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We have studied the paramagnetic-to-antiferromagnetic phase transition in spherical 8-MnS nanoparticles of
well defined diameters in the range of 3—11 nm. The MnS nanoparticles were obtained by intrapore synthesis
inside mesoporous silica matrices. Electron spin resonance and magnetization measurements reveal that no
antiferromagnetic order is established in MnS spheres of 3 nm down to 2 K and that the antiferromagnetic
order is gradually recovered on increasing the particle diameter to 11 nm. Photoluminescence excitation
spectroscopy proves that in all MnS nanostructures the nearest-neighbor coupling between the Mn ions remains

the same as in bulk suggesting that the suppression of the phase transition arises due to geometric restrictions

alone.
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Democritus’ question,! how much the extension of a ma-
terial can be reduced before losing its natural properties, has
been debated for more than 2400 years. For chemical prop-
erties, this limit is given by the radii of atoms and molecules.
Regarding electronic correlations and magnetism, the ques-
tion is still up to date, because miniaturization in today’s
electronics approaches dimensions where quantum effects
become more and more important. Ideal one- and two-
dimensional systems of Heisenberg type, i.e., characterized
by isotropic interaction between the spins, do not develop
any kind of long-range magnetic order down to lowest tem-
peratures (Mermin-Wagner theorem?). However, the assump-
tions of this theorem are hard to realize experimentally. Most
systems exhibit some residual anisotropy of the interaction
between the spins and, furthermore, real magnetic nanostruc-
tures usually have finite extensions in all three dimensions,
e.g., quantum wires of a finite thickness and length or spheri-
cal quantum dots of a finite diameter. Here we address a
related problem of high interest both for basic research and
application in electronics design and determine the limit,
where long-range magnetic order is suppressed, when scaling
down a three-dimensional object: We investigate the para-
magnetic (PM) to antiferromagnetic (AFM) phase transition
of [B-MnS nanoparticles incorporated within mesoporous
silica hosts.

To study nanoscale effects, it is necessary to precisely
control the size of the nanoparticles. Recently, a strong de-
crease in Ty was found in CuO nanoparticles of diameters
d=10 nm (Refs. 3 and 4) on the lower boundary accessible
by sol-gel preparation or ball milling used in those works.
Smaller particle sizes can be obtained using the family of
host materials, called M41S phases,5 which provides ordered
arrays of nanotubes with well defined diameters between 3
and 12 nm. These hosts are ideally suited for the incorpora-
tion of magnetic semiconductor guest materials (cf. Fig. 1).
Consisting of the large band-gap insulator SiO,, they serve
as a barrier material for the semiconductor. In this way, regu-
lar arrays of nonmagnetic semiconductor nanostructures®~!!
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have been successfully synthesized. In general, the focus in
studies of such semiconductor nanostructures is the effect of
reduced dimensions on their optical properties'>!3 in com-
parison to bulk material.

Magnetism can be induced by substituting cations with
magnetic transition-metal ions. In this way, the diluted mag-
netic semiconductors Cd;_Mn,S (Ref. 14) and Zn,_Mn,S
(Ref. 15) have recently been synthesized and analyzed. Here,
both optical (band-gap bowing and quantum confinement)
and magnetic properties (Curie-Weiss temperature and
electron-spin resonance linewidth) were strongly altered
upon size reduction. Thereby, the increased surface-to-
volume ratio turned out to be decisive in small spherical
nanostructures. The influence of the dimension on long-range
magnetic order can be studied best using the pure MnS sys-
tem. MnS exists in three modifications of rock salt,
zincblende, and wurtzite type. Here, we concentrate on

FIG. 1. Transmission electron microscopy (TEM) images: (a)
Top view of an empty SiO, nanostructure; (b) cut along the chan-
nels after filling with the magnetic semiconductor.
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FIG. 2. (Color online) Comparison of PL and PLE results at T
=10 K in B-MnS nanoparticles of different diameters. Inset: tem-
perature dependence of the energy shift AE with respect to room
temperature for the 6A1 H4T; transition.

wurtzite S-MnS, which can be characterized as a hep type 11
antiferromagnet with a Néel temperature of approximately
Ty~=80 K and a Curie-Weiss temperature of ®=-932 K.!6
It is highly isotropic in all three dimensions and the spin
system can be well described in terms of the Heisenberg
Hamiltonian ‘H=2XJ;§;S;, characterized by isotropic ex-
change constants J;; between spins S; and ;. 17" Spherical
B-MnS particles can be synthesized inside the pores of me-
soporous silica hosts at moderate temperatures avoiding re-
actions with the SiO, walls and admixtures of other MnS
modifications [cf. Fig. 1(b)]. Details of the synthesis and
sample characterization are described in Ref. 15.

