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Direct evidence for a nonzero energy gap and half-metallicity in the diamondlike
ferromagnet (Zn,Mn)GeP2
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A giant narrowing of the energy gap in the nonlinear optical crystal ZnGeP2 (ZGP) after the incorporation
of manganese atoms into the chalcopyrite crystal lattice has been detected. The (Zn,Mn)GeP2 (ZMGP) thin
films grown by solid-phase endotaxy on ZGP (001) substrate share the tetrahedrally coordinated structure of
chalcopyrite. The measured fine crystal structure and fundamental optical properties point to a semiconductor
substance. However, other properties, such as electrical conductivity, current transport across the energy barrier
ZMGP/ZGP, and photoemission of holes from the ferromagnetic ZMGP layer, claim that this substance is a
metal. We investigated this unusual combination of properties in ZMGP using comprehensive measurements,
including detailed chemical composition at the surface and in depth, and obtained direct experimental evidence
for half-metallicity (HM) in the Mn-rich ZMGP material. Existing theories agree with these experimental proofs
obtained. We discuss possible emitters of spin-polarized holes on these HM films operating at room temperature
in fully diamondlike structures.

DOI: 10.1103/PhysRevB.110.064406

I. INTRODUCTION

The ZnGeP2 (ZGP) crystals belong to energy materials
that play a central role in nonlinear optical energy conversion
technologies. Undoped ZGP crystals are used in laser-based
nonlinear optical devices that convert enormous energy in
the midinfrared (mid-IR) spectral range [1–9]. When doped
with appropriate 3d magnetic ions, ZGP crystals turn from
diamagnetic to ferromagnetic (FM). In FM-based devices,
electron spins as information bits can be used with extremely
low-energy consumption for up-and-down flips. Utilization
of spins for magneto-optical control can occur energetically
efficient and fast. The energy difference in these two simul-
taneous high- and low-energy applications of Mn-doped ZGP
crystals can be as high as 1020 times. Controlling the powerful
light flux using low-energy magnetism and spin injection into
crystals may open an unusual path in the field of nonlinear
optics.

Since the discovery of the class of FM chalcopyrites
II-IV-V2 with Curie temperatures above room temperature
(RT) [10–17], more than 1000 publications have been issued
on this topic. Theoretical developments of FM chalcopy-
rites have extended the family of ternary compounds with
spin-dependent properties [18,19]. Several theoretical mod-
els explain FM at RT [20–25], while earlier simple models
contradictorily indicated antiferromagnetic (AFM) order-
ing [26,27]. The half-metallic (HM) state in (Zn,Mn)GeP2

(ZMGP) was theoretically found in Refs. [21,25,28–30].
However, experimental data exhaustively describing the HM

*Contact author: g_medvedkin@yahoo.com

properties of this solid are not available. Hole transport
in a magnetic field [31], magnetization and magneto-optics
[32–34], and magnetic resonances [35–38] in low-doped
ZnGeP2:Mn (ZGP:Mn) and Mn-rich ZMGP materials de-
scribe magnetically dependent properties. In situ ultraviolet
photoemission spectroscopy (UPS) and x-ray photoemission
spectroscopy (XPS) measurements [39] showed the transition
from metallic to semiconductor (SC) type in a ZMGP/ZGP
structure. These experimental results have only characterized
the SC properties or the metallic Fermi edge at the surface,
but no direct evidence for HM in ZMGP has been published
to date. In this paper, we provide a multiexperimental proof
of the HM behavior of Mn-rich ZMGP, including its SC and
simultaneously metal properties in the same substance. These
properties encompass the fundamental optical absorption and
reflection, crystal structure, temperature dependence of resis-
tivity, electric current transport, and internal photoemission
(IPE) in a ZMGP/ZGP heterostructure operating as a Schottky
diode. We did not focus on the measurements of the percent
spin polarization because, on the one hand, it is an established
fact that the HM is a fully spin-polarized material, and on the
other hand, there are still many controversies in measuring
the correct value of spin polarization [40,41]. Moreover, HMs
are not the only class of solids where 100% spin polarization
can be realized: recently emerged spin-gapless SCs (SGSs)
have demonstrated full polarization for electrons and holes
at the Fermi level [42–47]. Theory predicts a zero band gap
in SGSs, so optical spectra, hole photoemission, and hole
transport experiments can directly discriminate which class of
solids the substance under study belongs to.

Overall, we present a comprehensive study of optics, pho-
toelectronics, crystal structure, electric current transport, and

2469-9950/2024/110(6)/064406(21) 064406-1 ©2024 American Physical Society

https://orcid.org/0000-0003-0013-1206
https://orcid.org/0000-0003-1024-5362
https://ror.org/00qg0kr10
https://ror.org/00ys1hz88
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.110.064406&domain=pdf&date_stamp=2024-08-07
https://doi.org/10.1103/PhysRevB.110.064406


MEDVEDKIN, SATO, AND ISHIBASHI PHYSICAL REVIEW B 110, 064406 (2024)

resistivity based on reliable and well-established techniques,
which we believe provides direct experimental evidence for
HM in Mn-rich ZMGP.

To further explore the crystal structure, we first present
details of the growth method called endotaxy, Auger spec-
troscopy, and precision x-ray analysis of ZMGP layers grown
on the ZGP crystal. We then present a crystal model of the
tetrahedron and discuss magnetic chains and nanoclusters.
Finally, we describe in detail the fundamental optical ab-
sorption, reflection, electrical resistivity of ZMGP, current
transport, and photoemission of holes in the ZMGP/ZGP
diode structure.

The FM chalcopyrites, such as ZMGP and 100% substi-
tuted MnGeP2, were already grown using both endotaxial
and epitaxial methods [13,48–54]. At high [Mn] concen-
tration, these materials exhibit FM at RT, and furthermore,
FM persists at lower [Mn] concentrations (x < 5%) in the
diluted magnetic SC (DMS) phase, as shown for the pre-
cise layer-by-layer removal of ZMGP from the surface of a
ZGP crystal [39]. The theory performed for Cd1−xMnxGeP2

confirms the isolated MnGe defect to generate a shallow ac-
ceptor level, which is strongly spin polarized [20]. The spin
states are split such that the up-spin level is higher and the
down-spin level is lower than the valence band maximum
(VBM) [20]. Significant valence band spin splittings and
spin polarization were found in five Mn-doped chalcopyrites,
including Zn1−xMnxGeP2 (x = 6%) [28]. This feature cre-
ates a paradigm for nonlinear optical crystals such as ZGP
due to their robust diamondlike crystal structure and spin
polarization.

Then spin-polarized electrons must be injected or emit-
ted into another nonmagnetic material structurally matched.
Mn-doped II-IV-V2 chalcopyrites among a variety of dia-
mondlike materials (IV, III-V, II-VI, and I-III-VI2) are the
most promising in terms of realizing RTFM as injector layers
on other well-developed Si or GaAs SCs. They are compatible
with various diamondlike materials such as Si, Ge, GaAs, and
GaP due to their tetrahedral coordination and close lattice
constants, which allow the growth of almost perfect hetero-
junctions [48–54]. The lattice constants of Mn-doped ZMGP
layers are also close to those of ZGP crystal [13,14,34].

Mn-dopant and native point defects in ZnGeP2 play an
important role in the realization of RTFM. The modeling
of point defects in ZGP crystals has been extensively stud-
ied in Refs. [55–59]. Various theoretical models for heavily
Mn-doped ZnGeP2 suggested the HM [18–22,25,28–30] or,
controversially, a normal FM metallicity [60]. According
to Ref. [18], HM persists for ZnGeP2 including another
18 hosts II-IV-V2 at higher Mn concentration (50%). Even
if Mn completely occupies the group-IV element site, the
resulting stoichiometric compounds are HMs in all cases
except for the nitrides [18,28–30]. Despite many theoretical
papers and books on spintronics [61–69], the hot topic re-
mains for the choice of the right material with significant
spin splitting, spin polarization, and structural and chemi-
cal compatibility with Si, Ge, III-V, and II-VI in the frame
of the diamondlike crystal structure operating at RT with
TC > 300 K. Thus, the experimental detection of all bound
properties corresponding to the HM state in this material is
important.

II. EXPERIMENT

A. Sample preparation and measurements

ZnGeP2 single crystals grown by the vertical Bridgman
method were cut from a crystal ingot in the isotropic direction
with a base plane of (001). Crystal plates were mechanically
polished, finished, and etched in a Br-methanol solution for
a few tens of seconds. FM endotaxial layers were grown in
the molecular beam epitaxy (MBE) chamber using the solid-
phase chemical technique. Auger electron spectra (AES) were
recorded using an Omicron Nano Technology instrument in
the MBE machine with primary electron energy of 3 keV, a
lock-in amplifier, and 1 eV peak-to-peak energy modulation.
AES in the differential mode were taken at electron kinetic
energies from 40 to 1200 eV.

X-ray diffraction (XRD) reflectivity curves were taken on
a Rigaku type RAD-IIC x-ray diffractometer in the θ /2θ

scan for the Bragg-Brentano geometry. The detail structure
of heterojunctions was characterized by high-resolution XRD
(HRXRD) patterns taken in a coupled ω/2θ scan (Cu Kα1

radiation, λ = 1.5406 Å) employing two diffractometers: a
PAnalitical X’pert and a Rigaku type RINT-RAPID system
with a glancing angle incidence. The HRXRD system was
equipped with a four-axis goniometer.

After growing the magnetic ZMGP layer, the heterojunc-
tion samples were refreshed with the same etching solution
just before measurements. The optical study was carried out
with grating and Fourier transform IR (FTIR) spectropho-
tometers, a Perkin-Elmer lambda 950, equipped with PMT
and PbS detectors, and a Shimadzu FTIR-8400s equipped
with KBr optics. For optical reflection spectra, a small kink
at the energy 1.38 eV (900 nm) was because of switching the
photodetector in the spectrophotometer. The Kramers-Kronig
transform was applied to extract the absorption components
from the complex reflection spectrum in the deep fundamental
band 0.5–6.0 eV.

Electrical resistivity was measured by a four-probe method
using the vacuum deposited Au-dot contacts. Measurements
were conducted in the temperature range 4.2–350 K. Current-
voltage (I-V) characteristics and spectral photoresponse at
photon energies of 0.8–3.8 eV were measured at 300 K.
The Fowler hole emission in the Schottky barrier was
recorded at RT.

