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We present the studies of structural, electrical, and magnetic properties of bulk Cd1�xMnxGeAs2

crystals with low Mn content, x, varying from 0 to 0.037. The studied samples have excellent

crystallographic quality indicated by the presence of diffraction patterns never before observed

experimentally for this compound. The electrical transport in our samples is dominated by thermal

activation of conducting holes from the impurity states to the valence band with activation energy

of about 200 meV. The defect states acting as ionic scattering centers with concentration in the

range from 6 to 15� 1017 cm�3 are observed. The effective Mn content in our samples, �xh,

determined from fit of the susceptibility data to the Curie-Weiss law, is very close to the average

chemical content, x. It indicates that the Mn ions are distributed randomly, substituting the Cd sites

in the host CdGeAs2 lattice. We observe a negative Curie-Weiss temperature, jhj � 3:1 K,

increasing as a function of x. This indicates the significance of the short-range interactions between

the Mn ions. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4870474]

I. INTRODUCTION

The studies on semiconductors based on Mn-alloyed

II-VI materials1,2 have led to development of a new class of

semiconductors called diluted magnetic semiconductors

(DMS). The discovery of carrier mediated ferromagnetism in

p-type IV–VI semiconductors (Ref. 3) followed with devel-

opment of III–V group compounds (Ref. 4) resulted in con-

siderable development of these materials in view of their

possible application in spintronics. In DMS, it is possible to

study and independently tune and control their electronic

and magnetic properties. Apart from classical III–V, IV–VI,

and II–VI DMS, in which the Curie-Weiss temperature, h,

does not exceed 200 K, there are several other groups of pro-

spective and intensively studied materials.5

Complex diluted magnetic semiconductors, such as

II-IV-V2 chalcopyrite materials, are perceived as prospec-

tive candidates for being used in spintronics.6,7 Room

temperature ferromagnetism in Zn1�xMnxGeAs2 and

Cd1�xMnxGeAs2 alloys with h as high as 367 K for

Zn1�xMnxGeAs2 with 3 at. % of Mn8 was found (via direct

observation of nuclear magnetic resonance spectra charac-

teristic of MnAs hyperfine structure) to be related to the

presence of MnAs clusters.9–11 The combination of the

semiconductor matrix and metallic clusters called nanocom-

posite can be prospective from the point of view of applica-

ble magnetotransport effects. The MnAs clusters, however,

interact with the conducting carriers inducing magnetoresis-

tive effects with either negative values up to �50% for

Zn1�xMnxGeAs2 at T¼ 1.4 K (Refs. 10 and 12) or positive

values for Cd1�xMnxGeAs2 with 3 at. % of Mn at T¼ 1.4 K

(Ref. 11). However, in order to understand the complex

magnetic properties of ferromagnetic semiconductor

systems, it is necessary to study low paramagnetic ion alloy-

ing regime, where the aggregation of magnetic impurities

does not occur.

In the present paper, we focused on the Cd1�xMnxGeAs2

crystals without any signatures of MnAs clusters, observed

before in the samples with x> 0.05.11 The homogeneous Mn

distribution in the Cd1�xMnxGeAs2 lattice can be accom-

plished by limiting the Mn content, x, to 0.037. The ther-

mally activated transport was observed in our samples with

impurity states with activation energy Ea¼ 200 meV. Our

samples showed paramagnetism with the effective

Mn-concentration reduced with respect to the average Mn

content, x.

II. STRUCTURAL CHARACTERIZATION

For purpose of this research, bulk Cd1�xMnxGeAs2 crys-

tals with low Mn content, x, varying from 0 up to 0.037,

were prepared by using the vertical Bridgman method.13 Our

samples were synthesized from stoichiometric ratios of

CdAs2, Ge, and Mn of at least 5N purity. The sample synthe-

sis was done in vacuum sealed (to a pressure of about

10�2 Pa) graphitized quartz ampoules with the CdGeAs2

seed. The growth was performed at the temperature of about

950 6 0.5 K. The growth was finished with rapid cooling

(about 5–10 K/s) down to room temperature in order to pre-

vent segregation of magnetic impurities and increase the uni-

formity of the as-grown crystals. A more detailed description

of the growth procedure can be found in Refs. 14 and 15.

