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ABSTRACT

Magnetic Field Sensing with Nitrogen Vacancy Color Centers in Diamond

Report Title

In recent years, the nitrogen-vacancy (NV) center has emerged as a promising magnetic sensor capable of measuring 
magnetic fields with high sensitivity and spatial resolution under ambient conditions.  This combination of 
characteristics allows NV magnetometers to probe magnetic structures and systems that were previously inaccessible 
with alternative magnetic sensing technologies.  This dissertation presents and discusses a number of the initial 
efforts to demonstrate and improve NV magnetometry.  In particular, a wide-field CCD based NV magnetic field 
imager capable of micron-scale spatial resolution is demonstrated; and magnetic field alignment, preferential NV 
orientation, and multipulse dynamical decoupling techniques are explored for enhancing magnetic sensitivity.  The 
further application of dynamical decoupling control sequences as a spectral probe to extract information about the 
dynamics of the NV spin environment is also discussed; such information may be useful for determining optimal 
diamond sample parameters for different applications.  Finally, several proposed and recently demonstrated 
applications which take advantage of NV magnetometers’ sensitivity and spatial resolution at room temperature are 
presented; with particular focus on bio-magnetic field imaging.
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! !�"������ #��� T2 #"�������� $���� ���

% %����& ������ ��'

��(������"� ��)

��
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��� ���� ����	
�
��	� � 
�� �� ��	
�� �	 �����	� � � � � � � � � � � � � � �

��� �� ��	
�� ����
��	�� �	���� ����� �
���
��� �
 ���� 
������
��� � � � �

��� �������� � 
�� �� ��	
�� �	��� ��
���� ����
�
��	 � � � � � � � � � � �

���  !" ����
�� � �� �	���#��� � � � � � � � � � � � � � � � � � � � � � � ��

��$ �� "�#� 	�
�
��	� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��% "�#� 	�
�
��	 ����� �
 ��&���	
 '( ����� ��)��	���� � � � � � � � � ��

��* +∗
2 ���������	
 � � ��	��� �� ��	
�� ���	� � "����� ����� ��)��	�� �$

��� +∗
2 ���������	
 � �	 �� �	���#�� ���	� ,(- !" � � � � � � � � � � �%

��� T2 ���������	
 � �	 �� �	���#�� ���	� � ���	 ���� ����� ��)��	�� ��

���. +1 ���������	
 � �	 �� �	���#�� � � � � � � � � � � � � � � � � � � � ��

���  ������ � �	 ��  !" #���� /, ���	�
�� 0��� ���������	
 � � � � ��

���  ������ � � "����� #���� /, ���	�
�� 0��� ���������	
 � � � � � �*

���  ������ � � ���	 ���� #���� 1, ���	�
�� 0��� ���������	
 � � � � ��

���  ������ ���	 ������	�� ����� ���������	
� � � � � � � � � � � � � � � �*

��� !������ � ���	 ������	�� ����� �� � �	�
��	 � �������	��	
 �	���

#�
2��	 
�� �
�
�� ���	�
�� 0��� �	� 
�� �� ����
��	�� ���� � � � � � ��

���  ������ ���	 ������	�� ����� ���������	
� �	 12, !����� , � � � � ��

��� /������ � 	�
���� 2��� ��

��	 � � � � � � � � � � � � � � � � � � � � ��

��� '��	�
�� 0��� ����� �������� #� � 	�
���� 2��� ��

��	 � � � � � � � ��

��� /������ � 3��3�� 2��� ��

��	 � � � � � � � � � � � � � � � � � � � � � ��

��� ���
�� ���	�
�� 0��� ����� �������� #� � 3��3�� 2��� ��

��	 � � � � �$

$�� ���� ����	
�
��	� � 
�� �� ��	
�� �	 �����	� � � � � � � � � � � � � � ��

$��  !" ����
�� � !������ 1 �	�  ���2�	� ����� � ������	
��� ����	
�
��	 ��

$�� !
��-4�2 ,�/ ���2
� �	� �� 4�������	�� �
���
��	� � � � � � � � � � $.

