitation mode with
between different cluster spin values were also observed:0 and with a resonance frequency-el.1 meV. The high-
This can be seen as a precursor to finite-size quantization dfequency mode is seen not only to be reasonably well de-
spin waves in nanoparticles, which has not yet been obfined in momentun(q), but also to be clearly localized in
served. energy(e). We argue that this implies a discrete spin wave
The magnetic dynamics of nanoparticles of the canted anspectrum with an anisotropy gap, in agreement with the the-
tiferromagnet hematitéa-Fe,03) is particularly interesting oretical predictions. The measurements allow an estimation
due to a complicated magnetic structure, which gives rise tof the temperature dependence of the anisotropy connected
rich dynamic$~1°Further, an unexplained suppression of theto the suppression of the Morin transition.
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3 ' stitute, Switzerland. The RITA-2 spectrometer was run in the
monochromatic point-to-point focusitigand in the mono-
chromatic imagindf analyzer modes. The experiments at
TASP were performed in standard triple-axis geometry.
Some of the TASP experiments were performed with polar-
ization analysis. Here, the small adjustable guide field at the
sample position ensured that the neutron polarization would
always point along the scattering vectat, All experiments
were performed with constant final neutron energy of 5.0
meV using relatively loose collimations.
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A. Experiments with unpolarized neutrons

Figure 1 shows the normalized measured scattering inten-
sity versus neutron energy transfersfw, for scans per-

1 ¢300 formed at constant neutron momentum transferl.50 At
K in zero applied field at the indicated temperatures and at 200
: : : K in applied fields. In Fig. 1, a peak at1.1-1.3 meV is
-2 -1 0 1 2 05 1 L5 2 " .
£ (meV) £ (meV) seen at both positive and negative energy transfers. The peak

position increases with increasing temperature and increas-
FIG. 1. Inelastic neutron scattering data measured aing field. As we shall discuss later, we ascribe this signal to a

x=1.50 A%, close tor;o;. (8) Logarithmic plot of the data at zero high-energy mode of collective magnetic excitations.
applied field at the indicated temperatures. The arrows indicate the The data have been fitted to an elastic signal from inco-
position of the high-frequency collective magnetic excitatidn.  herent scattering and two damped harmonic oscillator mod-
Linear plot of the data in applied fields @&=200 K. The data are g|s for the dynamics of the low-frequency and high-
displaced py(a) a factor of 1.00 andb) a constant. The solid Iine§ frequency precession stafés[Broadening of the elastic
_represent fits as d_escrlbed in the text._ The feature at 0.6 médy in signal due to superparamagnetic relaxation can be neglected
is a background signal as discussed in the text. with the present energy resolution of approximately 6%

(HWHM); see Ref. 13.Before correcting for experimental

Il. THE HEMATITE SAMPLE resolution and background, the model is given by
Hematite has the corundum crystal structure, while the D(e) 2y%et?
. . . . . _ + 0
magnetic structure is essentially hexagonal with alternating [(g) = Ajcdle) + > At N oo (D
+ (e°—ep) +4y~e

planes of spins along the hexagomahxis, i.e., along the

[091] direction._ In bulk hematite at high temperatures, thewhereAinc andA* are the integrated intensiti¢areas of the
spins are lying in the basgd01) plane, but below the Morin jncoherent elastic signal and the low-frequeeyand high-
temperatureTy, =263 K, a spin flop transition takes place to frequency(-) inelastic components, respectively is the

leave the spins parallel 1001]. In nanoparticles below HWHM and &j the positions of the inelastic peaks, respec-

~20 nm, this Morin transition is suppressed, and only th.etively. D(e)=¢[n(e)+1] is the detailed balance factor, where

high-temperature phase is found. In this phase, the sp|q§(£) is the Bose factor

have a'sma'll cantingin bulk 9-13 away from ant|fer'ro . The inelastic background is modeled by a broad Lorentz-
magnetic alignment, resulting in a small net magnetization .

