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Abstract: The  Mn  doping  effects  on  the  gate-tunable  transport  properties  of  topological  Dirac  semimetal  Cd3As2 films  have
been  investigated.  Mn-doped  Cd3As2 films  are  directly  grown  on  GaAs(111)B  substrates  by  molecular-beam  epitaxy,  during
which  the  single  crystal  phase  can  be  obtained  with  Mn  concentration  less  than  2%.  Shubnikov-de  Haas  oscillation  and
quantum Hall effect are observed at low temperatures, and electrons are found to be the dominant carrier in the whole temper-
ature range.  Higher Mn content results in smaller lattice constant,  lower electron mobility and larger effective band gap, while
the  carrier  density  seems  to  be  unaffected  by  Mn-doping.  Gating  experiments  show  that  Shubnikov-de  Haas  oscillation  and
quantum Hall effect are slightly modulated by electric field, which can be explained by the variation of electron density. Our res-
ults  provide  useful  information  for  understanding  the  magnetic  element  doping  effects  on  the  transport  properties  of  Cd3As2

films.
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1.  Introduction

As  a  representative  material  of  topological  Dirac  semi-
metal  (TDS),  Cd3As2 has  been  intensively  studied  in  recent
years  thanks  to  its  stability  in  air  and  its  high  carrier  mobi-
lity[1−9].  Following  theoretical  prediction  in  2013,  its  topolo-
gical  nature  was  quickly  verified  by  angle-resolved  photoe-
mission  spectroscopy  (ARPES)  and  quantum  transport  expe-
riments[1−19].  Novel  physical  phenomena were  also  identified,
revealing its  distinct  topological  properties[5−30].  For  instance,
negative  magnetoresistance  induced  by  chiral  anomaly,  3D
quantum  Hall  effect  (QHE),  Aharonov-Bohm  oscillation,  Fano
interference,  magnetic  and  superconductive  proximity  effect
have  all  been  demonstrated[12−30].  Cd3As2 is  also  a  promising
material  for  potential  applications  in  functional  devices  be-
cause  of  its  enhanced  thermoelectric  parameters,  ultrafast
optical  dynamics,  and  robust  mid-infrared  properties[31−34].
Moreover,  Cd3As2 plays  an  important  role  in  the  investiga-
tion  of  topological  phase  transition,  in  which  space  inversi-
on  and/or  time  reversal  symmetry  breaking  are  critical
factors[1, 35−38].

Efficient methods to break the symmetry include introdu-
cing  strain  through  lattice  mismatch  or  piezo-electric  sub-
strate,  or  by  doping  magnetic  elements[1].  Theoretically,  us-
ing first principle calculation based on density functional the-
ory,  the  electronic  and  magnetic  properties  of  3d  transition-
metal element (3d-TM) doped Cd3As2 have been studied, and

Cr-doped  Cd3As2 has  been  predicted  to  be  a  potential  room
temperature  ferromagnetic  semiconductor  via  Monte  Carlo
simulations[38].  It  is  also  found  that  3d-TM  doping  lowers  the
symmetry,  leading  to  massive  Dirac  fermions  with  an  open-
ing gap[33, 38−42].  So  far,  the band gap opening has  been sug-
gested by experiments  on the Cr  and Mn doped Cd3As2 bulk
materials  and  films[33, 39−42].  In  addition,  magnetic  elements
would be very important for the transport properties of topolo-
gical  materials  because  they  are  usually  related  to  exotic
states like quantum anomalous Hall effect or tunable magnet-
ism[33, 38−42].

In  this  work,  we  investigate  the  symmetry  breaking  ef-
fects  on  the  transport  properties  of  Cd3As2 films  by  introdu-
cing  lattice  strain  and  magnetic  element  doping.  Specifically,
Mn-doped  Cd3As2 films  are  directly  grown  on  semi-insulat-
ing  GaAs(111)B  substrates  by  low  temperature  molecular-
beam  epitaxy  (LT-MBE).  Mn  concentration  higher  than  2%
would  easily  cause  the  generation  of  second  phase,  which
might  be  attributed  to  the  large  lattice  mismatch  between
GaAs  and  Cd3As2.  Shubnikov-de  Haas  (SdH)  oscillation  and
quantum  Hall  effect  are  observed  at  low  temperatures,  and
electrons are found to be the dominant carrier,  both at room
temperature  and  low  temperature.  Larger  Mn  content  leads
to  smaller  lattice  constant,  lower  electron  mobility,  and  lar-
ger  effective  band  gap,  while  the  electron  density  seems  to
be  unaffected  by  Mn-doping.  Gating  experiments  show  that
SdH  oscillation  and  QHE  can  be  slightly  modulated  by  elec-
tric  field,  which  is  ascribed  to  the  variation  of  carrier  density.
Our  results  are  valuable  for  the  study  of  the  magnetic  ele-
ment  doping  effects  on  the  physical  properties  of  Cd3As2