The electronic properties of the incorporated MnS nano-
particles were investigated by means of optical and magnetic
techniques: photoluminescence (PL) measurements were car-
ried out at 10 K. For PL, excitation light was provided either
by a HeCd laser (325 nm) or by a tunable tungsten lamp
system followed by a monochromator (470 nm; bandwidth 5

m). The PL signal was detected in the range from 500 to
700 nm. For photoluminescence excitation (PLE), the PL
intensity was detected at 600 nm, varying the wavelength of
the excitation light from 270 to 580 nm. The sample lumi-
nescence was detected by a spectrometer equipped with a
GaAs photomultiplier (resolution better than 1 nm). Optical
absorption spectra were recorded in the temperature range
10=7T=200 K using the same setup. Electron spin-
resonance (ESR) studies were performed at X-band fre-
quency (f=9.35 GHz) and static magnetic fields up to 1 T
for temperatures 4.2=7=300 K. Magnetization measure-
ments have been performed in a superconducting quantum
interference device (SQUID) at temperatures 2 <<7<<300 K.

Our optical spectroscopic studies unambiguously prove
that the nanostructures are B-MnS. Figure 2 depicts the PL
spectra of the MnS nanostructures of various diameters. The
so-called yellow emission band centered at about 2.1 eV can
be clearly detected. It corresponds to the Mn-internal transi-
tion between the first excited *7; and the °A, ground state of
the Mn 3@ shell in the tetrahedral local environment of
B-MnS. The corresponding PLE spectra are typical for this
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FIG. 3. (Color online) ESR results of 8-MnS nanoparticles and
bulk. Left: linewidth as a function of temperature; solid symbols:
broad line, open symbols: narrow line. Right: ESR signal fitted by
two Lorentz lines for bulk and nanoparticles of d=11 and 3 nm.

MnS phase and consist of the transitions from the °A,(6S)
ground state to the excited states *T,(4G), *T,(4G), A1(4G)
*E(4G), and *T,(4D) (abbreviated as *T7).'8-20

Another characteristic property of S-MnS is evident from
the temperature dependence of the internal transitions. The
inset of Fig. 2 summarizes the energy shifts of the °A,
—>4T£ transition deduced from absorption spectra of S-MnS
nanoparticles of different diameters. The temperature, where
the energy shift sets in, is close to the Néel temperature of
the bulk material. The magnitude of the shift AE for d
=11 nm is very similar to the bulk value AE~30 meV.?
This is in agreement with earlier observations on bulk wide-
gap AFM manganese chalcogenides, where a strong correla-
tion exists between the energy positions of the Mn-internal
transitions and the magnetic phase transition from the PM
phase into the AFM phase.?-?? This shift is explained by an
exchange effect: the energies of the 3d states are lowered
because of the alignment of the nearest-neighbor spins. The
lowering is larger for the 6A1 ground state (§=5/2) than for
the excited states (S=3/2) resulting in an increase in the
transition energies.”’ The reduced shift for the smaller par-
ticles (see inset of Fig. 2) is caused by the enhanced influ-
ence of surface Mn ions with reduced number of nearest
neighbors (nn). The observation of this shift in the nanosys-
tems indicates that at least the local AFM correlations, i.e.,
the nn exchange constant, remains unchanged with respect to
the bulk material. However, as we will see from magnetic
measurements in the following, long-range magnetic order is
strongly affected by reducing the nanostructure size.

ESR operates locally on the magnetic ion and allows for a
precise study of the PM+« AFM phase transition. For se-
lected samples (bulk, d=3 and 11 nm), typical ESR signals
are depicted on the right of Fig. 3. All spectra are satisfacto-
rily described by the sum of two Lorentzian lines, a broad
and a narrow one. The temperature dependence of the line-
width data is depicted on the left of Fig. 3. The narrow line
does not show a significant linewidth dependence (about 30
mT and slightly increasing below 30 K) on pore diameter. In
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FIG. 4. (Color online) Left: temperature dependence of the in-
verse SQUID susceptibility for all pore diameters normalized to the
same PM moment, because absolute values depend on the degree of
filling. Right: inverse ESR intensities of the broad and narrow line
for bulk and nanospheres with diameters of d=6 and 3 nm.

contrast, the broad line strongly varies with temperature and
dimension. In the bulk system, the linewidth diverges at Ty
due to the corresponding decrease in the spin-spin relaxation
time,?*~2® which is correlated with the divergence of the cor-
relation length. Assuming a dominant isotropic Heisenberg
exchange and a weak (dipolar) coupling as the source of
anisotropy, the temperature dependence of the critical part of
the linewidth is AHo 1/(T—-Ty)" (solid line). The critical
exponent is found to be y=1.1, which is in good agreement
with theoretical predictions.?” This divergence is partially
visible for d=11 nm as well, but becomes more and more
smeared out with decreasing pore diameter. Finally, no indi-
cation for such a divergence is found for d=3 nm, indicating
the suppression of magnetic order due to the reduced particle
size.

