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We present the studies of electrical transport and magnetic interactions in Zn1�xMnxGeAs2 crystals

with low Mn content 0 � x � 0:042. We show that the ionic-acceptor defects are mainly responsible

for the strong p-type conductivity of our samples. We found that the negative magnetoresistance

with maximum values of about �50% is related to the weak localization phenomena. The magnetic

properties of Zn1�xMnxGeAs2 samples show that the random Mn-distribution in the cation sites of

the host lattice occurs only for the sample with the lowest Mn-content, x¼ 0.003. The samples with

higher Mn-content show a high level of magnetic frustration. Nonzero Curie-Weiss temperature

observed in all our samples indicates that weak ferromagnetic (for x¼ 0.003) or antiferromagnetic

(for x > 0:005) interactions with the Curie-Weiss temperature, jHj < 3 K, are present in this system.

The Ruderman-Kittel-Kasuya-Yosida model, used to estimate the Mn-hole exchange integral

Jpd for the diluted Zn0.997Mn0.003GeAs2 sample, makes possible to estimate the value of

Jpd ¼ ð0:75 6 0:09Þ eV. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4820475]

I. INTRODUCTION

Complex diluted magnetic semiconductors (DMSs) are

a subject of considerable interest in the recent years since

they offer many advantages over classical II–VI and III–V

materials.1,2 Ferromagnetic semiconductors with the Curie

temperature, TC, greater than room temperature, are needed

for practical applications. However, most of the literature

reports about the magnetic properties of DMS systems show

the Curie temperatures much lower than 300 K, which makes

these compounds of little use for practical applications. The

absence of room temperature ferromagnetic DMS systems

creates the need for the development of new compounds

fulfilling technological requirements.

Recently, II-IV-V2 chalcopyrite semiconductors doped

with transition metal ions have become a subject of consider-

able interest due to the appearance of room temperature ferro-

magnetism, creating the possibilities of utilizing them in

spintronics.3,4 It is known that the short-range magnetic inter-

actions connected with the presence of magnetic clusters are

responsible for high-temperature ferromagnetism in these

alloys.5–7 Among many experimental investigations showing

ferromagnetism with large Curie temperatures due to short-

range ordering, there seems to be a shortage of studies devoted

to low-dilution limits in which itinerant ferromagnetism might

be induced. The possibility to control the magnetic properties

of the material via changes in their electronic transport proper-

ties needed to fulfill the main aim of semiconductor spin-

tronics8 will be possible only when homogeneous materials

will be technologically mastered and properly understood.

In the present work, we investigate magnetotransport

and magnetic properties of Zn1�xMnxGeAs2 crystals with

low Mn content x varying in the range from 0 to 0.042.

The present work extends our earlier research devoted to

both nanocomposite ZnGeAs2:MnAs samples5–7 and homo-

geneous Zn1�xMnxGeAs2 crystals.9,10 The low dilution

Mn-alloying improves the structural quality of the samples

allowing one to study long-range carrier mediated magnetic

interactions in this system. Since Zn1�xMnxGeAs2 crystals

are p-type semiconductors with large solubility of Mn-ions,

the induction of the carrier-mediated-ferromagnetism

seems to be a realistic aim. In order to understand the Mn-

incorporation into this alloy, the complexity of the magnetic

interactions between Mn-ions needs to be understood.

II. BASIC CHARACTERIZATION

We present the studies of bulk Zn1�xMnxGeAs2 crystals

grown using a direct fusion method from high purity ZnAs2,

Ge, and Mn powders taken in stoichiometric ratios.11 The

growth was performed at a temperature of about 1200 K.

Mn-doped crystals were cooled from the growth temperature

down to 300 K with a relatively high speed (about 5–10 K/s)

in order to improve the homogeneity of the samples and

prevent Mn clustering.

The chemical composition of the samples was deter-

mined using the energy dispersive x-ray fluorescence method

(EDXRF). A typical relative uncertainty of this method was

about 10%. The as-grown crystals were cut into slices with

thickness of about 1.5 mm prior to their structural characteri-

zation. The EDXRF analysis shows that our samples have

Mn content x changing in the range from 0 to 0.042.

Moreover, it must be emphasized that within our measure-

ment accuracy, all the studied crystals have the correct stoi-

chiometry of Zn1�xMnx:Ge:As equal to 1:1:2.

The high resolution x-ray diffraction method (HRXRD)

was used to investigate the structural properties ofa)Electronic mail: kilan@ifpan.edu.pl

0021-8979/2013/114(9)/093908/9/$30.00 VC 2013 AIP Publishing LLC114, 093908-1

JOURNAL OF APPLIED PHYSICS 114, 093908 (2013)

http://dx.doi.org/10.1063/1.4820475
http://dx.doi.org/10.1063/1.4820475
http://dx.doi.org/10.1063/1.4820475
http://dx.doi.org/10.1063/1.4820475
http://dx.doi.org/10.1063/1.4820475
http://dx.doi.org/10.1063/1.4820475
mailto:kilan@ifpan.edu.pl
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4820475&domain=pdf&date_stamp=2013-09-06