films.
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2.  Epitaxial growth of Mn-doped Cd3As2 films

A  series  of  Cd3As2 films  with  different  Mn  doping  con-
centration  were  grown  on  epi-ready  GaAs(111)B  substrates,
during  which  the  molecular  beams  of  Cd,  Mn  and  As  were
separately  controlled  by  using  three  isolated  effusion  cells.
The  GaAs  buffer  layer  was  deposited  at  high  temperature
(560  °C),  and  the  following  Mn-doped  Cd3As2 films  and  GaAs
capping  layer  (for  the  aim  of  avoiding  oxidation  of  Cd3As2)
was  grown  at  low  temperature  (180  °C).  The  growth  process
was  monitored  by  reflection  high-energy  electron  diffraction
(RHEED),  and  streaky  patterns  of  Cd3As2 films  could  be  ob-
served  and  used  to  infer  the  orientation  of  the  crystal  plane,
as  shown  in Fig.  1(b).  The  growth  window  of  Cd3As2 films  is
quite  narrow,  with  the  growth  temperature  in  the  range
from 170  to 200 °C and nominal Cd/As ratio of 0.7 to 3.5. The
incorporation of Mn does not obviously affect the growth con-
ditions,  and  no  signature  of  second  phase  would  appear  if
the  Mn  content  is  less  than  2%.  When  the  thickness  of  the
Mn-doped Cd3As2 film exceeds 150 nm, the brightness of the
RHEED patterns would gradually weaken. Therefore, we will fo-
cus  on  the  samples  with  thickness  ranging  from  10  to  100
nm, and only the samples with good crystal quality as judged
by their XRD and RHEED data will be selected for further invest-
igations.  Notice  the  atoms  in  Cd3As2 (112)  arrange  them-
selves in the form of a quasi-hexagon, which explains the epi-
taxial  mode  of  Cd3As2 (112)  //  GaAs  (111)  since  the  GaAs
{111}  planes  are  hexagonal  as  well[2].  This  quasi-hexagonal
{112} planes are also the largest facet that naturally forms dur-
ing bulk material  growth,  implying the lowest surface energy
of this special crystal planes[2, 8].

It  should  be  mentioned  that  the  RHEED  patterns  have  a
clear  change during the transition from GaAs (111)  to Cd3As2

(112)  (corresponding  to  the  process  for  depositing  ~1  nm

thick Cd3As2),  and then kept nearly the same. This suggests a
rapid  relaxation  of  Cd3As2 lattices,  although  the  lattice  mis-
match between Cd3As2 and GaAs is quite large.

Fig.  1(c) shows  the  X-ray  diffraction  (XRD)  results  of
Cd3As2 films  (50  nm)  with  Mn  doping  concentration  of  0%,
0.5%,  1.0%  and  1.5%,  respectively.  In  the  diffraction  angles
(2θ)  range  of  10°  to  60°,  four  peaks  corresponding  to  the
Cd3As2 (112),  (224),  (336)  and  (448)  crystal  planes  could  also
be  identified,  in  addition  to  the  strong  GaAs  (111)  and  (222)
diffraction  peaks.  The  calculated  lattice  constants  from  XRD
results  are  similar  with  the  bulk  values,  confirming  the  quick
relaxation  of  the  Cd3As2 films.  This  is  similar  to  the  results
of  Cd3As2 films  grown  on  GaSb  (111)  or  CdTe  buffer  layer  by
LT-MBE,  where  the  lattice  mismatch  is  also  not  negligib-
le[35, 43−45].  No  other  peaks  are  observed  with  2θ up  to  90°
(not  shown),  implying  the  high  crystal  quality  of  these
samples.  The  Cd3As2 diffraction  peaks  shift  slightly  to  larger
angles  as  the  Mn  concentration  increases  as  shown  in
Fig.  1(d),  which  is  probably  due  to  the  (partial)  incorporation
of the Mn atoms into the lattice of Cd3As2.

