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We report the successful fabrication of a new 1111-type bulk magnetic semiconductor (La,Ba)(Zn,Mn)SbO
through the solid solution of (La,Ba) and (Zn,Mn) in the parent compound LaZnSbO. The polycrystalline samples
(La,Ba)(Zn,Mn)SbO crystallize into ZrCuSiAs-type tetragonal structure, which has the same structure as iron-based su-
perconductor LaFeAsO;_g. The DC magnetization measurements indicate the existence of spin-glass ordering, and the
coercive field is up to ~ 11500 Oe (1 Oe=79.5775 A-m~!). The AC magnetic susceptibility further determines that the
samples evolve into a conventional spin-glass ordering state below the spin freezing temperature 7;. In addition, the negative

magnetoresistance (MR = [p(H) — p(0)]/p(0)) reaches —88% under 9 T.

Keywords: magnetic semiconductors, spin-glass, negative magnetoresistance

PACS: 75.50.Pp, 75.50.Lk, 75.30.Cr

1. Introduction

The research of spintronics is devoted to manipulating
both charge and spin freedom of electrons.'=31 As an impor-
tant branch in spintronics, magnetic semiconductors (MSs)
provide a new perspective for the preparation of novel elec-
III-V MS (Ga,Mn)As is the most well-
investigated system,'*! which is more compatible with opto-
electronic devices applied in industry. In the mid-1990s, the

tronics devices.

fabrication of (Ga,Mn)As films made significant progress via
low temperature molecular beam epitaxy (LT-MBE) method.
With the injection of spin-polarized carriers, (Ga,Mn)As pro-
vides a new choice for the preparation of multifunctional het-
erojunctions with non-magnetic semiconductor GaAs. For ex-
ample, Ohno et al. has successfully prepared spin-polarized
light-emitting diode (Spin-LED) based on (Ga,Mn)As.’! At
present, the Curie temperature (7¢) of (Ga,Mn)As has reached
~ 190 K-200 K,!® which is still below room temperature.
Moreover, the inequivalent substitutions of (Ga>", Mn”*) in-
troduce carriers and magnetic moments simultaneously, which
makes it difficult to control carrier densities and magnetic mo-
ments independently. In addition, the MBE method is a non-
equilibrium growth method, which makes the properties of
materials sensitive to the growth conditions and may cause
defects during the growth process. These challenges have
aroused great interest in exploring more novel MSs, if pos-
sible, with higher T¢.

In recent years, several series of bulk Zn-based MSs

fCorresponding author. E-mail: ningfl@zju.edu.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd
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with decoupled carrier and spin doping have been reported,
including 111-type Li(Zn,Mn)As,® Li(Cd,Mn)P,®! 122-
type (Ba,K)(Zn,Mn),As,, %1 (Ca,Na)(Zn,Mn), Sb,, "1 1111-
type (La,Ba)(Zn,Mn)AsO,['?l La(Zn,Mn,Cu)SbO,!"3! 2114-
type Cuy(Zn,Mn)(Sn,Al)Ses.!"#! The equivalent substitutions
of (Zn** Mn2") result in higher chemical solubility of
magnetic atoms, compared with III-V MSs. The Tc of
(Ba,K)(Zn,Mn), As; has reached ~ 230 K,!>! which is already
higher than that of (Ga,Mn)As. On the other hand, bulk semi-
conductor materials enable the measurements of microscopic
probes, such as neutron scattering, nuclear magnetic resonance
(NMR) and muon spin relaxation (uSR),['%1216] which has
demonstrated that these bulk MSs share the same mechanism
of ferromagnetic ordering as that of (Ga,Mn)As.