Zn1�xMnxGeAs2 crystals. Measurements were performed

with the use of multipurpose X’Pert PRO MPD, Panalytical

diffractometer with Cu Ka1 radiation with wavelength

k¼ 1.5406 Å, configured for Bragg-Brentano diffraction

geometry and equipped with a strip detector and an

incident-beam Johansson monochromator. In order to

increase the accuracy and quality of the diffraction patterns,

the data acquisition in each individual measurement was

done over several hours. The indexing procedure of meas-

ured diffraction patterns as well as calculations of the lattice

parameters were performed using SCANIX 2.60PC

program.12

The analysis of the HRXRD results allows us to identify

two cubic disordered zincblende phases with lattice parame-

ters, a1 and a2, equal to a1¼ 5.6462 6 0.0002 Å and

a2¼ 5.9055 6 0.0007 Å for the pure ZnGeAs2 crystal. The

addition of a small quantity of Mn (x¼ 0.003) to the

Zn1�xMnxGeAs2 alloy results in stabilization of the tetrago-

nal chalcopyrite structure with a¼ 5.6751 6 0.0002 Å and

c¼ 11.1534 6 0.0005 Å. Additionally, the cubic zincblende

phase is observed in the Zn1�xMnxGeAs2 sample with

x¼ 0.003 with a¼ 5.6471 6 0.0004 Å. Further increase of

Mn content above x¼ 0.003 results in a change of the main

crystallographic phase of the alloy back to the cubic disor-

dered zincblende structure. The lattice parameters deter-

mined for Zn1�xMnxGeAs2 crystals with x> 0.01 are similar

to those reported for the pure ZnGeAs2 sample. The coexis-

tence of disordered cubic zincblende and chalcopyrite tetrag-

onal structures is justified by the phase diagram of the

ternary Zn-Ge-As system13 in which both compounds lie on

the same line connecting Ge and ZnAs2. It must be empha-

sized that diffraction patterns for both disordered zincblende

and chalcopyrite structures (see Ref. 13) are located very

close to each other and it was possible to distinguish between

them only with the use of a state-of-the-art diffractometer.

We want to emphasize that all our samples have almost the

perfect stoichiometry of the ZnGeAs2 compound, as deter-

mined with the use of the EDXRF technique. Therefore it is

evident that our alloy is based on ZnGeAs2 compound, but

the presence of the cubic disordered zincblende structure is a

signature of a large chemical disorder of the alloy, widely

observed in ternary chalcopyrite systems,14 reflecting a mix-

ing of the Zn and Ge atoms in the cation sublattice.

III. MAGNETOTRANSPORT DATA

In order to obtain information about fundamental electri-

cal properties of the studied Zn1�xMnxGeAs2 alloy, tempera-

ture dependent magnetotransport measurements were

performed. We have used the superconducting magnet with

maximum magnetic field equal to B¼ 13 T and a sweep

speed of about 0.5 T/min, equipped with the cryostat allow-

ing the control of the temperature of the sample in the range

of 1:4 � T � 300 K. The samples, cut to size of about

1� 1� 10 mm, were etched and cleaned before making elec-

trical contacts. The contacts were made with the use of gold

wire and indium solder. The ohmic behavior of each contact

pair was checked prior to proper measurements. The

magnetoresistance (MR) and the Hall effect were measured

simultaneously at selected temperatures.

A. Basic magnetotransport characterization

Initially, we measured the temperature dependence of

the resistivity parallel to the current direction, qxx, in the

absence of an external magnetic field. Our results show that

in the case of all the samples, metallic qxxðTÞ dependencies

are observed, the behavior characteristic for degenerate

semiconductors, i.e., an increase of the resistivity with an

increasing temperature. This indicates that the carrier trans-

port in the studied samples is not due to thermal activation of

band carriers. It is evident that defect states have major influ-

ence on the conductivity of this alloy. The characteristic fea-

ture observed for all investigated samples is the existence of

a shallow minimum in qxxðTÞ dependence at temperatures

below 50 K. The existence of the minimum in qxxðTÞ
dependence is likely to be related to the carrier scattering on

the paramagnetic ions. Above T¼ 50 K, the resistivity qxx is

an increasing, nearly linear function of the temperature.

The Hall effect measured as a function of temperature

allows us to determine the temperature dependence of the

Hall carrier concentration n in all our samples (see Fig. 1(a)).

The results show that all our Zn1�xMnxGeAs2 crystals have a

strong p-type conductivity with relatively high carrier con-

centration changing in the range of 1019 � n � 1020 cm�3.