The chemical composition of the as-grown samples was

determined using the energy dispersive x-ray fluorescence

method (EDXRF). Measurements were done at room tem-

perature with the use of the Tracor X-ray Spectrace 5000

Spectrometer equipped with Si(Li) detector. The as-grown

Cd1�xMnxGeAs2 ingots were cut into 1 mm-thick slicesa)Electronic mail: kilan@ifpan.edu.pl

0021-8979/2014/115(13)/133917/6/$30.00 VC 2014 AIP Publishing LLC115, 133917-1

JOURNAL OF APPLIED PHYSICS 115, 133917 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

148.81.47.109 On: Mon, 07 Apr 2014 14:22:03

http://dx.doi.org/10.1063/1.4870474
http://dx.doi.org/10.1063/1.4870474
http://dx.doi.org/10.1063/1.4870474
http://dx.doi.org/10.1063/1.4870474
http://dx.doi.org/10.1063/1.4870474
http://dx.doi.org/10.1063/1.4870474
http://dx.doi.org/10.1063/1.4870474
mailto:kilan@ifpan.edu.pl
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4870474&domain=pdf&date_stamp=2014-04-07


perpendicular to the growth direction. The measured Mn

molar fraction, x, determined with maximum relative uncer-

tainty of EDXRF method not exceeding 10%, is found to be

almost constant as a function of the ingot length. The

EDXRF data indicate that all our samples have a proper stoi-

chiometry of the compound equal to 1:1:2. The EDXRF

spectra show no evidence of the fluorescent lines coming

from unwanted dopants in the studied alloy. This means that

unintended impurity concentrations in the alloy are less than

1015 cm�3. The values of the chemical composition, x, to-

gether with the estimated experimental errors are gathered in

Table I. The EDXRF analysis indicates that our samples

have chemical composition, x, changing from 0 for pure

CdGeAs2 crystal up to 0.037. The present samples are of a

major improvement with respect to our older crystals (see

Ref. 11) due to good stoichiometry.

The structural quality of our samples was studied with

the use of the high resolution x-ray diffraction method

(HRXRD). We used multipurpose diffractometer (X’Pert

PRO MPD, Panalytical configured for Bragg-Brentano dif-

fraction geometry) equipped with a strip detector and an

incident-beam Johansson monochromator. The Cu Ka1 x-ray

radiation with wavelength equal to 1.5406 Å was used. This

instrument allows obtaining diffraction patterns with an

excellent resolution and counting statistics. The obtained

HRXRD patterns for both pure CdGeAs2 crystal and

Mn-alloyed samples show excellent crystalline quality of our

samples (see Fig. 1). The crystal structure of our samples is

improved with respect to the old results.14,17 The HRXRD

patterns obtained for all our samples were analyzed with the

use of Rietveld refinement method. The data analysis indi-

cates that all our samples crystallized in tetragonal chalcopy-

rite structure. The Rietveld fits allowed precise calculation of

the lattice parameters for the samples with different chemical

composition, x. The results of our calculations are presented

in Table I. The lattice parameters are Mn composition de-

pendent. The a(x) and c(x) dependencies are decreasing func-

tions of the Mn content for most of our crystals with

exception of the sample with x¼ 0.004. However, the volume

of the unit-cell V is a monotonic, decreasing function of x. It

indicates that in the case of the two samples with the smallest

Mn content in our series, the deformation of the lattice con-

stant occurred along the different crystallographic axes. The

lattice parameters obtained by us for pure CdGeAs2 are close

to the literature data for this compound:17 a¼ 5.942 Å and

c¼ 11.224 Å. Nearly monotonic, decreasing a(x) and c(x)

dependencies suggest that the Mn ions substitute the Cd ions

in the crystal lattice, since the tetrahedral radius of the Mn

ion is smaller than that of Cd.18 The a(x) and c(x) dependen-

cies are fitted with the linear function of x with good agree-

ment between the experimental data and the fitted lines. The

lattice parameters change as a function of x with a slope simi-

lar to that presented in Ref. 16. A more detailed description

of the HRXRD data can be found in Ref. 19.

