
Antiferromagnetism of Colloidal [Mn0�0.3THF]x
Joachim Sinzig,1 L. Jos de Jongh,1 Helmut BoÈ nnemann,2* Werner Brijoux2

and Rainer KoÈ ppler2

1Kamerlingh Onnes Laboratory, Leiden University, PO Box 9506, NL 2300 RA Leiden, The Netherlands
2Max-Planck-Institut fu¨r Kohlenforschung, Postfach 101353, D-45466 Mu¨lheim an der Ruhr, Germany

The reduction of MnBr 2�2THF (THF = tetra-
hydrofuran) using K[BEt 3H] yields the organo-
sol [Mn�0.3THF]x. According to the UV/Vis,
ESR (electron spin resonance spectroscopy),
HRTEM (high-resolution transmission electron
microscopy), XPS (X-ray photoelectron spectro-
scopy) and XAS (X-ray absorption spectroscopy)
data, this nanosized metal colloid consists of
small THF-stabilized Mn0 particles which show,
in susceptibility investigations, a diminished
magnetic coupling as deduced from the Weiss
temperature, � = 96 K. The Neél temperature
TN is likewise strongly reduced in comparison
with the bulk value (95 K). The THF-stabilized
Mn0 particles exhibit superparamagnetism
below 20 K, with a partial blocking at 10 K,
and to our knowledge represent the first colloid
consisting of particles of an elemental antiferro-
magnetic metal.# 1998 John Wiley & Sons,
Ltd.
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INTRODUCTION

Because of the possibility of studying the size
dependence of the magnetic transition temperature,
the Neél temperatureTN, antiferromagnetic parti-
cles have often been investigated in recent years. In
contrast to normal ferromagnets, theTN values of

some antiferromagnets lie below RT (room tem-
perature) and can therefore be studied in commer-
cial magnetometers.1 Early results were published
by Richardson and Milligan;2 they reported a
dramatic decrease inTN from 523 K for bulk NiO
to 95 K for NiO particles with an average diameter
of 8 nm. Similar results were recently obtained on
MnO particles by measuring the ESR (electron spin
resonance spectroscopy) line width.3 In manganese
the situation is more complicated because of the
complex magnetic structure. The magnetism in
bulk manganese can be described in terms of
localized magnetic moments, which generally
allows the analysis of the susceptibility data in
terms of a Curie–Weiss law.

Colloidal dispersions of manganese may be
synthesized via chemical reduction of the manga-
nese halides in THF (tetrahydrofuran) suspension.
The synthesis (Eqn [1]), and an XPS (X-ray
photoelectron spectroscopy) and XAS (X-ray
absorption spectroscopy) study of the organosol
[Mn�0.3THF]x, have been reported recently.4 As
the starting material for the salt reduction,
MnBr2�2THF was used with K[BEt3]H in THF as
the reducing agent. A subsequent cooling step to
ÿ78°C allowed more than 95% of the insoluble by-
product KBr to be separated from the manganese
sol (Eq. 1).In vacuo(0.1 Pa), H2 and BEt3 may be
completely removed together with the solvent.4

MnBr2 � 2THF� 2K�BEt3H� ÿÿ!THF

�Mn � 0:3THF�x� 2 BEt3� 2 KBr # � H2 " �1�

The isolated [Mn�0.3THF]x particles are ex-
tremely oxophilic, very soluble in THF, but
insoluble in hydrocarbons. Electronic and geo-
metric structure investigations of the colloidal
manganese using XPS and XAS showed that it
consists of zero-valent manganese particles sur-
rounded by intact THF molecules.4 By HRTEM
(high-resolution transmission electron microscopy)
colloidal manganese particles with a mean particle
size of 1–2.5 nm were detected.4
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EXPERIMENTAL

Preparation of [Mn�0.3THF]x
A solution of K[BEt3H] (50ml, 0.226M) in THF
wasaddedat RT over3 h to a stirredsuspensionof
MnBr2�2THF (1.7g, 5.12mmol) in THF. During
the reduction approximately5 mmol of H2 was
released.The reaction mixture was stirred for
another 16h at RT. The precipitated KBr was
removedby filtration. BEt3 andTHF wereremoved
from the brown filtrate in vacuo (0.1Pa). The
product was dried in vacuo for 16h. Elemental
analysis:Found:Mn, 60.5;K, 4.2; Br, 8.6; B, 0.5;
C, 16.6;H, 2.9%.

All manipulationswere carried out under an
argon atmosphereusing Schlenktechniques.The
solventsweredried anddistilled underargon.

