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Outline

a. Introduction of some newly fabricated DMSs 

“111”, 122”,”1111”, “42622”,”32522”

----- Li1+y(Zn1-xMnx)P

----- n-type Ba(Zn1-xCox)2As2

b. Microscopic characterization

----- μSR results on bulk form DMSs

-----NMR results on Li1.1(Cd1-xMnx)P  and Li1.15(Zn1-xMnx)P
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Why bulk form DMS?

• We want to create “spintronics”, and use not only charge but also spin information

• Ga1-xMnxAs, TC~200K, limited for practical applications; holes and spins are all 
introduced by Mn atoms (Jianhua Zhao’s group in Institute of Semiconductor, Beijing)

Currently achieved highest Tc in various 
III-V DMS thin films

(Dietl et al, Nature Materials, 2010, (9)965)

• Mismatch of valences for Mn2+ and 
Ga3+ atoms, chemical solubility is less 
than 1% in bulk form

• Only low dimensional thin film can be  
fabricated with Molecular Beam Epitaxy 

• Mn2+ substitution for Ga3+ introduces holes 
and spins

• NMR, μSR and neutron scattering are   
limited to investigate thin film. 

• No NMR work ever done on DMS

• DMS in bulk form is highly expected! 

Doped with Mn
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Spin Glass Ordering, saturation moment ~0.01μB
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Phys Rev B, 58, 12876 (1998)

Zn0.49Mn0.51Te

• Zn and Mn valences of “+2”,
• No solid solution limit

the doping can be as high as ~70%

• Mn ions do not provide carriers,
only provide local moment

• Difficult to control density and type 
of carriers 

ZnSe/ZnTeFeSe
(“11”  family of Fe-based SC）
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“III-V”               “I-II-V”          “II-VI”

LiZnAs (1.6ev)
LiZnP (2.04ev)
LiCdP (1.30ev)

GaAs (1.42ev)

Ga1-xMnxAs: Mn dope both spins and holes

Li1+y(Zn+2
1-xMn+2

x)As, Li1+y(Zn+2
1-xMn+2

x)P, Li1+y(Cd+2
1-xMn+2

x)P (TC ~40-50K)
: decouple spins and carriers 

• Mn doping induces local moments
• Li extra or deficiencies create carriers---use Li to control the type of carriers

(C.Q. Jin’s group in IOP, Z. Deng et al, Nature Comm.,2011, PRB 2013)

LiZnAs  LiFeAs
(“111” family of Fe-based SC）

(Li+Zn2+) = Ga3+

LiZnAs = GaAs

(Li+As3-) = Se2-

 Zn(LiAs) = ZnSe
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“111”- Li1+y(Zn+2
1-xMn+2

x)As （TC ~ 50 K)

Z. Deng et al, Nature Communications (2011)

• Saturation moments continuously 
decrease with more Mn

• Effective moment is 5~6μB/Mn，
high spin state

• Coercive field ~ 50 Oe，
for magnetic manipulation



10

Deng et al, PRB 88,081203(R) (2013)

Li1+y(Zn+2
1-xMn+2

x)P: Max TC ~ 40 K



Tc and moment size at 6K

43
35
28
21
Tc

0.757.5
0.6510

0.905.0
1.002.5

Mn(6K)x*(100%)

Tc

Li1+y(Cd+2
1‐xMn+2

x)P Wei Han et al, Scientific Reports 9, 7490 (2019)
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(La1-xBax)(Zn1-xMnx)AsO TC ~40K

• Isostructral to Fe-based SC
“1111”-LaFeAsO1-xFx 

C. Ding and F.L. Ning, PRB 88, 041102 (2013)

LaZnAsO  LaFeAsO
(“1111” family of Fe-based SC）
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(La1-xBax)(Zn1-xMnx)AsO TC ~40K

TC
• doping Mn only, paramagnetic state

• Only when carriers are doped via Ba
substitution for La, FM ordering is observed

• From resitivity, semiconducting behavior

• Large coercive field ~ 1 Tesla

C. Ding and F.L. Ning, PRB 88, 041102 (2013)
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K. Zhao et al, Nature Communications, 4, 1442 (2013)

(Ba1-xKx)(Zn1-yMny)2As2       TC ~180K
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(Ba1-xKx)(Zn1-yMny)2As2       TC ~180K

K. Zhao et al, Nature Communications, 4, 1442 (2013)
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TC ~ 230KBaZn2As2  BaFe2As2
(“122” family of Fe-based SC）
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GaAs   ------------ Ga1-xMnxAs   ------------------------ MnAs
FM, Tc ~ 210K(film) FM, Tc ~ 320K

LiZnAs --------- LiZn1-xMnxAs  ----------------------- LiMnAs
“111”                   FM, Tc ~ 55K(bulk) AFM, TN~ 400K
I-II-V                  (Nature Comm. 2011, IOP)

