
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 6
/1

0/
20

26
 4

:4
2:

31
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Chemically induc
aDepartment of Physics and Astronomy, Uni

E-mail: singhdk@missouri.edu
bDepartment of Physics, Missouri Universit

USA
cUniversity of Missouri Research Reactor, Co

† Author contributed equally.

Cite this: RSC Adv., 2023, 13, 8551

Received 19th December 2022
Accepted 4th March 2023

DOI: 10.1039/d2ra08105a

rsc.li/rsc-advances

© 2023 The Author(s). Published by
ed ferromagnetism near room
temperature in single crystal (Zn1−xCrx)Te half-
metal

J. Guo,a A. Sarikhani,†b P. Ghosh,a T. Heitmann,c Y. S. Horb and D. K. Singh *a

Magnetic semiconductors are at the core of recent spintronics research endeavors. Chemically doped II–VI

diluted magnetic semiconductors, such as (Zn1−xCrx)Te, provide a promising platform in this quest.

However, a detailed knowledge of the microscopic nature of magnetic ground state is necessary for any

practical application. Here, we report on the synergistic study of (Zn1−xCrx)Te single crystals using elastic

neutron scattering measurements and density functional calculations. For the first time, our research

unveils the intrinsic properties of ferromagnetic state in a macroscopic specimen of (Zn0.8Cr0.2)Te. The

ferromagnetism is onset at TC ∼ 290 K and remains somewhat independent to modest change in the

substitution coefficient x. We show that magnetic moments on Zn/Cr sites develop ferromagnetic

correlation in the a–c plane with a large ordered moment of m = 3.08 mB. Magnetic moment across the

lattice is induced via the mediation of Te sites, uncoupled to the number of dopant carriers as inferred

from the density functional calculation. Additionally, the ab initio calculations also reveal half-metallicity

in x = 0.2 composition. These properties are highly desirable for future spintronic applications.
Diluted magnetic semiconductors (DMS) are attractive for
spintronic applications, as the underlying ferromagnetic and
electrical properties can be easily tuned by modest chemical
doping.1–3 Previous efforts in this regard have mainly focused on
the exploration of III–V DMS compounds, such as Mn-doped
GaAs and InAs.4–8 In these materials, the ferromagnetic transi-
tion temperature, Curie temperature, is sufficiently far below
room temperature, which is one of the key requisites for the
spintronic application. So far, the highest detected Curie
temperature in these compounds is TC ∼ 170 K in Mn d-doped
GaAs/Be-doped p-type AlGaAs heterostructures.4 Also, both
magnetic and electrical phenomena are interlinked and directly
attributed to the carrier (hole) doping of Mn ions-holes ferro-
magnetically mediate between d-orbital local moments.2,8,9

Therefore, higher doping of Mn ions, needed to enhance the
ferromagnetic Curie temperature in III–V DMS, would inevi-
tably change the semiconducting property into metallic
characteristic.

In contrast to the III–V DMS, exploration of II–VI diluted
magnetic semiconductors e.g. (Zn1−xCrx)T where T = Se, S, Te
have revealed the persistence of near room temperature
ferromagnetism.10–12 Additionally, theoretical and experimental
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study of II–VI DMS have demonstrated the uncoupled nature of
magnetic and electrical phenomena.10,13–15 In this case,
magnetism is derived from the exchange interaction between
the delocalized s, p band electrons and localized d-electrons of
magnetic ions, not directly from the magnetic impurity e.g. Cr.13

A positive value of exchange interaction would indicate ferro-
magnetic state of the system.1 Experimental investigation of s,
p–d exchange interaction using magnetic circular dichroism
measurements have revealed positive exchange constant in
(Zn1−xCrx)Te thin lm.10

Among the many compositions of (Zn1−xCrx)T, tellurides are
of special importance. ZnTe is a wide band gap nonmagnetic
semiconductor with energy gap of D = 6 eV.16 It crystallizes in
the zinc blende cubic structure with lattice parameter of a =

6.103 Å.13 The compound manifests near room temperature
ferromagnetism at modest Cr doping in thin lm specimen of
(Zn1−xCrx)Te (x ∼ 0.035) despite a very low carrier density of 1 ×