ESR investigations of [Mn�0.3THF]x
The apparatusused for the measurementswas a
JES-RE2X spectrometer.The frequency of the
microwavesourcewas�9.4GHz for RT measure-
mentsand�8.9GHzfor samplescooledwith liquid
nitrogen.The differencewasdueto thedistinction
betweenthecavitiesusedfor thetwo temperatures.
Themagneticfield couldbesweptfrom 0 to 0.8T.
For thecalibrationof thespectrum,thefreeradical
DPPH (diphenylpicrylhydrazyl) was used as a
marker,so all g valuesweretakenwith respectto
DPPH (g = 2.0036).Sampleswere preparedin a
glove box (O2, H2O< 1 ppm),andsealedSuprasil
tubeswereusedassampleholders.

Susceptibility measurements on
[Mn�0.3THF]x

Measurementsof themagneticsusceptibilityw and
the magnetization M were performed in two
different set-ups:(1) with a commercialSQUID
magnetometer(SQUID, superconductingquantum
interferencedevice) type S600cin a 4He cryostat
for temperaturesbetween1.6K and RT and in
fieldsup to 5 T; and(2) with a home-builtSQUID
susceptometerfor evenlowertemperaturesdownto
60 mK.5 To averageout any noiseandthe drift of
themagneticfield,severalscansweretakenmoving
upwardsand downwardsand only the averaged
curve was usedto determinethe M value of the
sample.The transferof the samplesinto special
holdersfor susceptibilitymeasurementswascarried
out in a glovebox (O2, H2O< 1 ppm).

RESULTS AND DISCUSSION

ESR

The manganesecolloid, bulk manganese,and
MnBr2 were investigatedby ESR to check the
quality of thesample.Thespectrameasuredat RT
areshownin Fig. 1. TheMnBr2 sampleexhibitsthe
six-line splitting of the resonancecurvedueto the
s= 5/2spinstateof theMn2� ions.Theintensityof
thebulk manganesespectrumis veryweakbecause
of the usualbroadeningof ESRsignalsin metals.
The six weaklines in the spectrummostprobably
originate from surfaceoxidation. By contrast,the
manganesecolloid sample shows a pronounced
broadresonancecentredat the g valueof the free
electron(g = 2.0023).A broadresonanceline was
also publishedfor the ESR spectraof other small
metalparticlesandappearsto beacommonfeature
(see Ref. 6). The six-line splitting of MnBr2 is

Figure 1 ESRspectraof theManganesecolloid, MnBr2 anda
bulk sample.(The scaleon the x-axis is the samefor all three
spectra.)
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absenthere,indicatingthatthereis nooxidizedMn
in the colloid sample.Becausethe XPS andXAS
results4 show independentlythat the manganese
colloid consistsof zero-valentmanganeseparticles,
it may be concluded that manganeseis in the
metallic statein [Mn�0.3THF]x.

Susceptibility measurements

In thedc-susceptibility(wdc) plot of [Mn�0.3THF]x
shownin Fig. 2 athighertemperaturesaCurie-law-
like behaviouris observed,but at lower tempera-
turesno clear transitionto a magneticallyordered
phaseis to be seen.However,a careful fit of the
datasetexhibitsatransitionbetween30and50K to
a different Curie characteristic with changed
parameters(seealso [1/wdc] and [wdc�T] plots in
Fig. 2).

As canbe observedin the figure, the curvemay
be divided into two temperatureregions.Above
50K, wdc can be describedby a Curie–Weisslaw

(Eqn. [2]) with the Curie constantC = 2.14 emu
(mol Mn)ÿ1 andtheWeisstemperature� = 96 K.

�dc � C=�T ��� �2�

For comparison, the dc susceptibility wdc
measuredfor a bulk manganesesample,shownin
Fig. 3, has a cusp and decreasesat lower tem-
peratures.Magneticimpurities,e.g. iron atoms,in
the bulk sampleleadto the somewhathigherNeél
temperatureTN� 100K comparedwith pureman-
ganese(TN = 95K) andtheincreasein wdc below60
K.7,8 According to meanfield theory,a condition
for astableantiferromagneticstateis 1��/TN� 3
(seeRef.9, pp.454–457),but theupperlimit hasto
be extended to �/TN� 5 in more complex
structureslike MnO. The magnetic structure in
antiferromagneticallyordered a-manganese(the
only stableform of manganesebelowRT) is rather
complicated.The magneticunit cell of manganese
consistsof 58atomswith four differentsitesfor the
Mn atoms.7,8,10 The magneticmomentsper atom
correspondingto thefour sitesin themagneticunit
cell are 1.9 (two atoms),1.7 (eight), 0.6 (24) and
0.25mB/atom (24). Thereforethe Weiss tempera-
ture for bulk manganesewas estimated to be
� = 475K (�/TN = 5, as in MnO), which is much
higher thanthe valuededucedherefor the colloid
(� = 96 K) in the rangeabove50 K.

