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Abstract

Semiconductors that exhibit room-temperature ferromagnetism are central to the development of semiconductor spintronics.
Transition metal (TM)-doped A"B"CY are a promising class of such system. These ternary compound semiconductors have two metal
sites A and B that can be substituted by the TMs. A site preference for TM incorporation is crucial for a possible explanation of
ferromagnetism since dependent on the TM valent state holes or electrons can be released. For low Fe- and Cr-doped ZnGeP,, our EPR
investigations revealed in addition to the well-known native defects the presence of substitutional Fe?" (3d®, S = 2) on Zn site, Fe**
(3d°, S =3) and Cr*" (3d% S = 1) on Ge site. A photo-induced recharging of Fe** to Fe™ is observed. The Cr*" center exhibits a well-
resolved phosphorus ligand hyperfine splitting. For Fe>* and Fe® ", the magnetic site inequivalence of each of the both Zn and Ge sites,
respectively, has been detected. Moreover, anti-ferromagnetically coupled Mn?"—MnZ;; pairs have been observed in Mn-doped ZnGeP,.
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1. Introduction

The exceptional properties of zinc germanium dipho-
sphide (ZnGeP,) and the recent improvements in the
growth of high-quality bulk crystals by the horizontal
gradient freeze (HGF) technique make this compound
semiconductor to one of the most promising material for
nonlinear optical devices [1]. The importance of the ternary
pnictides A"B"™VCY became even more eminent with the
discovery of room-temperature ferromagnetism (RT FM)
in highly Mn-doped semiconducting CdGeP»,, ZnGeP; [2]
and other pnictides (see references within [3]). At variance
with other semiconductors, they open also the possibility to
combine the observed RT FM with their excellent non-
linear optical properties, resulting in a new class of material
for nonlinear optics and spintronic applications. The origin
of RT FM in Mn-doped II-IV-V, remains controversial in
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literature [2,4-6]. The existence of RT FM is also predicted
for other transition metals (TMs) [4]. For Mn-doped
II-1V-V, compounds, the site preference and valence state
for the different TMs and their interaction with native
defects play an important role in the discussion [5,7]. The
EPR studies of TMs as well as of intrinsic defects in the
II-IV-V, compounds have been recently reviewed [7]. In
addition, Cuz, was found in ZnGeP, [8], and Cr’>"and
Cr*" in CdGeAs, [9]. Latest EPR studies of Mn-doped
ZnGeP, have shown the site inequivalence of Mn?"
substituted on Zn site in ZnGeP> [3].

In this paper we present the first EPR results for Fe- and
Cr-related defects in ZnGeP, and provide direct evidence
for the formations of MnZ,; -MnZ, pairs in Mn-doped
ZnGeP,.

2. Experimental results and analysis
The ZnGeP, bulk crystals used in this work have been

grown by the HGF technique. EPR spectra that originated
from native defects [7] are the most common features of
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these samples. However, the set studied here incorporated a
small concentration of Fe and Cr during the grow process.
The Mn-doped samples were obtained by varying the Mn
concentration in the melt between 0.2 and 5Smol%.

Fig. 1 shows the over-all EPR spectrum obtained in the
Q-band (34 GHz) for a low Fe- and Cr-doped ZnGeP,
sample at 7' = 40 K with the magnetic field B parallel to the
c-axis. Without illumination we observed in addition to the
strong spectrum of the zinc vacancy (V7z,) at 1214 mT, one
Cr spectrum and two Fe spectra. The Cr spectrum
correspond to the valence state Cr*", and the Fe spectra
to Fe’* and Fe? . Under photoexcitation, additional EPR
spectra for Fe " and the anti-site defect Gey, are observed.
Below 20 K, the phosphorus vacancy EPR spectrum is also
revealed.

The observed tetragonal Fe and Cr defects have orbital
singlets as ground state with an electron spin S<§. Their
EPR spectra can be approximately described with the spin
Hamiltonian (SH)

1
H = ;3SgB + D {Sﬁ - 355+ 1)}

1
+ @FBSS‘Z‘ —30S(S + 1)S? + 2552

—6S(S+ 1)+ 35*(S + 1)]
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where z is along the c-axis, whereas &, i, and { (= z) refer to
the cubic axes at each of the two magnetically none-
quivalent Zn(Ge) lattice sites for S; symmetry resulting
from the clockwise and counterclockwise rotation of the
anion tetrahedra around the c-axis by the angle 7 [3,10].
For S<2, the last two terms in the SH (1) give no
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Fig. 1. Overall EPR spectrum of Fe- and Cr-contaminated ZnGeP,
recorded for Bl|c at 34 GHz and T = 40K. The Fe’" transition at B =
1214 mT is covered by the strong EPR signal produced by the zinc vacancy
(VZn). The transitions assigned to Fe ™ and anti-site defect Gey, are only
observed under illumination of the sample.