B. Endotaxy of (Zn,Mn)GeP2

Successful endotaxial growth by solid-phase reactions is
known in simple chemical systems, e.g., Ge-Mn [70]. The
hexagonal structure of the Mn5Ge3 layer grown on the Ge
(111) substrate with a diamond crystal structure has, how-
ever, obvious crystallographic limitations because of different
syngonies. Another system CdGeP2-Mn with a ternary dia-
mondlike compound is more compatible crystallographically.
It was successfully used in a solid-phase reaction to grow
a RTFM endotaxial layer of (Cd,Mn)GeP2 (CMGP) sharing
the crystal structure of chalcopyrite I 4̄2d [14,15,34]. Similar
endotaxial processing was applied to ZnGeP2 crystals in this
paper.

One of the most efficient nonlinear optical crystals ZnGeP2

is the material of choice for several applications in mid-IR
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lasers, and growing a ZMGP solid solution on top of the crys-
tal offers additional advantages in magneto-optical control of
high-power mid-IR laser sources. The endotaxial approach
brings the lattice constants of the materials closer to each other
and avoids deformation at the heterointerface with excellent
single crystallinity over a wide range of Mn concentrations.
The crystallographic orientation of the layers strictly repeats
the (001) orientation of the substrate, following the structural
correspondence condition by definition. The solubility (sub-
stitution) of Mn in the ZGP lattice is full, and the lattice
constants of ZGP and MGP compounds limit the range of
the lattice constant variation a and c (if Vegard’s law is valid
for the ZMGP solid solution). At least, it is known that the
crystal structure of ZnGeP2 and MnGeP2 is chalcopyrite, and
a/c = 5.466/10.722 Å for ZGP [34], a/c = 5.693/11.303 Å
for MGP epilayers [47–49], and a/c = 5.655/11.269 Å for
bulk MGP powder [24], respectively. The lattice mismatch in
the virtual heterojunction of these ternary compounds is δa =
2�a/�a = 3.4 − 4.1%, and δc = 2�c/�c = 5.0 − 5.3%.
According to Vegard’s law, the Zn1−xMnxGeP2 solid solution
with 0 < x < 1 should have constants right between ZGP and
MGP within the same crystal structure of chalcopyrite, and the
mismatch with the ZGP substrate is expected to be smaller.

Endotaxy in the MBE chamber comprises two steps: (1)
deposition of a thin layer of Mn metal on the ZnGeP2 face
and (2) thermal diffusion of manganese atoms inward during
simultaneously substituting Zn and Ge for Mn in the two
cationic sublattices of the host crystal. The temperature of
the solid-phase reaction was chosen much lower than Tdec =
973 K, the decomposition temperature of ZnGeP2 [71], and
based on thermal chemical stability of the ternary compound
as 1

2 Tα−β ± 75 K, where Tα−β = 950 K is the solid state α-
β transformation temperature [72]. We employed an initial
50-nm-thick Mn metal layer, like d = 51 nm in Ref. [39].

ZMGP layers were grown endotaxially using different de-
position and diffusion temperatures: (1) Tdep = Tdif = 400 ◦C,
(2) Tdep = 20 ◦C, Tdif = 550 ◦C, and (3) Tdep = 100 ◦C, Tdif =
500 ◦C. The depth distribution of Mn in ZMGP/ZGP was
evaluated using accurate layer stripping at a sputter etch rate
of 2 Å/min by in situ UPS and XPS measurements [39]. The
formation of Mn-rich and Mn-poor layers in the ZMGP/ZGP
heterostructure was detected (Sec. III D). The charge carrier
transport in the upper layer of Mn-rich ZMGP revealed their
metal-like origin [31,38]. The distribution of manganese in
the Cd-analog CMGP/CGP was also observed in the cross-
sectional scanning electron microscope (SEM) [10,11] and
found a distinct black-and-white contrast in the images be-
tween the top layer and the underlying crystalline volume.
The layer-substrate profile indicates a strong difference in the
electrical conductivity and hence electron density in the film
compared with the substrate [34,48].

The buffer interface ZGP:Mn with a low Mn concentra-
tion formed in the diffusion-reaction process below the upper
Mn-rich ZMGP layer. The low-doped buffer naturally min-
imizes the lattice mismatch between the two components,
and the entire heterojunction retains the diamondlike structure
with isotropic orientation [001]. Therefore, the transition from
the top layer to the undoped substrate occurs smoothly without
lattice stress. Unlike conventional MBE growth from external
sources, this growth method consumes the seed material to

FIG. 1. Atomic mechanism of diffusion-substitution-emission
processes on the surface of ZnGeP2 in the solid-phase chemical
reaction with Mn.

build up a layer with a lattice orientation replicating that of
the substrate. During the solid-phase chemical reaction, the
major substitution Mn → Zn is maintained due to the activity
series of metals, where manganese is higher in reactivity than
zinc, cadmium, or tin, and therefore, Mn vigorously displaces
them in II-IV-V2 compounds. An additional resource that
promotes the chemical reaction in the desired direction is the
Zn vacancy, and the solid-phase reaction obeys the equation:

ZnGeP2 + VZn + Mn → (Zn1−xMnx )GeP2

+ Zn(MnyGe1−y)P2 + (MnP)nc → ZMGP + (MnP)nc,

(1)

where x >> y are partial concentrations, x + y = [Mn] is a
full concentration, and nc is a nanocluster.

The molar fractions x, y are principally regulated by the
Pauling electronegativity of cations Mn, Zn, and Ge, and
nanoclusters nc are dissolved in the lattice matrix. The sub-
stitution Mn → Ge proceeds as a minor reaction due to the
higher valence and much smaller ionic radius of the Ge4+
cation, although a small excess of Ge may be present in the
chalcopyrite matrix due to an extended homogeneity range
of II-IV-V2 compounds and can slightly enhance this sub-
stitution. This minor substitution Mny is responsible for the
realization of the RTFM state in ZMGP [Eq. (1)] and con-
firmed by simulations [20,21]. MnP exists as nanoclusters
diffusely distribute in the crystal matrix and remain stealth to
x rays in a standard setup (see explanation in Sec. III B).

A visual representation of atomic exchange in the solid-
phase chemical reaction is shown in Fig. 1. Diffusion (D)
of atoms inward and emission (E) of atoms outward occur
under high-vacuum conditions, which ensures efficient substi-
tution of two cations and zinc vacancy for manganese atoms
in ZnGeP2. This reaction leads to the endotaxial growth of
the Mn-rich ZMGP layer on the surface and low-doped Mn
diffusion layer beneath it. While substitutions of the group-II
cation and VZn do not change electronic charge states, the
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FIG. 2. Auger electron spectra (AES) for the clean ZGP surface and ZMGP layers grown at 400 and 500°C. (a) AES signals for all chemical
elements and well-resolved three peaks for Mn; (b) and (c) magnified AES signals for phosphorous, zinc, and germanium.

substitution of Mn → Ge is accompanied by the generation
of two extra holes, and the group-IV cationic site acts as a
double acceptor. The intercation exchange MnGe ↔ MnZn is
also available at elevated temperatures.

Let us briefly list the advantages and disadvantages of
endotaxy for growing ideal thin layers of ZMGP:

Advantages:
(1) A single Knudsen cell (Mn) is used for deposition.
(2) The solid-phase chemical reaction is determined by the

electronegativity of the reacting metals.
(3) Cation substitution occurs predominantly at the Zn site

and secondarily at the Ge site.
(4) The crystal orientation of the endotaxial layer is set by

the host substrate.
(5) The heterojunction has a smooth interface due to a

ZGP:Mn buffer layer.
(6) The endotaxial layer is not stressed or stretched and

has a relaxed crystal structure.
Disadvantages:
(1) The layer thickness can only be controlled by the metal

thickness of Mn and temperature.
(2) Multilayer growth is inconvenient.
(3) The Mn distribution profile is mainly determined by

diffusion creating an extended interface.
The listed pros and cons highlight the simplicity, cost

effectiveness, and convenience of the Mn-related endotaxy
used. While endotaxy allows the growth of ZMGP and
CMGP layers with a maximum x ∼ 0.50 [10,11,23,39], epi-
taxy has demonstrated the growth of MGP films with x = 1
[24,49–51].

III. RESULTS

A. AES

The AES technique was used in situ as a surface-sensitive
method to characterize the chemical elemental composition in
the outer 0.5–5 nm layer. The electron beam excited character-
istic emission from the surface, so it is fortunate that the top
layer of ZMGP is electrically conductive, and AES analysis
can be successfully applied without local charging problems.

The initial crystal surface was cleaned in the MBE chamber
by sputtering to remove the carbon and oxygen contaminants.
The carbon signal at characteristic kinetic energies of 242 and
273 eV and oxygen signal at energies of 471, 488, and 510 eV
[73] is close to the noise level that is typical for clean sur-
faces of III-V compounds with similar treatment. The upper
Mn-rich layer was analyzed for chemical elements P, Mn, Zn,
Ge, O, and C, and results are shown in Fig. 2. The dN/dE
peaks are well resolved for clean surfaces of the two origi-
nal ZnGeP2 crystals and coincide with each other. The AES
sensitivities are high, 0.50 and 0.20 for oxygen and carbon,
respectively, so these light contaminants were confidently re-
moved by sputtering. On the clean ZGP surface after initial
sputtering, AES peaks were observed only for the elements
P, Zn, and Ge (blue curves). After Mn deposition and ther-
mal processing, additional signals associated with manganese
were recorded, Fig. 2(a), green and orange curves. The Mn-
related signals were calibrated using GaMnAs samples with
measured dN/dE peaks at 535, 581, and 628 eV. The elements
P (0.5), Mn (0.21), Zn (0.18), and Ge (0.10) clearly appear on
the surfaces of both ZMGP films grown at T = 400 and 500°C.

