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We report the manipulation of ferromagnetism in magnetic semiconductor Ba(Zn,Mn,Cu), As; through chemical pres-
sure. The substitutions of Sr for Ba and Sb for As introduce positive and negative chemical pressures, respectively; neither
Sr doping nor Sb doping change the tetragonal crystal structure. Based on Ba(Zng 75Mng 125Cug. 125)2Asy with Tc ~ 34 K,
10% Sr/Ba substitutions significantly improve T¢c by ~ 15% to 39 K, whereas 10% Sb/As substitutions substantially reduce
Tc by ~ 47% to 18 K. The AC magnetic susceptibility measurements indicate that Sr-doped and Sb-doped samples evolve
into a spin glass state below the spin freezing temperature 7. Electrical transport measurements demonstrate that Sr-doped
specimens retain semiconducting behavior; additionally, they display a significant negative magnetoresistance effect under
applied magnetic fields and the magnetoresistance reaches ~ —19% at 8 T.

Keywords: magnetic semiconductors, spin-glass, negative magnetoresistance
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1. Introduction

As an important branch in the field of spintronics re-
search, magnetic semiconductors (MSs), which exhibits both
characteristics of semiconductors and ferromagnets, have
attracted extensive attentions.!'>! The most representative
MSs are the III-V MS (Ga,Mn)As thin films prepared
through the low-temperature molecular beam epitaxy (LT-
MBE) method.®”] When Mn doping level reaches ~ 12%, the
Curie temperature (Tc) is up to ~ 200 K.[31 Some spintronic
devices based on (Ga,Mn)As have been fabricated.[>?10]
However, in (Ga,Mn)As, Mn/Ga substitutions introduce both
spins and carriers simultaneously, which hinders the inde-
pendent manipulation of spins’ and carriers’ concentrations,
thereby preventing us from investigating their individual con-
tributions to the formation of ferromagnetic ordering.

Recently, many series of bulk MSs which are iso-
structure to the Fe-based superconductors have been reported,
such as 111-type Li(Zn,Mn)As!'!l and Li(Zn,Mn)P,['?l 122-
type (Ba,K)(Zn,Mn),As, "3 and Ba(Zn,Mn,Cu),As,,['*! and
1111-type (La,Ba)(Zn,Mn)AsO!'] and (La,Ca)(Zn,Mn)SbO.1¢]
In these bulk MSs, spins and carriers are introduced indepen-
dently, which enable us to separately control them. In addition,
bulk form materials make it possible to the characterization of
their microscopic magnetic properties by using experimental
techniques such as muon spin resonance (LSR), nuclear mag-
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netic resonance (NMR) and neutron scattering.[l1’13’15’17’18]
Among them, the bulk MS with the highest T¢ observed
experimentally is (Ba,K)(Zn,Mn);As, whose 7¢ reaches
~ 260 K.["1 Nevertheless, achieving room temperature ferro-
magnetic ordering in MSs remains a key scientific challenge.

For the purpose of improving the ferromagnetic transi-
tion temperature, in recent years, physical pressure and chem-
ical pressure have been applied in manipulating the ferro-
magnetism of MSs.!?-2%] For instance, applying a hydrostatic
pressure of 2.7 GPa to the III-V MS (In,Mn)Sb, T¢ has in-
creased by ~ 25%;[?°1 both physical pressure and chemical
pressure have suppressed the 7¢ of (Ba,K)(Zn,Mn), As,; 22724
in (La,Ca)(Zn,Mn)AsO, Y/La substitutions introduce positive
chemical pressure and 7.5% Y doping which is equivalent
to applying physical pressure of 0.521 GPa has improved T¢
by ~ 30%.1%%1 Ba(Zn,Mn,Cu),As,, the first MS with Mn and
Cu co-doped at the Zn sites to introduce spins and carriers,
respectively, shares the same crystal structure with the Fe-
based superconductor (Ba,K)Fe,As;?7! and the antiferromag-
net BaMn,As,, 8! which would be promising to fabricate po-
tential heterostructure devices. However, the effect of chem-
ical pressure on the ferromagnetic transition temperature in
Ba(Zn,Mn,Cu), As; has not been investigated.