3.  Transport properties of Mn-doped Cd3As2 films

The  Cd3As2 samples  were  fabricated  into  top-gated
field-effect  devices,  the  structure  is  schematically  shown  in
Fig.  2(a).  After  the  30 μm  wide  Hall  bar  was  defined  with
Cd3As2 as  the  channel  via  optical  lithography  and  ion-beam
milling,  a  50  nm  thick  Al2O3 insulating  layer  was  deposited
onto the sample at 80 °C by atomic layer deposition (ALD). Fi-
nally,  an Au/Cr  electrode was formed using thermal  evapora-
tion  and  lift-off  processes.  The  electric  current  was  applied
along  the  GaAs  [11-2]  direction,  and  the  distance  between
nearby electrodes is 30 μm. To efficiently modulate the trans-
port  properties  by  electric  field,  relatively  thin  Cd3As2 films
(20 nm) were chosen. Temperature dependence of the longit-
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Fig. 1. (Color online) (a) Layer structure, (b) RHEED pattern, and (c) XRD curves of Cd3As2 films with various Mn doping concentration. (d) The en-
larged XRD curves of (c) around the Cd3As2 (112) diffraction peak.
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udinal  resistance  curves  (Rxx–T)  without  applying  magnetic
field are plotted in Fig. 2(b). Clearly, the four samples with dif-
ferent  Mn  doping  concentration  all  exhibit  semiconductor-
like  temperature  dependency  at  high  temperatures,  consist-
ent  with  the  theoretical  prediction  and  previous  experiment-
al  reports  of  Cd3As2 films  grown  by  MBE[1, 35].  By  fitting  the
Rxx–T curve  at  high  temperature  region  with  the  following
Arrhenius equation: 

ρ = Aexp (Ea/kBT) ,
where Ea and kB are the activation energy and Boltzmann con-
stant,  respectively.  The  activation  energy  can  be  extrapol-
ated,  as  shown  in  the  inset  of Fig.  2(b)[35, 36].  The  effective
band  gap Eg = Ea/2  is  then  estimated  to  be  ~39.2  (57.6,  88.5,
116.7)  meV  for  the  0%  (0.5%,  1.0%,  1.5%)  Mn-doped  sample.
Apparently, the larger induced band gap corresponds to high-
er  Mn  concentration,  while  the  residual  strain  might  be  the
main  reason  for  the  opening-gap  in  the  case  of  the  non-
doped  sample[1].  It  is  interesting  that Rxx rapidly  decreases  in
the low temperature range, which deviates the low temperat-
ure trends as expected for the narrow band gap semiconduct-
ors.  Although  this  kind  of  temperature  dependence  is  also
found in some Cd3As2 bulk materials, these two cases are not
the  same  due  to  their  different  band  structures[9].  We  will
show later that the main reason for the rapid decrease of resist-
ance is the quickly increasing carrier mobility.

The  magnetoresistance  (MR)  curves  at  300  K  with  mag-
netic  field  (B)  perpendicular  to  the  plane  are  presented  in
Fig.  2(c).  For  this  geometric  configuration,  the  positive  MR  at
room  temperature  changes  as  a  parabolic  curve  in  the  low
magnetic  field  region  (B <  ~4  T),  and  shows  linear  depend-
ence in  the  high magnetic  field  region.  This  is  quite  different
from  the  results  of  undoped  bulk  materials,  in  which  linear

MR  dominates  in  a  large  magnetic  field  range  (up  to  14.5  T)
at  high  temperatures[8, 9].  Even  at  low  temperatures  where
the  SdH  oscillation  appears  with  strong  magnetic  field,  the
MR is also linear in the low magnetic field range[8, 9]. The para-
bolic  MR  is  commonly  seen  in  a  variety  of  semiconductors,
and the linear MR might have the same physical origin as the
bulk materials[9].