1015 cm−3.17 More recently, study of polycrystalline (Zn1−xCrx)Te
has conrmed the occurrence of high temperature ferromag-
netism.18 It was also inferred that the DMS material at 20% Cr
substitution exhibits half-metallic characteristic, which can be
used to generate the fully spin-polarized current.18 Interestingly,
similar conclusions were drawn in the recent density functional
calculations of analogous DMS material (ZnCr)Se.19 Although,
these properties are of strong technological importance, but the
lack of fundamental understanding of the ground state
magnetic conguration in (Zn1−xCrx)Te hinders practical
application. We have synthesized high quality single crystal
RSC Adv., 2023, 13, 8551–8556 | 8551
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Fig. 1 (color online) Density functional theory calculations. (a)
Chemical structure of (Zn0.75Cr0.25)Te, used for the DFT calculations.
(b) Density functional theory calculated Fermi surface, viewed from the
top and tilted-axes projection. Parallel surfaces in the hole pockets are
separated by wave vector, ag ¼ ð100Þ rlu in the reduced units of 2p/
a for the cubic structure, also consistent with experimental finding. (c)
Spin polarized density of states in 25% Cr-substituted ZnTe, depicting
half-metallic state. (d) Similar results are obtained in DFT calculations
on (Zn0.81Cr0.19)Te. (e) Illustration of (Zn0.81Cr0.19)Te used in the DFT
calculation.
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samples of various substitution coefficients that are used to
elucidate the intrinsic magnetic properties. Details about the
quality of single crystals can be found elsewhere.18

In this article, we report on the synergistic investigation of
two substitution coefficients, x = 0.2, 0.15, using the ab initio
calculation and detailed elastic neutron scattering measure-
ments of single crystal specimens. We nd direct evidence of
a long-range ferromagnetic order with transition temperature of
TC= 290 K in the bulk material. The Curie temperature does not
change for a modest variation in the Cr substitution percentage.
Surprisingly, the power-law exponent of the order parameter,
b = 0.46(02), in x = 0.2 composition is larger than that typically
found in ferromagnetic materials. Such a large b value suggests
inclination to the critical behavior of correlated moments.
Numerical modeling of the experimental data illustrates ferro-
magnetic alignment of moments in the a–c plane with an
ordered moment of m ∼ 3.08 mB. The estimated ferromagnetic
moment is also consistent with the ab initio density functional
theory (DFT) calculations. Given the fact that most research
works have focused on the magnetic study of epitaxial thin lm
of (ZnCr)Te where substrate effect and reduced dimensionality
of the specimen can be playing important roles,20,21 this is the
rst time we unequivocally elucidate the intrinsic magnetic
nature of the chemically doped (Zn1−xCrx)Te.

The density functional theory calculations are carried out
using a plane-wave basis set as implemented in the QUANTUM-
ESPRESSO soware.22 The simulated system, illustrated in
Fig. 1a, is constructed by replacing one Zn atom with Cr atom
per unit cell, corresponding to 25% doping level. The General-
ized Gradient Approximation (GGA) along with the revised
Perdew–Burke–Ernzerhof exchange-correlation functional
(PBEsol) are implemented with projector-augmented wave
(PAW) pseudopotentials.23,24 A well-converged kinetic energy
cutoff of 80 Ry for wave function and charge density of 640 Ry
are used throughout the calculation. Geometry optimization is
performed by relaxing the atomic positions via systematically
changing the lattice parameter with energy and force conver-
gence thresholds of 0.0001 and 0.001 a.u., respectively. Brillouin
zone (BZ) integrations during the structure optimization are
performed on a Monkhorst–Pack k-grid of 8 × 8 × 4, while
a uniform dense grid of 30 × 30 × 30 is used for the construc-
tion of the Fermi surface (FS) and the density of state (DOS).25,26