BaZn2As2  ---- Ba1-yKy(Zn1-xMnx)2As2  ---------------- BaMn2As2
“122” FM, Tc ~ 230K(bulk) AFM, TN~ 620K
II-II-V                  (Nature Comm. 2013, IOP)

LaZnAsO ---- La1-yBayZn1-xMnxAsO   --------------- LaMnAsO
“1111” FM, Tc ~ 40K(bulk) AFM, TN ~ 320K

(PRB 2013, Zhejiang)

“32522”   ---- (Sr3La2O5)(Zn1-xMnx)2As2 --------------- AFM(?)
FM, Tc ~ 40K(bulk)
(EPL 2014, Zhejiang)

“42622” ---- (Sr1-xKx)4Ti2O6(Zn1-xMnx)2As2 --------------- AFM(?)
FM, Tc ~ 25K(bulk)

(To be submitted, Zhejiang)

Fabricate new DMS and what we have
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21Z.A. Xu et al, Applied Physics Letters 103, 022410 (2013)

“1111”- type DMS

TC ~ 200 K
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CaNi1−xMnxGeHCaNi1−xMnxGe

H. Hosono et al, JACS, 134, 11687 (2012)

H. Hosono et al, Physical Review B 84, 214439 (2011)
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Ga1-xMnxAs Tc ~ 200K(film) 

LiZn1-xMnxAs Tc ~ 55K(bulk)-----”111” 

Ba1-yKy(Zn1-xMnx)2As2 Tc ~ 230K(bulk)---”122” 

La1-yBayZn1-xMnxAsO Tc ~ 40K(bulk) ---”1111”

(Sr3La2O5)(Zn1-xMnx)2As2 Tc ~ 40K(bulk)---”32522” 

(Sr1-xKx)4Ti2O6(Zn1-xMnx)2As2 Tc ~ 25K(bulk)---”42622” 

P-type DMS

For making junctions, n-type DMS are expected!
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“122” – Ba(Fe1-xCox)2As2- SC
Tc = 25 K

Doping Co,
introduce electrons
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Ba

Zn  Co
As

“122” - BaZn2As2

The idea here is:

---Co introduce both moments and electrons

（Started the work in 2013)
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 Ba

 Zn/Co

 As

Until 2016: Shengli Guo obtained pure phase
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Ba(Zn0.96Co0.04)2As2
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Negative Seebeck coefficient
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1. (La1-xBax)(Zn1-xMnx)AsO (TC =40K)   (PRB，2013)

2. (SrLa2O5)(Zn1-xMnx)2As2 (TC =40K)   (EPL，2014)

3. Li1+y(Zn1-xCrx)As  (TC =210K)   (JAP，2014)

4. Ba(Zn1−2xMnxCux)2As2 (TC =70K)   (SR, 2015)

5. (Ba1-xKx)(Cu1-xMnx)Se2 (TC =18K)  ( JMMM, 2016)

6. Li(Zn1-2xMnxCux)As  (TC =33K)  (JPCM, 2016)

7. La(Zn1−2xMnxCux)AsO (TC =8K)  (EPL, 2016)

8. (La1−xCax)(Zn1−xMnx)AsO (TC =30K)  (JPCM, 2016)

9. La(Zn1−2xMnxCux)SbO (TC =15K)  (EPL, 2017)

10. Ba(Zn1-xCox)2As2 (TC =40K)  (N-type, PRB, 2019)

11. (Sr1-xKx)F(Zn1-xMnx)Sb (TC =40K)  (JMMM, 2019)

12. Cu2(Zn1-xMnx)(Sn1-yAly)Se4 (TC =5K)  (Submitted, 2019)

13. (Ba1-xKx)(Zn1-yMny)2Sb2 (In preparation, 2019)

14. (Ca1-xNax)(Zn1-yMny)2Sb2 (TC =10K) (In preparation, 2019)

New Diluted Ferromagnetic Semiconductors (Zhejing U)
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In past several years, our collaboration team (Uemura & Jin & Ning) 
published ~ 40 papers on DMS
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Diluted Ferromagnetic Semiconductors in Bulk Form
with decoupling spins and carriers

By Tomasz Dietl and Hideo Ohno

Uemura, Jin, Ning started the research topic.

Dietl and Ohno, RMP, 86, 187 (2014): “a lot of attention will be devoted to four 
emerging families of compounds,…., IV: FeAs derived compound,…., for studies 
of interplay between p-d Zener ferromagnetism, antiferromagnetic, superexchange, 
and superconductivity.” 
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II‐II‐V DMS

(Ba1-xKx)(Zn1-yMny)2As2       TC ~230K

Uemura, Jin, Ning started the research topic.