S N - lan signal, found from measurements at otkearalues. Fur-
within the plane. Hematite is the most stable form of iron

oxide at ambient conditions and is found in vast quantities orihgré r%ef/m\?vlﬁicr? ?sujsslﬁgtlemaﬁgfallit gfnthznoonewﬁlogzmpe??kofat
Earth, and recently also on Maks. ' ’ pen g y

The powder sample of nanocrvstalline hematite is thethe RITA-2 spectrometer combined with a nonideal mosaic
P P y ature of the PG002) analyzer crystal® The energy reso-

same as was used in the previous studies. It was prepared Woon f . d for th i d
thermal decomposition of FHO3);-9H,0, as described in lon function used for the temperature series was measure
3’3 ' on the hematite sample @t6 K. For the field series, it was

Refs. 9 and 10. 'Mi)'ss'bauer spectroscopy, electron micro?ﬁeasured in zero field 8t=200 K. The main component of
copy, and x-ray d'ﬁraCt'on have s_hown_ that the Sa”.‘p'e “OMihe resolution function in the two data series is a Gaussian
sists of nanocrystallites of hematite with a mean size of 1 ine with HWHM 107(2) peV. Additionally, there is a much
nm and a small amount .Of Impurities in the form of fef”hy' weaker Lorentzian component to the resolution function of
drite, and that the Morin transition is suppressed in theHWHM 90(25) peV. The parameters: andy* of the inelas
i 10 : -

nanoparticles: tic component modeling the low-frequency collective mag-
netic excitations are fixed at the values obtained in the high-
resolution experiment of Ref. 13. In Fig. 2 the positiof
and the ared™ of the high-frequency peak as obtained from

The neutron scattering experiments were performed at ththe fits are shown as a function of sample temperature and
RITA-2 and TASP spectrometers at SINQ, Paul Scherrer Inapplied field.

IIl. NEUTRON SCATTERING EXPERIMENTS
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FIG. 2. (a) Area(A”) and(b) position(gg) of the inelastic peak
as a function of temperature in zero fiel@) Area (A”) and (d)
position (g,) of the inelastic peak as a function of applied field at
200 K. The lines show fits as described in the text.

FIG. 3. (a) Diffraction data on hematite at 200 ib) Constant-
e-scan measured at=1.1 meV at 200 K. The solid lines are fits to
the peaks multiplied with the Debye-Waller factor plus a sloping
background(c) Polarization data on hematite measured at 200 K in
) ) ) the non-spin-flip channglO) and the spin-flip chann€l®). The

Figure 3a) shows diffraction data measured at 200 K. Thestraight lines represent fits as described in the text. The main panel
peaks at 1.372) A~ and 1.5173) A™* are the antiferro- shows the inelastic intensity measured at the antiferromagnetic re-
magnetic(003) and (101) reflections from hematite, respec- flection atk=1.50 A™1. The lower straight lines are the correspond-
tively. The peak at 1.7G%)A 1 is the Structura{loz) reflec- ing analyzer-turned background in the two channels. The inset
tion. In Fig. 3b) a x scan measured at constant neutronShows diffraction data.
energy transfee=1.1 meV is shown. A peak at1.52 A*
is clearly seen. The peak at1.37 A1 is mostly due to a tail
from the low-frequency excitation, as we will discuss below.

Figure 4 shows #@x,w) color map of the inelastic scatter-
ing around the magnetic scattering vecteggs and 71, in
zero field andr'=200 K. The data were taken with the mono-
chromatic imaging mode, yielding 7 data points per setting

The complete map was taken with 9 energy scans. Th .
method, including data treatment procedure, is detailed in The background exceeding the analyzer-turned back-

Ref. 18. The statistics of the data in the color map is im‘eriorground originates from the sample. Since the intensity in the

to the data of Figs. 1 and 3, but the overall tendencies can B¥/C channels is equal, except for a factor of 14 this
cl .