More information is obtained from the ESR intensity,
which corresponds to the local spin susceptibility, as well as
from SQUID data which are compared in Fig. 4. The inten-
sity of the narrow line can be described by a Curie law y
=Cc/T for all samples, whereas the broad line follows a
Curie-Weiss law y=Ccw/(T-0) at high temperatures. To
lower temperatures, the broad line becomes undetectable on
approaching Ty in the bulk material, as typical for antiferro-
magnets with an excitation gap larger than the applied mi-
crowave frequency. For d=6 nm, a sizable part of the signal
intensity survives the transition, but for d=3 nm the broad
line follows the Curie-Weiss law down to the lowest tem-
perature, confirming the complete suppression of magnetic
order. Figure 5 compares the quantitative results as a func-
tion of inverse particle size. The Curie-Weiss temperatures
obtained from the fit of the SQUID data by a sum of a Curie
and a Curie-Weiss contribution as well as the relative por-
tions of both contributions correspond well to those deter-
mined from the ESR intensities.

At first glance, the observed decrease in ® with decreas-
ing d and the suppression of the magnetic order seem to be in
contradiction to the conservation of the exchange parameter
derived from the optical experiments above. To lift this para-
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FIG. 5. (Color online) Left axis: Curie-Weiss temperature (hexa-
gons) of B-MnS as a function of inverse pore diameter. Right axis:
relative portion (stars) of Curie law with respect to total suscepti-
bility, gained from SQUID (closed) and ESR (open) data, and
surface-to-volume ratio S/V (dotted).

doxon, we have to discuss the Curie-Weiss temperature O in
more detail; it is given by the well-known relationship?®2°

kz®
£ = 2 ‘]pr = JI‘H’IZ”V! + Jnnnznnn’ (1)

Cas(s+ 1) S

where J, is the exchange-coupling constant between a cen-
tral ion and an ion on the pth-neighbor shell and z,, is the
number of neighbors in the pth shell. In bulk material, one
commonly uses the approximation up to the second shell
where z,,(,) and J,,,(,) denote number and exchange constants
of (next) nearest neighbors. As the optical experiments indi-
cate that the nearest-neighbor exchange is not altered, the
number of neighbors has to change. The only region for this
to happen is close to the surface of the nanoparticles. Figure
1(b) shows that, though the majority of the nanospheres has
a diameter equivalent to the pore diameter, spherical particles
of smaller diameters are also present. The effects due to the
vicinity of the surface become more pronounced with de-
creasing particle size due to the 1/d dependence of the
surface-to-volume ratio and, hence, reduce the largest pos-
sible Curie-Weiss temperature. In total, a distribution of par-
ticle sizes with the sharp upper limit d can be assumed. This
yields a distribution of Curie-Weiss temperatures between a
maximum absolute value |®,,,,(d)| for the particles of size d
and ®=0 K for the smallest particles. Our evaluation of the
SQUID susceptibilities and ESR intensities approximates
this distribution in the easiest way by two Curie-Weiss laws.
In the present case of an antiferromagnet, the small particles
dominate at low temperatures (Curie law) whereas the largest
particles gain weight with increasing 7.

As one can see in Fig. 5, the relative portion of the Curie
contribution increases with decreasing pore diameter due to
the loss of particles with larger diameters, especially below
the critical value of d_;=6 nm where the Curie-Weiss tem-
perature approaches zero. Note that the Curie contribution
strongly varies for different batches of samples with 6 nm
pores, i.e., in this regime, the system is very sensitive to
slight changes in the pore diameter. This can be explained
via the ratio of surface volume S and total volume V which

132408-3



BRIEF REPORTS

we also plotted in Fig. 5, assuming spherical particles with a
surface thickness of one nearest-neighbor distance (approxi-
mately 0.4 nm). In the range 6 >d >3 nm, this ratio changes
from a volume-dominated (S/V<0.5) to a surface-domi-
nated behavior (§/V>0.5). The long-range order phase tran-
sition around the Néel temperature can be followed with de-
creasing pore diameter in both ESR intensity and linewidth.
The largest particles inside the pore system dominate the
ESR signal only until they reach the AFM state (because
particles in the AFM state do not contribute to the ESR sig-
nal). As long as volume-dominated particles are present, they
give a divergent contribution to both linewidth and inverse
intensity at the Néel temperature. However, their number de-
creases with pore diameter. As a consequence, the corre-
sponding anomalies become less pronounced and do not
shift.