In this paper, we report the chemical pressure effect on the
ferromagnetism in Ba(Zng 75Mng 125Cuq, 125)2Asy which has a
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Tc ~ 34 K. Positive and negative chemical pressures are in-
troduced by doping Sr into Ba sites to compress the lattice
and doping Sb into As sites to expand the lattice, respectively.
The x-ray diffraction measurements show that both Sr-doped
and Sb-doped samples conserve the tetragonal crystal struc-
ture. We find that 10% Sr doping drastically improves 7¢ by
~ 15% to 39 K and 10% Sb doping significantly suppresses Tc
by ~ 47% to 18 K. The AC magnetic susceptibility measure-
ments demonstrate that Sr-doped and Sb-doped samples ex-
hibit the characteristics of spin glass state below spin freezing
temperature 7;. The resistivity measurements indicate that Sr-
doped samples still retain semiconducting behavior; further-
more, Sr-doped samples exhibit an obvious negative magne-
toresistance effect under applied external magnetic fields.

2. Experiments

Polycrystalline samples of Sr-doped (Baj_,Sry) (Zng 75
Mn0.125Cu0_125)2Asz (x = 0, 0.05, 0.10) and Sb-doped
Ba(Zng75Mng 125Cuq.125)2 (As1—ySby)y (y = 0, 0.05, 0.10)
were prepared via the solid-state reaction method. First of
all, high-purity Zn, Mn, Cu, As, Sb were mixed according
to the nominal composition and were placed in the aluminum
crucibles, then sealed in evacuated silica tubes. The mixtures
were heated to 500 °C and 800 °C, and kept for 10 h and 20 h,
respectively, to make the precursors (Zng75Mng. 125Cuq 125)As
and (Zng.75Mng 125Cuq.125)(As|—,Sby).
of Ba, SI‘, and (Zn0.75Mn0,125Cu0'125)As or (Zn0'75Mn0_125

Next, the mixtures

Cug.125)(As1—,Sby) were placed in the aluminum crucibles,
sealed in evacuated silica tubes, then heated to 750 °C, 900 °C,
and 1100 °C, and kept for 10 h, 10 h, and 20 h, respectively.
After that, the products were fully grounded, pressed into pel-
lets, placed in alumina crucibles, sealed in evacuated silica
tubes again and then reheated to 1000 °C for 25 h. All op-
erations except the sealing of silica tubes were performed in a
glove box filled with high-purity argon.

The crystal structure of polycrystalline samples was
characterized by a powder x-ray diffractometer (Model
EMPYREAN) with monochromatic Cu-Kj; radiation. The
detailed lattice parameters were determined through Rietveld
refinements using open-source GSAS-II package.[?! The DC
and AC magnetizations were performed on a Quantum De-
sign magnetic property measurement system (MPMS-3). The
electrical resistivity and magnetoresistance were measured on
a Quantum Design physical property measurement system
(PPMS).

3. Results and discussion

In Fig. 1(a), we show the x-ray diffraction patterns of
Sr-doped (Baj—Sry)(Zng.75Mng.125Cup.125)2As, (x = 0, 0.05,