more easily seen in a color map. The modeat.1 meV is
clearly seen ak=7;4;, and a faint signal at the same energy
is seen atk=7y03 The (101) mode is clearly localized in
(k,e) as a relatively sharp peak. This is in contrast to the
low-frequency(003) mode, which is broad and has intensity
even ate=0.
» 1
4
|58 P
3(c), we show the polarization analysis of this reflection. 08 s ‘
o : |
From the small value of the measured spin-flip scattering, we 07 Rk .
determine the overall polarization of the experimental setup, 2 18 4 1/:515_1
which is comprised of initial polarization, depolarization in <A
the setup, and polarization efficiency of the benders. The g 4. (Color onling The scattered inelastic intensity at 200 K
value wasP=0.699). and zero field as a function of scattering vectoghorizonta) and
The main part of Fig. @) shows the results of a polariza- energy transferiw (vertica). The bar to the right represents the
tion analysis of the inelastic peak measuredcatl.50 A, color scale. The solid lines show the dispersion relation of bulk

close torg;. Since the neutron polarization is parallel#p  hematite with anisotropy gaps of 1.1 and 0.26 meV, as discussed in
all magnetic scattering is ideally spin-flip scattering. With thethe text. The data have been normalized as described in Ref. 18.

present valugand uncertaintyof P, this gives that the ratio

of the observed ratio of non-spin-flip scattering to spin-flip
scattering is expected to be 2% Indeed, the largest part of
the peak at~1.1 meV is observed in the spin-flip channel.
The non-spin-flip to spin-flip fraction is found to be 1:@L
This does not contradict the hypothesis of a purely magnetic
Qrigin of the signal.

B. Experiments with polarized neutrons

The purely structural reflection at=1.70 A1 has sup-
posedly only non-spin-flip scattering. In the inset of Fig.

214411-3
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signal probably comes from nuclear incoherent scattering, H. = - 2, 3
probably from'H. This ratio would be 1:2 for nuclear inco- an 2,: (S KB”SZZ)’ @

herent scattering with a totally polarized be&hbut with the ) L ) o
present value o, this would become 1:1(&), in agreement where thex direction is alond001] and thez direction is the
with measurements. easy axis within th€001) plane. The coefficients; and kg,

represent the anisotropy per atomic site and are related to the

IV. DISCUSSION anisotropy constant; <0 of the [00]] direction andKg,
o _ >0 of the uniaxial basal plane anisotropy defined for hema-
A. Quantization of spin waves tite nanoparticles in Ref. 13 bk, =K,V and Nxg S’

The measured spin wave dispersion relation of bulk he=Kg,V, whereS=3 for Fe**,V is the particle volume, anM
matite is very steef? with an energy given by the number of spins. Simplifying the magnetic structure of
Sq:\;czq2+8$2, where the effective spin wave velocity is hematite t_o a tWO-SUb|fittlce _structure,_ and _neglecn_ng the
c=200 meV A. The first excited state with+ 0 of a spheri- small canting, the zero-field spin w.ave.d|sper3|on relation for
cal nanoparticle has estanding wavelength of ~1.42d. ~ wave vectorg along the[001] direction is given b§*

For ad=16 nm particle(corresponding to~10° sping this (S
gives the smallest nonzerq value of g.;,~0.028 A%, eézz—v/
corresponding to a minimum energy ef,;,~5.6 meV for S
egg<1meV. The observed signals at0.26 meV and where A= (-, +kg,)s and B=kg,s with S':S—%.ZB Fur-
~1.1 meV therefore cannot be caused by finite-size quantig,o Jq=~S(31+335+63,)c09cq), and Jo=Jezo With C be-
zation. They must be assigned to unlfprm magnetic eXCIta|'ng the lattice constant in thgo01] direction. The nearest-
tions (q=0 spin wavesand they determine the value of the neighbor out-of-plane exchange constaditgJ;=6 K, J;=
small anisotropy gapsg. This corresponds to the low- -29.7 K, J,=-23.2 K, which are labeled accordin,g to in-
frequency and high-frequency modes of the weak ferromagg e asing interionic distangéhave been determined by spin

: . e
netic phase in bulk hematite. wave measurement SinceJ,=556 K is about 4 orders of