064406-4
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The full spectrum in Fig. 2(a) well resolves three main
peaks belonging to manganese at 541, 589, and 635 eV and
weaker peaks at 535 and 509 eV [73]. The intensity of Mn
peaks indicates that the diffusion rate of manganese at high
temperatures is higher than at low temperatures. Thus, the
penetration of Mn into the crystal at Tdiff = 500 ◦C is higher
than at 400°C, and the Mn peak becomes lower due to less
[Mn] on the surface. Panels (b) and (c) show the magni-
fied signals for phosphorus, zinc, and germanium with the
strongest peaks. Characteristic electron energies are known
for P (120 and 106 eV), Zn (991, 1013, 913, 833, and 902 eV),
and Ge (1147, 1178, 1030, 1075, 1056, and 963 eV) [73].
Most of the obtained peaks agree with these reference data;
the main ones are shown by arrows. The chemical shift for the
experimental peaks varies from 0 to 14 eV and is related to
the change of the oxidation state of cations after Mn doping.
Almost all elements in the periodic table exhibit a chemical
shift in approximately the same energy range as in the pre-
sented AES spectra. For example, the Auger peaks of the
germanium crystal and germanium oxide layer are separated
by >8 eV for the two oxidation states Ge0 and Ge4+ [74].
These shifts arise mainly from changes in oxidation final-
state effects due to changes in the chemical environment of
the atom or variations in relaxation energy due to different
electrical conductivities [75,76]. The P peaks at 120 eV in
Fig. 2(b) do not overlap with other AES signals, but the Zn and
Ge peaks in Fig. 2(c) undergo peak overlap. The amplitude
of the main P peak changes after Mn doping, indicating an
increase in phosphorus concentration at 400°C and a decrease
at 500°C. The main Zn and Ge peaks vary in both intensity and
energy shift. Indeed, the electrical conductivities of ZGP and
ZMGP differ by many orders of magnitude, see Secs. III J and
III K. Identification of Auger peaks is generally easier for light
elements than for heavy elements because of the interference
of heavy-element peaks with a larger number of transitions.
Higher-energy peaks have a larger width [full width at half
maximum (FWHM) is typically 3–10 eV], so peak overlap is
more likely [76]. Thus, the identification of Zn and Ge peaks
is a more difficult task.

During endotaxy, the occupation of MnZn sites increases,
and the chemical reaction shifts to the right side in Eq. (1).
At 400°C, the Zn peak at 991 eV almost disappears, Fig. 2(c),
and the substitution by Mn atoms occurs completed near the
surface. At the same time, [Ge] changes insignificantly, and
the substitution Mn → Ge remains only minor. The situation
changes dramatically at 500°C, and the Zn signal reappears
with a weaker amplitude, Fig. 2(c). This means that an ad-
ditional amount of zinc enters the outer layer again, and the
balance shifts to the left side of Eq. (1), enriching with [Zn].
The Ge peak at 1147 eV changes slightly in magnitude, but the
energy shift associated with the oxidation state is much more
pronounced. Some Ge atoms move into the lattice intersti-
tials with changing oxidation state. AES show that, at higher
temperatures, Zn atoms move intensively toward the surface
and outward, while Mn atoms penetrate deeper. The mutual
movement of atoms in and out for zinc and germanium leads
to a decrease of the cation ratio [Zn]/[Ge] near the surface,
which is consistent with the analysis of binding energies [39].

Given that ternary compounds II-IV-V2 possess a wide
region of homogeneity, a small excess of (MnP)nc at a level

FIG. 3. X-ray diffraction (XRD) patterns of Zn1−xMnxGeP2

powders with [Mn] = 0 and 20%, and the calculated peaks of
pure ZnGeP2. Stars indicate chalcopyrite; circles indicate the excess
germanium.

comparable with intrinsic point defects seems very plausi-
ble. At higher temperature (500°C), excess Zn atoms escape
from the crystal surface and give noticeable AES signals at
energies of 980–1030 eV, as shown in Fig. 2(c), green curve.
These AES confirm that, during manganese-crystal interac-
tion: (1) the quasichemical reaction, Eq. (1), is reasonable
and suitable to explain the mutual movement of atoms; (2)
the concentration [Zn] changes mainly, [P] changes slightly,
and [Ge] remains almost unchanged; and (3) the oxidation
state of some Ge ions changes. Massive substitution occurs in
the II-cation sublattice, and minor substitution occurs in the
IV-cation sublattice [10,20]. Thus, the reaction of Mn with
II-IV-V2 compound proceeds according to the rule: Massive
substitution occurs at one cation site, and minor doping occurs
at the other cation site.

B. XRD

XRD was studied for bulk materials: polycrystalline
ZnGeP2 and polycrystalline Zn1−xMnxGeP2 with x = 0.2
(Fig. 3) and for single-crystalline heterojunction ZMGP/ZGP
(Fig. 4). The solid solution ZMGP was advisedly synthesized
with [Mn] = 20% in the form of a polycrystalline ingot
[13,14] and then ground into powder for XRD measurements.
The experimental 2θ -scan patterns in Fig. 3 are compared
with the XRD curve calculated for the undoped pure ZGP.
The measured (black curve) and calculated (green curve) are
in good agreement with each other. Homogeneous polycrys-
talline bulk materials ZMGP (20 and 50% Mn) were also
grown in two syntheses [15]. Figure 3 shows only the 20%
Mn sample (red curve) for comparison with measured and
calculated ones in this paper. ZGP and ZMGP give similar
peaks marked with stars and belong to the chalcopyrite crystal
structure. The excess Ge in the ZGP ternary compound is
known even for high-quality nonlinear optical crystals. XRD
lines related to germanium were observed in both undoped
and Mn-doped polycrystalline materials.

A detailed examination of the peak position indicates
that the main ZMGP diffraction lines are shifted toward
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FIG. 4. High-resolution x-ray diffraction (HRXRD) patterns for
ZMGP/ZGP heterojunction (a) taken on reflexes (112), (004), and
(008). (b) Three peaks deconvolution of the (112) reflex. �0 is a
random residual standard deviation and red-green-blue (RGB) bars
denote maxima. (c) Three peaks deconvolution of the (004) reflex in
semilogarithmic scale.

smaller angles 2θ and give a larger lattice constant of ZMGP
(poly and mono) in comparison with ZGP. However, stan-
dard chemical phase analysis shows these lines are not sharp
and cannot be accurately resolved. Therefore, the peaks as-
sociated with Mn remain stealth. All measured materials
answer to the structure of chalcopyrite, space group I 4̄2d ,
and no secondary phases related to manganese or differ-
ent crystal structures were found. Binary compounds MnP,
Mn2P, MnP4, Ge2Mn3, Ge2Mn5, Ge3Mn5, Ge5Mn3, GeMn,
GeMn2.3, GeMn3.4, GeMn2, and GeMn3 have not been de-
tected. The Ge excess peaks observed in poly-ZGP were
translated into poly-ZMGP without the formation of any
known Ge-Mn compounds. Therefore, in the standard XRD
setup, one can only assume that Mn-bound substance is
present in the form of nanoscale inclusions such as nanoclus-
ters, whose weak reflexes overlap with the strong lines of
chalcopyrite.

Although the top layer exhibits metal-like properties
[31,38,39], its physical nature remains unresolved, and the ex-
istence of Mn-bound nanoclusters is still debated. To clarify,
we used an alternative estimate of the x-ray penetration by
calculating the attenuation length L at λ = 1.5406 Å [77] for
the substrate and layers (Table I) and HRXRD, Fig. 4(a).

The calculation results are given in Table I for ZGP crystal
and Mn-containing materials MGP, ZMGP, and the known
HM MnP [78,79]. The Mn-based materials have rather low
L values regardless of the type of structural modification
(tetragonal, cubic, hexagonal, or orthorhombic) in the ZMGP
matrix or MnP nanoclusters. For each Mn-containing material
in Table I, the x-ray absorption is stronger compared to the

TABLE I. Attenuation length L of x-ray radiation at λ=1.5406 Å
in materials. The grazing angles correspond to planes hkl = (112) and
(004), ratio = LZGP/Lfilm. Denotations for MnP crystal structures: zb
– cubic (zinc-blende), hex – hexagonal, or – orthorhombic.

L (μm) at ω angle

Material Density (g/cm3) 14.22◦ 16.71◦ Ratio

ZnGeP2 4.175a 9.002 10.537 1.0
[Mn] 8% 4.120b 8.504 9.955 1.1
[Mn] 20% 4.039b 7.868 9.21 1.1
[Mn] 50% 3.834b 6.694 7.836 1.3
[Mn] 80% 3.629b 5.901 6.907 1.5
MnGeP2 3.493c 5.506 6.445 1.6
MnP-zb 3.93d 3.14 3.675 2.9
MnP-hex 5.50d 2.243 2.626 4.0
MnP-or 5.94d 2.077 2.431 4.3

aReference [72].
bThis paper.
cReference [24].
dReference [79].

ZGP crystal. The LZGP/Lfilm ratio increases with increasing
[Mn], reaching a maximum value of 4.3 for orthorhombic
MnP films. In the reflection mode, x rays pass through the
film twice and produce ∼4 times higher diffraction intensity
than ZGP. Moreover, the top ZMGP layer has much higher
electrical conductivity than the semi-insulating ZGP substrate
(Sec. III J), so the excess of charge carriers in ZMGP is an-
other reason for the stronger x-ray absorption in the top layers.
Thus, the amplitudes of the corresponding diffraction peaks
from the substrate are significantly attenuated with respect to
the top layers.

To obtain more structural details, we performed precision
XRD measurements in reflection mode and elucidated the
quality of the crystal lattice in the endotaxial ZMGP film.
Figure 4 shows HRXRD patterns for the ZMGP/ZGP spec-
imen taken from the layer side in coupled ω/2θ scan mode.
Measurements were performed at angles 2θ = 28°–34° and
70°–71° which correspond to the hkl = (112), (004), and (008)
planes.

The complex peaks were further digitally processed using
Gaussian deconvolution for the two reflexes (112) and (004).
The reflex (008) with nongrazing conditions was not digitally
processed because the second peak (film) is expected to be of
much lower intensity and out of scale at 2θ ≈ 69.96°.

A Gaussian deconvolution model used for the (112) reflex
is shown in Fig. 4(b) and for the (004) reflex is shown in
Fig. 4(c). To resolve and analyze the fine diffraction structure
in the HRXRD patterns, we applied asymmetric settings to
reduce the beam polarization while keeping the incident beam
intensity high. Due to the almost perfect nature of single
crystals, peaks from the substrate often dominate the pattern
[80], while peaks from films and nanoclusters have very low
intensity through the lower [Mn] concentration. However, in
the regime of reflection from the highly conductive layer,
the ratio of peak intensities can change in the opposite way.
Deconvolution of HRXRD peaks shows that three signals are
clearly dominant.
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Specific peaks are depicted as contours shaded in red-
green-blue (RGB) colors. The maxima in Fig. 4(b) are denoted
by RGB bars. The residual standard deviation �0 (between
data and fit) demonstrates that the pattern �0 is random. The
R, G peak pair appeared after endotaxial growth and belongs
to Mn containing layers. The B peak answers to angles 2θ

close to that from PDF cards #00–050–1210 and #01–073–
0398 for ZGP [81,82].