The DFT + U + V approach is adopted to account for the local-
ization effect in the Cr 3d manifold as well as the hybridization
between Cr 3d manifold and Te 5p manifold. The on-site
interaction U of Cr 3d manifold and the inter-site
interaction V between Cr 3d manifold and Te 5p manifold are
determined by using a q-grid of 5 × 5 × 5 within the density
functional perturbation theory (DFPT), as implemented in the
QUANTUM-ESPRESSO soware.26 The DFT calculation yields
ferromagnetism in this system. The calculated moment on Cr
and Te sites are ∼4 mB and 0.1 mB, respectively. The ordered
moment values are also consistent with other reports. Moments
are antiparallel with each other on neighboring Cr and Te
sites.27,28 The calculated spin-resolved density of states (DOS),
presented in Fig. 1c, show that the Fermi energy passes through
the spin-up DOS while there is a gap of the spin-down DOS,
8552 | RSC Adv., 2023, 13, 8551–8556
conrming the half-metallic nature of this system.27,28 DFT
calculation of ∼19% doping level yields similar results, see
Fig. 1d. The simulation was carried out on a 2 × 2 × 1 zinc
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (color online) Neutron scatteringmeasurement of (Zn1−xCrx)Te,
x = 0.2, 0.15. (a) Schematic of elastic scans across the nuclear Bragg
peak positions in multiple Brillouin zones. Measurements are per-
formed in both HH and L directions to accurately determine the
integrated intensity. (b) Magnetic order parameters of (Zn1−xCrx)Te, x=
0.2, 0.15 as a function of temperature. Magnetic order parameter is
obtained by subtracting the high temperature data, at T = 325 K, to
consecutive low temperature data. The intensity was estimated by
fitting individual rocking scan at (−1−13) peak position at different
temperatures. Fitting of order parameter by power law (see text for
detail) yields TC = 290 K in both x = 0.2 and 0.15 substitution coeffi-
cients with the power law exponent of 0.46(02) and 0.36(04),
respectively. Inset shows the temperature dependence of FWHM. (c
and d) Representative scans of neutron measurements on (Zn0.8Cr0.2)
Te at different temperatures along HH- and L-directions across
(−1−13) rlu. As temperature reduces, nuclear peak intensity increases;
thus, suggesting the development of ferromagnetic ground state.
Experimental data are well described by Gaussian line shape. In all
plots, error bars represent one standard deviation.
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blende 32-atom ZnTe supercell, where three Zn atoms are
replaced by Cr atoms such that nearest neighbor Cr atom pairs
are avoided. Three hole pockets are observed in the spin-up
Fermi surface, shown in Fig. 1b, which is consistent with the
p-type doping of Cr in the host ZnTe structure. Parallel surfaces
are separated by (100) rlu along the crystallographic directions.

Experimental verication of the intrinsic magnetism in
(Zn0.8Cr0.2)Te is obtained from elastic neutron scattering
measurements. Neutron scattering measurements were per-
formed on a 8 mg ux grown thin rectangular shape single
crystal, of dimension 3 mm (length) × 2 mm (width)× 1.25 mm
(thickness), at the thermal Triple Axis Spectrometer, TRIAX, at
the University of Missouri Research Reactor (MURR). Elastic
measurements were performed at the xed nal energy of 14.7
meV using PG (pyrolytic graphite) monochromator. The
measurements on TRIAX employed a at pyrolytic graphite (PG)
analyzer with collimator sequence of PG lter-60′-60′-Sample-
40′-PG lter-40′. Single crystal sample was mounted at the end
of the cold nger of a closed cycle refrigerator with a base
temperature of T x 5 K. Measurements were performed with
the crystal oriented in the (HHL) scattering plane. Here, H and L
represent reciprocal lattice units of 2p/a and 2p/c, respectively,
with c = a.

Single crystal allows for a detailed examination of the
intensities and magnetic scattering pattern, which reveals the
nature of spin correlations that are not possible to obtain from
magnetic and thermodynamic measurements. Elastic scans
were obtained along bothHH- and L-crystallographic directions,
as shown schematically in Fig. 2a. In Fig. 2c and d, we show
representative scans at various temperatures across [−1−13]
nuclear Bragg peak along HH and L-directions. As the sample is
cooled to low temperature, scattering intensity enhancement of
nuclear Bragg peak becomes apparent. Neutron scattering data
is well described by the resolution convoluted Gaussian line
shape. Full width at half maximum at representative peaks are
shown in the inset of Fig. 2d. We see that the width of the peak
does not change as a function of temperature. Also, it is
comparable to the resolution of the thermal triple axis spec-
trometer. The additional scattering, which is arising due to
magnetic correlation in the sample, indicates the development
of commensurate long range magnetic order in the system. At
low temperature, all nuclear peaks are found to manifest
enhanced elastic intensity, limited by the form factor of Cr
atom.