Unlike the magnetic semiconductors mentioned above,
which can exhibit long-range ferromagnetic ordering, some
magnetic semiconductors exhibit spin-glass behavior.!”! Back
to 1980’s, when doping Mn into II-VI semiconductors such as
ZnTe and HgTe, spin-glass ordering states had been usually
observed in (Zn,Mn)Te!*®! and (Hg,Mn)Te.[w] The reason is
that the iso-valent substitution of Zn or Hg by Mn only in-
troduces magnetic moments, and there are no enough carri-
ers to build up the long-range ferromagnetic ordering. On the
other hand, in some recently reported bulk form MSs, such as
Ba(Zn,Mn,Cu),As;*° and Na(Zn,Mn)Sb,?! spin-glass or-
dering state or glassy ferromagnetism has also been observed.
These spin-glass state could be ascribed to the magnetic frus-
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tration generated by the competition between the indirect fer-
romagnetic and direct antiferromagnetic interactions.

As a valuable method in the study of magnetic condensed
materials, pressure has been extensively applied to explore the
mechanism of magnetic interactions, especially in magnetic
semiconductors where ferromagnetic interactions are medi-
ated by carriers. At present, the effect of physical pres-
sure and chemical pressure on ferromagnetism in MSs has
been widely studied. For example, in traditional III-V MS
(In,Mn)Sb, T¢ has increased by 25% under a hydrostatic pres-
sure of 2.7 GPa.[??! In addition, in n-type MS Ba(Zn,Co),As;,
the substitutions of (Ba,Sr) and (As,Sb) introduce positive and
negative chemical pressure, respectively, and it was found
that negative chemical pressure reduced 7c, while positive
chemical pressure increased Tc by 18%.123! Previously, start-
ing from the narrow band-gap semiconductor LaZnSbO, MSs
(La,Ca)(Zn,Mn)SbO”*! and (La,Sr)(Zn,Mn)SbO*! with the
maximum T¢ ~ 40 K and ~ 27 K have been reported. We
note that for the same doping level, T is ~ 20 K for
(La0.95Ca0_05)(Zn0'95Mn0_05)SbO, while TC is ~ 14 K for
(Lag.95S10.05)(Zng 95 Mng 05)SbO. This is largely because the
ionic radius of Sr>* is larger than that of Ca®", that is, nega-
tive chemical pressure suppresses Tc.

In this paper, we attempt to synthesize (La, Ba)(Zn,
Mn)SbO, and explore how chemical pressure will affect the
magnetic properties in whole (La,AE)(Zn,Mn)SbO (AE =
Ca, Sr, Ba) system. The substitutions of (La’*,Ba’>") and
(Zn** Mn?*) in the parent compound LaZnSbO introduce car-
riers and local magnetic moments, respectively. Next, we fix
the doping level x of Ba?t at 0.05 and change the amount of
magnetic atoms Mn, and explore how the spin densities af-
fect magnetism in (Lag 95Bag o5)(Zn;_Mn,)SbO (x = 0.025,
0.05, 0.075, 0.10). The DC magnetization measurements show
the presence of short-range ferromagnetic correlations in our
specimens. The AC magnetic susceptibility measurements
demonstrate that (La,Ba)(Zn,Mn)SbO exhibits the character-
istics of spin-glass ordering state below spin freezing temper-
ature Ty, rather than long-range ferromagnetic ordering as in
(La,Ca)(Zn,Mn)SbO and (La,Sr)(Zn,Mn)SbO. A local maxi-
mum of resistance and negative magnetoresistance under an
applied magnetic field have been observed, resulting from
multiple interactions between quantum localization and carrier
correlations.?®) With more Mn doping, resistivity increases
significantly, which is attributed to the scattering of carriers
caused by magnetic fluctuations.

2. Experiments

Polycrystalline samples (LaggsBag gs5)(Zn;—,Mn,)SbO
(x=0.025, 0.05, 0.075, 0.10) were prepared through the solid-
state reaction method. First of all, high-purity La (99.9%,
Alfa Aesar), Ba (99.2%, Alfa Aesar), Zn (99.9%, Alfa Ae-
sar), MnO (99.5%, Aladdin), and Sb (99.999%, Prmat) were

mixed according to the nominal composition. The mixtures
were placed in the aluminum crucibles, sealed in evacuated sil-
ica tubes, then heated to 900 °C and kept for 24 h. The precur-
sors were fully grounded and pressed into pellets with § mm
in diameter, then placed in aluminum crucibles, and sealed in
evacuated silica tubes. Subsequently, the pellets were heated
to 1100 °C and kept for 40 h. All procedures except evacuating
silica tubes are conducted in a glove box filled with high-purity
argon.

