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Observation of MnP magnetic clusters in room-temperature ferromagnetic
semiconductor Zn 1ÀxMnxGeP2 using nuclear magnetic resonance

Taesoon Hwang,a) Jeong Hyun Shim, and Soonchil Lee
Department of Physics, Korea Advanced Institute of Science and Technology,
Daejeon 305-701, South Korea

~Received 2 June 2003; accepted 27 June 2003!

We investigated chalcopyrite Zn12xMnxGeP2 polycrystals, which have been reported as a
room-temperature ferromagnetic semiconductor, with Mn concentrations ofx50.08 and 0.15 using
55Mn and 31P nuclear magnetic resonance spectroscopy. The samples were made by the same
process and showed the same crystallographic and magnetic behavior as in the previous report, but
the experimental results indicated that more than 90% of Mn atoms were in a MnP impurity phase
and the MnP cluster size was tens of nanometers. No evidence of Mn atom substitution in the host
ZnGeP2 lattice was observed and the magnetic property of Zn12xMnxGeP2 was determined to be
that of the MnP magnetic clusters, at least in the bulk. The inconsistency of the conclusions with
x-ray diffraction data is a result of the weak crystallinity of MnP phase. ©2003 American Institute
of Physics. @DOI: 10.1063/1.1605260#
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A material having both ferromagnetic and the semico
ducting properties is potentially very useful in spintronic
where spins are used to process information. A recent
proach to practical ferromagnetic semiconductors was the
luted magnetic semiconductor~DMS!, where transition-
metal ions substitute the cations of the host semiconduc
III–V DMS, such as In12xMnxAs or Ga12xMnxAs, triggered
study of the physics of ferromagnetism in DMS, because
creation of spin-polarizedp-type carriers elevateTc to 110
K.1 Ferromagnetism has also been found in ternary co
pounds and oxide-based DMSs. Among them, cobalt dop
titanium dioxide Ti12xCoxO2 ~Ref. 2! and Mn-doped chal-
copyrite semiconductors such as Cd12xMnxGeP2 or
Zn12xMnxGeP2 ~Refs. 3–5! have been reported to sho
room temperature ferromagnetism.

Various experiments have been conducted to investig
these DMS materials. The magnetic property, especially
romagnetism in DMS, has been cited mostly based on m
netization measurements. Since these types of macrosc
measurements cannot determine whether a measured
erty is intrinsic, controversy has arisen over the characte
tics of DMS, such as the mechanism of the ferromagneti
In this work, we report the zero-field nuclear magnetic re
nance~NMR! measurement on ferromagnetic DMS sampl
NMR can provide valuable information on the microscop
magnetic properties in these semiconductors. In NMR, re
nance frequency is proportional to the local field, which
the sum of external and internal fields. The internal field a
nucleus of a magnetic ion in magnetic materials is usu
much stronger than the external field. Therefore, the fi
generated inside due to magnetic ordering is exactly m
sured by zero-field NMR. NMR of nonmagnetic ions al
provides evidence of magnetic ordering, because its re
nance frequency is shifted by the internal field in orde
states.

The samples assessed are Mn-doped II–VI–V2 chal-

a!Electronic mail: htaesoon@mrm.kaist.ac.kr
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copyrite semiconductor Zn12xMnxGeP2 polycrystals withx
50.08 and 0.15. Medvedkinet al. reported room tempera
ture ferromagnetism in highly doped chalcopyri
Cd0.8Mn0.2GeP2,3 and it was later claimed tha
Zn12xMnxGeP2 is also ferromagnetic at room temperature.4,5

This material shows phase transitions from antiferromagn
to ferromagnetic states at 47 K and ferromagnetic to pa
magnetic states around 310 K. Our experimental resu
however, strongly indicate that the magnetic property of b
polycrystalline Zn12xMnxGeP2 is extrinsic. The resonanc
frequency and line shape of both the magnetic and nonm
netic ions verify the existence of MnP magnetic clusters,
no evidence of intrinsic ferromagnetism was observed.

Bulk polycrystalline chalcopyrite Zn12xMnxGeP2 was
made by the vertical gradient solidification method followin
Cho et al.’s synthesis procedure using the same method
under the same conditions.5 We also made a MnP polycrys
talline sample, which is the most probable magnetic impu
phase in this case, by a similar procedure. The sample c
tallography was studied byu–2u x-ray powder diffraction
~XRD! and magnetization was measured by a supercond
ing quantum interference device~SQUID! magnetometer in a
100 Oe magnetic field. For NMR measurement, spin e
techniques were used with our homemade spectrometer

Figure 1 displays the diffraction pattern of the 15
sample, where the peaks index with a chalcopyrite struct
The structure of the host material ZnGeP2 remains the same
after Mn doping, and impurity phase is invisible within e
perimental error. The inset of Fig. 1 shows the diffracti
data of a MnP sample that has B-31 type orthorhom
structure6 for comparison. The diffraction pattern of the 8%
sample is qualitatively the same. The temperature dep
dence of the magnetization showed an antiferromagneti
ferromagnetic phase transition at 47 K and a ferromagn
to paramagnetic phase transition at 300 K. These con
that the structural and magnetic properties of our samples
identical with those of Choet al.