010) and Sb-doped Ba(Zn0A75MI’10.125CL10_125)2(A31,)~Sb)y)2
(y =0, 0.05, 0.10). The Bragg peaks for all samples can
be well indexed by the tetragonal structure with the 14/mmm
space group. That is to say, Sr/Ba or Sb/As substitutions do not
change the crystal structure of Ba(Zn,Mn,Cu);As;, as shown
in the inset of Fig. 1(b), in which ZnAs layers (formed by
ZnAs, tetrahedra) and Ba layers are alternately stacked along
the c-axis. A few small peaks of ZnSb impurities as marked
by the stars (*) in Fig. 1(a) have been observed in Sb-doped
samples. These ZnSb impurities are non-magnetic, thus they
will not affect the discussion of magnetism in the following.
The lattice parameters were calculated by Rietveld refinements
based on GSAS-II package.!*®! In Fig. 1(b), we take the sam-
ple (Bap.99Sro.10)(Zng 75Mnq 125Cug.125)2 As; as an example to
present the result of Rietveld refinement, where the resultant
weighted reliable factor Ry is ~ 6.3%, indicating that our
samples are in good quality. In Figs. 1(c) and 1(d), we show
the lattice constants a and ¢, as well as the Zn(Mn)-As(Sb)
bond length d and the As(Sb)-Zn(Mn)—As(Sb) bond angle .
Since the ionic radius of Sb3~ is larger than that of As®~, for
the Sb-doped samples, with the increasing of Sb doping level,
the lattice constants a, ¢, and bond length d show an increasing
trend, which confirms that the substitution of As by Sb intro-
duces negative chemical pressure; in contrast, since the ionic
radius of Sr?* is smaller than that of Ba>*, for the Sr-doped
samples, as the Sr doping level increases, a, ¢, and d monoton-
ically decrease, which verifies that the substitution of Ba by Sr
does indeed introduce positive chemical pressure. Meanwhile,
with the increasing of Sb doping level, the bond angle « de-
creases and gradually deviate from the ideal tetrahedral bond
angle value of 109.47°; while with more Sr doping, the bond
angle « increases and gradually approach 109.47°.

In Fig. 2(a), we show the temperature-dependent mag-
netization in zero-field-cooling (ZFC) and field-cooling
(FC) modes under an applied field Hey = 100 Oe
(1 0e=79.5775 A-m~") for both Sr-doped and Sb-doped sam-
ples. As the temperature decreases, the magnetization of all
samples exhibits a sudden increase, which demostrates the on-
set of ferromagnetic transition. At lower temperatures, the
M(T) curves split in ZFC and FC modes, and a cusp appears
on the ZFC curve at a temperature defined as spin freezing
temperature 7r. From the inset of Fig. 2(a), we can clearly
see the evolution of ferromagnetic transition with the variation
of Sr or Sb doping level. As the Sr doping level increases,
the ferromagnetic transition temperature shifts towards the
higher temperature region and the magnetization at 2 K, Mg,
monotonously increases. On the other hand, with the increas-
ing of Sb doping level, the ferromagnetic transition tempera-
ture quickly shifts towards the lower temperature region and
Mh,se significantly reduces.
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(Baj—4Srs)(Zno.7sMng.125Cug.125)2Asy  and
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Fig. 1. (a) The x-ray diffraction patterns of Sr-doped (Baj_,Sry)(Zng75Mng 125Cug 125)2As2 (x = 0, 0.05, 0.10) and Sb-doped
Ba(Zng 75Mnq,125Cuq.125)2(As1—,Sby)s (v = 0, 0.05, 0.10). Traces of impurities ZnSb (*) are marked for Sb-doped samples. (b) The Ri-
etveld refinement of (Bag.9oSro.10)(Zng 75Mng 125Cug.125)2As,. Inset shows the crystal structure of BaZnyAs,. (c) The lattice constants a and
¢ for both Sr-doped and Sb-doped samples. (d) The Zn(Mn)-As(Sb) bond length d and the As(Sb)-Zn(Mn)-As(Sb) bond angle a for both

Sr-doped and Sb-doped samples.
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Fig. 2. (a) The temperature dependence of DC magnetization for Sr-doped and Sb-doped samples under zero-field-cooling (ZFC) and field-
cooling (FC) modes in an external magnetic field Hexe = 100 Oe. Inset shows the enlarged M (T') curves in the temperature range of 2 K-90 K
for all samples. (b) The dM(T)/dT versus T curves for Sr-doped and Sb-doped samples. (c) The plot of 1/() — xo) versus T for Sr-doped
and Sb-doped samples. The straight lines represent the fitting of Curie-Weiss law. (d) The iso-thermal magnetization for both Sr-doped and