To determine the crystal structure of polycrystalline sam-
ples LaZnSbO and (Lag 95Bag g5)(Zn;_,Mn,)SbO (x = 0.025,
0.05, 0.075, 0.10), the powder x-ray diffraction was carried
out by a powder x-ray diffractometer (Model EMPYREAN)
with monochromatic Cu-Ky radiation. The lattice parameters
were calculated by Rietveld refinements using open-source
GSAS-II package.!”’”! The DC magnetization was measured
on a Quantum Design magnetic property measurement system
(MPMS-3). The AC magnetic susceptibility and magnetore-
sistance were measured on a Quantum Design physical prop-
erty measurement system (PPMS). Four-probe technique was
applied to the measurements of electrical resistivity.

3. Results and discussion

We show the x-ray diffraction patterns in the 286
range of 10°-100° for polycrystalline samples LaZnSbO and
(Lag.95Bag 05) (Znj—xMn,)SbO (x = 0.025, 0.05, 0.075, 0.10)
in Fig. 1(a).
ZrCuSiAs-type tetragonal structure (space group P4 /nmm), as

The diffraction peaks are consistent with a

shown in the inset of Fig. 1(b). The Rietveld refinement for
(Lag.95Bag.05)(Zng.9sMng 95)SbO is plotted in Fig. 1(b). The
resultant weighted reliable factor Ry is 7.189%, indicating
that the samples are in good quality. LaZnSbO share the same
structure as that of the direct-gap semiconductor LaZnAsO!*8]
and Fe-based layered superconductor LaFeAsO;_;.*°l The
structure of LaZnSbO can be described as the stacking of
[LaO]* layers and [ZnSb]~ layers along ¢ axis.’% A few
small peaks (marked as x) are observed in some samples.
These are non-magnetic impurities ZnSb, and will not affect
the discussion of magnetism in the following.

The calculated lattice parameters a and ¢ of parent com-
pound LaZnSbO are 4.2285 A and 9.5414 A, respectively,
which is close to previously reported values a = 4.2260 A and
c=9.5369 A.B! In Fig. 1(c), we can see that the lattice pa-
rameters a and c¢ of (Lag.9sBag g5)(Zn;_,Mn,)SbO (x = 0.025,
0.05, 0.075, 0.10) monotonically increase with the increas-
ing of Mn doping, which is due to the fact that the ionic ra-
dius of Mn”* is larger than that of Zn>*. Obviously, with
the Mn doping level increasing, the unit cell volume also in-
creases monotonically, as shown in Fig. 1(d). These provide
strong evidences for the successful solution of (La’* Ba’*")
and (Zn2T Mn?t).
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Fig. 1. (a) The powder x-ray diffraction patterns for polycrystals LaZnSbO and (Lag 95Bag 05)(Zn;—,Mn,)SbO (x = 0.025, 0.05, 0.075, 0.10). The
stars (x) represent the traces of impurities ZnSb. (b) The Rietveld refinement for (Lag 95Bag o5)(Zng.9sMng 95)SbO. Inset is the crystal structure of
parent compound LaZnSbO. (c¢) The lattice parameters a and ¢ obtained from the Rietveld refinements for (Lag 9sBag 95)(Zn;_+Mn,)SbO (x = 0.025,
0.05, 0.075, 0.10). (d) The unit cell volume (V') versus doping level x for (Lag 9sBag ¢s5)(Zn;—xMn,)SbO (x = 0.025, 0.05, 0.075, 0.10).
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Fig. 2. The temperature dependence of DC magnetization M of
(Lag.95Bag.05)(Zng.975Mng 925)SbO under field-cooling condition in an
external field Hey; = 100 Oe. Inset is the plot of 1/( — xo) versus tem-
perature. The black solid circles are the data, and the red straight line is
a linear fitting of the Curie—Weiss law.