The chemical substitution of Zn by Cr induces magnetism
via the modication of the Fermi surface in (Zn1−xCrx)Te, as
evidenced by the DFT calculations. In fact, recent studies have
revealed that the magnetism in (ZnCr)Te is onset at a doping
percentage of as low as 5% of Cr atoms.17,18 Besides the detailed
experimental investigation of 20% Cr substitution level, we have
also performed neutron measurements on (Zn0.85Cr0.15)Te
compound. Magnetic order parameter as a function of
temperature for both 15% and 20% Cr substitutions are plotted
in Fig. 2b. The order parameter data are tted with the power

law equation: If
�
1� T

TC

�2b

to accurately estimate the
© 2023 The Author(s). Published by the Royal Society of Chemistry
magnetic transition temperature and the critical exponents that
can provide important information about the nature of the
phase transition. Fitting of experimental data using the power
law equation yields Curie temperature of TC ∼ 290 K in both
compounds. The value of exponent beta for the substitution
coefficients of x = 0.2 and 0.15 are estimated to be 0.46(02) and
0.36(04), respectively, that suggest the three-dimensional
interaction in the ordered regime. These beta values are very
close to the critical phase transition exponent ∼0.5. We also
observe unusually linear-type trend in the order parameter plot
of both compounds, albeit more pronounced in higher substi-
tution coefficient of x = 0.2. Typically, a ferromagnetic transi-
tion is accompanied by the rst order phase transition. The
magnetic phase transition in (ZnCr)Te clearly departs from the
conventional trend. Perhaps, the nature of magnetic moment
correlation can shed light on this.

To understand the nature of ground state spin correlation in
(Zn0.8Cr0.2)Te, detailedmaps of nuclear andmagnetic scattering
peaks across several Brillouin zones were obtained at two
RSC Adv., 2023, 13, 8551–8556 | 8553
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temperatures of T = 325 K and T = 5 K on TRIAX spectrometer.
We show the color plot of mesh scan data at T = 5 K in Fig. 3a.
Stronger magnetic scattering is observed along the [00L] direc-
tion, compared to the [HH0] positions. Since magnetic contri-
bution to the total intensity at structural Bragg peaks are more
pronounced at low temperature, we subtract the high temper-
ature data to the low temperature data for numerical modeling
purposes. The numerical modeling of experimental results are
performed using the FullProf program in conjunction with the
representational analysis by SARAh program.29 In this case, the
number of symmetry-allowed magnetic structures, possible for
a particular crystallographic site, is simply the number of non-
zero irreducible representations in the magnetic representa-
tion. The best t to experimental data is found for
Fig. 3 (color online) Numerical modeling of experimental data. (a)
Detailed color map, depicting nuclear and magnetic scattering across
several Brillouin zones, obtained on TRAIX spectrometer at T = 5 K.
The circular streaks are arising due to aluminum powder lines from the
sample holder. (b) Numerical modeling of experimental data was
independently performed using model calculations. Calculated scat-
tering pattern for moment configuration shown in Fig. 4 describes
experimental data.

8554 | RSC Adv., 2023, 13, 8551–8556
a ferromagnetic conguration of magnetic moments on Zn/Cr
sites that align along the diagonal direction in the a–c basal
plane, dened by polar coordinates of q= 120° and f=−2°, see
Fig. 4. The estimated size of ordered moment is m ∼ 3.08 mB.

The ground state spin conguration was independently
veried using the model calculations. The simulated scattering
intensities are obtained by adding up both the nuclear scat-
tering and the magnetic scattering contribution. For the simu-
lation purposes, we have used multiple lattice units of the size
10 × 10 × 10. Also, a weighted average scattering length is used
for the Zn/Cr sites. The magnetic structure factor is calculated
using the formula of FM ¼ P

j
StjpjeiQrje�Wj (ref. 30) where St =

Q̂ × (S × Q̂) is the spin component perpendicular to the Q,

p ¼
�gr0

2

�
gf ðQÞ

�gr0
2

�
¼ 0:2695� 10�12 cm g is the Lande

splitting factor and was taken to be g = 2, f(Q) is the magnetic
form factor and e−Wj is the Debye–Waller factor and was taken
to be 1. 20% of Zn sites are randomly substituted by Cr atoms in
the lattice units for the calculation of the magnetic structure
factor. The simulated pattern is shown in Fig. 3b. Numerically
simulated scattering pattern for the spin conguration, shown
in Fig. 4, well describes experimental results for the ordered
moment of m ∼ 3.08 mB.