When  the  temperature  was  lowered  down  to  2  K,  clear
SdH  oscillation  can  be  observed  for  all  the  samples  except
the  2%  Mn-doped  one,  as  shown  in Fig.  2(d).  In  contrast  to
the  positive  MR  at  300  K,  the  MR  at  2  K  is  negative  for  all
the  four  samples.  The  amplitude  of  the  SdH  oscillations
decreases  with  increasing  the  Mn  concentration,  which  is
an  indication  of  the  decreasing  electron  mobility  due  to  the
enhanced  magnetic  scattering.  This  result  is  very  different
from  the  previous  reports  on  Cd3As2 films  with  thickness  of
100 nm, in which the gap opening effect was thought to be in-
significant[39]. This negative MR is probably induced by the en-
hanced  magnetic  correlation  as  the  temperature  is  lowe-
red,  which prevails  the  positive  MR.  By  analyzing the oscillat-
ing  period Δ(1/B),  the  sheet  carrier  density  is  determined  to
be  9.8  (8.5  and  11.2)  ×  1011 cm–2 for  the  0%  (0.5%  and  1.0%)
Mn-doped sample.

In Fig.  3(a),  the  Hall  resistance  as  a  function  of  magnetic
field (Rxy–B) at 300 K is presented. As can be seen from the neg-
ative slope in the whole magnetic field range, the transport be-
havior  is  mainly  determined by electron.  We notice that  two-
carrier  transport  was reported for  Cd3As2 films with thickness
larger  than  50  nm  and  ~350  nm  thick  nanoplates,  where  the
Hall  resistance  was  curved  due  to  the  competing  contribu-
tions  of  electrons  and  holes[35, 36, 39].  The  surface  pinning  ef-
fect  in  our  thin film samples  might  account for  the one carri-
er  dominant  transport  behavior.  Based  on  the  Hall  data,  the
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Fig.  2.  (Color online)  (a)  Field effect device diagram, (b)  Temperature dependence,  and (c,  d)  Magnetic field dependence of  Mn-doped Cd3As2

films. The inset of (b) shows the fitting line based on Arrhenius equation, in which the blue curve is offset for clarity.
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sheet electron density  is  calculated to be 23.5 (19.3,  27.1 and
25.6)  ×  1011 cm–2,  and  the  electron  mobility  of  633  (495,  354
and 207) cm2/(V·s) can also be derived by combining the lon-
gitudinal and transverse resistance data together.

Fig.  3(b) shows  the Rxy–B at  2  K,  in  which  QHE  was  ob-
served in non-doped and moderately Mn-doped Cd3As2 films.
Similarly,  the  negative  slope  in  the  low  field  region  gives  the
sheet  electron  density  of  9.7  (8.6,  11.3  and  10.5)  ×1011 cm–2

for  the  0%  (0.5%,  1.0%  and  1.5%)  Mn-doped  sample,  consist-
ent with the results derived from the SdH oscillation. The elec-
tron density at 2 K is several times smaller than that at 300 K,
which  can  be  explained  by  the  thermal  excitation  of  carriers.
The  electron  mobility  is  3267  (2659,  1785  and  972)  cm2/
(V·s),  about  5.2  (5.4,  5.0  and  4.7)  times  larger  than  the  room
temperature values. The mobility is much lower than the bulk
case,  but  is  comparable  with  films  grown  on  CdTe/mica  or
GaSb/GaAs substrates[16, 35] Actually,  the relatively  low mobil-
ity  also  makes  the  transition  region  (corresponding  to  the
peak  of  SdH  oscillation)  between  nearby  plateaus  not  so  ab-
rupt. The filling factor at 9 T is g = 5, mainly because of the rel-
atively  low  carrier  density.  Another  two  QHE  plateaus  with
g = 6 and 7 are also observable, and the g = 1 quantum state
needs  much  stronger  magnetic  field  (~40  T).  Obviously,  the
carrier mobility depends on the Mn-doping concentration sig-
nificantly,  since  Mn  introduces  magnetic  scattering  that  de-
creases the carrier mobility. The carrier density seems to be in-
dependent  of  the  Mn  doping  concentration,  suggesting  that
the incorporation of Mn into the Cd3As2 lattice does not intro-
duce extra carriers. Furthermore, we do not observe the signa-

ture  of  anomalous  Hall  effect  (AHE)  in  our  samples,  implying
the absence of  long-range magnetic  order  in  spite  of  the en-
hanced magnetic  correlation at  low temperature,  in  line with
the theoretical calculations[38].

