Journal of Semiconductors
(2019) 40, 081506
doi: 10.1088/1674-4926/40/8/081506

JOS

REVIEWS

Progress on microscopic properties of diluted magnetic
semiconductors by NMR and uSR

Yilun Gu’, Shengli Guo', and Fanlong Ning'- %t

1Zhejiang Province Key Laboratory of Quantum Technology and Device and Department of Physics, Zhejiang University, Hangzhou 310027,
China

2Collaborative Innovation Center of Advanced Microstructures, Nanjing University, Nanjing 210093, China

Abstract: Diluted magnetic semiconductors (DMSs) that possess both properties of semiconductors and ferromagnetism, have
attracted a lot of attentions due to its potential applications for spin-sensitive electronic devices. Recently, a series of bulk form
DMSs isostructural to iron-based superconductors have been reported, which can be readily investigated by microscopic experi-
mental techniques such as nuclear magnetic resonance (NMR) and muon spin rotation (uSR). The measurements have demon-
strated that homogeneous ferromagnetism is achieved in these DMSs. In this review article, we summarize experimental evid-
ences from both NMR and uSR measurements. NMR results have shown that carriers facilitate the interactions between distant
Mn atoms, while uSR results indicate that these bulk form DMSs and (Ga,Mn)As share a common mechanism for the ferromagnet-

ic exchange interactions.
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1. Introduction

Ferromagnetic semiconductors possess both properties
of semiconductors and ferromagnetism, which have attracted
many attentions due to their potential applications for spin-
sensitive electronic devices!'. In past, scientists mainly fo-
cused on two research streams of ferromagnetic semiconduct-
ors: one is the concentrated magnetic semiconductors where
magnetic atoms locate in each unit cell, for example, EuO!
and CdCr,S,B); the other one is diluted magnetic semiconduct-
ors (DMSs) in which small amount of magnetic atoms have
been doped into non-magnetic semiconductors and magnet-
ic ordering has developed. In 1980s, Mn doped [I-VI semicon-
ductors, such as (Zn,Mn)Sel¥, (Zn,Mn)Tel®], (Cd,Mn)Sel®! and
(Cd,Mn)Tel), etc. have been widely investigated. The difficulty
encountered in II-VI DMSs is the low carrier concentrations,
which prevents the formation of ferromagnetic long range or-
dering.

In 1990s, the research on DMSs has been focusing on IlI-V
DMSs. Among them, (Ga,Mn)As has been the most thoroughly
investigated system8-11], As of today, the highest Curie temper-
ature in (Ga,Mn)As has been reported as ~200 K['2-14, |n
(Ga,Mn)As, Mn substitution for Ga introduces both spinsand car-
riers simultaneously, which makes it difficult to control individu-
al concentrations of spins and carriers, respectively. On the oth-
er hand, the mismatch valences of Mn2+ and Ga3* limits the sol-
id solution and only metastable (Ga,Mn)As films can be synthes-
ized by MBE (molecular beam epitaxy) method. More pro-
gresses of llI-V DMSs can be found in a recent review article by
Tanaka et all'3),

Correspondence to: F L Ning, ningfl@zju.edu.cn
Received 3 JUNE 2019; Revised 8 JULY 2019.

©2019 Chinese Institute of Electronics

Recently, a series of novel bulk form DMSs isostructural to
iron-based superconductors have been reported. They are
111-type Li(ZnMn)P8  and  Li(Zn,Mn)Asl'”),  1111-type
(La,Ba)(Zn,Mn)AsO8], and 122-type (Ba,K)(Zn,Mn),As,"?! and
Ba(Zn,Co),As,129, etc. In (Ba,K)(Zn,Mn),As,, the highest Curie
temperature T has been reported as high as 230 K 21, While
in Ba(Zn,Co),As,, ferromagnetic ordering below 45 K with n-
type carriers has been achieved?%, Furthermore, these bulk
form DMSs have the advantages of decoupled charge and
spin doping, and each concentration can be precisely con-
trolled. The characterization and macroscopic properties have
been summarized in a recent review article by Guo et all?2. On
the other hand, with the bulk form specimens, nuclear magnet-
ic resonance (NMR) and muon spin rotation/relaxation/reson-
ance (uSR) experimental techniques can be applied, and some
microscopic information by two techniques can be readily
provided. In this review article, we will summarize the unique in-
formation obtained from both NMR and uSR measurements
on these DMSs materials. Our results will shed light on under-
standing the general mechanism of ferromagnetic long range
ordering in DMSs.

