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Abstract

M ,         ,   -
         . Y  -    
  . H,   -        -
 -   - . W    -   -
        -   . W   - 
      ,      -/  
. D           . B   
          ,   
  3DASI  -  ,        ,
              . R -
        ,        
   C ,        ,    
  . T   3DASI        
         .

Keywords: A S I, 3D N, NV M.

1 Introduction

W   [1],          . N,
    [2]        [3]     (D2T2O7) [4, 5]
   (H2T2O7) [6]. T,        -  
          . A --   
,          ,   - -
           . T  ,   
      [7],     -   [8]. F   
           +2/–2     , 
             [2]. F     ,
        . S  ,  
      -  [4],       
[9, 10],    . T       ,   
   - C  [11]. H,         -
       . A,    - (NV) 
         - . [12].
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T             (ASI) [13],  
-,  I-     [14]       
         C  [15]. ASI     
         -     ,
        - ,    -   
          [16, 17, 18].

A      -     [15],  
   (FEBID) [19, 20]  -  (TPL) [21, 22, 23, 24]  
3D  [25]    ,     [26, 27],  3D  ,
   [28],    [29, 30]    [25]. R,    
      3D  - (3DASI),     [15],  [31], 
[32], -  [21, 33],    [23, 34]   [35]. A    
      3DASI     [21, 33, 36],   
         -   . NV 
      -       3D 
  ,          .

H   -        -   
 - . W   NV          
    . B     , 
  -  . W   - ,     , 
         -. B    
,   /-          
 . A               
                ,
           ,  C-  
     -100 3D  [37, 38]       
  3D  .

2 A 3D Articial Spin-ice

S NV M (SNVM)  Z     NV      
       (F 1)     Z    O
D M R (ODMR)  [39]. A    (Hb)      
  (HS)     (S  1),      
 HB > −Hs. W       3DASI      
         2 µ       886 ,  
3D  ,    -   TPL,    50  P (N81F19)
      [21, 33] (S ). T   25      
 ,  1      . O   2D  -    
  -          
. S F 2          
  MFM        .

T    1                
          . O  ,  L1 ()  
            . S L2 ()
 L3 (B)         . T   L4 (M)
      ,         
       L1   . A    (SEM)
        1,     -    1 
     .

F 1          ,    
      . T - -     
   ,      T-I  T-II     
-,  -           -  [33]. I
,  Q = ±4    -, - ,     . T Q = ±2 ,
      -,            
             . N,   
     -,    T III        
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 T III        .

3 Topological spin textures in stray eld above ice-rule vertices

W          3DASI . A 20 T     
 ,  45    L1  L2 -    F 2. P   
                2-/2- -   
-   1-/1-   -  [33]. T      NV
           -     ,  
   (F 2,  )     (F 2,  )      
 (F 2,  )     200      (F 2,  ). T   
             . W
       NV   50 ,     -  50   
  250     . K       (F 2 & 2,  )  
    (F 2 & 2,  )      . S   
     - (L1),       ,       
  -  (F 2, )     /     (F 2,
). T L1/L2 ,              ,  
         (      F 2,  ). P
            L2/L3 ,        
    . H,                
     (     F 2,  ). L-     F
2,        ,      L1 -    
. I ,       L1/L2          
        L2/L3      . O,   
      -      .

F      (S M, S F 3)   (T II
) ,       (S F 4)     -
      . F 2,      NV  50    
               
 NV       (S M, S F 5). C,        
              2,  ,
           L2/L3         -
  NV        . F      
 250  (F 2),               
  L1        L1/L2 . W      
L2/L3       ,  ,       . A
                 
    .

O,               -
                  
( M). S      L1 - ,      
  ( )   ( )    -    
        2. S       
 L1     NV      (F 2,   )    
  /   2/, . T           NV  (F 2,
  )        . S       
     -        (S F 6),    
   D–M  [40, 41]. W         
  ,            -,     3D
      L1 - .

F     L1/L2  (F 2)         
 ,       -        - (F 2,
)     - (F 2, ). I        L1   
       ,     L1/L2      
        . T       - 
-       8  9 ,      
.
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Figure 1: A 3D Articial Spin-ice () A            3D  -
        . T           NV
     . I: S   - 3D A S-      (L1),
 (L2),  (L3)   (L4). () S        
  45  . S   20 µ. () H- - SEM   3D  -  
        . S   1 µ. () S     
  ,      ,        
 .
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Figure 2: NV magnetometry imaging of a 3D articial spin ice lattice in a polarised state () NV 
     ()    (). () NV     200  
 ()    (). K          
    . () S NV       ()   200   .
K               .
D    -          ,       
1, . () T         L1   . C  
-      -      -      - . I  , 
       . () T         L1/L2
. C   -      -      -     
- . A                 -   
.
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4 Measuring Monopolar Fields

W        4.8T      . F 3,  
             ,    
     (F 3, ). H       3-/1- 
        1-/3-  . T    
           3, ,       .
B   NV       T-II      
        L1/L2 ,      NV   
      ,   -    F 3(),  
-    F 3, . T           
 ,             . N, 
    3,                 
 . T               
                .

Figure 3: NV magnetometry of magnetic monopoles in 3DASI () NV      ()
   (). A                . ()
NV    50    ()    (). K   
      . () S NV      ()
S NV     200           
   (). D    -          ,
          1.