$�� '��������� ������ � 
�� ������ ������������ � !������ 1 �	�  � $�

$�$ ,��������	 � !����� 1 �	�  ���������	
 ��	
���
 � � � � � � � � $�

$�% ,��������	 � �� ���	�
�� ��	��
���
� �� !������ 1 �	�  � � � � � $�

$�* ,�����	��-	������3�� �� ���	 ������	�� ����� � !������ 1 �	�  � $$

%�� 5���� �������� � ������� ��	������ ��������	� ��)��	��� � � � � � � $�

���
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���� �� ���	
��

��� �����	 
 	�����	 ����n �� ���� ���	�	��	 �	��� ����	� � � � � � ��

��� �����	  	�����	 ����n �� ���� ���	�	��	 �	��� ����	� � � � � � ��

��! �����	 � 	�����	 ����n �� ���� ���	�	��	 �	��� ����	� � � � � � ��

��" ������# �$ �� 	��	�%�	 ���	�	��	 &��	 '�&� ���%	� �$ ��� ����	� ��

��� �����	 ( 	�����	 ����n �� ���� ���	�	��	 �	��� ����	� �	����	�
�& �)) * ��� ��) * � � � � � � � � � � � � � � � � � � � � � � � � � � � � �"

��+ �� 	��	�%�	 ���� ���	�	��	 &��	 �� � $���&��� �$ ���%	� �$ ���

����	� �	����	� $��� �����	 ( ��	� � ���#	 �$ &	��	��&��	� � � � � � ��

��, -��	. �� ���� ���	�	��	 &��	 �� � $���&��� �$ ���%	� �$ ��� ����	� �+

��/ ��#��� ���&���& �� � $���&��� �$ &�	 ���%	� �$ ��� ����	� � � � � � �/

���) 0� ��#�	&��	&�� ����	� $��� ���� 	��� ��� �,� ��� "!�����	 �	1�	��	� +�

���� ��#�	&�� �	���&���&� �� � $���&��� �$ ���%	� �$ ����	� � � � � � � � � � +�

���� ��#�	&�� �	���&���&� �� � $���&��� �$ 2	�� $�	1�	��� � � � � � � � � � � +!

+�� ��� 2�&	� $���&���� � � � � � � � � � � � � � � � � � � � � � � � � � � ++

+�� �����	 
 	�����	 �� ���� ���	�	��	 �	��� ����	� � � � � � � � � � � ,)

+�� �����	 
 ��	�&��� �	�������&��� �	���&� � � � � � � � � � � � � � � � � ,�

+�! �����	 � ���	�	��	 &��	 ������# '�&� ���%	� �$ ��� ����	� � � � ,�

+�" �����	� �3 
3 ��� � ��	�&��� �	�������&��� �	���&� � � � � � � � � � � ,�

+�� ���&	 ����� ������&��� �$ &�	 13� �����	� 4�	�����	� 	5	�& � � � � � ,"

+�+ ���$���� ���� �$ �� 6���	��	��	 �� �����	 � � � � � � � � � � � � � � ,�

+�, �7�� �	����	�	�& �$ � ����	�&��&��� �� �����	 
 � � � � � � � � � � ,+

,�� ��&�#���� ���'��# � %��8 ������� ��%�&��&	9� '��	#�����# 	5	�&� � /�

,�� ��& �$ &�	 ���&��� �	����&��� �	���� ��#�	&�� �	���&���&� �$ � ����	&� �$

�	�	�&�� �	����&��&	� ��#�	&�� �	����# &	������#�	� � � � � � � � � � /�

,�� :��	�2	�� ��&���� ��� ��#�	&�� ���#	� �$ ��#�	&�&��&�� %��&	��� � � /"

0�� 7�&	���&� ���2�	 �$ �� �� �	������	 �� &�	 (�; ��	�&��� � � � � � � /,

0�� �	���&���&� �$ � ;���	� %��	� <� ��#�	&�� 2	�� �	����	�	�& � � � � �))

0�� �	���&���&� �$ � ���� 	��� %��	� 0� ��#�	&�� 2	�� �	����	�	�& � � � �)�

 �� ��< %��	� '��	�2	�� 6���	��	��	 ���������	 � � � � � � � � � � � � � �)"

 �� �� �������# ���$���� ���������	 � � � � � � � � � � � � � � � � � � � � �)+

 �� ��&�#���� �$ &�	 ��' &	��	��&��	 �� �	����	�	�& �	&�� � � � � � � �),

����
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���� ����	
 ������ ��� ����
 ����	� �� �� �	��	�	
� ������� ���	�����
� ���	