2. Microscopic methods

NMR and uSR are powerful to measure spin dynamics and
magnetic excitations in magnetically ordered systems.
However, each experimental probe has its own requirements
for samples. For NMR, the testing sample is usually needed to
be put into a cylindrical coil, and signal to noise (S/N) ratio is
largely relying on the filling factor of samples into the coil. S/N
ratio is very small for film specimens, which makes it very hard
to measure (Ga,Mn)As and other film specimens. While for
USR, bulk samples are also preferred. Thanks to the develop-
ment of technology at Paul Scherrer Institute, it is now pos-
sible to measure films with thickness of tens of nanometers by
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low energy muons.

2.1. NMR

NMR is a local, site-selective probe. It is powerful to meas-
ure both static and dynamic susceptibilities. Due to the combin-
ations of nucleons, some nuclei have certain nuclear spin S.
The energy levels for a non-zero nuclear spin S will split under
an external magnetic field due to the Zeeman effect. To get a
resonance, an alternating field is applied perpendicular to the
external magnetic field. When the frequency of the alternat-
ing field is appropriate, a resonance takes place between differ-
ent energy levels. In practice, we need to choose nuclei with
good sensitivity and large natural abundance to acquire reason-
able S/N ratio. Nuclear spins interact with electrons via dipole-
dipole interactions, Fermi's contact interactions (for s- elec-
trons), and electron's orbital motion. Through the shift of reson-
ance frequencies, we can obtain the static susceptibility,
which is called Knight shift. Knight shift contains two parts,
one is the orbital part which arises from the electron's orbital
motion. This part is temperature independent, and is called
chemical shift. The second part is the spin susceptibility, which
satisfies the formula K = (Ag/guB )X spin, Where Ag/gup is the
hyperfine coupling constant. When both Knight shift (K) by
NMR and bulk susceptibility (y) by SQUID (superconducting
quantum interference device) are available, a plot with K
versus )y can be conducted. The slope will give the magnitude
of Ag/gup directly. NMR can also provide the information of
spin dynamics and the strength of magnetic fluctuations
through the measurement of nuclear spin-lattice relaxation
rate, 1/T. Usually an 180 degree pulse is applied to flip the po-
larized nuclear spin. After removing the pulse, nuclear spins
will get back to the thermally equilibrium state. This process
can take several minutes in some non-magnetic semiconduct-
ors, but only several milliseconds in some correlated systems,
such as diluted magnetic semiconductors. This process is also
affected by the crystal field environment. 1/T; therefore
provides important information of the electron correlations
and interactions.

The spin contribution to1/7] may be written using the ima-
ginary part of the dynamical electron spin susceptibility
x (4. /o)
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where A(q) is the hyperfine form factor, and fj is the reson-
ance frequency.

Using the Gaussian approximation for the spin-spin correla-
tion function, we can express
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and z is the number of Mn sites within the range of Mn-Mn in-
teractions for the case of Li(Zn,Mn)P and Li(Cd,Mn)P discussed
in the following.