High concentration of conducting holes in this material is

probably due to the existence of a large number of negatively

charged Zn or Ge vacancy type defects and possibly other

substitutional negatively charged defects. Inspection of

results gathered in Fig. 1(a) shows that in the entire tempera-

ture range the Hall carrier concentration in the chalcopyrite

Zn0.997Mn0.003GeAs2 crystal is lower than in all disordered

zincblende samples including ZnGeAs2 with no Mn. Such a

difference seems to be connected with thermodynamics of

crystal growth which induced higher amount of point defects

in the disordered zincblende structure crystal then that of

chalcopyrite crystal. The higher concentration of electrically

active defects resulted in an increase of the Hall carrier con-

centration. A general increase in the carrier concentration is

FIG. 1. The magnetotransport data including (a) Hall carrier concentration n
and (b) carrier mobility l as a function of temperature for Zn1�xMnxGeAs2

samples containing different amount of Mn (see legend).
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observed in the studied disordered zincblende samples with

an increase in the amount of Mn. The noticeable increase in

the concentration of conducting holes indicates poor Mn

allocation in the crystal lattice, which leads to the formation

of vacancy type or interstitial point defects likely to be elec-

trically active.

The Hall carrier concentration n(T) is a decreasing func-

tion of temperature at T < 50 K for most of the studied sam-

ples, while at T > 50 K, the trend in the n(T) dependence is

opposite. Negative slope of n(T) dependence at T < 50 K is

a signature of a high ionic scattering mechanism involved in

the carrier scattering at low temperatures. On the other hand,

a positive slope of n(T) dependence at T > 50 K is a signa-

ture that defect states responsible for metallic qxxðTÞ depend-

ence are likely to be electrically active and being thermally

activated are a source of conducting holes in our samples.

The temperature dependent resistivity and the Hall

effect data can be used to calculate the temperature depend-

ence of the Hall mobility, l ¼ ðe � n � qxxÞ�1
, where e is the

elementary charge. The calculated l(T) dependence for all

our Zn1�xMnxGeAs2 samples is presented in Fig. 1(b). In all

samples, the lðTÞ dependence has a maximum at T < 50 K.

Such a feature is characteristic for charged impurity scatter-

ing mechanism being important in the conduction of the

material. At a maximum of the lðTÞ dependence, the carrier

mobility reflects the superposition of a weak lattice and

phonon scattering processes. At temperatures higher than

50 K, the lðTÞ dependence is a decreasing function of tem-

perature, which is a feature characteristic for phonon scatter-

ing mechanism. The highest value of the Hall carrier

mobility, l � 40 cm2=ðV � sÞ, is observed in the chalcopyrite

Zn0.997Mn0.003GeAs2 sample (at T � 50 K) indicating that

the lattice scattering and the concentration of electrically

active defects are for this particular sample the smallest in

the entire series. A decrease in the maximum carrier mobility

from 38 cm2=ðV � sÞ down to about 7 cm2=ðV � s) with the

increase of Mn content in the samples is observed. It is a

direct signature that the allocation of Mn in the ZnGeAs2

lattice was far from perfect and induced charged defects in

the material.

B. High field magnetotransport

The isothermal MR and the Hall effect measurements

were performed for all our Zn1�xMnxGeAs2 samples. The

qxxðBÞ curves were obtained by averaging the results for pos-

itive and negative current. For a simple data presentation, the

qxxðBÞ curves at different temperatures were normalized to

the zero-field resistivity value q0 by using the following rela-

tion: Dqxx=qxxð0Þ ¼ ðqxxðBÞ � qxxðB ¼ 0ÞÞ=qxxðB ¼ 0Þ. In

this manner, we calculated a number of isothermal magneto-

resistance curves for each of the samples, obtained at various

temperatures T < 300 K.

It should be noted that MR for the nonmagnetic

ZnGeAs2 crystal is positive and is proportional to the square

of the magnetic field for 1:4 < T < 300 K. This effect can

be clearly associated with the classical magnetoresistance

due to the orbital motion of carriers in a magnetic field.

Moreover, in the ZnGeAs2 sample at low temperatures, there

are no other contributions to the MR, such as the weak local-

ization (WL) of carriers on defect states.15

The results of the magnetoresistance measurements for

selected Zn1�xMnxGeAs2 samples performed at several

stabilized temperatures are presented in Fig. 2. The results

presented in Fig. 2 indicate that the addition of a small quan-

tity of Mn to the Zn1�xMnxGeAs2 alloy results in a drastic

change of the MR behavior with respect to the nonmagnetic

ZnGeAs2 crystal. The results show a negative MR for our

FIG. 2. The magnetoresistance curves

obtained experimentally at different tem-

peratures for Zn1�xMnxGeAs2 samples

with different chemical composition.
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Zn1�xMnxGeAs2 samples, present at temperatures lower than

30 K. Magnetoresistance in Zn1�xMnxGeAs2 samples with

x � 0:042 studied in this paper have a different shape and an

amplitude of the order of magnitude higher than that studied

in Ref. 9 (Zn0.947Mn0.053GeAs2 sample of similar concentra-

tion and mobility of carriers at T¼ 1.4 K). It is therefore

clear that in the case of currently studied samples, the mag-

netoresistance should be associated with a different mecha-

nism than the spin-disorder scattering process.9,16

The addition of a small quantity (x¼ 0.003) of Mn to

the Zn1�xMnxGeAs2 alloy results in a drastic change of the

MR with respect to the nonmagnetic ZnGeAs2 sample. The

chalcopyrite Zn1�xMnxGeAs2 sample with x¼ 0.003 shows

negative MR with maximum value of about �50% at

T¼ 1.42 K, slowly decreasing with the temperature to about

0.2% at T¼ 20 K. The MR at T > 30 K does not show any

signatures of negative contribution and we can observe only

a small positive contribution to the MR (with values less

than 1%), proportional to the square of the magnetic field

and slowly decreasing as a function of temperature. The

positive MR at T > 30 K is caused by the orbital motion of

conducting carriers in the presence of the external magnetic

field.