In Fig. 2, we show the temperature dependence of DC
magnetization (M) under field-cooling modes with the external
field Hext = 100 Oe for (La0.95Ba0.05)(Zn0‘975Mn0.025)SbO.
We did not observe obvious magnetic transition in the en-
tire temperature range. We fit the data of high temperature
region using the Curie-Weiss law and show it in the inset
of Fig. 2. The obtained Weiss temperature (8) is ~ 3.0 K.
Positive 6 indicates that the exchange interaction is ferromag-
netic. However, this value is too small, we will not focus on
(La0.95Bao_os)(zn0.975MH0_025)Sbo in the following.

In Fig. 3(a), we show the temperature dependence of
DC magnetization under zero-field-cooling (ZFC) and field-
cooling (FC) modes in an applied field Hexy = 100 Oe for

(Lag.95Bag.05)(Zn;_xMn,)SbO (x = 0.05, 0.075, 0.10). Mag-
netization suddenly increases around 20 K-30 K. In addition,
the magnetization under FC mode at the base temperature of
2 K, Mypase, is ~ 0.020 pup/Mn for x = 0.05, then increases to
0.028 up/Mn for x = 0.075, and decreases to 0.017 ug/Mn for
x = 0.10. This probably arises from the competition between
ferromagnetic and antiferromagnetic interactions among Mn
atoms. The probability that two Mn atoms at the nearest-
neighbor (NN) sites satisfies P = C}x(1 —x)>. For example,
for the doping level of x = 0.075, the probability of finding one
Mn atom at its NN sites is P = Cj} x 0.075 x 0.925% = 23.74%,
and P increases to 29.16% for x = 0.10. With the increasing
of Mn atoms, the possibility of Mn atoms at the NN sites in-
creases, which enhances antiferromagnetic interactions. That
is, doping too many Mn atoms is detrimental to the ferromag-
netic interactions.

For the purpose of quantifying the temperature of mag-
netic transition, we plot dM(T)/dT versus T in Fig. 3(c).
With the increasing of Mn doping, the minimum values of
dM(T)/dT (defined as Tg) increase first and then decrease.
On the other hand, we fit the magnetic susceptibility curves
at the high temperature region using the Curie—Weiss law
X =X +C/(T—0), Cis the Curie constant related to the
effective magnetic moment, ¥ is a temperature-independent
term, and 6 is the Weiss temperature. The fitting results of
1/(x — xo) versus temperature under FC mode are shown in
Fig. 3(d). The Weiss temperatures 0 are the intersections of
the fitting lines with the x axis. 0 is 8 K for x = 0.05, then
increases to 19 K for x = 0.075, and decreases to 15 K for
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x = 0.10. The positive values of the Weiss temperatures 6
imply the establishment of ferromagnetic correlation between
distant Mn atoms. We find that Tg;r and 6 have the same trend
with the change of doping level x. That is, both increase at
first and decrease afterwards with the increasing of Mn doping

(a) . . . . ;
0 030_(Lau_gy,BaU_oy,)(an,_,,MnT)SbO FC ZFC z |
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level x. This reflects that more Mn atoms suppress the ferro-
magnetic interactions, which is attributed to the competition
between the short-range antiferromagnetic interactions among
the NN Mn atoms and long-range ferromagnetic interactions
induced by itinerant electrons.3?!
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Fig. 3. (a) The temperature dependence of DC magnetization for (Lag 9s5Bag o5)(Zn;_Mn,)SbO (x = 0.05, 0.075, 0.10) in zero-field-cooling
(ZFC) and field-cooling (FC) modes with Heyx = 100 Oe. Inset shows the enlarged M(T') curves for (Lag 9sBag 05)(Zn;_Mn,)SbO (x = 0.05,
0.075, 0.10). (b) The iso-thermal magnetization for (Lag 95Bag 95)(Zn; —xMn,)SbO (x = 0.05, 0.075, 0.10) measured at 2 K. (c) The dM(T)/dT
versus T plots for (Lag 9sBag g5)(Zn;_xMn,)SbO (x = 0.05, 0.075, 0.10). Inset shows an enlargement of 2 K to 30 K region, and arrows mark
the position of the minimum values of dM(T)/dT. (d) The curves of 1/() — xo) versus T for (Lag 9sBag 9s)(Zn;—Mn,)SbO (x = 0.05, 0.075,
0.10). The lines represent the fitting of Curie—Weiss law, and arrows mark the Weiss temperatures 6.