2.2, uSR

USR is another powerful method to investigate DMSs. Due
to the parity breaking, muons are nearly 100% polarized even
without the application of an external field. After stopping in
the sample muons begin to precess in the local field. By measur-
ing the anisotropic distribution of the positrons emitted by
muons, we can infer the internal magnetic environment
around muons. uSR is a high field-sensitive method and we
can obtain volume fraction of magnetic ordered state using
zero field (ZF-) uSR and weak transverse field (WTF-) uSR meth-
ods. For the analysis of the ZF uSR time spectra in DMS system,
we usually use a two-component function. We write the func-
tion as

A(t) = AmagGé(l‘) + Apara€Xp [_(/U)B] . 4)

The first term on the right hand side represents the mag-
neticcomponent, and the second term represents the paramag-
netic component, where 3 is a temperature-independent con-
stant, and GIZ is the relaxation function for a static magnetic
field with Lorentzian distribution:

a
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where y,; = 27X 1.3554 x 10* s71G~ 1 is the gyromagnetic ra-

tio of muon, and a/y,, represents a field amplitude for the half-
width at half-maximum, and Gé satisfies the formula:
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as observed in diluted-alloy and spin glasses. The series ex-
pansion for Eq. (6) in terms of at is

4
GL(T) = 1—§m+a2t2+-... (7)

The series expansion for an exponential decay function
Gz(t) = exp(—Af) is

1
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which was employed for the analysis of ZF-uSR spectra in
(Ga,Mn)As[23), Comparing the Eqgs. and (8), we notice that A is

identical to ga. Then we can get the static local field paramet-

er ag by analysing Gé(t), which gives the information about
the ferromagnetic ordering. Besides, longitudinal field (LF-)
USR also gives us information about spin dynamics.

3. NMR and uSR results of DMSs

3.1. 111-system

Masek et al. firstly predicted that I-1I-V Li(Zn,Mn)As could
become a new diluted magnetic semiconductori?4, In 2011,
Deng et al. successfully synthesized the samples and ob-
served ferromagnetic ordering below the Curie temperature
~ 50 K71, LiZnAs has a similar cubic crystal structure to that of
GaAs. Doping Mn into Zn sites could be as high as 10%. In Fe-
based superconductor family, LiFeAs is named as 111-type ac-
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Fig. 1. (Color online) The probability to find Li(0), Li(1), Li(2), Li(3), Li(4) for 10% Mn doped into Cd sites in LiCdP. The number in bracket means the

number of Mn atoms at N.N. Cd sites.

@
ol
G
c

2 280K
<

Li(0)
J
" n = N "
74.2 74.3 744 74.5 74.6 74.7
f(MHz)

(b)
290K
2
2
[
S
Li(0)
Li(Mn)
74.2 743 744 74.5 74.6 74.7
f(MHz)

Fig. 2. (Color online) The representative “Li line shapes of (a) Li; ;CdP and (b) Li; ;(Cd,Mn)P.

cording to the chemical formula. For convenience, we also
name Li(Zn,Mn)As as 111-type DMS. This family includes four
other members, Li(Zn,Mn)P['¢], Li(Cd,Mn)P[25], Li(Zn,Cr)Asl2¢!

and Li(Zn,Mn,Cu)Asi27), They all have the cubic crystal struc-
ture [16,17, 25—27]_

3.1.1. NMR

As explained above, we need to choose a proper nucleus
for conducting successful NMR experiment. Our initial at-
tempt was to measure NMR signal from phosphorus in
Li(Zn,Mn)P since P has a nuclear spin 1/2 and the measure-
ment should have been easier. Unfortunately, the p-orbital of
P atoms strongly hybridize with d-orbital of Mn atoms, which in-
duces a very broad NMR lineshape especially below the Curie
temperature. We then switched to measure LiNMR. Li has a nuc-
lear spin 3/2, which should have given rise to three NMR lines
if the charge distribution of nuclei is deformed from a spheric-
al shape. Thisis because the nuclear quadrupole moment will in-
teract with electric field gradient of the charge environment,
which shifts the Zeeman levels. However, in LiCdP, as can be
seen from the first picture in Fig. 1, six Cd atoms sit at nearest
neighbor (N.N) sites of Li atoms. This means that no quadru-
pole interaction and only one NMR line exist, as shown in
Fig. 2(a). This Li line is named as Li(0) site since no Mn is doped
yet. But once Mn atoms are doped, the situation changes. For
each Li atom, it can have zero, 1 to 6 Mn atoms at its nearest
neighbor sites. We show five different possibilities in Fig. 1. Dop-
ing Mn directly changes the line shape of Li. As can be seen
from Fig. 2(b), a broad hump appears at the left hand side of
Li(0) site. This hump is from Li atoms with 1-6 Mn atoms at its
N.N. sites, and is defined as Li(Mn) sites. Li(Mn) sites include
Li(0), Li(1), Li(2), Li(3), Li(4), Li(5) and Li(6) sites as depicted in
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Fig. 1. Focusing on the shifts of Li(0) and Li(Mn) sites, we can
readily obtain the static susceptibilities for each of them.