A              -    (3DASI)
      . A    ∇ ·B = 0  ,   
M      -,       . I    -
    ,   3DASI         
  . T      -      
 ,      (T III  T III)     
 (F 1). C,            
,         .

T         ,        
     (S M). E    ,  M(r)
    200      -      
 . T         ,    
  -   - . A    , -
 ,             
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Figure 4: Monopole interactions in 3DASI. (–) M    T III–T III  . () S
     ;         180 ± 100    
Q = ±2q. C   z-  ,      - ; 
        . () A      
    . () N  S     (, )   ()
     ,  S = 1   . () L-      , 
-  . T -        ( );   
     ℓ. (–) E    T III–T III  .
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 C ,              .
W    T III–T III     ,     

   ,  ,    L1/L2       L2/L3 
   F 4. T          F 4 ,  
      . F 4       (ℓ = 1, ℓ = 3)  -
  +2  –2 ,            , 
  (ℓ = 2, ℓ = 4)   ,      - .
T    (S),   F 4,         (S
≈ 1   ),      -    S. F 4   
        ,     -  
        . H      S  10. T
    -        C- , 
           .

W    T III – T III     ,     
 L1/L2 ,          
 F 4,        F 4 . T   
(F 4)        T III–T III . T    (ℓ = 1, ℓ = 3)  
 ,     -    C- . T 
 (F 4)           . T   -
     . E         D-
,             . T  
         -   - .
T           . I  T III–T III
,  D         ,    
         . A  ,    
      ,     C-, -  .

I  T III–T III  (F 4),           
70 ,   --      . C  ,   
   200     ≈ 55   T III–T III    ≈ 5    , 
        . H-    
    . O,  -     C ,   
   ,           
 3DASI.

T       3DASI        
. A           ,     T
III–T III  T III–T III ,         
     C . T     :  
      ,       - .
T                  
     . T , -    
       3DASI,      -
          .

5 Conclusions

W          3D    (3DASI)    -
 . I-   -  -      
        ,     –  
       . A     
 C ,      3D      , 
  - .

I,      -. A      
,    T A–T B  T A–T A ,    
        C . T    
   ,        .

T   3DASI     ,    
     , ,    . O  
 3D             -
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    .

6 Methods

6.1 Sample Fabrication

T             -  (TPL)
   50   (N81F19)           1  10−6 

T            20-   
   20-        . I-  
 -       ,  N  IP-L      
        TPL . A ,      
20-      (PGMEA)      20- 
        .

6.2 NV Magnetometry

N-V (NV)       Q PQ    
 Q MX+     NV     50 . T   
   - - PID ,         NV 
     (ODMR),         
.

6.3 Magnetic Force Microscopy

M   (MFM)      B D ICON  
   NANOSENSORS - - .

6.4 Computational Methods

M        (FDM)     (FEM), 
  Ms = 086× 106A−1  A = 13× 1012J−1   P.

6.4.1 Finite dierence simulations

2D      GPU     3 [42]. I  
                  RK23
(B-S) .

6.4.2 Finite element simulations

S            M  [43]   
      . T       
200        TPL,      50       
    -  . G    B    
 (STL)      NG .

T    250        886         
              . T  
                  ( M
 )  .

6.4.3 Field and image surface calculations

A       F 2   3     FEM -
 . T      (R)         
           r′:

H(R) =


i

3ri(ri ·mi)

r5i
− mi

r3i
(1)
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W mi   ith     ri = R− rii.
T SPM            80     NV 

   50 . T         
  . F     ,         
       ,            (
  5).

6.4.4 Dipole and compass needle approximations

P-          ,  ,  
                
    . A               
- ,                 .
W           ,      
    ,    /          
 . T                  
    . T           L1  
       . T      1,    
           Qi   r′i:

H(R) =


i

Qi

ri
ri (2)

6.4.5 Multipole analysis of three-dimensional magnetization

M  M(r) = (Mx,My,Mz)    ()     ()   
 (  [Mx,My,Mz, x, y, z]). S   -    C  {xi, yj , zk}.

A   ( r0)   M        R   ∆R =
200 . S     ( Kshells = 100)  [R − ∆R2, R + ∆R2]. A   ,
          // VSH ,

M(u) ≈
ℓmax

ℓ=0

ℓ

m=−ℓ


a
(r)
ℓm Y

(r)
ℓm(u) + a

(e)
ℓm Y

(e)
ℓm(u) + a

(m)
ℓm Y

(m)
ℓm (u)


(3)

   Yℓm  ℓmax = 6. C    T-  ,


a

∥Ya− b∥22 + λ ∥a∥22 (4)

 b    M  /  Y    VSH  . F  
     ;      NRMSE     .
T --  (RSE)       ,   
   (S F 10).

F   ℓ,   ()  -  ∥a(r)
ℓm∥2m  ()     

        (a
(r)
ℓm)ℓm=−ℓ   . A  

- ,     p         s(u) = u · M(u)  u; p
   -      .

T   M    ∆R       

Qij =


u k
i u k

j − δij3

k∈∆R

, S(R) = 3
2
λmax(Q) (5)

 u k = Mk∥Mk∥  λmax   .

Supplementary information

I      /    .
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.

Code Availability

A              .

Author Contributions

SL      . AV        SEM
 MFM. NV      AV  PR. M      AV, 
        NV  . FB    
    ,     CN. T       
 AV, SL,  CN. A         .
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T      .
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