The hyperfine fields at nuclear sites were calculated
9 © 2003 American Institute of Physics
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ing first principle calculations.7 According to the calculation
the local field at Mn nuclei is expected to be 55 kOe and t
at P nuclei 10 kOe. The corresponding resonance frequen
are 57 and 78 MHz for Mn and P nuclei, respectively. W
searched for the NMR signal over a wide range around th
resonance frequencies in zero-field NMR but could de
nothing. The only signal observed was at 116 MHz for M
nuclei and at 74 MHz for P nuclei~Fig. 2!. The observed
resonance frequency of P nuclei seems close to the theo
cal prediction while that of Mn is far from the theoretic
value. However, these frequencies are the resonance freq
cies of bulk magnetic MnP. The zero-field NMR spectra
obtained from the polycrystalline MnP sample overlap tho
of Zn12xMnxGeP2, as shown in Fig. 2. Figure 2 shows th
not only the resonance frequencies but also the linewid
and even peak splitting of MnP and Zn12xMnxGeP2 samples
are the same, irrespective ofx. The zero-field NMR spectra
of MnP have two peaks for each nuclear spin. The cen
frequencies are 116 and 142 MHz for Mn nuclei and 70 a
74 MHz for P nuclei. The high frequency peak in the M
spectrum and the low frequency peak in the P spectrum

FIG. 1. Powder XRD pattern of the Zn12xMnxGeP2 polycrystalline sample
with Mn concentrationx50.15. Magnetic impurity phase such as MnP
not seen. The inset shows the XRD data of the MnP sample for compar

FIG. 2. Zero-field NMR spectra of55Mn nuclei and31P nuclei observed at
liquid nitrogen temperature for Zn12xMnxGeP2 with x50.08, 0.15 and MnP
samples.
Downloaded 18 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract
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usually invisible in a spin echo technique due to their sh
T2 relaxation time.8 The remaining peaks of MnP are show
in Fig. 2.

In magnetic materials, local fields are generated at nu
due to the hyperfine interaction between nuclear spins
ordered electron spins. In the case of magnetic ions, the m
contribution to the local field comes from the contact hyp
fine interaction withs electrons that are polarized by th
exchange interaction with the unpaired electrons in thed
shell. Therefore, the resonance frequency of zero-field N
is sensitive to physical and chemical configurations ofs and
d electrons such as conductivity and structure. The m
contribution to the local field at nonmagnetic P ions is t
transferred hyperfine field, which is generated by the spin
s-shell or p-shell electrons polarized by the exchange int
action with the 3d electrons of neighboring magnetic M
ions. Therefore, the local field of nonmagnetic ions stron
depends on the chemical bonding with magnetic ions. Mn
an intermetallic compound of orthorhombic structure, wh
Zn12xMnxGeP2 is a semiconductor of chalcopyrite structur
This means that thes electron state and the environme
around the 3d electron of Mn atoms in MnP are quite differ
ent from those of Zn12xMnxGeP2. Therefore, if Mn atoms
are substituted into Zn sites in ZnGeP2, their resonance fre-
quency cannot be identical to that of MnP. The line broad
ing and peak splitting of the Mn spectrum also indicate t
the Mn atoms in the Zn12xMnxGeP2 sample are in MnP
phase. The Mn spectrum splits into five peaks because
degeneracy of spin 5/2 states of Mn nuclei is removed
interaction with the internal electric field gradient. Therefo
the same amount of splitting in the MnP and Zn12xMnxGeP2

samples means that the crystal fields around the Mn ion
the Zn12xMnxGeP2 sample are the same as those in Mn
Similarly, the P spectrum indicates that the environm
around P ions in the Zn12xMnxGeP2 is the same as that o
MnP, including the bonding with Mn ions. Summing up, th
observed spectra of Zn12xMnxGeP2 clearly arise from MnP
magnetic clusters formed inside the sample.

The amount of the embedded MnP clusters can be e
mated by comparing the integrated area of the P spectr
Zn12xMnxGeP2 and MnP. Since the signal enhancement fa
tors of both samples were the same, the spectral area is
ply proportional to the number of nuclei. The result of ana
sis shows that more than 90% of Mn atoms of bo
Zn12xMnxGeP2 samples are in MnP phase.