��������� ������� ����� ��� ���� ����	� �� � 	 !���"
 ����#� ������ ��������

$� ��"��	�� ��� �	���%	� � �
 �� � 	 &��'�� ����#� �	�	� ����	�� !�(	� � ��

��� )�� ���	 �	 &	�� �� � 	 &���� ����#� *��� � �����+�� ��� ����� �� &		 �� � 	

�� ����#� ����� ��##	������ ��� �	����� ��,	-

* � ���#	���"�
 ����	%�� �� 
 %��	���- *� #���������� 
 �����	�� $�

.���	�� $	� /	����� ��� $� ��"��	��  �+	 "		� (�� 	 ����	 (	 ��� �����	�

� 	 �##��	� � 
���� � � #����� ���	� 	� ��� 
	��� ���- $ 	
  �+	 "		� 
 ��#0

#���� �������� "����� ��� �
#�� 	��� 	�� � ���� �(	�+	 �����	�� ���� �
 �(	��


#��"�	 �	� ���0��� �	��� � ��" �+	� � ��" �(��� � ��� 	���	��  ���� �% #�,,���� �+	�
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Chapter· 1: NV Bac;kgrmJ,nrl 

NV II [11"1] NV II [111 ] 

Figun' 1.1: Fonr orientations ofthe NV eenter in di::Jll10JHL Carbon atoms are 
df'picted in black. nitrog<-'n (N) atoms in blue , and vacanci<-'s (V) in whit<". 
The NV eler.tronir. spin is indicated by green arrows. Fonr adclitional ori
<'ntations i'lw possible by flipping the nitrogen atoms and vacancies in each 
configuration abov(~; however, orientations with equivalPnt symmetry axes 
are spectrally inrlistingnishahle and may tlH"refore be considered in the same 
NV orientation class. 

Morf' recently, chemical vapor deposition (CVD) has emerged as another viahl<-' 
method for diamond production. In CVD synthesis , S()lUC<' gasses containing carbon 
ar·<-' introduced into a growth ehamher wht>r<-' th(-'y arP Pnergized to form a plasma 
that deposits (:;:ubon atoms onto a substrate. Compared to HPHT synthesis, CVD 
growth occ·nrs at lower pressnres (0.01 - 1 bar) and temperatnrf'S ( < 1000°C) , whf•re 
the tlwrrnodynamically stable allotrop<-' of carbon is graphite rather than diamond. 
HowPwr, by introducing hydrogen gas (H2) in addition to cm·bon-providing methanP 
gas (CH4) . any graphitP deposits Hre rapiclly and selectively etched. resulting in a net 
growth of diamond Pven und(' r the described metastable conditions. Furthermore, 
CVD synthesis has a number of advantages over HPHT synthesis; diamonds can he 
grown over largP aTeas and on difl:f.>rent suhstratP materials. Also, thP introduction of 
dwmical impnrities in to t h<-' growth c:hambf•r can be finely controlled and so thf'refore 
can the propPrties of the diamond produced. These arlvantages makE-' CVD the main 
synthesis technique for diamonds used in researdt appli(~at.ions. 

One of the most c:ornrnon impnrities found in diamond both synthetic ::Jnd 
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���� ������� ����������� ��������� (�!�!� �� ������� ����
���� ���#�� ��������)! -� �
������� ���������# �.���� �� �������� ������ ������ �� ���
�� ��
����� ���� 
��������� ��
	���� �*
��������� �������� 	�� ���� ��� ���� �������� ������������ �� ������� ���
�/�)! 0�� ��##�����  �� �� ����� ����� ���������# �.���� �� �� ��
����  ��� � �����
��������� ��#��� �� ����� � ���������� ����� �� ������� �	 ��� ������ ��
���� ��
��
���
���� �� ��� ��
�� 
�������� �� $%&' ����������� ��� ����� ��� �� �� 
��	������
��� �� 
��� �� ��� ��1����� �� ����������# ��� �������� �������� ��� ��� �� 23
������ ��� ��� ������� ���	���  ��� ���������4����� ����������!

"�� ����������� �	 ��� ������� ���������  ��� �����#�� ���� �����# ��� ��4

��������� ���
 
��	���� ��� ���� ���� �	 ����������# �����#�� ��
������� ���� ���
������� ��� ����#��# ��� ������� ��������� �� 	��� ���������! $����5���� ������4
��# �	 ��� ���
�� ����� 600◦6 ������7�� ��� ����������  ���� ���� �� ������ ���

��
��8����� �� �������������� �����#�� ��
�������� ���� ��������# ������� ������ ��� �� ���
���#�� ��.������ �� ��� ������ ������ �	 �����#�� ���
���� �� ������! -�  ��� ���
��
��������� ���
� � ������ �	 
��������� �����# ��� ������ ��� �� ������ �� �
��4
��7� 23 ��������� ��� 24��423 ���������� �1������ (��������� �� ���� ������ �� ���
��*� �������)!