42

Several advantages of bulk form DMS materials:

• Synthesized in thermally equilibrium condition, less defects are expected;

• Bulk form, single crystals are available, for NMR, neutron, μSR measurements;

• Carriers can be doped at different ionic sites, for example for BaZn2As2, K 
substitution for Ba introduces holes, while Mn substitution for Zn introduces electrons;

•Charge and spin doping are decoupled, each can be precisely controlled and tuned;

• Iso-structural to its superconductor, antiferromagnet variant, junctions via As layer 
can be made;

• Thin films of parent compound LaZnAsO and BaZn2As2 have been successfully made;

• (Ba1-yKy)(Zn1-xMnx)2As2: TC = 230 K for now, thin film may achieve higher TC? (FeSe-SC)

• Share the same origin of ferromagnetism as (Ga,Mn)As, helpful to understand the 
general mechanism;



Outline

a. Introduction of some newly fabricated DMSs 

“111”, 122”,”1111”, “42622”,”32522”

----- Li1+y(Zn1-xMnx)P

----- n-type Ba(Zn1-2xCoxMnx)2As2

b. Microscopic characterization

----- μSR results on (Ga,Mn)As and Li1.15(Zn1-xMnx)P

-----NMR results on Li1.1(Cd1-xMnx)P  and Li1.15(Zn1-xMnx)P
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μ SR experiments were conducted in PSI



45



46

Li1.1(Zn0.95Mn0.05)As (TC ~ 30 K)

as --- relaxation rate (static local field amplitude)
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(Ba1-xKx)(Zn1-yMny)2As2 (TC ~180 K)
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(La1-xBax)(Zn1-xMnx)AsO TC ~ 40K
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F.L. Ning et al, PRB 90,085123 (2014)

Li1.15(Zn0.9Mn0.1)P:  TC ~ 22 K
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TC: which is a measure of the effective 
average ferromagnetic interaction

Static local field amplitude as:
which is proportional to the
individual ordered moment 
size multiplied by the moment 
concentration

S. Dunsiger, Nature Material, 2009
C. Ding, Physical Review B, 2013
K. Zhao, Nature Communications, 2013
Z. Deng, Nature Communications, 2011
F.L. Ning, Physical Review B, 2014
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Zero field (ZF‐) MuSR asymmetry spectra of 
Ba(Zn0.95Co0.05)2As2 at 2 K

Fitting Function for dilute spin systems: 𝐺 𝑡 𝑔 𝑡 , 𝐺 𝑡 𝑒𝑥𝑝 𝜆 𝑡 1

𝑒𝑥𝑝 𝜆 𝑡 𝑎 𝑡 , 𝑔 𝑡 1 Δ 𝑡 𝑒𝑥𝑝 Δ 𝑡 .  Uemuraet al.Phy. Rev. B 31, 546 

(1985).
O f i h i
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ZF‐MuSR results for Ba(Zn1‐xCox)2As2

Static field arises below TC
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Longitudinal field (LF‐) MuSR results for Ba(Zn1‐

xCox)2As2 at 2 K

The asymmetry is fully decoupled at ~
100 Oe.

Conclusion: the internal field at 2 K muon
suffered is fully static and magnitude is ~
10 Oe.



54

Temperature scan 100 Oe LF‐MuSR results for 
Ba(Zn1‐xCox)2As2
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55
Ferromagnetic exchange coupling is much larger in this system
compared these other p-type systems.



Outline
a. Introduction of some newly fabricated DMSs 

“111”, 122”,”1111”, “42622”,”32522”

----- Li1+y(Zn1-xMnx)P

----- n-type Ba(Zn1-2xCoxMnx)2As2

b. Microscopic characterization

----- μSR on Li1.15(Zn1-xMnx)P

-----NMR results on Li1.1(Cd1-xMnx)P  and Li1.15(Zn1-xMnx)P
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“III-V”    versus   “I-II-V” semiconductors

LiZnAs (1.6ev)
LiZnP (2.04ev)
LiCdP (1.30ev)

GaAs (1.42ev)

Li1.1(Cd+2
0.9Mn+2

0.1)P and Li1.15(Zn+2
0.9Mn+2

0.1)P

decouple spins and carriers
• Mn doping induces local moments
• Li extra or deficiencies create itinerant or localized carriers
----- use Li to control the type of carriers
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7Li NMR line shape ---- Li1.1CdP

Li

Cd

74.2 74.3 74.4 74.5 74.6 74.7

7Li-line of Li
1.1

CdP
280K

f(MHz)

For 7Li:
• Nuclear spin = 3/2
• Gyromagnetic ratio = 16.546MHz/Tesla
• Bext = 4.5 Tesla  fresonance = 74.457MHz

• Single line with line width = 4KHz
• No additional Li line found for extra 10% Li
• 6 Cd atoms at N.N. site, all Li have the same 

environment -----define it as Li(0) site

Spin echo inten(arb.)