III. MAGNETOTRANSPORT DATA

In order to obtain fundamental information about the

electrical transport in Cd1�xMnxGeAs2 crystals with varying

chemical composition, we performed the temperature de-

pendent Hall effect measurements. The Hall effect measure-

ments were done using a standard six contact dc current

technique in the presence of static magnetic field of induc-

tion not exceeding B¼ 13 T. Prior to magnetotransport meas-

urements, the samples were cut into Hall bars with

dimensions of about 1� 1� 8 mm3, chemically cleaned and

etched. The contacts to the samples were made using gold

wire and indium solder. The measurements were done over a

broad temperature range from T¼ 1.4 K up to 300 K.

We measured a series of isothermal magnetic field

dependencies of the off-diagonal resistivity component

qxy(B). The obtained qxy(B) dependencies are linear over the

studied temperature range. No anomalous Hall effect was

observed in our samples. As a result of the qxy(B) measure-

ments, we calculated the temperature dependence of the Hall

carrier concentration p for all our Cd1�xMnxGeAs2 samples

presented in Fig. 2. Our samples became highly resistive at

temperatures lower than 100 K and the Hall constant became

unmeasurable. The Hall constant for all our samples points

into the p-type conductivity with relatively low carrier con-

centration, p< 1016 cm�3, at room temperature. The Hall

effect results show that the carrier transport in our samples is

thermally activated in the valence band at temperatures

higher than 150 K. The data gathered in Fig. 2 allowed us to

estimate the activation energy of band carriers, Ea. The cal-

culated values of Ea are almost constant as a function of the

Mn-content, x, and are equal to about 200 meV. Similar acti-

vation energies for both pure and Mn-alloyed samples

TABLE I. Preliminary results of a basic structural characterization including

the chemical composition, x, and the chalcopyrite structure lattice parame-

ters, a and c, respectively.

x 6 Dx a 6 Da (Å) c 6 Dc (Å)

0 5.9452 6 0.0002 11.2153 6 0.0003

0.004 6 0.001 5.9425 6 0.0002 11.2207 6 0.0006

0.013 6 0.001 5.9439 6 0.0002 11.2156 6 0.0006

0.024 6 0.002 5.9436 6 0.0002 11.2116 6 0.0004

0.037 6 0.003 5.9417 6 0.0003 11.2082 6 0.0006

FIG. 1. Diffraction patterns observed for the exemplary Cd1–xMnxGeAs2

sample with x¼ 0.037.

133917-2 Kilanski et al. J. Appl. Phys. 115, 133917 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

148.81.47.109 On: Mon, 07 Apr 2014 14:22:03



together with the fact that Mn is isovalent in chalcopyrite

structure indicate that the Mn ions are not directly related to

the presence of impurity states. It is then evident that other

defect types, possibly antisite defects20 that are the main

defect type in CdGeAs2, because they have lower formation

energies than Cd or Ge vacancy defects, are present with

moderate concentration in our samples and are responsible

for the observed impurity states.

The Hall carrier mobility, l, is defined from the equation

rxx¼ epl, where rxx is the conductivity tensor component

parallel to the current direction, measured in the absence of

the external magnetic field, and e is the elementary charge.

The carrier mobility as a function of the temperature, calcu-

lated for each studied sample, is presented for selected

Cd1�xMnxGeAs2 crystals with different chemical composi-

tions in Fig. 3. The data indicate that in all our samples above

T� 180 K, the phonon scattering is responsible for the

decrease of the carrier mobility with increasing the tempera-

ture. The maximum value of the carrier mobility for our

samples is not proportional to the average Mn content, x. It

indicates that Mn ions are not directly responsible for the car-

rier scattering in our samples. This conclusion is in agreement

with the data gathered in Fig. 2. Below T� 180 K, a decrease

of the mobility with decreasing the temperature is connected

with impurity scattering. The l(T) dependence at tempera-

tures between 100 K and 170 K can be fairly well fitted to the

T3=2 dependence, indicating that the concentration of scatter-

ing centers is temperature independent due to compensation.