contributions and therefore these two sites cannot be
distinguished for such spin manifolds. For a complete and
exact description of the spectra, some additional terms in
the SH (1) resulting from the transformation of the fourth-
rank spin operators must be taken into account [3]. This
will be done elsewhere in connection with an exact
eigenfunctions and eigenvalues calculation including a
complete analysis of the X- and Q-band EPR spectra
obtained for different crystallographic planes. Here, we will
focus only on their main properties. The observed two iron
spectra Fe’* (S =3) and Fe™(S=3) show the typical
behavior of uneven spin systems with a zero-field splitting
(ZFS) largely compared to the Zeeman energy. In the
limiting case of ZFS much larger than the Zeeman energy,
only spin transitions —M = +M can be observed, which
can be approximately described by an effective SH H =
upBg'S” with §" = 1/2. The dependence of the apparent
g'-values of transitions within the | & 1/2) spin doublet on
the angle 6 between the tetragonal axis and the magnetic
field B is given for S = 5/2(3/2;1/2) in the first order by
g 0) = \/gﬁ cos? 0 + k*g% sin® 0, where k* =9(4;1). The
corrections up to the third order in the Zeeman energy
for S = 5/2(3/2) are given in Ref. [11]. With BJc (6 = 0°),
the apparent value ¢’ is equal g, while for Blc (6 = 90°)
one obtains

g\ =3g.[1—1/2(g, ugB/D)’] forS=5/2

and

g1 =29,[1 =3/16(9 usB/D)’] for S =3/2. (@)

The Fe** (S:%) spectrum shown in Fig. 1 for B¢
consists of three lines at B = 36, 1214 mT (masking in this
direction by the strong V7, EPR spectrum) and 1640 mT
correspond to the allowed AM = +1 transitions within the
S =§ manifold. The measured angular dependence of the
Fe* " line positions in the X-band is presented in Fig. 2.
Since the intensity of the transitions strongly depends on
the rotation angle, some of the lines are not observed for all
magnetic field directions. The low-field resonance line
between 140 and 330 mT indicates tetragonal symmetry of
the spectrum and can be well described within the effective
S = % approach with the g-values, g = 2.0 and ¢/, = 5.96.
The small deviation from ¢, =6 and the detection of
several other groups of lines in Fig. 2 indicates that the fine
structure splitting is not much different from the Zeeman
splitting. The line at 540 mT for BJ||[010] arises from the
transition —3/2 = +3/2 (high-field designation). This
transition is forbidden in the parallel orientation (6 = 0°)
but allowed in the perpendicular one (6 = 90°) as the
states are heavily mixed. From the observed looping
transition +£1/2= +3/2 between 900 and 1200 mT, one
obtains 2D —5/2(a +2/3F)| = 1.37cm™'. With g, ~ g,
and 2D = 1.3cm™!, we obtain ¢/, = 5.97, which is in good
agreement with the experimental result. The looping lines
around 6 =0 between 450 and 770mT are caused by
+1/2= — 3/2 transitions. Rotating the magnetic field in
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Fig. 2. Angular dependence of the experimental line positions (e) of
ZnGeP,:Fe* " obtained at 9.48 GHz and T = 30 K. The magnetic field is
rotated in the (110) plane. The solid lines are calculated from the
generalized SH (1) given in Ref. [3] with fitted parameters. The bold low-
field line corresponds to transition within the Kramers doublet | £+ 1/2),
which can be described with the effective g-values ¢ = 2.0 and ¢/, = 5.96
(see text).

the (100) plane, we observed both an uncommon strong
variation of the line position caused by the large value of
the fourth-order spin parameter a (¢ ~ 0.03cm™') and a
splitting of the fine-structure lines revealing the site
inequivalence of the cation site. From this splitting, we
determined the Fe®*-induced tilting angle as tp, = 7.6°,
which is roughly two degree larger than the value for Mn?*
at Zn lattice site in ZnSiP, and ZnGeP, [3].

The spectrum of the non-Kramers ion Fe? * (d°, °D) with
S = 2 shown in Fig. 1 consists of two lines at B = 284 and
606 mT that correspond to the transitions —2= + 2 and
—1= + 1 within a A (°T;) ground state. The large D
value leads within the S = 2 manifold to a splitting into the
spin states M = 0, +1, +2, the last two being split by the
cubic-field parameter a [see Eq. (3)]. The complete angular
dependence of the Fe?" spectrum is shown in Fig. 3.
The intensity is very week for B||c¢ and increases as B
approaches the perpendicular direction. In the X-band,
only the transition —1= + 1 can be observed indicating
that the splitting of the non-Kramers doublet | + 2), caused
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Fig. 3. Angular dependence of the observed X-band () and Q-band (e)
Fe’" EPR transitions in ZnGeP,. The magnetic field is rotated in the
(100) plane. In the X-band (9.48 GHz) only the —1 = +1 transitions can
be detected (see text). The solid and dashed lines are a computer fit to the
experimental data.

by the fourth-order spin terms in Eq. (1), is larger than the
microwave energy. The line position of this transition
varies with the angle 6 between the magnetic field direction
and c-axis approximately, according to

1
—————\/()* — &2, 3
T cosg VM ¢ 3)

B:
g

where ¢ = 4g,. If B is rotated in the (00 1)-plane, the
—1= 4+ 1 exhibits a marked cubic anisotropy from which
we estimate ¢ &~ —1 cm~!. The temperature dependence of
the —2= + 2 transition gives evidence that D >0, that
means, ground state is the spin state M = 0.