The MR curves for our disordered zincblende Zn1�xMnx

GeAs2 samples with x � 0:014 show much smaller ampli-

tudes (almost an order of magnitude lower) with respect to

the chalcopyrite Zn0.997Mn0.003GeAs2 sample. The maxi-

mum amplitude of negative MR equals 13% for the sample

with x¼ 0.027 at T � 1:4 K. Moreover, at low magnetic

fields and at temperatures higher than 2 K, we observe a pos-

itive contribution to the MR scaling with the square of the

magnetic field, caused by the orbital MR.

We performed the scaling analysis of the negative MR

observed in our samples at temperatures lower than 30 K.

The scaling analysis to Dqxx=q0 / Bm proportionality,

where m is the scaling factor, shows that the MR results for

all our samples can be fitted with a good accuracy with the

values of scaling factor around 0:6 � m � 0:8. The value of

the exponent m carries information about the possible physi-

cal mechanism of the negative MR. The Moriya-Kawabata

spin-fluctuation theories17,18 predict that the negative magne-

toresistance should scale with m¼ 1 and 2 for weakly and

nearly ferromagnetic metals, respectively. Since the m values

for our samples are lower than the above values, we can

exclude the spin-fluctuations from being the main physical

mechanism responsible for the observed negative MR.

Moreover, the dependence of the MR on the magnetization

M normalized to the saturation magnetization MS (M/ MS) is

neither square nor cubic. It is another signature that the nega-

tive MR for our Zn1�xMnxGeAs2 samples originates from

processes that are not directly related with magnetic impurity

scattering.

Theories of quantum corrections to the conductivity pre-

dict that WL phenomena can be responsible for negative MR

present in many different disordered metals and semiconduc-

tors at low temperatures.26 Localization shortens the mean

free path of the carriers and gives rise to a mobility edge in

the valence band. The product kFl, where kF is the quasi-

Fermi wave vector and l is the mean free path, reflects the

degree of the disorder and localization in a material. For

kFl � 1, the disorder and electron localization are strong and

the conducting holes cannot be thermally activated to the

valence band, where they could diffuse thorough the crystal.

The magnetic field and the presence of magnetic impurities

destroy carrier localization allowing carriers to diffuse.

Experimentally, it is visible as negative MR. The negative

MR caused by the WL in the presence of spin-orbit interac-

tion and magnetic impurity scattering is predicted to show

complex behavior. A number of different corrections have to

be considered to fit the experimental MR results.27 The kFl
factor at T < 30 K for all our samples indicates that the

localization is strong. The theories of MR due to WL predict

a presence of both positive (at low magnetic fields) and nega-

tive MR (at higher fields) for low diffusivity systems

(0.5 cm2/s). Moreover, the MR in our samples decreases with

increasing the average Mn content, x, and the related effec-

tive Mn content �xMn derived from susceptibility and magnet-

ization data. Thus, the observed MR is not related to a

magnetic impurity scattering mechanism that would lead to

MR proportional to the amount of magnetic impurities in the

crystal. WL is known to be destroyed by the presence of

magnetic impurities in the material. Therefore, the destruc-

tion of the WL by the presence of an increasing number of

magnetic impurities in the crystals explains the observed MR

in the Zn1�xMnxGeAs2 samples with x > 0:003.

IV. MAGNETIC PROPERTIES

Magnetic properties of the Zn1�xMnxGeAs2 samples are

studied by means of both ac and dc magnetometry. The mu-

tual inductance method, employed into the LakeShore 7229

susceptometer/magnetometer system, was used in order to

determine the temperature dependencies of the ac magnetic

susceptibility. The high field magnetization was measured

with the use of a Quantum Design XL-5 Magnetometer.

A. Low field results

The temperature dependence of the ac magnetic sus-

ceptibility was measured in the temperature range 4:3 � T
� 180 K. During the measurement, the sample was put into

the alternating magnetic field having amplitude HAC

¼ 10 Oe and frequency f¼ 625 Hz. The results in the form

of the temperature dependencies of the inverse of the real

part of the magnetic susceptibility ðReðvACÞÞ�1ðTÞ obtained

in the case of several Zn1�xMnxGeAs2 samples having dif-

ferent Mn-content are shown in Fig. 3. As we can see all

the samples showed paramagnetic Curie-Weiss behavior of

the ðReðvACÞÞ�1ðTÞ at temperatures between 4:3 � T
� 30 K. In II-IV-V2 DMSs, we can distinguish two major

components determining their magnetic properties. The first

is the paramagnetic component introduced by Mn2þ ions

with half filled 3d5 shell in the ground state with S¼ 5/2.