The Hall carrier mobility in p-type GaAs can be fitted

with the use of empirical two-band model in the low-field

approximation, describing the hole conductivity in valence

and impurity bands. The Hall effect scattering factors are

assumed to be equal to unity for all our samples. The empiri-

cal mobility, as described in Ref. 21, may be fitted to the

expression

1

l
¼ 1

A � T3=2 � N�1
I

þ 1

B � T�2:3
; (1)

where NI is the concentration of scattering centers, A and B
are constants describing the ionized impurity scattering and

the combined scattering due to phonons, respectively. For

our purpose, we took the A and B values from GaAs, a binary

equivalent of ternary CdGeAs2. At low temperatures, where

ionic impurity scattering processes are of a major impor-

tance, the A value is equal to 2:5� 1020 ðcm � V � sÞ�1
, while

at high temperatures, where phonon scattering is the main

scattering mechanism, the value of B equals 2.5� 103.21 We

performed fitting of the experimental l(T) data (symbols

in Fig. 3) to Eq. (1) with A ¼ 2:5� 1020 ðcm � V � sÞ�1
,

B¼ 2.5� 103, and NI as the only fitting parameter. As a

result of the fitting procedure, the NI values were estimated

for each sample. The concentration of the ionic scattering

centers, NI, changes from 6� 1017 cm�3 to 1.5� 1018 cm�3,

for the sample with x¼ 0.024 and 0, respectively. The

obtained defect concentration values for the samples with

different x are not proportional to the amount of Mn. It indi-

cates that the Mn incorporation in the CdGeAs2 does not pro-

duce ionic scattering centers.

The magnetoresistance measurements were also done in

parallel with the Hall effect measurements. All our samples

have high resistance and an absence of free carriers at tem-

peratures lower than 100 K. At T> 100 K, the obtained mag-

netoresistance curves for all our samples indicate the

presence of positive magnetoresistance with relative ampli-

tudes not exceeding 2%. The positive magnetoresistance

scales with the square of the magnetic field indicating that

this effect is the classical effect due to the orbital carrier

movement in the presence of an applied magnetic field.

IV. MAGNETIC PROPERTIES

Magnetic properties of our Cd1�xMnxGeAs2 samples

were studied with the use of LakeShore magnetometer/

susceptometer system. This instrument allows measurements

of both static and dynamic magnetic properties of solids. The

temperature dependent dynamic magnetic susceptibility as

well as the magnetic field dependencies were measured.

FIG. 2. The Hall carrier concentration p¼ (eRH)�1 as a function of the

inverse of the temperature for the selected Cd1�xMnxGeAs2 samples with

different chemical compositions (symbols). The lines show fits to the ther-

mally activated carrier transport model.

FIG. 3. The Hall carrier mobility as a function of the temperature for

selected Cd1�xMnxGeAs2 samples with different chemical compositions.

The markers represent the experimental data and the lines are obtained from

fits to Eq. (1). The fitted concentrations, NI, are shown next to the lines.
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The dynamic magnetic susceptibility, v, was measured

over the temperature range from 4.3 up to 200 K. The sample

was put into the alternating magnetic field with frequency f
equal to 625 Hz and amplitude HAC¼ 10 Oe. As a result, we

obtained the temperature dependencies of both real and

imaginary parts of the ac susceptibility. The measurements

performed on all our Cd1�xMnxGeAs2 crystals indicated a

vanishing imaginary part of the ac magnetic susceptibility.

The temperature dependence of the inverse of the real part

of the ac magnetic susceptibility for the selected

Cd1�xMnxGeAs2 samples is presented in Fig. 4. Our results

clearly indicate the paramagnetic behavior of the

(Re(vAC))�1(T) for all our samples. The temperature depend-

ence of the inverse of the magnetic susceptibility,

(Re(vAC))�1(T), was fitted over the temperature range of

20–160 K to the Curie-Weiss expression of the form

vðTÞ ¼ C

T � h
þ vdia; (2)

where

C ¼ N0g2l2
BSðSþ 1Þ�xh

3kB
: (3)

Here, C is the Curie constant, vdia¼�2.5� 10�7 emu/g is

the diamagnetic contribution to the magnetic susceptibility

originating from the host lattice (the value was determined

from our magnetization measurements of CdGeAs2), N0 is

the number of cation sites per gram, g is the g-factor of the

magnetic ion (for Mn g¼ 2), S¼ 5/2 is the spin-magnetic

momentum of the Mn ions, lB is the Bohr magneton, kB is

the Boltzmann constant, and �xh is the effective magnetically

active Mn content.