9�����# 23 ������� ��� ��� ��
��������� ��� ������� �������#�� ���� 	�����#
23 ������� �� �����#�� ��
��# �����# 63: ������� #�� ��! &�� ��
��������� ��4
�� � 	�� ���� ;�� ������� ���� ��� ��
��� ����#� ���� ����� ��������� ��� ��
�� ���
��������� �	 ��� ��
��� ����� ��  ���! -���� ���
��� ��� ������ 
��#���� ������������#
� ����������4����� �����4��
�� �����#�� ����� �� 63:4#�� � ������� �<�� ����
 ��� ������� �� ���� ��� 
������ �� ��
���������� ������� �� ����� �	 ����� ���������
��� �����#�� ����#�� ���  ����� ��������� �� ��� ��
���������! "��� 	�� �� � ���
��
��������� ������� ��� 	�� ���� ���������� �
���� 	�� ��������# ���� ������ 23
������ �� ������� ����������! 9����������� ��� ��
��������� ���� � 23 ������� �� ��

��������� ���������  ��� ∼ 10 �� 
���������  ���� ��� �������� ����# � 	������ ���
���� ��� �� �� ������# �. ��� ������� ���	��� �=�!

-� ��������� �� ��� 
������� �������� ����� ��� ���� ������� ����������#�� �� ���
��
���������� ��
������ 23 ������� �	��� �*����� 
����� �
����� ��� �
�� 
��
������
���
���� �� ������ 23 �������! &� 
���������� 23 ������� 	����� ��� ��� ��
�����4
���� ���� �� �� ���� 
����4������ �<� ��� ��� ���� �*
������� ���� 
������������ (�!�!�
�
��� ���� ���� �� ��� 230 ����#� �����) ��� �<� ��� ��� ��� ���� ��� ���� �������

<
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����� 
�� '#
�#'( �����	����
�-������ �������� �� ��#"	��� *(+ ������� ���� ��
 
�������� ������ 0.5% �.�� /�#
��	
� 
� ���	��� '#
�#'( �����	���� �� ������
�� ������� !� ��
���,��" ������
�
���
�����
���� �0� �� �1� .� 2� ��� ��������" 	������ �2� ���� !��� ��	� �����������
��
� � ∼ 50% �����	���� �-������ ������
	�
�� ��	 ��	� ��"� ��
	�"�� ������
�
���
���	"��� 3> 2 4�(5 �0� .�� 6�����	� 
�� '( ���
�	� ��	��� !� 
���� ��"�#���	"� ��#
����
� �	� ����
�� �����	 �� 
�� ������� 3� 1μ�5 ��
� ����	 ���
� �
	�""�� 3� 100
��5 
��� �� "���	���� ����	��� ��� ����	 ���	"� ������
� ����� �	��
� '( ���
�	�
��
��� �� �� �� 
�� ��	���� 
�������� ���� ����	 '#
�#'( �����	���� 3< 10%5 �.��
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�� 8�9� ���� 
��
 ���� ��!�
�
�
����� ��
	�"�� �����
 ��� ����
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����� ����� �� 	��	�� ������
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���
�� ������ �� �� 1200◦� �
� �� ����
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� �)���
����( ��� 
 ���� �	�����	 ���������� ����� �� ��,�� -
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��� ������������
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���� ��� 	���� �
�	�� �	
�
��) ���������� -� �	��� �� /�����  �0� �	� $& ������+� ����� ��
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��� �)�������� 
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�� �)����
� �
������ .�� 5|| 
���� �	� $& 6�
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���� 
)�� ����� �	�
������
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� �)���� �3;� ������� ��
��� 	
��

 �	
�
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!"� #��	 μ��$ %������ ��� |0〉 ��� |±1〉 ������� ��� �&���� ������� ������ 3'�
��� ������� � ����� ��� ��������� Des ≈ 1.41 !"� #(�) μ��$ ��� �� ���������
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ChazJtpr· 1: NV Bru;kgnmnd 
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FigurE> 1.3: Behavior of the NV eenter undf'r optical excitation described 
using an rffectiw five-level syst.rm. 