The most intense R peak belongs to the ZMGP layer on
top of the heterojunction, while the G peak at lower angles
[Fig. 4(b)] and at higher angles [Fig. 4(c)] can be attributed
to a transitional layer with variable low [Mn]. The intensity
of the main peak for the (112) reflex at 28.469° is ∼4 times
stronger than the second peak at 28.486° (ZGP substrate).
This agrees with the data for the attenuation length in Table I.
Note that the crystallographic (112) plane is the densest pack-
ing in the chalcopyrite structure and consists of two closely
spaced cationic and anionic subplanes. For RGB peaks at the
(112) reflex, FWHM = 36.9, 50.9, and 84.8 arcsec confirm the
high crystallinity of the layers and, together with a small shift
of 0.017° between R and B peaks, indicates that the top film
has the same orientation as the interface layer and substrate.

The angular deconvolution presented in Fig. 4(c) gives
FWHM = 74.9, 373.0, and 254.3 arcsec for peaks (004)
larger than for peaks (112) in Fig. 4(b) (36.9, 50.9, and 84.8
arcsec). The width values indicate good crystallinity and low
misorientation in the top layer, the quality of which is quite
comparable with a high-quality single-crystal ZGP substrate.
The larger FWHM > 200 arcsec for the ZGP:Mn transitional
layer on the (004) reflex indicates the slight misorientation
of nanoclusters along the [001] direction. This is consistent
with the longer attenuation length in this direction (Table I),
along which the lattice constants change more strongly and
misorientation is more plausible.

The difference in the width parameters for reflexes (112)
and (004) indicates local anisotropy in different crystallo-
graphic directions, and the peak broadening is due to a slight
distortion of the local structure. Figure 4(c) shows that the
weak but distinct contribution of Mn-bound nanoclusters is
clearly visible on the semilogarithmic scale. The B peak
at 33.422° is less intense but still well above (×108) the
noise background. The G peak at 33.275° (×1220) with a
broad FWHM presumably indicates the manifestation of nan-
oclusters in the Mn-doped ZGP:Mn diffusion layer. Partial
signatures of Mn-bound nanoclusters were found in magne-
totransport measurements, electron paramagnetic resonance
(EPR), FM resonance (FMR), giant electron spin echo spectra
[31,35–38], and tilted tetrahedron calculation from EPR data
[83], and they complement our overall picture of the crystal
structure with ZMGP (R peak) and ZGP:Mn (G peak) layers
on ZGP crystal (B peak).

As a rule, HRXRD and rocking diffraction reflection
curves have FWHM � 200 arcsec for high-quality epitaxial
films of III-V compounds, indicating their good crystallinity.
In the grown endotaxial layers, the width parameter points at
the high crystal quality and local anisotropy. Mosaicity was
not observed, and a slight broadening can be attributed to
the anisotropic distribution of point defects commonly present
in Bridgman-grown ZGP crystals. In this sense, Mn is also
distributed with local anisotropy in the chalcopyrite lattice.

TABLE II. Lattice constants and tetragonal compression in
ZnGeP2, Zn1−xMnxGeP2, and MnGeP2.

Material a(Å) c(Å) τ (%) x(%)

ZGPa 5.468 10.713 2.04 0
ZGPb 5.465 10.711 2.00 0
ZGP:Mnc 5.456 10.716 1.80 >0d

ZMGPc 5.449 10.757 1.30 8
MGPe 5.693 11.303 0.73 100
MGPf 5.655 11.269 0.36 100

aReference [81].
bReference [82].
cThis paper.
d[Mn] cannot be detected.
eReference [49].
fReference [24].

The lattice constants of ZMGP and ZGP:Mn layers are
given in Table II. Incorporation of Mn into the ZGP crystal
lattice results in a small decrease of the constant a and the si-
multaneous increase of the constant c at low fractions x � 8%.
This leads to a slight deviation from linearity of Vegard’s law.
The average lattice constant in the cubic approximation aav =
(a + c/2)/2 gives the same value of 5.411 ± 0.003Å with
good accuracy for ZGP and all ZMGP materials in Table II.
This explains why previous phase XRD analyses performed
by different research groups did not identify Mn-related com-
pounds in ZMGP.

The tetragonal compression τ = (1 − c/2a)×100% charac-
terizes the unit cell using both lattice constants. Table II shows
that τ decreases steadily with increasing [Mn]. The top layer
of ZMGP is characterized by x = 8% with an average lat-
tice anisotropy τ = 1.30%, which is between ZGP and MGP.
The low-doped ZGP:Mn layer (G contour) is characterized
by τ = 1.80%, in agreement with deeper diffusion of Mn
ions. The G peak is slightly shifted toward smaller angles
[Fig. 4(b)] or larger angles [Fig. 4(c)] and characterized by
FWHM = 51–373 arcsec. It can be attributed to transitional
layers in two different directions [112] and [001]. Obviously,
it refers to materials with similar average lattice constants
and high crystalline quality. All Mn-containing materials can
include structural elements as P

P > Mn <P
P atomic tetrahe-

dron. Such tetrahedra complicate the crystal structure through
the formation of magnetic nanoclusters. Here, we emphasize
that Mn-bound magnetic nanoclusters are not considered a
secondary phase since their low concentration and phase seg-
regation hardly exists. Thus, both crystalline and magnetic
ordering in nanoclusters lead to RTFM and other magnetic
effects [33,34,37,38].

According to Vegard’s law, the lattice constants of the
ZMGP solid solution can be fitted to a linear dependence on
x, as shown in Fig. 5. Both constants a and c, determined from
HRXRD measurements lead to a concentration estimate of
x = 8% for the ZMGP film. A small nonlinearity is retained
in this Vegard’s curve, implying that manganese is anisotrop-
ically distributed in the crystal matrix. This is consistent with
a weak crystallographic anisotropy in chalcopyrite SCs.
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FIG. 5. Lattice constants and tetragonal compression in ZGP,
ZMGP, and MGP vs x = [Mn].

C. Tetrahedron model

Conventional XRD phase analysis did not reveal any reli-
able traces of Mn-bound nanocrystalline inclusions in ZMGP
or ZGP:Mn materials. Although minor MnP inclusions have
been reported during epitaxial growth of MnGeP2 on GaAs,
InP substrates [42–47] and successful suppression of sec-
ondary phases have also been reported. The AES presented
above indicate the existence of Mn and P in the ∼3-nm-thick
outer layer with a substantial Zn drop. UPS and XPS pho-
toemission [39] revealed a Mn bilayer profile at a depth of
110 nm, with the RTFM state preserved in both the outer and
deeper layers. Since then, the presence of FM nanoclusters
was used as a working hypothesis until EPR, giant electron
spin echo, and magnetotransport experiments discovered the
presence of Mn-bound nanoclusters in Zn1−xMnxGeP2 single
crystals and films [31,37,38]. Nuclear magnetic resonance in
polycrystals [84] and muon spin rotation with 100% spin-
polarized and positively charged muons [85] confirmed the
presence of magnetic clusters in ZMGP and weakly doped
ZGP:Mn. Weak field-induced FM has been measured in bulk
crystals doped with Mn (x < 5%) at temperatures above
TC = 320 K [85]; this FM goes to zero when the external
field is turned off. MnP inclusions were also found in FM
composites Cd1−xMnxGeP2 + MnP (strongly heterogeneous
materials) [86,87]. Modeling of possible crystal structures of
the binary MnP compound uncovered a hypothetical spha-
lerite modification with lattice constant a = 5.26 Å [79] and
5.308 Å [88]. The cubic MnP with tetrahedral coordination
is constructed from manganese atoms surrounded by four
phosphorus atoms, as shown in Fig. 6. Based on the data in
Table I, the Mn-Mn nearest-neighbor distance is 3.859 Å for
ZGP:Mn and 3.854 Å for ZMGP (8%), which is slightly larger
than the calculated for MnP dMn−Mn = 3.75 Å [88]. Details
of the modeled crystal structure of sphalerite can be obtained
from Refs. [79,89].

FIG. 6. Tetrahedrally coordinated crystal structure of the cubic
MnP [79].

Typically, single crystals and films of MnP grow in or-
thorhombic or hexagonal modifications. The cubic MnP
material was fairly simulated but never grown or confirmed
experimentally. Structural nanofragments of the cubic MnP
of the sphalerite modification with F43m space group are
suggested to be stable, but the atomic surrounding must be
favorable in the first and second coordination shells. Such
structural conditions are automatically realized in our Mn-
doped ZGP crystals. A small difference in the ionic radii of
Zn2+ 0.83 Å and Mn2+ 0.80 Å, close affinity of space groups
I42d and F43m for two diamondlike structures, chalcopyrite
and sphalerite, as well as the model of local tetrahedra P

P >

Zn <P
P in ZGP [1], provide arguments in favor of a similar

configuration of Mn in ZMGP.
The proposed tetrahedron model for Mn-rich ZMGP is pre-

sented in Fig. 7. Manganese coordinated tetrahedrally in the
chalcopyrite lattice occupies three different cation positions
in the unit cell: Mn2+ on the VZn site in the center, Mn2+

Zn and
Mn2+

Ge on the Zn and Ge sites, as shown in the lowest plane of
the unit cell. The ionic-covalent bonds form three tetrahedra:
one anionic P

P > Mn <P
P and two cationic Zn

Mn > P <Ge
Mn. The

last tetrahedron is important for the explanation of FM, where
the acceptor Mn2+

Ge provides two holes to contribute to hole
mediated FM exchange between Mn2+

Zn and Mn2+
Ge .

Magnetic interactions occur between zero, second, and
fourth neighbors in cationic tetrahedra through intermediate P
anions. Anion-cation bonds forming chains (Mn2+

Zn -P-Mn2+
Ge )

and (Mn2+
Zn -P-Mn2+

Ge -P-Mn2+
Zn ) were proposed in Refs. [37,38]

to interpret EPR, Hall effect, and magnetoresistance exper-
iments in ZMGP. In parallel, a theory of practical rules for
orbital-controlled FM of 3d impurities in SCs was developed
[90]. The theory stated that FM interaction exists only along
the [110] chain direction. In the [001] direction, FM is weak
because of less t2 − t2 orbital overlap for geometric reasons
and can compete with AFM. The theory considering only
the II site for substitution, Mn → Zn or Mn → Cd [23,24],
concluded that the AFM state is preferable. A theoretical
approach [20,90] considered double substitution at the II and
IV sites and found that the magnetic interaction is preferable
to FM. Therefore, our model in Fig. 7 shows both predicted
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FIG. 7. Tetrahedron model of ZMGP chalcopyrite lattice with
embedded tetrahedra P

P > MnZn < P
P and Zn

Mn > P <Ge
Mn. Two different

Zn cations and one Ge cation sites occupied by Mn ions having mag-
netic moments ferromagnetically (FM) aligned in the [110] direction,
and one of them antiferromagnetically (AFM) aligned in the [001]
direction.

orderings for tetrahedrally coordinated Mn2+
Zn and Mn2+

Ge ions:
AFM ordering along the [001] and FM ordering in the [110]
directions. Thus, the tetrahedron model with chains explains
the experiment and is confirmed by theories.