The experimental data gathered in Fig. 4 were fitted to

Eq. (2) assuming the constant value of the diamagnetic con-

tribution to the magnetic susceptibility vdia¼�2.5� 10�7

emu/g estimated above for the pure CdGeAs2 sample. We fit-

ted the experimental (Re(vAC))�1(T) curves with two fitting

parameters: the Curie-Weiss temperature h and the Curie

constant C. The fitted curves are presented together with the

experimental data in Fig. 4. As we can clearly see, the mag-

netic susceptibility of our samples can be very well repro-

duced with the use of the Curie-Weiss law defined with

Eq. (2). The fitting parameters, h and C, are gathered for all

our samples in Table II. The Curie-Weiss temperatures deter-

mined for all our samples are negative with the values

increasing as a function of the Mn content, x. This indicates

the significance of the short-range interactions between the

Mn ions. The Curie constant values obtained for our sam-

ples, gathered in Table II, are an increasing function of the

Mn content. It indicates an increase in the amount of magnet-

ically active Mn ions with increasing x in our samples. The

values of the Curie constant can be used to calculate the

effective Mn content, �xh, using Eq. (3). The estimated �xh val-

ues are gathered in Table II. The discrepancy between the x
and �xh values is almost zero (within the accuracy of the esti-

mation of both quantities) for the sample with the smallest

x¼ 0.004. For higher x, the difference between x and �xh

increases. It is a signature that the distribution of the Mn ions

in the Cd1�xMnxGeAs2 lattice becomes imperfect. There are

two explanations of this difference: (i) the charge state of a

fraction of Mn ions might be different than Mn2þ, reducing

its total magnetic momentum and (ii) antiferromagnetic Mn

pairing leading to turning off their magnetic moment.

However, it should be emphasized that no signatures of the

presence of large MnAs or other clusters are present in our

samples. For the highest Mn content, x¼ 0.037, the �xh value

is higher than x. The difference (taking into account the

uncertainties in x and �xh estimation) might originate from

clustering and/or underestimation of the experimental errors.

Gudenko et al. studied the electron paramagnetic reso-

nance (EPR) in Cd1�xMnxGeAs2 with x¼ 0.06.22 They

reported two Curie-Weiss temperatures: h1¼ 255 K and

h2¼�3 K. The Curie-Weiss temperatures for our samples

are close to h2. Gudenko et al. attributed the h2 to the centers

where Mn ions substitute the Cd ions. We suppose that this

is the case in all our samples.

Since our experimental results show that h� T, we can

use h to estimate the exchange interaction, which we have

assumed to be the nearest-neighbor exchange, from the

relation

J=kB ¼
3h

�xhSðSþ 1Þz ; (4)

where z is the number of nearest-neighbor cation sites, 12 for

the chalcopyrite structure. (We remember that in our chalco-

pyrite compound, x refers to one kind of cations, i.e., half of

the total cation number.)

FIG. 4. The inverse of the real part of the dynamic magnetic susceptibility

measured (symbols) for the selected Cd1�xMnxGeAs2 samples with different

chemical composition. The lines represent theoretical curves fitted to

Eq. (2).