Such a large ordered moment can be arising due to the
clustering of Cr ions or the induced magnetism on Zn/Cr site,
mediated by Te ions. The clustering of Cr ions would result in
the nite size effect, oen reected by the short-range order in
elastic measurements, as found in spin glass systems.31 But this
is not what we observe. Resolution limited elastic peaks suggest
the presence of long range magnetic order in the system. So,
magnetism in Cr-doped compound is most likely associated to
the induced magnetism mediated by the orbital overlap
between Zn/Cr and Te sites. Subsequently, we expect other
compositions with varying Cr percentages to manifest same or
similar magnetic structure, albeit with smaller (larger) ordered
moment size at small (large) Cr substitution. The argument of
inducedmagnetism is also consistent with the DFT calculations
from a string of reports, including ours as discussed above.
Given the fact that 20% substitution of Zn by Cr would result in
the random replacement of approximately one Zn atom by the
Cr atom per unit cell, the size of ordered moment cannot be this
large. Cr ion in ZnTe has 3d4 electronic conguration. There-
fore, even in the case of entire unit cell being occupied by Cr ion
(instead of Zn/Cr ion), the maximum ordered moment may not
be larger than 4 mB. Hence, (Zn0.8Cr0.2)Te is expected to exhibit
a much smaller ordered moment than this optimum value as
less than one site per unit cell, on the average, is occupied by the
Cr atom. The only explanation to this conundrum lies in the
phenomena of induced magnetism. A similar behavior arises in
(GaMn)As where Mn substitution induces large magnetic
moment across the entire unit cell, even though the parent
compound GaAs is non-magnetic.2

In summary, we have performed detailed synergistic inves-
tigation of underlying magnetism in single crystal specimen of
Cr-doped ZnTe using DFT calculation and neutron scattering
measurements. Previous study of (ZnCr)Te have mainly focused
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Ground state spin correlation and induced magnetism. (a) Chemical structure of (Zn0.8Cr0.2)Te. (b) Refinement using FullProf-SARAh
representational analysis suggests ferromagnetic arrangement of magnetic moments on Zn/Cr site with polar angles of q = 120° and f = −2°.
The large estimated moment, arguably, arises due to the induced magnetism mediated by orbital overlap on Te-sites, depicted by transparent
circles.
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on the epitaxially grown thin lm samples of reduced dimen-
sionality where the substrate can have pronounced effect on
physical and magnetic properties. The study of bulk crystalline
material unveils the intrinsic property of the system. Our
research works reveal the ferromagnetic nature of moment
correlation along the diagonal direction in a–c plane. The long-
range ferromagnetic order is onset at high temperature of TC =

290 K. Also, the Curie temperature does not seem to vary for
a modest change in the Cr substitution percentage. Impor-
tantly, the ordered moment on Zn/Cr site is quite large, m= 3.08
mB, despite the small substitution coefficient in (Zn0.8Cr0.2)Te.
We argue that such large, ordered moment arises due to the
induced magnetism between Zn/Cr–Te orbital overlaps and not
depends on the number of dopant carriers. The qualitative
explanation as well as the size of ordered moment are in good
agreement with the DFT calculations. Further research works,
elucidating the quantitative aspect of exchange interaction in
(ZnCr)Te using inelastic neutron scattering measurements, are
highly desirable. It will require large single crystal samples that
are currently not available. DFT calculations also suggest half-
metallicity in (Zn0.8Cr0.2)Te. The theoretical nding, although
consistent with recent experimental report,18 needs further
investigation via electrical transport measurements. The
chemically induced ferromagnetic property in (ZnCr)Te semi-
conductor can have practical implication to the spintronics
research. Finding a suitable semiconducting material with
chemically tunable ferromagnetism, which persists to room
temperature or higher, is an important research problem (ZnCr)
Te can provide a strong platform in this endeavor.
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