Crystallographic anisotropy in undoped ZGP crystals due
to nonequivalent PA-Zn-PA and PC-Zn-PC atomic bonds
[91–93] leads to tetrahedron deformation and local optical
anisotropy [1]. After Mn → Zn substitution, a similar de-
formation is expected in Mn-bound tetrahedron P

P > MnZn <P
P

due to asymmetric Mn-P bonds. The formation of more ex-
tended nanoclusters overlapping neighboring unit cells is also
likely in several configurations: two or three or more neigh-
boring tetrahedra may combine to form larger FM clusters.
The embedded nanoclusters do not distort the lattice as a
whole, but there are local distortions due to different bond
lengths of PA-Mn-PA, PB-Mn-PB, and PC-Mn-PC, like those in
the ZGP crystal [91–94]. The net magnetization of nanoclus-
ters bound via hole-spin exchange can be further sensitive to
the applied magnetic field, and their magnetic moments can
align along the external field [85].

D. Heterojunction layer structure

A schematic of the measured heterojunction samples with
electric contacts is depicted in Fig. 8(a). The bilayer model of
the Mn-rich ZMGP and Mn-poor ZGP:Mn layers is shown
with a color gradient in depth to delineate the manganese
distribution profile. Au contacts were used to take the low-
frequency modulated photoresponse Uph in two illumination
geometries (front and back). The contacts were shaded to
avoid parasitic photogeneration of excess charge carriers.
Light incident from opposite directions (1 − R1 + R2) and
(1 − R3) generated the spectral photoresponse due to different
photoactive absorption in the depletion region and in the bulk
substrate, respectively.

FIG. 8. (a) Cross-sectional sketch of ZMGP/ZGP heterojunction
with three principal optical reflections R1, R2, and R3 from differ-
ent surfaces of the structure. Photoresponse Uph was measured in
two opposite geometries corresponding to the reflection conditions
(1 − R1 + R2) and (1 − R3). (b) Chemical concentration distribution
in depth for Zn, Mn, Ge, and P components; the [Mn] (red line) is
multiplied by the factor of 5.

Figure 8(b) gives the relative chemical concentrations mea-
sured for the elements Zn, Mn, Ge, and P according to
Ref. [39]. The used sputter-etching rate is 2 Å/min. The
manganese profile follows an exponential decay with >1
exponent. A distinctive feature of this distribution is that the
∼50% maximum is near the surface, while [Mn] decreases
slightly at the very surface and strongly in depth. Such a
profile in the endotaxial film is like that of low-energy im-
plantation but differs from that of gas-phase doping. The
ZMGP/ZGP:Mn interface appears sharp since the Mn-rich
and poor layers have high and low electrical conductivity [31],
and in the Cd analog, the Mn bilayer also appears clearly
[34,48]. The [Mn] line in Fig. 8(b) shows two regions, Mn rich
(x ∼ 0.5, d = 15 nm) and Mn poor. The deep layer has an ex-
ponential decrease in manganese concentration with x = 0.1
at d = 52 nm and x = 0.045 at d = 94 nm. The rest of the
sputter-stripped off film has a low concentration [Mn] ≈ 4.5%
detected at d = 110 nm.

Within the thin plate approximation with multiple optical
reflections and without interference effects, we use the optical
model [95] with two reflected rays, Fig. 8(a). This model can
be applied since the optical reflection inside the crystal from
its back surface can be neglected. It is assumed that the optical
constants of the low-doped diffusion layer coincide with those
of the substrate, at least in the mid-IR range of interest. Using
front- and back-probing optical beams and the bilayer model,
we directly obtained optical band gap and reflection data of
the ZMGP layer to characterize its fundamental optical edge
and deep fundamental band.

E. Optical transmission in the mid-IR

The optical transmission spectra for undoped ZnGeP2 sin-
gle crystals, the ZMGP/ZGP heterojunction, and ZMGP film
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FIG. 9. Optical transmission of ZnGeP2 undoped crystal, ZMGP
film, and ZMGP/ ZGP heterojunction. The curves are of two crystals
and two heterojunctions.

in the range of 1–20 µm are shown in Fig. 9. Two samples
(d = 1.2 mm) have a fairly close spectrum shape, and the ab-
solute transmission differs by a few percent. Difference in the
average T amplitude within the operation window (2–12.5 µm)
in one crystal is ∼3% greater than in the other, while in the far
infrared range (14–19 µm), it is opposite, T1 < T2. This small
discrepancy may be caused by different cuts along the ingot or
slight differences in surface polishing and thickness variance.
In general, the optical transmission spectrum corresponds to
the best ZGP crystals without antireflective coating.

Optical transmission measured in the ZMGP/ZGP het-
erojunction is lower, Taver = 15–20%, than in the bare ZGP
crystal, although the optical quality of ZMGP layer is good
enough and acceptable for optical measurements. This re-
duction is associated with two optical effects as the higher
absorption in the ZMGP layer and the higher reflection from
the ZMGP surface. To obtain the transmission coefficient for
ZMGP film itself, we divided the heterojunction transmission
by the crystal transmission Thj/Tcr.

The resulting curves are given in Fig. 9 for two films. The
transparency window 2–12 µm is characterized by relatively
high values of T(λ) and increased dispersion dT(λ)/dλ com-
pared with the crystal and heterojunction. At the edges of this
window, the spectral dispersion turns into a fast function, and
the spectral error increases, so these edges have been omitted
for simplicity. In the window interval, the optical transmission
of ZMGP is rather high T = 22–45%. This indicates that heavy
Mn doping reduces the overall transparency of ZMGP but not
as dramatically as expected and, importantly, does not lead to
the formation of any absorption bands within the transparency
window. This agrees with the optical transmission data of
ZGP crystals doped with low Mn content [96]. At first glance,
ZMGP layers can be utilized in the development of magneto-
optical media based on the nonlinear optical crystal ZGP with
properly designed antireflective coatings on top of ZMGP.

F. Optical reflection

Figure 10 shows the optical reflection spectra of the
original undoped ZnGeP2 crystal and two ZMGP/ZGP het-
erojunctions (Tdif = 400 and 550°C) measured from the layer
side at T = 300 K.

FIG. 10. Optical reflection of ZnGeP2 undoped crystal (1) and
two heterojunctions with ZMGP top layers grown on ZnGeP2 under
different conditions (2) and (3).

The reflection spectrum for the undoped crystal (Fig. 10,
curve 1) is like the previously reported most reliable mea-
surements published in the past five decades [97,98]. For the
spectral measurements, we followed the same proper surface
preparation. Without final polishing and etching, the reflection
structure was generally not as high and sharp, but no addi-
tional features appeared for ZGP crystals compared with those
known [97,98]. The additional data for ZMGP are presented
in Fig. 10 by curves 2 and 3. They demonstrate a large spectral
difference in the reflection amplitude and spectral distribution
throughout the mid-IR range. Their spectral peaks, amplitude,
and the sign of the spectral dispersion dR/d (h̄ω) are dissim-
ilar. The sign of the dispersion indicates that the top ZMGP
layers are not a conventional SC with low to medium hole
concentration like DMS ZGP:Mn but a material with metallic
behavior. Values of R = 25.2% (ZGP), 66.8% (ZMGP #1), and
60.6% (ZMGP #3) were measured in the low-energy portion
of the spectrum and used in the calculation of the optical
absorption coefficient from T spectra in the near and mid-IR
(Sec. III H).

The spectral structures in Fig. 10 differ significantly in
shape, amplitude, and photon energy depending on the growth
technology of layers. The dominant maxima at 1.59 eV
(curve 2) and ∼0.5 eV (curve 3) have not been previously
observed in SCs with low to medium electron/hole con-
centrations. The reflection amplitude for both ZMGP layers
increases to 61–76%, light penetrates the region with low
Mn concentration, and the difference in R amplitude indicates
different diffusion distribution of Mn. Furthermore, curve 3
at energies between 0.5 and 2.5 eV clearly shows the spectral
shape characteristic of a metal or a heavily doped narrow-gap
SC, when n ≈ k and a clear minimum at 1.33 eV is associated
with a plasma frequency ωp. The dependence can be described
by the simple Drude theory for metals and the Drude-Lorentz
model [99,100]. However, unlike pure metals, the amplitude
R does not reach 100% at maximum and does not drop to 0%
at ωp. These signs are in favor of HM. Indeed, the known
FM HMs show a similar spectral shape of reflection and
plasma minima at h̄ωp = 1.49 eV (CrO2) [101,102], 0.82 eV
(Co2TiGe, Co2TiSn Heusler Alloys) [103], and 1.6 − 6.1 eV
(NiMnSb, PdMnSb, PtMnSn, PtMnSb, and CuMnSb) [104].

In the visible (VIS) and near-ultraviolet (UV) bands
(3–6 eV), light is reflected from the uppermost part of the
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FIG. 11. Optical spectra of ZnGeP2 crystals and ZMGP/ZGP heterojunctions at T = 300 K. (a) Midinfrared (mid-IR) absorption of ZGP
undoped crystals. Notations: α is by classic spectral and Fourier transform infrared (FTIR) measurements; OD is by optical density (or A).
(b) Transmission spectra for ZMGP/ZGP heterojunction and ZGP clear crystal. (c) Edge absorption of ZMGP, two film samples. (d)
Fundamental absorption band of ZMGP. Blue curve is α(A) measured by absorbance; black curve is α(KK) by Kramers-Kronig transform; red
dots are α(d) by calculation with Eq. (2), and T, R data, and d as a fitting parameter.

layers and brings information from shallower depths where
the Mn concentration is maximal. Curves 2 and 3 in Fig. 10 are
distributed closer to each other with similar spectral patterns
at energies ∼2.1, 3.5, and 4.3 eV, and the optical depth αd
becomes comparable in two samples. These features indicate
the chemical composition and Mn content are similar in both
upper ZMGP layers. No interference effects are observed in
this spectral interval.