The second term is the diamagnetic one originating from

the nonmagnetic host lattice and substitutional diamagnetic

ions. However, at higher temperatures, one can see the

deviation of the ðReðvACÞÞ�1ðTÞ from a paramagnetic tem-

perature dependence towards lower values. It indicates the

existence of an additional, temperature independent term in

093908-4 Kilanski et al. J. Appl. Phys. 114, 093908 (2013)



the ðReðvACÞÞ�1ðTÞ curves. The Van-Vleck paramagnetism

can be a source of the additional term in the magnetic

susceptibility. Such an effect with the susceptibility values

around 10�7 emu/g was observed in Cd1�xCoxSe.28

However, in our samples, the additional susceptibility is

about an order of magnitude higher. The additional suscep-

tibility in our samples can be associated with the presence

of magnetic ions coupled by the short range magnetic

interactions.

The temperature dependence of the inverse of the mag-

netic susceptibility ðReðvACÞÞ�1ðTÞ for the temperatures well

above the Curie-Weiss temperature can be fitted with the use

of the modified Curie-Weiss law in the form

vðTÞ ¼ C

T �H
þ vdia þ vp; with (1)

C ¼ N0g2l2
BSðSþ 1Þ�xMn

3kB
; (2)

where C is the Curie constant, H is the paramagnetic Curie-

Weiss temperature, vdia ¼ �2� 10�7 emu=g is the diamag-

netic contribution to the magnetic susceptibility originating

from the host lattice (The value was determined from our

magnetization measurements of ZnGeAs2), vp is the para-

magnetic contribution to the magnetic susceptibility originat-

ing from short-range coupled Mn-ions, N0 is the number of

cation sites per gram, g ’ 2 is the effective spin-splitting

factor, S¼ 5/2 is the spin-magnetic momentum of the Mn

ions, lB is the Bohr magneton, kB is the Boltzmann constant,

and �xMn is the effective magnetically active Mn content. The

experimental ðReðvACÞÞ�1ðTÞ curves for the temperatures

higher than 20 K are fitted to Eq. (1) (see Fig. 3) with the

values of C, H, and vp as fitting parameters. The contribution

to the magnetic susceptibility originating from the short-

range-coupled Mn ions is found to be an increasing function

of the Mn-content changing from the value of 3� 10�7 emu/g

up to 1.3� 10�6 emu/g. It is a signature that the amount of

paramagnetic ion pairs forming Mn-As-Mn configurations

coupled with superexchange magnetic interaction increases

with increasing concentration of Mn in the sample.

The fitting procedure shows that both H and C are

highly composition dependent. The values of the Curie

constant are used to calculate the magnetically active Mn-

content, �xMn, using Eq. (2). As a result of the fitting proce-

dure, the values of the Curie-Weiss temperature and the

amount of magnetically active Mn ions are evaluated.

The results of the fitting procedure are gathered in Fig. 4.

The results show that the Curie-Weiss temperature changed

sign with an increase of the Mn content. This indicates the

change of the dominant magnetic interactions in this system

from ferromagnetic at low composition x to antiferromag-

netic for x between 0.003 and 0.014. It is therefore possible

that, with the increase of Mn in the alloy above x¼ 0.003,

the amount of Mn not diluted randomly in the crystal

increases. At the same time, we observe that the amount of

magnetically active Mn ions, �xMn, is close to the average Mn

content, x, only in the case of a very diluted Zn0.997Mn0.003

GeAs2 sample. In addition to the above mentioned sample,

for all our crystals with 0:014 � x � 0:042, the quantity of

magnetically active Mn ions remaining in the state of high-

spin J¼ S¼ 5/2 does not exceed �xMn � 0:005 6 0:001. It is

evident that the majority of Mn ions in Zn1�xMnxGeAs2

samples with x � 0:014 do not substitute for Zn sites in the

crystal lattice and therefore possess smaller net magnetic

moment than Mn2þ. Moreover, it is also probable that a large

fraction of Mn ions in these samples occupies interstitial

sites of the crystal lattice, which promotes short range super-

exchange interactions leading to antiferromagnetic pairing of

Mn ions and zero net magnetic moment of such pairs. The

antiferromagnetic state of Mn ions with no net magnetic

moment is energetically preferred for Zn1�xMnxGeAs2 sys-

tem with x¼ 0.25 and 0.50.19 It is therefore highly probable

that the magnetic ions form antiferromagnetic states in this

semiconductor matrix when the x value is higher than 0.25.

The data allow us to comment on the distribution of mag-

netic Mn ions in the sample. In the presence of short-range

antiferromagnetic interactions, a fraction of Mn ions is mag-

netically inactive, i.e., involved in clusters showing zero or

low ground state spin (dominantly antiferromagnetically

FIG. 4. The Curie-Weiss temperature and the effective magnetically active

Mn-content as a function of the chemical composition for the

Zn1�xMnxGeAs2 samples. Markers—experimental data, solid lines calcu-

lated for random distribution of magnetic ions (see text).