Sb-doped samples measured at 2 K.
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In order to visualize the change of ferromagnetic transi-
tion temperature 7¢c with Sr or Sb doping level, we plot the
dM(T)/dT versus T curves under FC mode in Fig. 2(b). The
minimum value of dM(T)/dT corresponds to Tc. Compared
with the starting compound Ba(Zng75Mng 125Cug.125)2As2
which has a Tc ~ 34 K, with the increasing of Sr doping
level, Tc monotonically improves and reaches 39 K when the
Sr doping level x is 0.10; however, as the Sb doping level in-
creases, Tc gradually decreases and is suppressed to 18 K with
the Sb doping level y = 0.10. We fit the magnetic suscepti-
bility data in high temperature region using the Curie—Weiss
law ¥ = xo+C/(T — 0), in which C is the Curie constant, ¥
represents a temperature-independent term and 0 is the Weiss
temperature. The fitting results of 1/(x — xo) versus T are
plotted in Fig. 2(c), and we can obtain the Weiss temperature
from the intersections of the fitting lines and x-axis. It can
be seen that all 6 are positive, further indicating the existence
of ferromagnetic interaction in the systems. As the Sr doping
level increases, 6 shows an increasing trend, which is another
sign of enhanced ferromagnetic interaction; while with more
Sb doping, 0 decreases gradually. In addition, using formula
C=Nuy ”esz /3ks, we can calculate the effective moment LUy,
as shown in Table 1. In Fig. 2(d), we show the iso-thermal
magnetization curves M(H) measured at 2 K for the samples
with different Sr or Sb doping level. The clear hysteresis loop
confirms the existence of ferromagnetic interaction.

In Table 1, we tabulate the base temperature moment
My,se (the magnetization measured at 7 = 2 K and Hey =
100 Oe under FC mode), the Curie temperature 7c, the Weiss
temperature 0, and the effective moment L.¢r. We can see that

both T¢ and 0 increase with more Sr doping, while they gradu-
ally decrease with more Sb doping. That is, the introduction of
positive chemical pressure through Sr/Ba substitutions is con-
ducive to enhancing the ferromagnetic interaction and thereby
improves the ferromagnetic transition temperature. The case
of Sb doping is on the opposite, which is similar to the behav-
ior observed in Sb-doped P-type MS (Ba,K)(Zn,Mn),As,. >4
For bulk MS (Ba,K)(Zn,Mn),;As,, many theoretical and ex-
perimental results indicate that the ferromagnetic interaction
between the local moments is mediated by the p states of As
through As 4p-Mn 3d hybridization.[??3% By investigating the
effect of physical pressure effects on the ferromagnetism of
(Ba,K)(Zn,Mn),As,, Sun et al.'?3! have found that the short-
ening of Zn(Mn)—As bond length d and the As—Zn(Mn)-As
bond angle « closer to the ideal tetrahedral bond angle value
of 109.47° will enhance the coupling strength between the As
4p and Mn 3d orbitals, which plays a key role in the formation
of ferromagnetic interactions. That is, the geometric struc-
ture of the Zn(Mn)As, tetrahedron directly affects the p—d hy-
bridization, thereby leading to the change of ferromagnetic in-
teractions (7¢) in the systems. In current work, combined with
the crystal structure parameters and magnetic measurement re-
sults, we find that when Sr/Ba substitution introduces posi-
tive chemical pressure into the system, the Zn(Mn)-As bond
length is shortened and the As—Zn(Mn)—As bond angle grad-
ually approaches 109.47°, which enhances 7c. These find-
ings are parallel to the experimental observations on ferromag-
netism regulation through chemical pressure effects in N-type
MS Ba(Zn,Co),As,.[2>

Table 1. The base temperature moment Mp,., the Curie temperature T, the Weiss temperature 6, and the effective moment leg.

Doping level Mygse (Hp/Mn) Te (K) 0 (K) et (/M)
Sb-doped 0.10 0.007 18 19 3.86
Sb-doped 0.05 0.036 26 31 5.03