The relationship between the optical and electrical prop-
erties of solids via the conductivity tensor makes the highly
reflective material also a fairly good electrical conductor, so
the spectra in Fig. 10 indicate a high electrical conductivity of
ZMGP layers. Magnetotransport of holes in ZMGP [31,38] is
in line with this finding.

G. Optical absorption and optical density

Figure 11(a) shows the mid-IR optical window
(2–12.5 µm) measured on several undoped ZnGeP2 crystals,
T = 300 K. The spectral data were used to determine the
fundamental optical edge of ZMGP in the ZMGP/ZGP
heterojunction. For samples grown by the vertical Bridgman
method, spectra obtained on classical double-beam and IR

spectrophotometers were compared, after which the T spectra
were converted to optical density (OD) or absorbance (A)
spectra. To calculate the optical absorption coefficient α from
the T and R data (Figs. 9 and 10), the two-beam reflection
model [95] was used:

T = (1 − R1)(1 − R2) e−αd

1 − R1R2 e−2αd
, (2)

where Rl and R2 are reflections at the frontal and interface
surfaces, Fig. 8(a). Equation (2) is used in the absence of
interference effects associated with multiple reflections inside
the crystal plates, and we can simply add up the intensities of
the two reflected rays.

Both ZMGP and ZGP:Mn layers satisfy this condition
since the ZMGP layer is much thinner than the diffusion layer,
and ZGP:Mn has optical parameters very close/equal to those
of the undoped substrate in the mid-IR. While the minimum
absorption coefficient α in Fig. 11(a) measures as α = 0.2
cm−1 at λ = 2 µm and 0.07 cm−1 at λ = 5 µm, the absorbance
(A) gives a value of >0.2 cm−1. This difference in amplitude
was accounted for, but the other features of the spectrum were
not significantly affected. The measured crystals are in good
agreement with the best nonlinear optical ZnGeP2 crystals,
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but the lowest absorption coefficient at λ = 2 and 5 µm can be
achieved in samples designed for special applications.

The α/A ratio with a factor of ∼3.5 at 5 µm was used to
estimate the absorption coefficient in the standalone ZMGP
film from measurements of A. Note that the absorption co-
efficient at the window boundary at 2 µm strongly depends
on the concentration of Zn vacancies, and its sharp reduction
is the goal of numerous attempts to ensure the best possible
performance of nonlinear optical devices in the mid-IR [1–3].
The peak at 9 µm in Fig. 11(a) is associated with three-phonon
absorption. At longer wavelengths, the transparency window
ends with a sharp increase in absorption at 12–13 µm. This
spectral range is still under investigation for possible intrinsic
point defects in undoped ZnGeP2, and here, we underline its
particular importance for heavy manganese doping.

H. Fundamental absorption band in ZMGP

Seeing that the edge absorption coefficient and OD curves
diverge at 12–13 µm [Fig. 11(a)], we performed spectral scans
of the heterojunction and bare uncoated ZnGeP2 crystal using
crystal plates of the same thickness (1.2 mm) to minimize
spectral errors in measurements on the same FTIR instrument.
The spectral range of particular interest is shown in Fig. 11(b)
for both the heterojunction and clear crystal. The optical trans-
mission varies from T = 10 to 45% and is accurate and reliable
because the spectrometer detector signal far exceeds the back-
ground noise. Each measured curve was converted to an OD
curve, and the resulting OD spectra were subtracted from each
other (since α and OD are additive functions, unlike T).

In this paper, optical properties of ZMGP solid solution
were measured. The energy band structure was modeled using
various theoretical approaches [18,23,26,30]. In the chalcopy-
rite II-IV-V2 group, 21 stable FM compounds were identified
[18], which are idealized HM at zero temperature and for
an ordered arrangement of Mn atoms, with electronic states
at the Fermi level in only one spin channel. Refernce [21]
reported that both ZnGeP2: Mn and CdGeP2: Mn become
HM at Mn concentration x = 0.2, and the plausible chemical
formulas are (Zn0.8−xMn0.2VCx)GeP2, (Zn,VC,Mn)GeP2, or
(Zn,Ge,Mn)GeP2, where the cation vacancy VC = VZn. Other
theoretical models [25,28–30] also support the possibility of
the existence of a HM state in ZMGP, MnGeP2, or a SC
state with a nonzero band gap. HM was calculated in chal-
copyrite compounds ZnXP2, where X = Sc, V, Cr, or Fe; how-
ever, the main substitution MnZn was ignored [29]. Some of
the above theories are closer to practice; others are not. In this
paper, we provide experimental arguments optically support-
ing the presence of HM in the diamondlike material ZMGP.

To achieve spectral accuracy, we spectrally separated the
top layer of ZMGP from the endotaxial heterojunction grown
on the ZGP seed crystal. This standalone layer was treated in
terms of measured T, R data and Eq. (2). The conversion of
the absorbance A data to the absorption coefficient α in the
range where no R data are available was performed using the
Bouguer-Beer law:

T = exp (−αd ), (3)

α = �A

d × log10e
[cm−1], (4)

where the absorbance in the layer �A = log10(1/Thj) −
log10(1/Tcr), and d is the film thickness. The amplitude in
cm−1 for the α(A) spectrum was correlated in amplitude with
the Kramers-Kronig transform data in the 0.5–6 eV range.

Figure 11(c) shows the optical absorption spectra of two
ZMGP films obtained from the absorbance data. The high-
energy ends in the spectra have scattered points due to the
finite Fourier transform and can be neglected. We show these
points to demonstrate the trend of the absorption coefficient at
energies >0.7 eV. The overall shape of the spectra is almost
the same for ZMGP films in both heterojunctions.

The sharp edge is identified at 0.099 eV. This can be at-
tributed to the beginning of interband optical transitions in
ZMGP film since the absolute optical absorption reaches α >

105 cm−1 and the spectral contour is like the SC compounds
with a direct band gap. Two reasonable options can be con-
sidered: a HM or a SC with a very narrow band gap. The
existence of the HM is consistent with the above simulations
and experiments on hole transport, electrical conductivity, and
anomalous Hall effect [31,38].

Figure 11(d) shows the optical absorption spectra over-
lapping the broader IR-VIS-UV spectral ranges. The exper-
imental data in this fundamental absorption band consist of
the following contributions: (1) α(A), from absorbance of
the spectrally separated ZMGP film; (2) α(KK), from the
Kramers-Kronig transform; and (3) α(T,R), from Eq. (2).
Whereas the KK equations use only R data, the absorbance
equations use T data, so the thickness d was used as a fitting
parameter. The calculation of α(T,R) was performed using T
and R data only available in the narrow range of 0.47–0.80 eV
(red dots).

The best fit d = 15.5 nm for the ZMGP layer was ob-
tained with Eq. (2). This thickness seems reasonable since
the 50-nm-thick Mn metal layer serves as a source for the
growing solid solution layer and thicker Mn-poor layer. This
thickness agrees with that measured directly for the layer-by-
layer stripping technique, Fig. 8(b) and Ref. [39]. In CdGeP2

(112), manganese penetrates deep in the crystal (∼2.6 µm),
forming an extended Mn-poor layer of CdGeP2: Mn [10,11],
but in ZnGeP2 (001), manganese diffuses less deeply because
of the different crystallographic direction. Given that diffu-
sion coefficients are different for Si wafers with (001) and
(111) planes, it is logical to assume that the (001) and (112)
planes in diamondlike chalcopyrite have similar diffusion be-
havior. Thus, a thinner ZMGP film in the [001] direction is
reasonable.

The SC band gap Eg = 0.099 eV at 300 K looks very
narrow, but compared with the thermalization energy kT =
25.9 meV, it is wide enough that holes cannot overcome the
band gap at RT. Clearly, the presence of point-defect levels
in the band gap of ZMGP can allow for multistep transitions
of holes into the valence band. When a certain percolation
threshold is reached, the electrical conductivity becomes high,
as in metal.

The fundamental absorption band is characterized by the
principal peaks marked with arrows. The maxima at 2.30
and 4.40 eV refer to the transitions associated with Mn in
ZMGP since they are also observed in the reflection spectra,
Fig. 10. The intrinsic absorption in ZMGP is superimposed
on the impurity absorption in the wide-gap ZGP crystal. The
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peak at 0.73 eV falls within the spectral interval responsible
for optical transitions involving the deep levels of intrinsic
point defects in ZGP substrate [1]. The high absorption of
α ∼ 2×105 cm−1 at 0.73 eV may indicate the presence of
predominant VZn point defects in all layers of the heterojunc-
tion. After the Mn → Zn/Ge substitution, additional impurity
defects MnZn, MnGe can pair with the remained VZn, forming
the defect pairs or cluster complex.

The sharp growth in optical absorption in Figs. 11(c) and
11(d) is associated with the fundamental absorption edge in
the narrowest-gap component of the ZMGP/ZGP heterojunc-
tion. This shape is characteristic of SCs with diamondlike
crystal structure. The absorption coefficient α(h̄ω) quickly
reaches the value α ≈ 1.5×105 cm−1 at the spectral bend
of 0.099 eV and then gradually increases to 2.3×105 cm−1,
peaking at 0.73 eV. The absolute value α is consistent with
the fundamental absorption in III-V, II-VI, II-IV-V2, and I-III-
VI2 direct-gap SC compounds, but the increase of α in the
interval up to 6 eV is much slower. The featured absorption in
ZMGP testifies to the strong influence of HM. While electrical
evidence of HM was obtained in Ref. [31], this paper presents
optical evidence of HM in ZMGP.

I. Fundamental absorption edge in ZMGP

After Mn incorporation, the optical absorption coefficient
near Eg increases by a factor of 103 compared with the un-
doped crystal. This asserts a different origin of absorption in
ZMGP in contrast with ZGP, where the minimal optical tran-
sitions are pseudodirect. Although the shape of the absorption
curve in the impurity/point-defect spectral range may be like
the fundamental band edge (e.g., in Mn-doped Ge), the matrix
element of interband transitions exceeds that of D-A, VBM-D,
and A-CBM transitions by >2 or 3 orders of magnitude,
indicating the direct band gap character of the p-ZMGP solid
solution. The SC part of the HM can be described by means
of the energy band model in the parabolic approximation ac-
cording to Moss et al. [100]. The absorption edge in direct SCs
with parabolic bands is described by theoretical dependences:

α = α0
(h̄ω − Eg)1/2

h̄ω
, (5)

α = α0(h̄ω − Eg)1/2, (6)

where α0 is a function depending on the matrix element of
transitions and is usually a weak function of the photon energy
h̄ω. Applying the modeling approaches, we plotted the ab-
sorption coefficient spectra of the experimental and calculated
curves in Fig. 12 using Eqs. (5) and (6). The extended range
0.09–1.1 eV is shown in Fig. 12(a); the magnified details in
the vicinity of Eg are shown in Fig. 12(b). The dashed black
lines [Eq. (5)] and dotted green lines [Eq. (6)] are plotted with
the following constants: Eg = 0.099 eV, α0 = 8×104 cm−1,
and 2×106 cm−1, respectively.