TABLE II. Susceptibility parameters for Cd1�xMnxGeAs2.

x C (10�5) ½emu � K=g� �xh h [K] J/kB [K]

0.004 7.0 6 0.2 0.005 6 0.001 �0.08 6 0.02 �0.46

0.013 9.4 6 0.2 0.007 6 0.001 �0.41 6 0.03 �1.69

0.024 28 6 2 0.021 6 0.002 �2.4 6 0.2 �3.26

0.037 66 6 3 0.050 6 0.005 �3.1 6 0.3 �1.77
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In the last column of Table II, we present the values of

the exchange parameter, J/kB, for all our samples. The errors,

estimated from the scatter in the experimental data and from

the uncertainties in the fitting, are about 630% for J/kB. The

values of J/kB are negative and relatively small, characteris-

tic for the antiferromagnetic superexchange via an anion.23,24

They are of the same order but somewhat smaller than those

for zinc-blende II–VI DMS with Mn.23 Larson et al. sug-

gested that in the superexchange interaction, the anion is of

more importance than the nonmagnetic cation.25 Therefore,

it would be also interesting to compare our results with mag-

netic properties of compounds with group V anion, e.g.,

III–V DMS. This is not trivial, since in Mn-doped III–V

DMS the divalent manganese substitutes the trivalent group

III cation. That results in high hole concentration, usually

above 1021 cm�3. In materials with such high free carrier

concentration, we observe a carrier induced ferromagnetism

due to the Ruderman-Kittel-Kasuya-Yosida exchange inter-

action and ferromagnetic Curie-Weiss temperatures of an

order of 100 K (for a review see, e.g., Ref. 5). To find III–V

DMS with magnetic properties like in our material, we

must consider only very dilute III–V DMS in which the

free carrier concentration does not exceed 1019 cm�3.

In In1�xMnxAs with free carrier concentration below

1019 cm�3, J/kB equals �1.6 K (Ref. 26) and in Ga1�xMnxN

with free carrier concentration below 1018 cm�3 J/kB equals

�1.9 K (Ref. 27). These values are very similar to the values

of J/kB observed here. Our results indicate that the superex-

change interaction in chalcopyrite DMS depends strongly on

the type of the chemical bond, as was suggested for other

DMS experimentally23,24 and theoretically.25

The static magnetic properties of Cd1�xMnxGeAs2 sam-

ples were studied with the use of the Weiss extraction

method employed to the LakeShore 7229 susceptometer/

magnetometer system. This instrument allowed us to study

the magnetic moment at different temperatures from 4.3 up

to 200 K and in the presence of an external magnetic field

with maximum induction not exceeding B¼ 9 T. Our studies

covered the isothermal measurements of the magnetization

M as a function of the magnetic field B done at few selected

temperatures T< 200 K. The magnetization as a function of

the magnetic field measured at T¼ 4.5 K for the selected

Cd1�xMnxGeAs2 crystals with different chemical composi-

tion, x, is presented in Fig. 5. The M(B) measurements

showed the lack of measurable magnetic irreversibility of

our samples. The magnetization results obtained at T> 5 K

are typical of paramagnetic materials.

Because the M(B) curves at low temperatures carry most

information about the paramagnetic media and for clarity of

presentation only the results obtained at the lowest measured

temperature, T¼ 4.3 K, are presented and analyzed.

The M(B) curve for the nonmagnetic CdGeAs2 sample

showed a diamagnetic, negative slope. The diamagnetic sus-

ceptibility for CdGeAs2 crystal, estimated from the slope of

the M(B) curve, vdia¼�2.5� 10�7 emu/g. This result is in

agreement with the diamagnetic susceptibility value deter-

mined from the ac susceptibility data. The magnetization for

the samples with x� 0.013 reaches saturation in moderate

magnetic fields, B< 9 T, used in our experiments. However,

for x> 0.013 the magnetization curves do not show satura-

tion. Therefore, the M(B) curves had to be fitted with the

modified Brillouin function in order to properly estimate the

saturation magnetization of our samples and the role of short

range Mn-pairing. We fitted our experimental data to the

expression28

M ¼ MSBS
glBSB

kBðT þ T0Þ

� �
þ vdiaB; (5)

where

MS ¼ �xmN0lBgS: (6)

Here, BS is the Brillouin function and �xm is the effective,

active Mn content estimated from the saturation magnetiza-

tion values. The term vdiaB represents the diamagnetic con-

tribution of the CdGeAs2. The experimental M(B) curves

were fitted with two fitting parameters: MS and T0. The

results of the fitting procedure are presented in Fig. 5 to-

gether with the experimental data. As we can see, the experi-

mental curves are well fitted with the theoretical model. The

fitting parameters, obtained during the fitting procedure, are

gathered for all our samples in Table III. The T0 tempera-

tures have positive values. Positive T0 in Eq. (5) corresponds

to negative h in Eq. (2). The values of T0 change with the

Mn content, x, in a way similar to the Curie-Weiss tempera-

ture, h, within the accuracy of estimation of both quantities.