In summary, the magnetic measurements indicate a
gradual reduction in the Curie-Weiss temperature and sup-
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pression of long-range magnetic order with decreasing diam-
eter of the S-MnS spheres. However, optical measurements
show that the short-range exchange interactions in S-MnS
are not affected by the reduced dimension. This means that
long-range order needs a minimum number of neighbors to
provide a volume-dominated environment. By controlled
tuning of the pore diameter d in the range of a few nano-
meters, we were able to determine the crossover between
surface-dominated and volume-dominated regimes for
spherical S-MnS nanospheres as 3<<d<<6 nm. This corre-
sponds to a number of 1000-4000 Mn spins which are nec-
essary to form long-range magnetic order.
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and Giinter Koch for the transmission electron micrographs.
We are grateful for funding by the DFG within SFB 484
(Augsburg) and the Optodynamics Center of Philipps Uni-
versity.

! Aristoteles: On coming to be and passing away.

2N. D. Mermin and H. Wagner, Phys. Rev. Lett. 17, 1133 (1966).

3 A. Punnoose, H. Magnone, M. S. Seehra, and J. Bonevich, Phys.
Rev. B 64, 174420 (2001).

4X. G. Zheng, T. Mori, K. Nishiyama, W. Higemoto, and C. N.
Xu, Solid State Commun. 132, 493 (2004).

5C.T. Kresge, M. E. Leonowicz, W. J. Roth, J. C. Vartulli, and J.
S. Beck, Nature (London) 359, 710 (1992).

ST. Hirai, H. Okubo, and I. Komasawa, J. Phys. Chem. B 103,
4228 (1999).

"H. Parala, H. Winkler, M. Kolbe, A. Wohlfahrt, R. A. Fischer, R.
Schmechel, and H. von Seggem, Adv. Mater. (Weinheim, Ger.)
12, 1050 (2000).

8V. I. Srdanov, 1. Alxneit, G. D. Stucky, C. M. Reaves, and S. P.
DenBaars, J. Phys. Chem. B 102, 3341 (1998).

J. R. Agger, M. W. Anderson, M. E. Pemble, O. Terasaki, and Y.
Nozue, J. Phys. Chem. B 102, 3345 (1998).

10R. Leon, D. Margolese, G. Stucky, and P. M. Petroff, Phys. Rev.
B 52, R2285 (1995).

Y. S. Tang, S. Cai, G. Jin, J. Duan, K. L. Wang, H. M. Soyes, and
B. S. Dunn, Appl. Phys. Lett. 71, 2448 (1997).

I2R. N. Bhargava, J. Lumin. 70, 85 (1996).

B A. D. Yoffe, Adv. Phys. 42, 173 (1993).

14E J. Brieler, P. Grundmann, M. Friba, L. Chen, P. J. Klar, W.
Heimbrodt, H.-A. Krug von Nidda, T. Kurz, and A. Loidl,
Chem. Mater. 17, 795 (2005).

I5E J. Brieler, P. Grundmann, M. Froba, L. Chen, P. J. Klar, W.
Heimbrodt, H.-A. Krug von Nidda, T. Kurz, and A. Loidl, J.
Am. Chem. Soc. 126, 797 (2004).

161, Corliss, N. Elliott, and J. Hastings, Phys. Rev. 104, 924
(1956).

17 A. Danielian and K. W. H. Stevens, Proc. Phys. Soc. London 77,
124 (1961).

130. Goede and W. Heimbrodt, Phys. Status Solidi B 146, 11
(1988).

190. Goede, W. Heimbrodt, and V. Weinhold, Phys. Status Solidi B
136, K49 (1986).

20y, Heimbrodt, C. Benecke, O. Goede, and H.-E. Gumlich, Phys.
Status Solidi B 154, 405 (1989).

21y, Heimbrodt, C. Benecke, O. Goede, and H.-E. Gumlich, J.
Cryst. Growth 101, 911 (1990).

22M. S. Seehra and R. D. Groves, J. Phys. C 16, L411 (1983).

23K. Kawasaki, Prog. Theor. Phys. 39, 285 (1968).

2H. Mori and K. Kawasaki, Prog. Theor. Phys. 28, 971 (1962).

2D. L. Huber, Phys. Rev. B 6, 3180 (1972).

265, Maekawa, J. Phys. Soc. Jpn. 33, 573 (1972).

270. Goede, D. Backs, W. Heimbrodt, and M. Kanis, Phys. Status
Solidi B 151, 311 (1989).

287 K. Furdyna, N. Samarth, R. B. Frankel, and J. Spalek, Phys.
Rev. B 37, 3707 (1988).

2C. I. Chen, M. Qu, W. Hu, X. Zhang, F. Lin, H. B. Hu, K. Ma,
and W. Giriat, J. Appl. Phys. 69, 6114 (1991).

132408-4