The Cr-related spectrum observed without photo-excita-
tion is assigned to Cr*" (3d% on Ge site. Its angular
variation is shown in Fig. 4. The complete analysis of
this spectrum obtained in the X- and Q-band provides
evidence that it can only be generated by transitions
within an orbital singlet ground state *A, with S = 1 from
a 3d* (°F) configuration. The fine structure transitions
can be described with g, =1986, g, =1.984 and
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Fig. 4. Angular dependence of Crgji in ZnGeP; in the Q-band. The two
transitions 0 = £1 exhibit a well-resolved characteristic five line multi-
plets with the intensity ratios 1:4:6:4:1 due to the interaction with four
equivalent *'P (I = 1/2, 100% natural abundance).

B [110]

ZnGeP, : Mn

(b)

210 220 230 240 250 260 270
magnetic field (mT)

Fig. 5. Resolved HF interaction of Mn%;—Mn3,; pairs in ZnGeP, for
Bl[110] at 5K for the transitions —1 = +0 of the spin state S = 1, which
is partly overlapped on the high-field side with a transition within the spin

state S = 2 (a). For the simulated structure (b), the half HF splitting of the

isolated MnZ. of |A| =528 x 107*cm™"' [3] and the characteristic

intensity ratio of the 11 HF lines of such pair were used.

D =0.1696cm™". The two transition 0= =4 1 exhibit a
well-resolved characteristic five line multiplets with the
intensity ratios, 1:4:6:4:1 due to the interaction with four
equivalent *'P nuclei.

Illuminating the iron containing samples, with light
below the band gap at T<60K, we observed a new
EPR spectrum showing the characteristic behavior of an

orbital singlet with spin S:% in a strong tetragonal

distorted cubic crystal field that can be described with
the effective spin S’ :% and the apparent g'-values g| =
2902 and ¢, =4.021. This photo-generated spectrum
arose from Fe® (3d’, *F) with a *A, ground state. We
observed in n-type ZnSiP,:Fe, a corresponding Fe™
spectrum with g| = 2.114 and ¢/, = 4.271 without photo-
excitation [12].

For nearly perfect Mn-doped ZnGeP, crystals we
observed anti-ferromagnetically coupled Mn2, —MnZ; pairs.
This is evidenced by the temperature dependence of the
different transition within the spin multiples having total
spins §=0,1,2,3,4,5 and their characteristic hyperfine
structure produced by the interaction of the two >>Mn nuclei
with 7 =5/2:11 hyperfine lines with the intensity ratio
1:2:3:4:5:6:5:4:3:2:1, as well as the half hyperfine splitting
observed for isolated Mn>" on Zn site (Fig. 5). A complete
analysis of this study will be given elsewhere.

3. Conclusion

Low doping of ZnGeP, during the HGF growth process,
simultaneously with Fe and Cr in low concentrations
result both in the substitution of Ge** on lattice site by
Fe’ " (B7), and Cr*"(B%) as well as of Zn?" lattice site
by Fe’"(A%. The site preference of the TM in the
different charge states is important since substitution
on lower valent states generate donors, whereas substitu-
tion on a higher valent states generate acceptors. There-
fore, there is only the substitution of the negatively
charged acceptor Fe*" on the higher valent states Ge* "
due to a releasing of charge carriers (holes) and only this
substitution can contribute to the generation of a charge-
mediated ferromagnetism. According to Dietl’s work, only
holes are expected to lead to ferromagnetism [13]. The
detected photo-induced recharging of FeZ, to Fez,
exhibits that the negatively charged acceptor state Fe " (A")
is similar as in ZnSiP, within the bandgap. No strong
shift of the Fermi level is expected in the low-doped
crystals because it is determined in HGF-grown crystals by
high concentration of mutually compensating native
defects [7]. The detected similar high concentration of
native defects and their identical photo-EPR behavior,
compared to undoped samples indicate that the Fermi
level is hardly modified. Consolidated findings on the
role of TMs by the generation of ferromagnetism in
II-IV-V, compounds can be expected by detailed studies
of their site preference as a function of their concentration
and the position of the Fermi level as well as the study of
the pair and small cluster formation for higher doping
concentrations.
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