For spin waves in a bulk isotropic antiferromagnet, they,,onitde larger thasl and B, the two energy gaps of the
scattering cross section for creation or annihilation of an exaispersion relation fog— 0 are well approximated by

citation is proportional t19:2

(A+Tox T)B+ T+ Ty, (4)

+ 1,1 v AS) = _ XS
- = S+ 2 =~ 27,8 and =~ —2JA. 5
(&, ) o jo<5>2 [1- (k- MB)Z]%%’-# ) S V£do ) S V£do (5
B a.B

The two branchegt) of the dispersion relation are the low-
X8k ¥ q-7)8egp T &), (2 frequency and high-frequency modes described above.
) ) i - N ) Hence, the two energy gapsf the two modes afj=0) cor-
where 8 is a Cartesian coordinate, aldi; and k are unit  ragnond to the low-frequency and high-frequency collective
vectors pointing in one direction of the spin wave amp“tUdemagnetic excitation, respectively. Using=0.26 meV and
and the scattering vector, respectively. For isotropic spinaa:l_l meV, we find4=35 mK andB=2.5 mK.
waves, the sum is conventionally replaced by(&-+M,)?, In bulk hematite, both modes are of antiferromagnetic
wherez is the direction of the ordered moment. character, i.e., the two sublattices precess in antiphase. Due
In a powder sample like ours, the orientationgf, (the  to the strong planar anisotropy, the spin precession is
relevant reciprocal lattice vectoris arbitrary. For a given strongly elliptical and very different for the two modes. For
length of the spin wave vectog, the scattering vectors,  thee; mode the precession is almost exclusively in (d@1)
can thus fall in the intervelrg,—-q; 7101+q]. This gives rise  plane, whereas for the; mode it is almost exclusively along
to a smearing of the signal iafor a given energy transfes,  the [001] direction. For extreme elliptical precession, the
The dispersion relation for the two modes in bulk hema-sym in (2) should be replaced by the factm—(;(.mﬁ)z],
tite is shown in Fig. 4. It is seen that the steepness of th@vhereMﬁ is now along the long axis of the ellipse. This
dispersions implies that the related smearing of the scatterinﬁ;np"eS that the neutron scattering intensity of #emode is
vector at low energi_es is negligible i_n comparison with thestrongly suppressed when the scattering vector eqigls
flnlte—sm_al broadening of the signal ofék~2m/d  \hile thes mode has maximum intensity for this scattering
70-04'& - A bulk-like dispersion would thus have given yector. In the nanoparticles, we observe exactly this:
rise to a signal ak= 710, With a large asymmetric tail to- |-(903)/1=(101) ~0.11, proving that the high-energy mode is
wards the high energy side. Since we observe a symmetr@tmng”y elliptical and predominantly out-of-plane.
peak with essentially no intensity above the o0 modes, In zero applied field we assume that the variationegf
we conclude that the bulk-like continuum is absent and thaf ;i temperature is solely due to changes in the anisotropy
the spin wave spectrum is quantized, as expected. coefficientx;. We have no model for this temperature depen-
dence, but as a starting point we #§ to a second-order
polynomium inT, as shown in Fig. @). The intensity of the
The spin structure of bulk hematite is determined bymode follows directly from Eq(2); see the fit in Fig. @&).
Heisenberg and Dzyaloshinskii exchange interactions and Brom the definitions of4 and 5 we obtain A-B=-«;S'.
crystal field anisotropy Further, Eq.(5) relates.A and B to the energieg, and ;.

B. Properties of the high-energy collective mode in zero field
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FIG. 6. lllustration of the scattering geometry for a powder
sample whenk=7(0y. The [001] direction makes an angle,
a~72°, to the[101] direction.
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average of the energy in E¢6). In Fig. Z2d) the result is
shown for a fit with the bulk valuésB,=2.1 T, andg=2.
¥he only free parameter of the fit is the energBat0 T. We
obtaine;=1.121) meV atT=200 K.