In a similar way, Ding et al. conducted the NMR measure-
ments on Li(Zn,Mn)P that has the maximum Curie temperat-
ure ~ 34 K", In Fig. 3, we show the results of Li(Zny gMng {)P
(adopted from Ref. [28]). We measured the Knight shift and
1/T1 of 7Li nuclear spins. Identical to the convention in
Li(Cd,Mn)P shown in Fig. 1 and Fig. 2, Li(0) represents Li atoms
that have no Mn at nearest neighbour Zn sites, and Li(Mn) are
Li atoms that have 1-6 Mn atoms at nearest neighbour Zn
sites. The half-height-frequency-width (HHFW) of Li(0) have
the same temperature dependence with the Knight shift of
Li(Mn), which indicates that they are electronically coupled,
and Mn-Mn interaction extends over the whole sample. This res-
ultis consistent with uSR results that ferromagnetism is intrins-
ic and homogeneous!?. In Fig. 3(b), we show the relaxation
rate 1/T of Li(0) and Li(Mn). 1/T'; of Li(Mn) reaches ~ 400 s~ !
above T¢ and is almost 50 times lager than that of Li(0). At the
temperature above Tc = 25 K, 1/T of Li(Mn) becomes a con-
stant. It indicates that the spin fluctuations are locked above
Tc and the typical Mn—Mn spin interaction energy scale |J| is
~ 100 K. Quite differently, 1/T of Li(0) shows a linear relation-
ship with temperature above T, following the Korringa pro-
cess arising from the Fermi surface excitations of a small num-
ber of conducting carriers. With these experimental evidences,
we can readily conclude that carriers facilitate the interactions
between distant Mn atoms. These results explain why a ferro-
magnetic ordering can be formed with a relatively high T¢
but such a low density of Mn atoms and carriers(28l,

3.1.2. uSR
For 111-type DMS, we show pSR results of Lij 1(Zng gs-

......
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Fig. 3. (Color online) (a) The temperature dependence of the Li NMR Knight shifts, -7K, at the Li(Mn)sites. The HHFW of Li(0) in Li(Zng gMng_1)P.
Inset: The DC magnetization M measured at B, = 100 Oe. (b) 1/T; of Li(0) and Li(Mn) of Li(Znp gMn( 1)P. The dashed line marks T = 25 K. Adop-

ted from Ref. [28].
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Fig. 4. (Color online) (a) The zero field uSR time spectra of Lij 1(Zng 9sMng gs)As. (b) The relaxation rate a of the signal that exhibits fast relaxation.
(c) The volume fraction of the magnetically ordered region, derived from the amplitude of the fast relaxing signal. (d) Comparison between
Li1.1(Zng.95Mng g5)As and (Ga,Mn)As in a plot of the relaxation rate versus Tc. Adopted from Ref. [17].