We also studied P NMR in an external magnetic field
7 T. Figure 3~a! shows the spectra measured above and
low Tc for x50.15. The spectra of the 8% sample are qu
similar. The observed center frequency of 121.6 MHz is
resonance frequency expected in a 7 T field. That is,
spectra in Fig. 3 arises from the P ions that are not tied w
the polarized Mn ions. The center frequency decreases
the linewidth becomes broader as the temperature decre
belowTc . The linewidths are 70 and 30 kHz at 285 and 3
K, respectively, which are broader than that of pure ZnGe2

at room temperature~5.5 kHz!. This line broadening shrinks
to 1.15 kHz without any remaining satellites at the wings
the fundamental spectral line when the magic angle spinn
~MAS! technique is applied. This suggests that the l
broadening is not related to the transferred hyperfine inte

n.
. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions
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tion as expected, because MAS removes only the dip
broadening.9 The local magnetic field corresponding to th
center frequency shift is too weak to be explained by
transferred hyperfine field. The local field estimated from
shift is only 6 Oe, while the transferred hyperfine field
usually 104– 105 Oe.10 Both the frequency shift and the lin
broadening are explained well by the dipolar field genera
from MnP magnetic clusters that are saturated at 7 T.

To confirm our conclusion, we observed P NMR for
mixture of pure ZnGeP2 and MnP powders under the sam
conditions. The powders were mixed in a jade bowl for 5
and they were not heat treated. The molar ratio of ZnG2
and MnP is 3:1. The spectra obtained above and belowTc

are shown in Fig. 3~b!. It is clearly seen that the center fre
quency shift, linewidth, and overall line shape of the mix
sample are qualitatively the same as those of
Zn12xMnxGeP2 sample at both temperatures. The result
this experiment strongly supports the existence of MnP m
netic clusters inside our Zn12xMnxGeP2 polycrystals.

It is worthwhile to note that MnP also shows transitio
from paramagnetic to ferromagnetic and ferromagnetic to
tiferromagnetic states at similar temperatures~292 and 50
K!.6 This quantitative agreement of transition temperatu
also supports our findings. Considering that the transit
temperatures of magnetic particles depend on size, the
ticle size of the MnP clusters is estimated to be not so sm
as to change the bulk property. Another estimate of the
erage particle size is provided by the enhancement facto
NMR. In ferromagnetic NMR, generally both the signal a
rf input are enhanced due to the accompanying oscillatio
electronic magnetic moments. The enhancement facto
usually 10– 102 in domains and 102– 104 in domain walls.10

In our experiments, the enhancement factors of bulk M
and Zn12xMnxGeP2 samples were the same. This means t

FIG. 3. 31P NMR spectra measured in 7 T magnetic field.~a! Spectrum
obtained from the Zn12xMnxGeP2 sample withx50.15 and~b! spectrum of
the mixture of ZnGeP2 and MnP.
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the size of the MnP clusters is sufficiently large to have d
main walls, because most of the signal of the bulk M
should come from domain walls. Therefore, the average M
particle size is at least tens of nanometers. This is, howe
inconsistent with the XRD measurement where the M
phase is not seen. The XRD data of the MnP sample sh
in the inset of Fig. 1 suggest an explanation. We have gro
this MnP sample under the same conditions w
Zn12xMnxGeP2 as stated above. Since the growth conditio
of Zn12xMnxGeP2 are very different from those of MnP, th
MnP sample is not likely to form good crystallinity. Th
weak crystallinity of the MnP sample is reflected in the XR
data. The amount of Zn12xMnxGeP2 and MnP samples use
for the XRD experiment as identical, but the x-ray intens
of MnP is one order of magnitude smaller. Therefore,
overall x-ray sensitivity of the MnP clusters in the 15
Zn12xMnxGeP2 sample should be 1.5% at most, consiste
with experimental observation.

In conclusion, all data obtained in our experiments co
firm that the magnetic property of our Zn12xMnxGeP2

samples, which were made by the same process and sho
the same crystallographic and magnetic behaviors as tho
the previous report, is due to MnP impurity phase, at leas
the bulk. The zero-field NMR spectra of both magnetic a
nonmagnetic ions overlap those of MnP at the same re
nance frequencies. The linewidth and resonance freque
shift of P NMR cannot be explained by the transferred h
perfine interaction with the ordered Mn ions, but instead
the dipolar field of MnP clusters. The analysis of NMR i
tensity and enhancement factor shows that more than 90%
Mn atoms of Zn12xMnxGeP2 samples are in MnP phase an
the cluster size is at least tens of nanometers. The incon
tency of the conclusion concering XRD data is explained
the weak crystallinity of MnP clusters. No evidence of M
atom substitution in ZnGeP2 was observed.

The authors acknowledge support of this work by t
NRL program and KOSEF via eSSC at POSTECH.
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