P

Cd/Mn

Li
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7Li NMR line shape ---- Li1.1CdP
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7Li NMR line shape ---- Li1.1Cd0.9Mn0.1P

10% Mn doped into Cd sites, the probability to find n = 0, 1, 2, 3, 4, 5, 6 Mn 
atoms at N.N. sites are P(n) = C6

n(0.1)n(0.9)6-n

Li

Cd

Li

Cd

Li

Cd

Li

Cd

Li

Cd

Li(0): 53% Li(1): 35% Li(3): 1.5%Li(2): 10% Li(4): 0.1%

Mn MnMnMn

Li(0):Li(Mn) ~ 50%:50%
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7Li NMR line shape 
---- Li1.1Cd0.9Mn0.1P

Li-line of Li
1.1

CdP

280K

Li(0)

74.2 74.3 74.4 74.5 74.6 74.7

Li-line of Li
1.1

CdMnP

290K

f(MHz)

Li(0)

Li(Mn)

Key features:

• Li(0) line preserve but broaden

• Li(Mn) line appears, broad peak at left hand

• Li(Mn) line has a large negative shift

• Integrated area, Li(Mn):Li(0) = 50:50
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7Li NMR line shape ---- Li1.1Cd0.9Mn0.1P

Li(Mn) Li(0)

Key features:

• Frequency shifts of Li(Mn) follows 
a Curie-Weiss law

• Li(0) continuously broaden from 
20KHz (at 290K) to 240KHz (at 4.2K)
~ 10 times broadening. Line width follow
a Curie-Weiss law

• For Li(0) site in the parent 
compound Li1.1CdP, only increase from
4KHz (at 280K) to 7KHz (at 4.2K).
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Frequency VS. Temperature

Negative frequency shift:

---hyperfine coupling constant 
between 7Li nuclear spin and 
surrounding electrons is negative
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Li1.1Cd0.9Mn0.1P
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The line broadening of Li(0)
which do not have Mn at N.N. 
is the same as the frequency 
shifts of Li(Mn).

Li(0) and Li(Mn) sites are 
electronically coupled! 
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Li1.1Cd0.9Mn0.1P Li1.15Zn0.9Mn0.1P

Mn atoms are homogenously distributed in the compound, and no Mn clusters exist. 

Consistent with 100% magnetic ordered volume from μSR experiment.

The ferromangetic ordering is intrinsic, from the Mn atoms in the ionic sites in I-II-V 
DMS! It is NOT from spurious phase.
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Spin dynamics----Li1.15Zn0.9Mn0.1P and Li1.1Cd0.9Mn0.1P

74.2 74.3 74.4 74.5 74.6 74.7

Li-line of LiCdMnP
290K

f(MHz)

Li(0)

Li(Mn)

Tc = 25K

C. Ding et al., Physics Review B 88, 041108 (R) (2013).

T(K)

T1 of Li(Mn) is 50 times shorter than T1 of Li(0)

Below Tc, for both Li(Mn) and Li(0) sites, T1 decrease
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Spin dynamics----Li1.15Zn0.9Mn0.1P
For Li(Mn) site, 1/T1 ~ constant
Spin fluctuations are locked
at T range ~100 K, J~ 100K

For Li(0) site, 1/T1 ~ a +bT
Korringa relation, 
Related to information of carriers

Li(Mn) represent “spins”
Li(0) represent “carries” 

Carrier mediated ferromagnetism!

Moriya's Gaussian approximation for the
spin-spin correlation function

Moriya’s exchange narrowed regime

Characteristic frequency of the Mn spin fluctuations

T(K)

Z~ 103 is the number of Mn sites within the
range of Mn-Mn interactions
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• Series of bulk DMSs with (highest TC = 230 K) have been fabricated, and these DMSs have 
common mechanism with (Ga,Mn)As, and can serve as model systems to study the 
ferromagnetism in DMS

• A n-type DMS Ba(Zn1-xCox)2As2 (TC = 45K) have been successfully synthesized

• NMR and μSR: Mn atoms are homogenously doped, the ferromagnetic ordering is from Mn
in  the ionic Zn site

• NMR results are consistent with a carrier mediated ferromagnetism picture. 

• Now with the same 122 tetragonal structure, junctions could be made via As layer between 
following materials:

N-type DMS Ba(Zn1-xCox)2As2  (TC = 45K)
P-type DMS (Ba1-yKy)(Zn1-xMnx)2As2 (TC=230K)
Superconductor Ba(Fe1-xCox)2As2  (Tc=25K)
Antiferromagnet BaMn2As2  (TN=625K)
Paramagnetic BaCo2As2

Summary

Thank you for your attention!