Mng_ g5)AsdonebyDeng etal inFig.4 (adopted fromRef.[17]).In
Fig. 4(a), we show ZF-uSR time spectra of Li|_1(Zng.95Mng g5)As.
Clearly, the time spectra exhibit an increase of the relaxation
rate below T ~ 25 K. With the analysis discussed in Sec. 2, the
temperature dependence of the relaxation rate can be de-
duced, and is shown in Fig. 4(b). The relaxation rate of ZF-uSR
spectra starts to increase well below the Curie temperature
Tc ~ 29 K. Following the analysis of two-component Eq. (4),
we can obtain the magnetically ordered volume fraction and
show it in Fig. 4(c). The ordered volume fraction starts to in-
crease below T, and reaches 100 % below 10 K. This indic-
ates that the ferromagnetism in Li(Zn,Mn)As has extend over
the whole sample space, i.e., the ferromagnetism is homogen-
ous and intrinsic. In Fig. 4(d), we show the comparison of stat-

ic local field parameter a between Lij 1(Zng 9sMng g5)As and
(Ga,Mn)As with various Mn concentrations. All points fall into
the same linear line, confirming that Li(Zn,Mn)As shares the
same ferromagnetic mechanism with (Ga,Mn)As['7),

3.2. 1111-system

Following the research trend in Fe-based superconduct-
ors, we have also discovered a series of new materials named
1111-type DMSs. The first 1111-type DMS reported is
(La,Ba)(Zn,Mn)AsO with T up to ~ 40 KI'8), which has a tetra-
gonal crystal structure with the space group P4/nmm, identic-
al to LaFeAsO superconductors39, 1111-type DMS family also
contains (La,Sr)(Zn,Mn)AsOBY, (La,Ca)(Zn,Mn)SbOB2, (Ba,K)F-
(Zn,Mn)Asi331 and (La,Sr)(Cu,Mn)SOB4, They all have the tetra-

Y L Gu et al.: Progress on microscopic properties of diluted magnetic semiconductors by ......
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Fig. 6. (Color online) Correlation between the static internal field para-
meter ag determined at 2 K by ZF-uSR versus Curie temperature 7¢c ob-
served in (Ga,Mn)As, Li(Zn,Mn)As, Li(Zn,Mn)P, (La,Ba)(Zn,Mn)AsO and
(Ba,K)(Zn,Mn),As,. Adopted from Ref. [29].

gonal crystal structure, and are two-dimensional bulk form ma-
terials. The Curie temperature of (La,Sr)(Cu,Mn)SO reaches
~ 200 K, which is the highest T among 1111-type DMSs[34..

Ding et al. conducted uSR measurements on (La,Ba)(Zn,
Mn)AsO. The result is shown in Fig. 5 (adopted from Ref. [18]).
Below T, the time spectra of ZF-LSR show fast relaxation. The
static local field parameter ag obtained from the time spectra
displays a similar temperature-dependence as that for
Li(Zn,Mn)As and (Ga,Mn)As shown in Fig. 6, indicating that
they share the same ferromagnetic mechanism. We have also
conducted LF-uSR for (Lag.g5Bag o5)(Zng.95Mng 95)AsO, and
show the analysis of the time spectra in Fig. 5(a). The LF-uSR re-
laxation rate is obtained and shown in Fig. 5(b). It shows a
clear peak at T ~ 20 K, consistent with the ZF-uSR results,
which is the spin freezing temperature. It also agrees well with
the results in DC magnetizations of (La,Ba)(Zn,Mn)AsOl'8],

3.3. 122-system

Different from 111-system and 1111-system, the crystal
structures of 122-type DMSs are not identical. The crystal struc-
ture of (Ba,K)(Zn,Mn),Asy with Tc ~ 230 K iss tetragonal2,
while (Ba,K)(Cu,Mn),Sey with T ~ 18 K is orthorhombicB3*!
and (Ca,Na)(Zn,Mn), Asy with T¢c ~ 33 Kiis hexagonall3¢l. Some
122-type DMSs also contain compounds with Cd atoms in-
stead of Zn atoms, such as (Sr,Na)(Cd,Mn),As,B7 and
(Ba,K)(Cd,Mn), As, 381, They all have a hexagonal CaAs;Sis-

type structure, similar to (Ca,Na)(Zn,Mn); As, . The Curie temper-
ature of (5r,Na)(Cd,Mn); Asy is ~ 13 Kand that of (Ba,K)(Cd,Mn),
Asyis~16K.