Ba(Zng 75Mng,125Cug.125)2Asa 0.316 34 43 5.91

Sr-doped 0.05 0.335 37 46 6.12

Sr-doped 0.10 0.543 39 55 5.97

In the report on MS Ba(Zng75Mng.125Cug.125)2As, in
2015, the AC susceptibility measurement results have shown
that the 7; depends on the applied frequency f, which is a clas-
sic signature of spin glass.!'*! For the purpose of determining
whether the Sr-doped and Sb-doped samples exhibit the be-
havior of spin glass, we conducted the AC susceptibility at
different frequencies f for both Sr-doped and Sb-doped sam-
ples. In Figs. 3(a)-3(d), we show the real part )’ of the AC
susceptibility. As frequency f increases, the cusp positions
of x' for both Sr-doped and Sb-doped samples slightly shift
towards the higher temperatures, which is a hallmark of spin

glass system. In addition, the frequency dependence of 7; can

be characterized by the equation K = AT;/[TiAlog f].13! Tak-
ing the sample Ba(Zny.75Mny.125Cu(.125)2(AS0.955b0.05)2 as an
example, we obtained K ~ 0.022, which is within the range of
spin glass system (K ~ 0.005-0.08).13?! These indicate that
our samples evolve into a spin glass state below the spin freez-
ing temperature 7t.

We performed the electrical transport measurements on
Sr-doped samples. In Fig. 4(a), we perform temperature-
dependent resistivity p(7) at zero field. As the tempera-
ture decreases, the resistivity increases, indicating that the Sr-

doped samples retain semiconducting behavior. Moreover, the
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resistivity decreases with the increasing of Sr doping level.
This is caused by the pressure effect leading to electronic
bandwidth broadening and carrier mobility increasing.!*?! In
Fig. 4(b), we show the temperature-dependent magnetoresis-
tance for (Bao,gosro,10)(Zn0.75Mn0_125Cu0,125)2A32 under dif-
ferent applied magnetic fields. With the increasing of mag-
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netic field, the resistivity is suppressed rapidly, demonstrat-
ing a negative magnetoresistance phenomenon, which is due
to the suppression of spin-dependent scattering under the ex-
ternal magnetic field. The negative magnetoresistance (MR =
[p(H)—p(0)]/p(0)) reaches ~ —19% at T =2 K and Hex; =
8 T, as shown in the inset of Fig. 4(b).
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Fig. 3. The real part x/ of AC magnetic susceptibility for (a) (B30A95S1‘0,()5)(ZH0‘75M110‘125CU0‘125)2A82, (b) (Ba().g()sr().10)(2[‘10‘75M1’10.125CUO‘125)2A82,
(c) Ba(Zng.75Mng,125Cug.125)2(As0.95Sbo.05)2, and (d) Ba(Zng.75Mnq.125Cup.125)2(As0.90Sbo.10)2 at different frequencies f.
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(a) The temperature-dependent resistivity p(T) for Sr-doped samples.
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(b) The temperature-dependent magnetoresistance for

(Bag.99S10.10)(Zng.75Mng 125Cug 125)2 Asz. The inset shows the field dependence of magnetoresistance MR measured in an external field rang-

ing from0Tto -8 TandO0Tto 8 Tat2K.

4. Summary

To summerize, we have successfully synthesized both
Sr-doped (Baj—,Sry)(Zng.75Mng.125Cug.125)2As2 (x = 0, 0.05,
0.10) and Sb-doped Ba(Zl‘lo.75Mn0_125CU0.125)2(A81_}vay)2
(y =0, 0.05, 0.10), in which equivalent St/Ba and Sb/As sub-
stitutions introduce positive and negative chemical pressures,

respectively. The x-ray diffraction results indicate that both
Sr-doped and Sb-doped samples retain the tetragonal crys-
tal structure. Magnetization measurements show that 7¢ in-
creases by ~ 15% to 39 K with 10% Sr doping and decreases
by ~ 47% to 18 K with 10% Sb doping. On the other hand, the

resistivity measurements reveal that the Sr-doped samples still
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retain semiconducting behavior, that is, Sr doping improves
the ferromagnetic transition temperature while conserving the
high temperature tetragonal structure and the semiconducting
behavior. Our work provides another experimental evidence
that the geometric structure of Zn(Mn)As, tetrahedron plays
a pivotal role in the ferromagnetism of 122-type BaZn,As;-
based magnetic semiconductors; furthermore, the rational ap-
plication of the pressure effect is beneficial to the development
of novel magnetic semiconductors with higher ferromagnetic
transition temperature.
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