We show the iso-thermal magnetization measured at 2 K
for (Lag.95sBag.05)(Zn;_Mn,)SbO (x = 0.05, 0.075, 0.10) in
Fig. 3(b). Clear hysteresis can be observed, demonstrating
the presence of ferromagnetic interactions. The coercive field
(Hc) is ~ 8400 Oe for x = 0.05, then increases to ~ 11500 Oe
for x = 0.075, and decreases to ~ 8150 Oe for x = 0.10.
We calculate the effective magnetic moment (U¢) by formula
C = NuouZ;/3ks. The obtained parameters are listed in Ta-
ble 1.

Table 1. The minimum values (Ty) of dM(T)/dT, the Weiss temper-
ature O, the effective magnetic moment [, the base temperature mo-

ment My,se, and the coercive field Hc for (LaggsBaggs)(Zn;—Mn,)SbO
(x=0.05, 0.075, 0.10).

x Toir (K) 0 (K) et (Up/MnN)  Mpase (Up/Mn)  Hc (Oe)
0.05 10 8 4.55 0.020 8400
0.075 14 19 4.40 0.028 11500
0.10 10 15 3.51 0.017 8150

The Arrot—Noakes plots33341 (M? versus H /M) obtained
from iso-thermal magnetization at different temperatures for
(Lag.95Bag.05)(Zng.92sMng ¢75)SbO are displayed in Fig. 4. No

indication of spontaneous magnetization is observed. Com-
bined with the iso-thermal magnetization curves shown in
Fig. 3(b), where magnetization is still not saturated with the
external magnetic field up to 5 T, we can say that it is not a
long-range ferromagnetic ordering but a short-range spin-glass
ordering state.

1.8 (Lag.95Bag.o5)(Zno.925Mng.075)SbO 1
1.6- Temperature]
: ——8 K
1.4r ——16 K A
P ——22 K
g L2r ——26 K ]
~ 1.0f i
g
= 0.8 i
% 0.6 i
0.4r E
0.2 i
0 L 1 1

10 20 30 40 50 60
H/M (kO¢/(jip/Mn))

Fig. 4. The Arrott plots of (Lag.o5Bag5)(Zng.925Mng ¢75)SbO under
various temperatures.

To further determine whether the samples is in a spin-
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glass ordering state, we conduct the AC magnetic suscepti-
bility for (Lag.gs5Bag.os5)(Zng.925Mng ¢75)SbO under an exter-
nal AC field amplitude of 10 Oe with different frequencies (f).
The cusp positions of the real part ¥’ in Fig. 5(a) and the imag-
inary part ¥ in Fig. 5(b) are obviously frequency-dependent.
With the increasing of frequency, the real part " and the imag-
inary part ¥ move towards the higher temperature region, and
the magnitude reduces slightly. We define the cusp position
of the real part ¥’ as the static spin freezing temperature (7).

According to the formula K = AT;/[T;Alog £],13%! we obtain
the value of K in Fig. 5(c). The K ~ 0.055 is whin the range
of canonical spin-glass system (K ~ 0.005-0.08),136! this indi-
cates that the samples exhibit a spin-glass ordering state below
T;. The random arrangement of Mn atoms in lattice induces
not only ferromagnetic but also antiferromagnetic interactions
among Mn atoms. Their competition induces the spin-glass
ordering state. The similar behavior has also been observed in
Ba(Zn,Mn,Cu),As,.[20]

Temperature (K)

Temperature (K)
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Fig. 5. The (a) real part ¥’ and (b) imaginary part ¥” of AC magnetic susceptibility for (LaggsBag.os)(Zng.92sMng ¢75)SbO at different
frequencies f. (c) The frequency dependence of spin freezing temperature 7 plotted as In 7; versus log f for (Lag 9sBag.05)(Zng.925Mng o75)SbO.