The scattered intensity varies for the different contributing

We have usedt; as determined in Ref. 13. The obtained particles due to the factor Z#-M)? in Eq. (2). Again, we

value ofx;(K,) is shown in Fig. 5. The value corresponds to Qerform an average over the contributing particles. We use

x;=—16(1) mK at T=0 and -23.71) mK at room tempera- M «(=[Bsin&+Bp],Bcos¢,0), where thex axis points in
ture, and hence does not change sign with increasing tentt€ [001] direction and thez axis is perpendicular to the
perature. This is in contrast to the bulk behavior, where ~applied field. Hence, we assume a zero-field spin direction
change sign at the Morin transiti§nThus, the measured diven by the projection of the externally applied field onto
temperature dependence I6f sheds new light on the sup- thg basal plane. In Fig.(® the result _of t_he described aver-
pression of the Morin transition in hematite nanoparticles9ing over Eq(2) is shown by the solid line. The dotted line
The overall temperature dependence of the anisotropy iflodels the scattered intensity if we assume approximately
nanoparticles is similar to that of the bulk, but shifted by acircular precessiongvith 1-(k-M)? in Eq. (2) replaced’1°
constant(positive) amount. In studies of the anisotropy of py 1+(%.M)?), giving a clearly inferior fit. Hence, these data
nanoparticles of a-Fe?® y-Fe,0; (maghemitg?* and support the picture of the precession as strongly ellipftal.
a-Fg,0; (hematite, the in-plane anisotropdf it has been Tpe strongest evidence for elliptical precession in the high-

found that the anisotropy constant increases with decreasir’&ergy mode, however, comes from the strong suppression of
particle size. A main contribution to this is presumably sur-jio intensity atrgs

face anisotropy? It is likely that the different values df; in
bulk and nanoparticles af-Fe,O5 also can be explained by
the influence of surface anisotropy in nanoparticles. V. CONCLUSION

FIG. 5. Temperature dependencerqf(K;). The solid line rep-
resents our results for the hematite nanoparticles. The dashed li
represents the value for bulk hematjfef. 8.

We have observed a second collective magnetic excita-
tion, the high-frequency mode, in hematite nanoparticles by
The field dependence of the excitation energy is givéh byinelastic neutron scattering at momentum transfers equal to

s _ 13 5> . the antiferromagnetiq10l) reflection. The precession is

e0p = \(€0)* + (gua)[B’coSE + Bp(Bsiné+Bp)l, (6)  found to be strongly anisotropic with a large out-of-plane
whereBy, is the Dzyaloshinsky field angithe angle between Ccomponent. The mode has no dispersion, as seen from the
the applied fieldB and the[001] direction. Note that due to Sharpness in energy, giving evidence for quantization of spin
the small canting, Eq6) differs in zero field from Eq4) by ~ Waves in the system. A mpde'l mcludln.g an analygls of the
the term (guaBp)?, which equals(0.24 meVj2. Here, we Orientation of th_e contributing particles explams the
have used the values for bulk hemditB,=2.1 T, and temperature- and field dependence of peak position and scat-
g=2. tered intensity. We find that the absolute value of the out-of-

In applied fieldsg; 5 depends on the angtebetweens, pl_ane anisotropy cor.]stantll increages with tempergture,.
which is applied verti’cally, and thgo01] direction. In order yvlthoqt a change of sign as is seen .|n'the bulk matenall. This
to contribute to the scattering, the particles of the powdefS @n important step towards explaining the suppression of
sample have to be oriented so that tHdi®1] direction co- the Morin transition in hematite nanoparticles.
incides with the scattering vector, i.&= 7101. Thus, the only

C. Effect of an applied field

degre_e of freedom is_rotatior_1 of tli@01 plane. _Henc_e,_for ACKNOWLEDGMENTS
the different contributing particles t803] direction will lie
on a cone with symmetry axis equal to tfEO1] direction We thank F. Bgdker for preparing the hematite nanopar-

with varying &, as illustrated in Fig. 6. We assume that theticles. We are grateful to B. Lebech and N. B. Christensen for
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