FIG. 3. The inverse of the magnetic susceptibility as a function of temperature

for Zn1�xMnxGeAs2 samples containing different amount of Mn (see legend).
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coupled pairs for low x). Therefore, the main contribution to

magnetization originates from ions which do not possess

nearest-neighbors in the sublattice occupied by magnetic ions

and thus do not belong to clusters. If the distribution of ions

within the magnetic sublattice is purely random, the amount of

magnetically active ions can be estimated as �x ¼ xð1� xÞz,
where z is the maximum number of nearest-neighbor magnetic

ions, which can couple antiferromagnetically to a given ion.

For typical diluted magnetic semiconductors having a zinc-

blende structure, the corresponding formula is �x ¼ xð1� xÞ12

(see Ref. 20). In the case of our samples, two crystalline struc-

tures were detected, as mentioned in the Sec. II. We assume

that Mn ions couple antiferromagnetically through the super-

exchange mechanism via As ions. Therefore, for the chalcopy-

rite structure, we have �x ¼ xð1� xÞ4. On the other hand, for a

quaternary sample with a disordered zincblende structure

Zn1�xMnxGeAs2, the Mn content x applies only to half of the

cations, therefore we should calculate �x ¼ x½1� ðx=2Þ	12
. In

Fig. 4, we plot by solid lines the estimates of active Mn con-

tent for both crystalline structures found in our samples, as

well as an estimate for a classical diluted magnetic semicon-

ductor, Cd1�xMnxTe. It is apparent that for x > 0:003, the cal-

culated values of active Mn concentration are several times

higher than those found experimentally. Such a discrepancy

is a signature of the fact that Mn ions are not distributed ran-

domly in our samples.

B. High field results

The magnetization of our samples was studied with the

use of the Quantum-Design Superconductive-Quantum-

Interference-Device (SQUID) magnetometer system. The

SQUID magnetometer enabled precise measurements of the

magnetic moment of the samples as a function of the mag-

netic field up to B¼ 5 T and at temperatures in the range

2 � T � 100 K. The isothermal magnetic field dependence

of the magnetization was measured for the samples with dif-

ferent chemical content. The experimental results were cor-

rected by subtracting the contribution of the sample holder.

Magnetization of all the samples does not show magnetic

hysteresis for temperatures above 2 K. That may indicate a

lack of macroscopic MnAs precipitates and that the long-

range Ruderman-Kittel-Kasuya-Yosida (RKKY) itinerant

interaction does not produce magnetic order at T > 2 K.

Examples of M(B) curves obtained for the selected Zn1�x

MnxGeAs2 samples with different chemical composition are

presented in Fig. 5. The magnetization shows a diamagnetic

response for the nonmagnetic ZnGeAs2 sample indicating

the absence of non-intentional paramagnetic ion doping pres-

ent in our pure sample, in agreement with the previous result

based on the susceptibility results. The magnetization curve

observed for the chalcopyrite Zn1�xMnxGeAs2 sample with

x¼ 0.003 shows a behavior characteristic of a paramagnet,

i.e., the M(B) curve can be easily fitted with the use of

Brillouin function. Moreover, the saturation of the M(B)

curve for the sample with x¼ 0.003 is reached at the

magnetic field B � 3 T. It is a signature of a random Mn-

distribution in the host lattice, and probably lack of signifi-

cant antiferromagnetic Mn-pairing. The addition of a higher

quantity of Mn to the alloy resulted in a different shape of

the M(B) curve for our crystals with x > 0:01. As we can see

in Fig. 5, the magnetization does not reach saturation even

at B¼ 5 T for x > 0:003.

We fitted our experimental data to the expression29

M ¼ MSBJ
glBJB

kBðT þ T0Þ

� �
þ vdiaB; (3)

where

MS ¼ �xN0lBgJ; (4)

and BJ is the Brillouin function. The term vdiaB represents

the diamagnetic contribution of the ZnGeAs2, g is the

g-factor of the magnetic ion (for Mn g¼ 2), lB is the Bohr

magneton, J¼ S¼ 5/2 is the total magnetic momentum of

the Mn2þ ion, kB is the Boltzmann constant, T is the tempera-

ture, and N0 is the number of cation sites per gram.

The two fitting parameters, �x and T0, represent the

amount of magnetically active Mn ions in the material and

the exchange interaction among magnetic ions, respectively.

The T0 values obtained for our samples were close to the

estimated Curie-Weiss temperatures, H, and decreased as a

function of x: for x¼ 0.003 T0 ¼ 1:13 K, for x¼ 0.014

T0¼�1.47 K, for x¼ 0.027 T0¼�1.50 K, and for x¼ 0.042

T0¼�1.95 K. The estimated error in T0 is about 20%.

In the inset to Fig. 5, we show the magnetization MS th.

calculated using Eq. (4) with �x ¼ x and the magnetization

MS exp. obtained from fitting our experimental data to

Eqs. (3) and (4) with �x and T0 as fitting parameters.