We estimate the error in T0 to be about 20%. The only excep-

tion occurs for the sample with x¼ 0.037, that might origi-

nate from the increasing influence of Mn-pairs or short-range

clustering in the magnetism of this compound. The saturation

FIG. 5. The magnetization as a function of the applied magnetic field meas-

ured (symbols) at T¼ 4.5 K for the selected Cd1�xMnxGeAs2 samples with

different chemical compositions. The lines represent the theoretical curves

fitted to Eq. (5).

TABLE III. Parameters for the modified Brillouin function fit.

x MS [emu/g] �xm T0 [K]

0.004 0.27 6 0.02 0.005 6 0.001 0.061 6 0.012

0.013 0.43 6 0.03 0.008 6 0.002 0.63 6 0.12

0.024 2.0 6 0.2 0.037 6 0.005 2.8 6 0.5

0.037 2.7 6 0.3 0.050 6 0.008 2.0 6 0.4
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magnetization, MS, estimated for our samples is an increas-

ing function of x. The MS values were used in order to calcu-

late the amount of magnetically active Mn ions, �xm, using

Eq. (6). For the samples with the low Mn content, x� 0.013,

the calculated �xm values (Table III) are very close to x and

�xh. For higher x, however, we have x � �xh � �xm for

x¼ 0.024 and x � �xh � �xm for x¼ 0.037. The discrepancy

between the values, especially visible for x¼ 0.037, might

originate from local imperfections in the sample. We have

very good agreement between the susceptibility and magnet-

ization data. However, it is also possible that we underesti-

mated the error in parameter estimation for the sample with

x¼ 0.037. It must be emphasized that our data indicate a

rather good distribution of Mn ions in our samples.

V. SUMMARY

We explored the structural, electrical, and magnetic

properties of bulk Cd1-xMnxGeAs2 crystals with low Mn con-

tent, x, varying from 0 to 0.037. Our samples have good

structural quality, with lattice parameters changing as a func-

tion of the Mn content, x, according to the Vegard rule.

The transport properties of our samples show p-type

conductivity due to impurity states present near valence

band, with activation energy of about 200 meV. The carrier

transport in our samples at temperatures higher than 150 K is

thermally activated, while at T< 150 K a degenerated trans-

port dominates. The carrier mobility shows the presence of

ionic carrier scattering centers with concentration from 6 to

15� 1017 cm�3. The scattering centers are not related to the

Mn impurities.

The paramagnetic Curie-Weiss behavior indicates that

the majority of Mn ions in our samples are isolated (ran-

domly distributed in the host CdGeAs2 lattice). The esti-

mates of the active Mn content of our samples, in case of

most of them, give values similar to those obtained with the

use of the EDXRF method. It indicates that the majority of

Mn ions substitute the Cd positions in the CdGeAs2 lattice,

and possess Mn2þ charge state with high magnetic momen-

tum. We prove that the total solubility of Mn in

Cd1�xMnxGeAs2 is around x¼ 0.04, a value lower than for

II–VI and rather high with respect to III–V DMS bulk crys-

tals grown under thermal equilibrium conditions. Both II–VI

and III–V DMS, we may consider as ternary analogs of

Cd1�xMnxGeAs2. The negative Curie-Weiss temperatures,

with values increasing as a function of x are observed indi-

cating an antiferromagnetic exchange interaction. The aver-

age value of the exchange parameter, J/kB��1.8 6 1 K, is

of the same order as those observed in II–VI DMS and in

very dilute III–V DMS with carrier concentration below

1019 cm�3. This result may be explained by assuming the

superexchange via an anion.
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