We performed the electrical transport measurements
on the parent compound LaZnSbO and doped samples
(La0~95BaO.05)(Zn1,anx)SbO (x = 0025, 005, 0075, 010)
The curves of the temperature-dependent electrical resistivity
p(T) are shown in Fig. 6(a). The parent compound LaZnSbO

Fig. 6(a). After the solid solution of (La,Ba) and (Zn,Mn), re-
sistivity p(7T') still retains the semiconducting behavior. On
the other hand, with the increasing of the Mn-doped levels x,
the magnitude of the resistivity increases significantly. This
can be attributed to the scattering of carriers by spins at low

shows the semiconducting behavior, as shown in the inset of temperatures.
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Fig. 6. (a) The temperature-dependent resistivity p(7) for LaZnSbO (inset) and (Lag 9sBag 5)(Zn;_Mn,)SbO (x = 0.025, 0.05, 0.075, 0.10). (b) The
magnetoresistance for (Lag gsBag.o5)(Zng.92sMng ¢75)SbO under the external field Hexy =0 T, 3 T, S T, 7 T, 9 T. The inset shows the field dependence of
magnetoresistance (MR = [p(H) — p(0)]/p(0)) measured in an external field ranging from 0 T to —9 T and 0 T to 9 T at 2 K. (c) The magnetoresistance of
(Lag.95Bag 05)(Zng 9Mng 1 )SbO with Hexy =0 T, 3 T, 5T, 7 T, 9 T. Inset shows resistivity p(7') versus In7 under Hex =5 T.

In Fig. 6(b), we show the temperature-dependent mag-
netoresistance curves for (Lag.gsBag.os)(Zng 925Mng g75) SbO
under the field of 0 T, 3T, 5T, 7 T, 9 T, respectively. The
resistivity is suppressed rapidly with the increasing of ap-
plied magnetic field, that is, the negative magnetoresistance
occurs. As the temperature goes down, a local maximum of
resistivity (as marked by Thax in Fig. 6(b)) occurs under an
applied magnetic field. Similar phenomenon has been ob-
served in many MSs, such as traditional III-V compound
(Ga,Mn)As, and novel bulk materials (Sr,Na)(Zn,Mn),As; 37!
and (Ba,K)(Cd,Mn),As,.?®! This field-induced insulator-to-

metal transition is probably caused by multiple interactions
between quantum localization and carrier correlations. (2! In
(Ga,Mn)As system, the behavior of resistivity maximum near
the Curie temperature T¢ and associated negative magnetore-
sistance are ascribed to the existence of randomly oriented fer-
romagnetic bubbles, which drives efficient spin-disorder scat-
tering of carriers, and thus reduces the anti-localization quan-
tum corrections to conductivity.?%3°1 Subsequently, as the
temperature continues decreasing, a local minimum of resis-
tance (as marked by Tpi, in Fig. 6(b)) occurs, followed by a

strong upturn. The suppression of spin-dependent scattering
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in an external magnetic field leads to large negative magne-
toresistance (MR = [p(H) — p(0)]/p(0)). As shown in the
inset of Fig. 6(b), for (Lao,gsBa0_05)(2n0,925M1’10.075)Sbo, the
MR reaches up to —88% under 9 T. Such a colossal negative
magnetoresistance MR has also been observed in spin-glass
(Cd,Mn)Se.[17]

Compared with the doping level x = 0.075 in Fig. 6(b),
when the doping level x increases to 0.1 as shown in Fig. 6(c),
the magnitude of resistivity is lifted up. In the inset of
Fig. 6(c), the resistivity for (Lag 95Bag.gs5)(Zng.9Mng 1)SbO at
low temperature under Hex = 5 T linearly depends on InT,

t.[40] This phenomenon

which mimics that of the Kondo effec
could also be interpreted by quantum corrections to the con-
ductivity in the weakly localized regime,?®3%4!1 because spin

polarization of carriers destroys the Kondo effect.*"]