We used the Eqs. (3) and (4) to estimate the amount of

magnetically active Mn ions in our samples, �x. The calcu-

lated x=�x ratios are equal to 1.28 and 1.51 for x¼ 0.003 and

0.014, respectively, and increases dramatically up to 4.5 and

5.2 for x¼ 0.027 and 0.042, respectively. It indicates rather

poor Mn allocation in the Zn1�xMnxGeAs2 semiconductor

matrix for x � 0:014 and that the level of frustration in the

FIG. 5. The isothermal magnetic field dependencies of the magnetization

measured at T¼ 2 K for our Zn1�xMnxGeAs2 samples. The inset shows the

magnetization MS exp. obtained from fitting our experimental data with

Eqs. (3) and (4) (circles) and the saturation magnetization MS th. obtained

from Eq. (4) by assuming �x ¼ x (rectangles).
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material increases as a function of x. The M(B) results and

their interpretation are in agreement with the susceptibility

data.

C. Electron paramagnetic resonance (EPR)

The EPR spectra were measured with the use of a

Bruker EMX spectrometer. The sample was put into a micro-

wave radiation system with fixed frequency 9.40 GHz. The

temperature of the sample was controlled with the use of

Oxford Instruments helium flow cryostat. The measurements

performed at selected temperatures showed a signal related

to the presence of Mn ions only at low temperatures around

10 K. The normalized EPR spectra obtained for two selected

Zn1�xMnxGeAs2 samples are gathered in Fig. 6. Since our

samples are polycrystalline, the EPR results are the average

over all possible directions of crystallites with respect to the

external magnetic field axis. The EPR results for low Mn

content Zn0.997Mn0.003GeAs2 indicate the presence of thirty

resonance lines—a pattern, characteristic of Mn2þ ions

showing both fine and hyperfine structure components, due

to electron spin S¼ 5/2 and nuclear spin I¼ 5/2, respec-

tively. We believe that five groups, each consisting of six

lines belonging to Mn2þ, are observed (marked in Fig. 6).

The shift between the five line groups is due to the presence

of zero-field-splitting of the ground state levels. Clearly, the

EPR results show the 2þ charge state of Mn ions in the

Zn0.997Mn0.003GeAs2 sample. This interpretation would

be consistent with the magnetometery data. For the Zn1-xMnx

GeAs2 with Mn content higher than x¼ 0.003, due to the

broadening of the resonance lines, both the fine and hyper-

fine structure of Mn2þ becomes unresolved. The value of the

electron effective g factor for our samples, as estimated from

the EPR spectrum, equals 1.9972.

D. Curie-Weiss temperature and determination of Jpd

Let us discuss the dependence of the Curie-Weiss

temperature on the magnetic component concentration x for

a diluted magnetic semiconductor. If both short-range anti-

ferromagnetic couplings and long-range net ferromagnetic

interactions are present in the system, the value of H can be

written as30 H ¼ �xHF þHAF, where

HF ¼
SðSþ 1Þ

3kB

X
k

zkJðrkÞ; (5)

and HAF is an antiferromagnetic term, depending on x but

not directly proportional, zk is the number of lattice sites at a

distance of rk from the selected site at the origin, and JðrkÞ is

the exchange interaction between magnetic ions separated by

a distance rk. Let us emphasize that the summation is per-

formed only over the lattice sites, which can be occupied by

substitutional magnetic ions. We exclude the ions involved

in nearest-neighbour pairs from the sum in Eq. (5), since we

assume that they are blocked by strong short-range antiferro-

magnetic couplings. Using the effective concentration, �x,

determined from fitting the experimental data to Eqs. (3) and

(4) is based on the assumption that only this fraction of mag-

netic ions is magnetically active, at least in the range of

applied magnetic fields and temperatures used.

For the case of the sample with the lowest Mn content

(x¼ 0.003) for which the Curie-Weiss temperature is posi-

tive (ferromagnetic), we made an attempt to explain the

Curie-Weiss temperature value by applying a RKKY model

of long-range magnetic interactions.21–23 For that purpose,

we assume that the antiferromagnetic contribution, HAF, is

negligible due to an ultralow concentration of magnetic ions,

and that only a ferromagnetic contribution to Curie-Weiss

temperature exists. In our considerations, the appropriate dis-

tances and numbers of lattice sites at a given distance are

generated for a chalcopiryte lattice (in which Mn ions substi-

tute for Zn ions) with lattice constants a and c discussed in

the Sec. II.

The interaction between the magnetic ions is assumed to

be the RKKY interaction for disordered three-dimensional

system21–24

JðrÞ ¼NV

J2
pdm
a4c2

8p3�h2
k4

F

� sinð2kFrÞ � ð2kFrÞ cosð2kFrÞ
ð2kFrÞ4

expð�r=kÞ; (6)

where kF ¼ ð3p2n=NVÞ is the Fermi wavevector and Jpd is

the Mn-hole exchange interaction constant.