Man et al. observed ferromagnetism in a new DMS
Ba(Zn,Mn,Co),As, with n-type carriersB%, and they managed
to obtain high quality polycrystal. Lately, Ba(Zn,Co),As, was
confirmed by both Hall effect and Seebeck effect that the carri-
ers are n-type. USR measurements confirmed that the ferromag-
netism in Ba(Zn,Co),As, is intrinsic and homogeneous(20, The
successful synthesis of n-type DMSis consistent with a theoretic-
al prediction that n-type DMS may be realized in semiconduct-
ors with narrow band gaps!,

For 122-type DMSs, we use (Ba,K)(Zn,Mn),Asy as an ex-
ample to show what uSR has achieved. The result by Zhao et al.
is shownin Fig. 7 (adopted from Ref.[19]). The ZF-uSR time spec-
tra of (Bag gKg.2)(Zng gMng_1)2As, is shown in Fig. 7(a). Fast re-
laxation arises below the Curie temperature 7 ~ 140 K. We no-
tice that small oscillation amplitudes exist at 5 and 20 K, which
Li(Zn,Mn)Asl'”] and (Ga,Mn)As[23] did not exhibit. It may be
caused by the domain structure and the spread of demagnetiz-
ing field. In Fig. 7(b), we show the volume fraction of magnetic-
ally ordered state deduced by the analysis of ZF and wTF uSR
time spectra. It displays a similar temperature-dependence as
the magnetization (inset of Fig. 7(b)), and the magnetic order-
ing with a full volume fraction achieved below 20 K, indicat-
ing that homogeneous and intrinsic ferromagnetism formed
in this DMSU9),

4. Summary

Many other microscopic methods focusing on bulk form
DMSs have also been performed. Suzuki et al. studied
(Ba,K)(Zn,Mn), As, by XAS and RPES, which shows that hole car-
riers induced by K substitution for Ba atoms go into the As 4p
valence band, and are weakly bound to the Mn local spins4'l,
Besides, ARPES measurements suggest that Mn 3d and As 4p
orbitals have strong hybridization, and impurity band is import-
ant to induce high temperature ferromagnetism in both
(Ba,K)(Zn,Mn),As, and (Ga,Mn)As. The metallic transport may
predominantly occurs in the host valence band for
(Ba,K)(Zn,Mn); As, and in the impurity band for (Ga,Mn)As[42l,
XMCD experiments indicate that As 4p carriers mediate the
magnetization dominated by Mn of (Ba,K)(Zn,Mn),As;. The
hole doping increases the hybridization of Mn 3d and As 4p or-
bitals, and it promotes the exchange interactions between Mn
dopants[*3 44, Surmach et al. performed inelastic neutron scat-
tering (INS) measurements on (Ba,K)(Zn,Mn), As,. After analys-
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measurements. Adopted from Ref. [19].

ing and subtracting the non-magnetic background of the in-
tensity maps from time-of-flight neutron spectroscopy, they
produced the energy spectra of INS signals for
(Ba,K)(Zn,Mn); Asy. Their results indicate that the ferromagnet-
ism may be caused by the combined action of super-ex-
change and double-exchange interactions®3],

In conclusion, a series of new bulk form diluted magnetic
semiconductors isostructural to iron-based superconductors
have been synthesized. The new DMSs have the advantage of
decoupled carrier and spin doping, and bulk form is beneficial
to microscopic measurements. In addition, appropriate carrier
doping is beneficial to promote exchange interactions
between Mn atoms and form a long range ferromagnetic order-
ing state, thereby improving Tc. With NMR and uSR measure-
ments, we have shown that ferromagnetism in bulk DMSs is ho-
mogeneous and intrinsic, and they share the same ferromagnet-
ic mechanism with the archetypal DMS (Ga,Mn)As, as summar-
ized in Fig. 6 (adopted from Ref. [29]). Our work should help to
understand the general mechanism for ferromagnetic order-
ing in DMSs.
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