4.  Electric-field modulation of the transport
properties

Because  of  the  narrow  band  gap  and  small  density  of
states  at  the  conduction  and  valence  band  edges,  it  should
be relatively easy to shift Fermi energy and thus affect the car-
rier density. Therefore, we employ the electric field to manipu-
late  the  transport  properties  of  the  Mn-doped  Cd3As2 films,
and  the  main  results  are  shown  in Fig.  4.  The  gate  voltage  is
applied  by  a  Keithley  2400  source-meter,  whose  polarity  is
defined with respect to the channel.

Fig.  4(a) shows  the  MR  curves  of  the  0.5%  Mn-doped
sample modulated by gate voltages at  2 K,  from which slight
shifts  of  the  SdH  oscillation  peaks  can  be  identified.  Elec-
trons  will  be  accumulated  inside  the  Cd3As2 films  by  apply-
ing  positive  voltage,  and  depleted  by  negative  gate  voltage.
The  change  of  sheet  electron  density  could  be  calculated  by
Δns = ε0εΔEG/e,  where ε0, ε, e and  ΔEG are  the  electric  con-
stant, relative electric permittivity (~7 for Al2O3),  the element-
ary charge and changing amount of gate electric field, respect-
ively.  The variation of  electron density leads to a correspond-
ing  change  of  the  SdH  oscillation,  as  the  period  is  character-
ized by its inverse in the form of Δ(1/B) = 2e/(hns),  where h is
the  Planck  constant.  According  to  this  equation,  a  positive
(negative)  gate  voltage  of  5  V  would  change  the  period  of
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Fig. 3. (Color online) Hall resistance as a function of magnetic field in Mn-doped Cd3As2 films at (a) 300 K and (b) 2 K. The unit of (b) is h/e2 (or ~2
5812.8 Ω).
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Fig. 4. (Color online) Magnetic field dependence of (a) longitudinal and (b) transverse resistances for a 0.5% Mn-doped Cd3As2 film at 2 K.
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0.056 T–1 to 0.0051 (0.0080) T–1. The corresponding values ob-
tained from the experimental data are 0.039 T–1 and 0.063 T–1

under  positive  and  negative  gate  voltages,  which  do  not
change too much compared with the above estimation.  Usu-
ally, this large inconsistency is caused by the high-density inter-
face states, which screen the gate electric field from penetrat-
ing  the  Cd3As2 films.  In  our  case,  the  screening  is  mainly
caused  by  the  interface  between  GaAs  and  Cd3As2,  since  our
previous  works  on  GaAs/(Ga,Mn)As  show  that  the  surface
states of GaAs capping layer facing to the Al2O3 layer can be ig-
nored[46, 47].  The screening effect  might  be suppressed by us-
ing  a  Cd3As2 structure  without  GaAs  layer,  which  is  the  topic
of further research.

The  corresponding  change  of  the  Hall  resistance  is  plot-
ted  in Fig.  4(b),  and  the  QHE  plateau  shifts  when  the  gate
voltage is varied from 5 to –5 V. Again, the electron density de-
duced  from  the  slope  of  the  low  field  data  is  consistent  with
the one determined by the SdH oscillation,  verifying the gat-
ing effect in this sample.

5.  Conclusion

In  conclusion,  by  introducing  lattice  strain  and  magnetic
element  doping,  we  investigate  the  symmetry  breaking  ef-
fects  on  the  transport  properties  of  Mn-doped  Cd3As2 films
grown  on  semi-insulating  GaAs(111)B  substrate.  Larger  Mn
content results in a smaller lattice constant, lower electron mo-
bility,  and larger effective band gap,  while the electron dens-
ity  seems  to  be  independent  of  the  Mn-doping  concentra-
tion.  Gating  experiments  show  that  SdH  oscillation  and  QHE
can  be  slightly  modulated  by  electric  field,  which  is  ascribed
to the variation of  carrier  density.  Our results  are valuable for
the  study  of  the  magnetic  elements  doping  effects  on  the
physical properties of Cd3As2 films.
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