In the calculations, we assumed the effective mass of

the charge carriers m
=me ¼ 0:4 (similar to that in GaAs)

and the number of valleys NV ¼ 3. The characteristic decay

length, k, can be identified as a mean free path for the charge

carriers. Such a quantity can be estimated using Drude model

of conductivity from the formula k ¼ �hkFl=e, where l is the

mobility of the charge carriers and e denotes elementary

charge value. In order to determine the k value, we used the

values of charge carrier concentration and mobility for the

sample with x¼ 0.003 at the lowest available temperature,

i.e., about 4 K, which yielded the result of k ¼ 10 Å. For

the accepted parameter values, the experimental value of

H ¼ ð1:8 6 0:4ÞK would yield Jpd ¼ ð0:75 6 0:09Þ eV. Let

us note that the given uncertainty in the Jpd value is only due

to the corresponding uncertainties in the Curie-Weiss
FIG. 6. The EPR spectra measured at T¼ 10 K for selected Zn1�xMnxGeAs2

samples with different chemical composition.
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temperature and effective concentration of magnetic

ions. Additionally, we mention that one of the factors influ-

encing the determined value of exchange energy is the tem-

perature dependence of carrier concentration and mobility

(see Fig. 1). Therefore, the coupling between spins is

temperature-dependent. The corresponding HF ’ H=�x
amounts to approximately 755 K.

Let us state that in presence of both ferro- and anti-

ferromagnetic interactions, the increase in x may result in a

sign change of Curie-Weiss temperature, H ¼ �xHF

þHAFðxÞ. The characteristic antiferromagnetic temperature,

HAF < 0, is a function of magnetic component concentration

x. Its dependence on x is known from experimental data for

such diluted magnetic semiconductors as Zn1�xMnxTe and

Cd1�xMnxTe.25,30 Also, a dependence of �x is known for such

alloys. In already mentioned typical DMSs, the magnetic ion

distribution is found to be random and uncorrelated. We can

model qualitatively the H sign change using the dependen-

cies of �x and HAF taken from25,31 for Cd1�xMnxTe. The

results are presented in Fig. 7, where predicted Curie-Weiss

temperatures are plotted for various values of HF, which

describes the total strength of long-range ferromagnetic

interactions. It is visible that in the presence of moderately

strong ferromagnetic interactions, we observe a sign change

in H. However, it is evident that this transition takes place

for considerably higher concentrations of magnetic ions and

the slope of Curie-Weiss temperature change is lower than

that observed experimentally for our samples. This supports

the picture of non-random distribution of magnetic ions with

significantly stronger antiferromagnetic contribution than

expected from the presented model.

On the basis of the determined value of Jpd, we can

make an attempt to predict the characteristic temperatures

HF for our samples with Mn content higher than x¼ 0.003.

For this purpose, we take into account the low-temperature

charge carrier concentrations and mobilities and we use

the Eq. (6) with an assumption that Jpd is composition-

independent. In this manner, for a sample with x¼ 0.014, we

obtain HF ¼ 1465 K; for x¼ 0.027, we have HF ¼ 165 K;

and for x¼ 0.042, we get HF ¼ 1040 K. Note that if the

distribution of Mn ions would be random in those samples,

then the values of �xHF would be high. Having the experi-

mental values of Curie-Weiss temperatures, we can estimate

the characteristic parameters HAF for our samples from

H ¼ �xHF þHAF. As a consequence, we get the values of

HAF equal to �15.4 K, �3.4 K, and �11.4 K for the samples

with x¼ 0.014, x¼ 0.028, and x¼ 0.042, accordingly. The

characteristic antiferromagnetic temperatures are quite high

in magnitude (especially when compared, for example, with

the values for Cd1�xMnxTe (Refs. 25 and 31)). This fact sup-

ports the conclusion that the distribution of Mn ions in our

samples is far from random and that the tendency towards

creation of antiferromagnetically coupled clusters is

promoted.

V. SUMMARY

We explored the structural, electrical, and magnetic

properties of the low-Mn-dilution limit of Zn1�xMnxGeAs2

alloys with 0 � x � 0:042. The XRD results indicate the

appearance of chalcopyrite and disordered zincblende struc-

ture in our samples, strongly Mn content dependent.

The transport characterization shows that all our sam-

ples have high p type conductivity with carrier concentration

n > 1019 cm�3 and mobility l < 50 cm2=ðV � sÞ. The magne-

toresistance in our samples shows large values, up to �50%,

for Zn0.997Mn0.003GeAs2. The values are not correlated with

magnetic properties of the alloy. Thus, the observed MR is

not related to magnetic impurity scattering mechanism that

would lead to MR proportional to the amount of magnetic

impurities in the crystal. WL is known to be destroyed by the

presence of magnetic impurities in the material. Therefore,

the destruction of the WL by the presence of an increasing

number of magnetic impurities in the crystals explains

the observed MR in the Zn1�xMnxGeAs2 samples with

x > 0:003.

The magnetic properties of the alloy indicate that in the

case of the sample with very low Mn content, x¼ 0.003, the

majority of Mn ions are in a high-spin Mn2þ charge state.

For the samples with higher Mn content, a large fraction of

Mn ions forms antiferromagnetic pairs and/or clusters and

stays in other, low moment charge states. The Curie-Weiss

temperature, as determined from low-temperature magnetic

susceptibility data, has small values jHj < 3 K and changes

sign from positive for x¼ 0.003 into negative for higher

Mn content. The Mn-hole exchange integral, estimated for

the very diluted Zn0.997Mn0.003GeAs2 sample is equal to

Jpd ¼ ð0:75 6 0:09Þ eV indicating rather strong magnetic

interactions in this material.
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