4. Discussion and conclusion

The ionic radius of Ca®", Sr*t, and Ba’t are 0.99 A,
1.13 A, and 1.35 A, respectively.
Ca’*, Sr2*, and Ba’>* respectively is expanding the lat-

Replacing La’* with

tice successively, which is equivalent to inducing negative
chemical pressure into the system. Thus, the expansion
of lattice causes Zn/Mn-Sb bond length to increase con-
tinuously, and p—d hybridization between local moments
and hole carriers is weaken, which results in the suppres-
sion of ferromagnetic interactions.*”) Comparing the whole
(Lao,95AE0,05)(Zn0,95Mn0405)SbO (AE = Ca, SI‘, Ba) system,
the magnetization under FC mode at the base temperature of
2 Kis ~ 0.60 ,IJB/MH for (Lao_95Ca0_05)(Zno.gsMno,os)SbO,
0.15 /,LB/Mn for (La0,95Sr0‘05)(Zn0,95Mn0.05)SbO, and re-
duces to 0.02 ,LLB/MII for (La0,95Ba0_05)(Zn0_95Mn0_05)SbO.
On the other hand,
increases, the Curie temperature 7c decreases from ~
20 K for (La0_95Cao,o5)(Zn0,95Mn0.05)SbO to 14 K for
(Lag.95Sr0.05)(Zng.95sMng ¢5)SbO, and no long-range ordering

as the ionic radius of AE ions

is formed in (LaggsBag o5)(Zng 9sMng ¢5)SbO. Furthermore,
in the same 1111-type (La,Ba)(Zn,Mn)AsO MS, uSR mea-
surements indicate that ferromagnetic ordering develops in the
entire volume.['?! While for (La,Ba)(Zn,Mn)SbO, the ionic ra-
dius of Sb>~ (2.45 A) is larger than that of As’~ (2.22 A),
which leads to the result that the bond length of Zn/Mn—Sb is
larger than that of Zn/Mn—As. Therefore, the p—d hybridiza-
tion in (La,Ba)(Zn,Mn)SbO is much weaker, which eventually
develops into spin-glass ordering state. We should note that
in both (La,Ba)(Zn,Mn)AsO and (La,Ba)(Zn,Mn)SbO, carri-
ers are coming from the substitutions of Ba for La which
takes place in the La—O layers. While in another 1111-type
La(Zn,Mn,Cu)SbO compound, the substitutions of Mn and Cu
for Zn are taking place in the same Zn—Sb layers where the
holes induced by Cu substitutions for Zn mediate the magnetic
moments arising from Mn substitutions for Zn.

To summarize, we successfully synthesized a new 1111-
type bulk MS (La,Ba)(Zn,Mn)SbO. The DC magnetization
measurements reveal that the ferromagnetic interactions in-
crease initially and then decrease with more Mn atoms doping,
and the coercive field Hc is as high as ~ 11500 Oe. Accord-
ing to the AC magnetic susceptibility measurements, the sam-
ples evolve into conventional spin-glass ordering state below
the spin freezing temperature 7;. The negative magnetoresis-
tance MR for x = 0.075 has reached —88% at 2 K under the
applied field of 9 T. We note that spin-glass ground state is
common in II-VI MSs, and not unusual in recent bulk form
MSs with decoupled charge and spin doping. The reason is
largely ascribed to the strength of magnetic interactions and
the competition between the long-range indirect ferromagnetic
interactions of remote spins and the short-range direct antifer-
romagnetic interactions of moments at the NN sites. To un-
derstand the general mechanism for the ferromagnetic order-
ing in all magnetic semiconductors, this physical phenomenon
has to be considered as an important part for the whole pic-
ture. Our sample enriches the MS families and is helpful
for searching new MS materials with high 7¢. Furthermore,
(La,Ba)(Zn,Mn)SbO has the same ZrSiCuAs-type tetragonal
structure and favorable lattice matching as Fe-based layered
superconductor LaFeAsO,?°! and it is possible to benefit po-
tential spintronics applications.
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