Fromthisweconcludethattheantiferromagnetic
coupling in the Mn particles(1–2.5 nm) is much
weaker than in the bulk metal. The much lower
magnetic ordering temperatureis similar to the
resultsfor NiO andMnO particles.2,3 Theexpected
bulk sampleratio�/TN = 5 leadsfor thecolloid to a

Figure 2 Dc susceptibilityof the Manganesecolloid mea-
suredin a field of 5� 10ÿ3 T. The plots arewdc, [1/wdc], and
[wdc�T] vs temperature.The solid lines arefits to the datawith
the sameparametersfor all plots.

Figure 3 Dc susceptibility of bulk manganese.The insert
shows1/wdc plottedvs temperature.
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Neél temperatureTN � 19.2K. Thismayberelated
to the observeddifference in Curie behaviourat
temperaturesbelow 20K, asshownin Fig. 2. The
Curieconstant,C = 0.686emu(mol Mn)ÿ1, is much
lower than the high-temperaturevalue (C = 2.14
emumol)ÿ1. Again,it hasto beemphasizedthatthe
wdc curvecannotbedescribedby asuperpositionof
two Curie–Weisslawsover thewhole temperature
range, but that wdc shows a transition from the
behaviour above 50K to the low-temperature
behaviour. Moreover, below 20K the
[Mn�0.3THF]x particlesexhibit superparamagnet-
ism which is not likely to originate from iron
impurities. Due to the starting materials of the
manganesecolloid synthesis,there should be far
fewer impurity atoms included in the colloidal
samplethanin thebulk material.Theresultsshown
could be reproducedin three separatelyprepared
samples.Figure 4 showsthe temperaturedepen-
denceof the zero-field-cooledandfield-cooleddc
susceptibilitywdc in a field of 0.1 T. Both values
increasewith decreasingtemperatures,but split at
10 K.

The hysteresis loop taken at 5 K and the
magnetization(M) curvesat varioustemperatures
are shownin Fig. 5. The hysteresisis very small
(the loop is alreadyclosedat 0.5 T), which is not
expected for a manganesematerial with iron
inclusions.The M(B) data also show linear field
dependenceabove20K, which is unlikely for iron
impurities. The magnetization M is not yet
saturatedat 5 T, evenat the lowest temperatures,
a behaviourwhich is expectedfor anantiferromag-
netic particle, in which the net magneticmoment
originatesfrom uncompensatedsurfacespins, as

was pointed out by, for example,Pankhurstand
Pollard.11 The averagemagneticmomentper Mn
atomliesstill below0.3mB/atomat5 T. Becauseof
the unsaturatedmagnetizationcurves(Fig. 5) the
determininationof a precisevalueis very difficult.
In bulk manganesetheaveragemagneticmomentis
0.63mB/atom, when averagedwith respectto the
occupationof the four sitesin the bulk. Compared
with this value, the observedmagnetizationof
0.3mB/atomat 5 T for the [Mn�0.3THF]x particles
(with ca 500 Mn atomsper particle)appearsto be
reasonable.

Relaxationof the magnetizationM is a typical
superparamagneticfeature for blocked particles.
Thereforethe time dependenceof the magnetiza-

Figure 4 Dc susceptibility of zero-field-cooledand field-
cooledsamplesof the Manganesecolloid in a field of 0.1 T.

Figure 5 MagnetizationM vs magneticfield for the manga-
nesecolloid, anda hysteresisloop measuredat 5 K.

Figure 6 Relaxation measurementon themanganesecolloid.
In the insert the fit with an exponentialdecayis shownin a
semi-logarithmicplot.
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tion M of the [Mn�0.3THF]x particleswasinvesti-
gated.After thesamplehadbeencooledto 8 K in a
field of 5 T, the field wasreducedto zeroandthe
magnetizationM was determinedat certain time
intervals. The curve obtained,shown in Fig. 6,
couldbefittedwith anexponentialtimedependence
afteranon-exponentialstart,which is probablydue
to theparticlesizedistribution.

Therefore,the manganesecolloid, at tempera-
turesbelow20K, exhibitsall thefeaturesexpected
for a superparamagneticsample, with partly
blockedparticlesbelow 10K, andno evidencefor
aclearmagneticorderingtransition.Furthermore,a
much lower value of the antiferromagneticex-
changeis found in comparisonwith bulk manga-
nese, in agreementwith other investigationson
antiferromagneticparticles. The magnetic beha-
viour observedbelow20K shouldbeascribedto a
combinationof anisotropyand interparticlemag-
netic interactions.
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