The parabolic band approximation, in general, agrees well
with the experimental spectrum at photon energies close to Eg,
and the divergence appears at higher energies > 3Eg. This be-
havior is characteristic of SCs with a direct band gap since the
transition matrix element |pmo| in the model decreases with
increasing photon energy. The introduction of an additional

FIG. 12. Parabolic approximation for the fundamental absorp-
tion edge of ZMGP film (sample #3). (a) Wide-range fit by Eqs. (5)
and (6). (b) Band gap details near the Eg energy.

rising factor f (h̄ω) allows the function f (h̄ω) |pmo|2/h̄ω to
be practically constant over the extended range.

Let us draw an optical analogy with linearly polarized light.
Measurements in linearly polarized light lead to splitting and
sharpening of polarized structures in the absorption spectra.
For example, a sharper fundamental edge appears in CdSiAs2

and CdSnP2 crystals in the polarizations �E ‖ �c and �E⊥�c com-
pared with the binary analogs GaAs and InP without excitonic
effects [105,106]. The absorption edge in Fig. 12(a) is sharp
and looks like the ones mentioned above, and the valence band
in the ZMGP compound should be split for spin-polarized
holes due to the HM state. Carrier polarization simulations
[28] showed that, in ZMGP, the valence band is split into states
with spin up and spin down, at least at x = 6%. A similar
effect, but for linear polarization of light, is observed in SCs
II-IV-V2, where the valence band is split by spin-orbit and
tetragonal crystal-field interactions, and the two absorption
edges diverge from each other, ending in sharper spectral steps
at h̄ωA� Eg and h̄ωB [107].

The narrow band gap may be the reason for the high elec-
trical conductivity in the upper ZMGP layer since the gap is
only 3.9×kT, and thermal excitation of charge carriers into a
free continuum is very probable at RT. Moreover, such an in-
triguing combination does not rule out a wider band gap in the
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FIG. 13. Electrical transport measurements in two geometries
shown in the upper and lower panels. (a) Temperature dependence of
the electrical resistance of ZMGP layer; the tetragonal axis �c is per-
pendicular to the layer plane. (b) I-V characteristic for ZMGP/ZGP
Schottky type diode in linear scale. The cutoff voltage is 1.02 V.
(c) I-V characteristic for ZMGP/ZGP Schottky type diode in semilog-
arithmic scale. The cutoff current is 0.07 µA.

SC channel of this HM or high-energy intracenter transitions
in Mn ions. This issue can be probed by excitation of radia-
tive recombination as was previously done in (Cd,Mn)GeP2

[108,109]. To understand why the increasing [Mn] leads to a
decrease of the band gap, we set up electrical measurements
of the ZMGP top layer and the current transport through the
heterojunction.

J. Electrical resistivity

Thermal probe measurements showed that the major
charge carriers in both ZGP and ZMGP are holes. The highly
conductive Mn-rich p+-ZMGP layer was grown on semi-
insulating p-ZGP substrate with a resistivity 106 − 107 � cm.
The average hole concentration in the single-crystal substrate
is p ≈ 1014 cm−3 at RT, so the effect of the substrate on the
electrical resistivity of the upper layer was reliably negligible.
The four-point scheme with Au-dot contacts on the ZMGP
top layer was used to measure electrical resistivity r(T).
Figure 13(a) shows the temperature dependence of electrical
resistance for the Mn-rich p+-ZMGP layer. The specimen was
steadily cooled from 350 to 4.2 K.

The dependence of resistivity r(T) is characteristic of
metallic materials without any sign of SC component. We
estimated the electrical resistivity using the layer thickness
of 15.5 nm. The value for ZMGP was ρ = 0.37×10−4 � cm
at RT. This resistivity is slightly higher than that of typical
single-element metals or metal alloys ρ = 10−4 − 10−6 � cm

and slightly lower the pure metal Mn ρ = 1.5×10−4 � cm at
T = 300 K [110,111]. The resistivity of Mn-rich ZMGP is
also comparable with the RT values for FMHM compounds
MnP and CrO2 ρ = 2.0×10−4 to 3.5×10−4 � cm [112–116]
and Co2MnSi ρ = 0.16×10−4 � cm [117].

The residual resistivity ratio (RRR) ρ300 K/ρ4.2 K = 6.7,
which is twice as large in comparison with a Heusler com-
pound Co2MnSi film [118] and like that of single-crystalline
Co2MnSi [119,120]. The lowered RRR is usually associated
with a negative contribution to the resistivity from lattice point
defects and atomic disorder at the interface. This leads to a re-
duction of spin polarization in Co2MnSi from 93 to 55% when
comparing epilayers with polycrystalline ones [120,121]. The
high RRR factor in ZMGP further confirms the single-crystal
nature of the grown endotaxial films.

K. I − V characteristics

The dark I-V characteristics were measured at T = 300 K
using Uph contacts [Fig. 8(a)], and results are presented in
Fig. 13, bottom panels. The Au-dot contacts demonstrate sat-
isfactory ohmic properties on both parts of the heterojunction,
and rectification is due to the presence of the p+ − p-type
junction. This junction exhibits the behavior of the metal-SC
energy barrier, and the HM ZMGP layer serves as a metal
rectifying contact. Nine orders of magnitude difference in
resistivity between the top layer and the crystal leads to a
broadening of the depletion region from the interface entirely
inward the SC, mostly the low-doped ZGP:Mn layer. The
charge distribution is typical of a Schottky-type barrier, so
a thermionic-emission model was applied to the measured
diode.

In Fig. 13(b), the forward branch of the I-V curve has
a linear portion at V > 1.4 V, indicating the high-resistance
effect by the p-ZGP substrate, which constrains the current
flow across the heterojunction. The residual resistance of the
crystal is estimated as 2.6×105� at T = 300 K. In terms
of the current flowing through the diode, the charge carriers
pass predominantly above the barrier at this bias. At voltages
applied across the diode VD > 3kT/q, the simple expression
VD = V − IR0 is executed; here, V is the total voltage drop
across the series combination of the diode and the resistor.

The cutoff voltage for the linear portion of the I-V char-
acteristic gives a value of 1.02 V, which coincides with the
barrier height q ϕB = 1.02 eV at the interface (see Sec. III L).
A soft breakdown observed on the reverse branch is due to
dark current leakage through the barrier (presumably due to
inhomogeneity of the junction and surface leaks).

In Fig. 13(c), the portion in the middle part of the for-
ward branch obeys an exponential dependence of I on V at
biases 0.2–1.7 V. This electrical current is limited by the e − h
recombination in the space-charge region, which is located
in the low-doped ZGP:Mn layer. The corresponding current
cutoff is IS = 0.07 µA. At higher forward bias >1.7 V, the
diode current is affected by recombination in the quasineutral
region. The beginning of such a charge transport is seen in
Fig. 13(c) at higher biases. The leakage increases with increas-
ing V, which is most likely due to the presence of deep levels
in the band gap of ZnGeP2.
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Then we extracted the main Schottky diode parameters
using the techniques described in Ref. [122]. In the Schottky
barrier approximation, the current through the HM/SC contact
has the following form:

I = Aeff A
∗∗T 2 exp

(
− qϕB

kT

)[
exp

(
qVD

nkT

)
− 1

]
, (7)

where Aeff is the effective area of the diode, A** the effective
Richardson constant, T the absolute temperature, ϕB the bar-
rier height of the Schottky diode, q the electron charge, VD the
voltage applied across the diode, n the ideality factor, and k the
Boltzmann constant. The multiplier AeffA∗∗T 2 has the mean-
ing of the saturation current IS = JS×Aeff . The extrapolated
value of current density JS at zero voltage gives the barrier
height according to the equation [122]:

ϕB = kT

q
× ln

(
A∗∗T 2

JS

)
. (8)

In the simple approximation of free electrons with ef-
fective mass m∗ = m0, the calculated effective Richardson
constant is 120 A/cm2 K2 [123,124], and the barrier height in
ZMGP/ZGP equals ϕB = 1.035 eV (in q-charge units, eV).
The common trend for p-type SCs vs n type is a lower
value of A** (e.g., for p-Si, the constant A** = 32 A/cm2 K2

is ∼3 times lower than for n-Si). The experimental value
for holes measured in p − ZnGeP2 crystals is m∗

h = (0.5 ±
0.1)m0 [125] and A** = 60 A/cm2 K2. However, the effective
Richardson constant in ZMGP film is different, and according
to Ref. [126], the metallic spin direction in FMHM with
sphalerite/zinc-blende structure shows conduction in very
wide bands with an effective mass approximately equal to the
free electron mass. Thus, the estimate ϕB = 1.035 eV from
the I-V characteristic of the p+-ZMGP/p-ZGP heterojunction
is considered correct. This estimate can be compared with ϕB

measured by the independent photoemission method as shown
below.

Finally, the ideality factor n was obtained using the equa-
tion [122]:

dV

d (lnJ )
= RAeffJ + nkT

q
. (9)

The linear plot of dV/d(ln J) vs J gives RAeff as a slope
and nkT/q as the y-axis intercept. The obtained ideality factor
n = 1.16 in the ZMGP/ZGP diode is fairly low. The ideal-
ity factor close to unity means that the current is generated
by thermionic emission, and carrier leakage and tunneling
through the traps are insignificant. Furthermore, Schottky con-
tact inhomogeneity associated with larger n = 1.2 − 2.0 has
been observed in some Si and GaN diodes [127], but in this
device, the lower value of n indicates good uniformity of the
ZMGP/ZGP junction.

L. Photoemission in Schottky barrier

Given that HM p+-ZMGP film acts as a Schottky barrier,
IPE of holes occurs when the illumination is turned on. We
studied the spectral photoresponse in the range of photon en-
ergies 1.0–4.0 eV at T = 300 K. The photoresponse signal was
normalized by an equal number of incident photons to obtain
the quantum efficiency η in arbitrary units. The spectral results

FIG. 14. (a) Quantum efficiency of ZMGP/ZGP heterojunction.
(a) Spectra under front and back illuminations. Arrows denote min-
imum optical transitions in ZGP (pseudodirect and direct). The
E1 − E6 interval corresponds to deep optical transitions. (b) Quantum
efficiency η and internal photoemission (IPE) spectra of ZMGP/ZGP
heterojunction in comparison with the optical absorption spectrum
at deep levels of ZGP crystal. (c) Fowler photoemission of holes
in the Schottky half-metal (HM) barrier of ZMGP/ZGP at room
temperature.

in the two illumination geometries are presented in Fig. 14(a).
Minimal optical transitions in ZnGeP2 are pseudodirect A′,
B′, C′ and direct A, B, C; they are denoted by arrows. High-
energy direct transitions from E1 to E6 are marked deep in the
fundamental absorption band. No drop of η(h̄ω) was observed
in the high photon energy range, indicating very low or no
surface recombination of photogenerated e − h pairs in the
device.

The quantum efficiency is described by the equation [123]:

η = AJtot/q

Popt/h̄ω
= (1 − R)

[
1 − exp(−αWD)

1 + αLp

]
, (10)

where WD is the depletion-region width, Lp = √
Dpτp the dif-

fusion length of holes, Dp the diffusion coefficient for holes,
and τp the lifetime of excess carriers.

Within the depletion region, the internal quantum effi-
ciency ηi(h̄ω) = 100% has been assumed. In Eq. (10), η(h̄ω)
is reduced from unity due to the optical refection R and
absorption α outside the depletion region (WD + Lp). The het-
erojunction illuminated from the backside shows a decrease
in quantum efficiency at h̄ω > 1.8 eV, Fig. 14(a). The spec-
tral decline corresponds to the onset of pseudodirect optical
transitions in the ZGP substrate, accounting for the tails of the
density of states in the conduction and valence bands.

The similarity of quantum efficiencies at low energies
1.0–1.75 eV for both front and back illuminations indicates
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that photoexcitation, charge carrier separation, and transport
perform in the same way, regardless of light incidence, i.e.,
in the depletion region. The range h̄ω < Eg is commonly
characterized as IPE in heterojunctions and Schottky barriers
[100,123]. For the ZMGP/ZGP heterojunction, these photon
energies are below A′ = 1.99 eV but above the energies of
transitions through deep levels in the substrate [1], so the
effect on IPE is minimal.

Figure 14(b) compares the optical (α), photonic (η), and
IPA spectra of the ZGP crystal and ZMGP/ZGP heterojunc-
tion. The IPE curve is derived from the η spectrum under
front illumination and is consistent with the reduced η of
the Schottky barrier under back illumination. The spectrum
at low energies is featured by IR optical absorption with a
dropping signal at ∼0.5 eV and a flat portion in the interval
1.0–1.8 eV. It is important to note that the photoemission
of holes from the HMFM layer into the FM SC occurs in
the same interval where the optical absorption is essentially
flat; no absorption peaks associated with impurities or point
defects were observed. At energies <1.0 eV, both photoemis-
sion and optical absorption diminish, and optical transitions
through deep levels in ZPG become crucial. Thus, IPE in
the range of 1.0–1.75 eV can be consistently described by
the Fowler model with a quadratic dependence analogous to
Schottky barriers with thin metallic layers [124,128,129].

Theoretical models developed for hole photoemission
in metal/SC and SC/SC contacts [129–131] lead to the
same expression η ∝ (h̄ω − ϕB)2 and are well confirmed
experimentally on the p+ − p heterojunction under study.
Figure 14(c) shows a plot of the square root of the quantum
efficiency in the IPE range for holes photoemitted from HM
to SC. The linear part of the spectral curve fits into a straight
line with a cutoff, which in accordance with the Fowler model
defines the barrier height ϕB = 1.02 eV. This height compares
well with the pure metal barrier heights reported for III-V and
II-IV-V2 compound SCs with close band gaps [107,123,124].
The value ϕB = 1.02 eV for ZMGP/ZGP is close to that deter-
mined above from the I-V characteristic in the dark using the
Richardson constant A∗∗ = 120 A/cm2 K2 and the effective
mass for HMs, which almost equals the mass of free charge
carriers [126].

We expect that spin-polarized holes injected from FMHM
into FM DMS do not suffer much attenuation of spin polar-
ization as it happens for the direct injection into nonmagnetic
SC. There are different mechanisms reducing the spin polar-
ization: spin accumulation accompanied by backflow to a FM
contact [132], intense spin-flip scattering [133], and the so-
called conductance mismatch problem [134,135]. However,
the latter problem can be overcome for HM/SC contact, and
effective spin injection is possible [136]. The travel distance
of spin-polarized holes is expected to be longer in the pair of
two relative FM materials. In the ZMGP/ZGP heterojunction
the magnetic order is kept at long distances, at least >1 µm
determined by the Mn diffusion length. Additionally, spin
polarization (Pn) can be enhanced for injected spin-polarized
carriers (electrons) in materials with a high-to-low doping
concentration profile [137,138]. In other words, the spin-
diffusion length can dramatically increase due to the built-in
positive electric field gradient that exists in the buffer layer
ZGP:Mn.

IV. DISCUSSION

Mn-bound magnetic chains and nanoclusters were found
in endotaxial ZMGP films, the arrangement of which is
explained by the tetrahedron model. The tetrahedra are em-
bedded in the crystal matrix without visible disturbance of the
chalcopyrite structure. XRD analysis confirmed that the effect
of lattice stress is small and negligible. We also found no
evidence of phase segregation in the grown endotaxial films.
It is important to note that MnP phase segregation can occur
at elevated Mn concentrations in other chalcopyrite materials
such as CdSnP2 [139] or in strongly inhomogeneous materials
[86,87]. As for the various compounds II-IV-V2, some of
them, e.g., CdSnP2, decompose at high temperatures incon-
gruently, while others, e.g., ZnGeP2, melt congruently. Thus,
similar solid-phase chemical reactions in different II-IV-V2

ternary compounds lead to different products. The incorpo-
ration of manganese in ZnGeP2 (001) is close to that in the
binary analog GaP (001), where MnP nanoclusters have been
observed [140–146]. Unlike compounds III-V, ternary com-
pounds II-IV-V2 readily accept any Mn concentration from
0 to 100% and easily achieve RTFM. This crystal-chemical
advantage makes the endotaxial ZMGP/ZGP heterojunctions
and the epitaxial MGP/GaAs and MGP/InP heterojunctions
efficient diamondlike FM systems.

The ideal epitaxial growth on Si and Ge for other RT
FMHM materials with diamondlike structure is still question-
able. For example, in Heusler compounds, their cubic crystal
lattice is structurally different from tetrahedrally coordinated
GaAs, Si, and Ge materials and hence exhibits instabil-
ity at the interface with them. Currently, several crystalline
analogs in the diamond-sphalerite-chalcopyrite series appear
more attractive for the growth of chemically and mechani-
cally stable materials. The row Ge-GaP-ZnGeP2 − MnGeP2

has related crystal structures due to a similar Bravais lattice
and close lattice constants. The binary GaP and the ordered
ternary In0.5Ga0.5P compounds are the closest to ZGP by
structural, electronic, and mechanical properties. In the case
of ZMGP/ZGP:Mn, endotaxial growth appears to be quite
productive due to the convenient technology, the same dia-
mondlike crystal structure, and the FM of both components.

In addition, the effect of crystal strain in epitaxial films
can transform the material from insulator to metal [147], or
the presence of crystallographic defects can shift the Fermi
level and change the spin polarization at the Fermi level [148].
Variations in the lattice perfection of chalcopyrite lead to
local optical anisotropy [1], spin-orbit and crystal field split-
tings [107], and changes in the Curie temperature in RTFM
chalcopyrites [10,18,23,24,27,34]. Although the embedded
P
P > Mn <P

P tetrahedral nanoclusters do not adversely affect
the host crystal matrix, an increase in [Mn] leads to a DMS-
to-HM transition, which is thought to be controlled by the
percolation threshold [149,150]. Since the distribution of nan-
oclusters in the chalcopyrite matrix is considered diffusive,
this issue can be addressed by percolation theory [151].

V. CONCLUSIONS

The Mn-rich ZMGP solid-state layer has been comprehen-
sively investigated by several experimental methods, and the
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main essential attributes of HM—the properties of a SC and
simultaneously a metal—have been demonstrated in the same
substance. We found that the material is concurrently charac-
terized by a nonzero energy gap Eg = 0.099 eV (SC), a sharp
fundamental absorption edge typical of direct transitions (SC
with parabolic bands), optical absorption in the fundamental
band α > 2×105 cm−1 (SC), optical reflection with a plasma
minimum (heavily doped SC), crystal structure (diamondlike
SC), temperature dependence and absolute value of electrical
resistivity (metal), dark current transport across the Schottky
barrier (metal layer), and IPE of holes from the ZMGP layer
into ZGP SC (metal layer). Based on a summary of opti-
cal, electrical, structural, and photoemission properties and
relying on existing experimental data [31,39], we conclude
that ZMGP is a HM at RT. This experimental evidence is
supported by various theories of the HM state in Mn-doped
chalcopyrites [18–22,25,28–30].

Mn-doped ZMGP layers have been successfully grown on
ZGP (001) single crystals to incorporate the FM effect into a
nonlinear optical medium and to achieve the hole photoemis-
sion at RT. The crystal structure of Mn-rich and poor layers
contains magnetic chains and nanoclusters embedded in the
chalcopyrite matrix without lattice deformation. The Mn-rich
ZMGP film was proved to be a p-type conductivity HM at RT
with a crystal structure of chalcopyrite and lattice constants
close to ZGP crystal. The endotaxially grown layer forms a
nearly perfect heterojunction with a robust diamondlike struc-
ture capable of withstanding strong light fluences.

The RTFM ZMGP can gain advantage in spintronics built
exclusively on tetrahedral SCs such as Si, Ge, GaAs, and
GaInP. Lattice matching in ZMGP/ZGP may allow overcom-
ing the fundamental obstacle for electrical spin injection from
a FM metal into a diffused SC [134,135], removal of a tunnel
barrier, and reduction of spin-flip scattering in the p+ − p
structure [133]. Magnetic technologies can also be conve-
niently combined in laser-based optical devices for mid-IR
energy conversion by simply docking diamondlike FM films
with the host chalcopyrite crystal. Finally, the diamondlike
heterojunction with spin-polarized holes could be a useful FM
model for HM spin emitters, oscillators, and potentially de-
velopment of magnetically controlled nonlinear optical laser
devices in the mid-IR range.
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