excitecl IO) and I± 1) states (ic) and id) . respectively) , and tht-> singlet statE> mani
fold (ie)) . As mf'nt.ioMd previously, under abovr-band optical excitation, t.hf' rye-ling 
between the ground and exeited states is primarily spin conserving, denoted hy tltt-> 
solid red lines from lc) to Ia) and ld) to lb). However, therE" exjsts a non-radiatiw 
deeay path from excited states lc) and ld) to the rnetastahlr singlet manifold le), 
which has an efl"ectiw lifetime rv 200 ns [401. Thf' transition ratf• from id) to ie) is 
faster than the ratE> from ic) to le), though the f'xact ratio of the transitions is uot 
precisely known and likely dE>pendent upon temperature , strain. and otlH~r (~xtrinsie 

factors 139]. From thf' singlet manifold , tlw NV spin decays with approximately f'qual 
probability to either of tlw two ground states Ia) and I b). As a result, conti nnous 
optieal excitation wi ll eventually pump the NV (:enter into tlw IO) spin state , with 
maximum polarization determined by thE> ratio of dec:ay rates from the spin sub-levels 
of 3E (lc) and id)) to the single manifold le) . The degrf'(' of polarization reportf'd in 
thf' li terature most commonly falls in the rangf' 80 - 95% [41 , 42, 30, 43 , 44 , 40]. Fur
tht->rmore , sinc:e the altemate cle(:ay path cloes not result in the emjssion of a photon 
in the fluorescence hand, the fiuoresef'nce intensity may be used to determine the spin 
state. At maximum optical driving (i.e., optical saturation. which corresponds to a 
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������� ��	
�	��� ∼ 77 ���� ��	 ���	 ����	 ��� ������� ������� ��� ����	
�	����
��	 ���	 ����	 ��	� ����� ��	 ����	��	��	 ���	����� �� ���	����	� �� �	�	����	 ��	 ��
���� ����	 �� ∼ 300 ���

 �	�	 !	� �������	�������� ����� ����� ��	 �� �	��	�"� 	�	������� ���� ����	 ��
�	 ���������	� ������� ������� ������� ��� �	�	��	� ��� ����#����	#�	�	��	�� ����	�#
�	��	� �� ����������� ���� ��	 ������� �� ���	�	���� ���������	 ��	 �� ���� �����
����	������� 	�	����� ���� �	������	 �	����
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Figurt-> 1.4: ESR speetra of NV ensembles. (a) ESR spec:trum at zero applie<l 
static magnf'tic fif'ld. The small splitting is induced by loeal non-axial strain 
at the NV (:enter 145, 1, 46, 47] . (b) ESR spedrum with an applied static: 
magn<'tic field of ,...., 65 G . The field is applied along an arbitrary direetion, 
resulting in a different field projection on each of the four possible NV sym
mf'try a.ws and subsequently fom pairs of transitions . (c) Hyperfin<~-resolved 
ESR spectrum of a IO) ++ I + 1) transition from an 14N-containing NV en
Sf'mhle. (d) Hyperfinf'-resolved ESR spNtrmn of a IO) +-+ I + 1) transition 
from an 15N-eontaining NV ensemble. 

1.5.2 Rabi Nutations 

As mention<~d previously, applying l\IIW driving resonant with one of the ground
state transitions. <'.g., IO) HI+ 1), induees eohf'rent population oscillations between 
tlw two spin sublevels. The standard puiS<' sequenc<' for measuring these popula
tion oseillations, known in eonventional rnagnt->tie resonanee nomendature as Rabi 
nutations. is shown in Figure 1.5(a). 

First 1 an optical excitation pulse polarizes t.he N\T spin state to IO). Then, a 
resouant l\IIW pulse eoht->rently transfers the NV spin population hetween, e.g., the 
IO) and I + 1) states, and the resultant NV spin state is subsequently d<'tf'etrd by 
measuring the Huoresc:euee intensity which results from a short (rv 300 ns at optical 
saturation) optical exeitation pulse. 

The degree of povulation transfer is a fun(:tion of both the lt->ngth and amplitude 
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Figure 1.5: (a) Pnlse sequenr.e for measuring Rabi nutations. (b) Typir.al 
Rabi curve of au NV ensemhh-~, where the fluorescence intensity is normalized 
against. th<-' fiuorescf'nCf' intensity measnrf'd after optical pumping. 

of th<-' MW pulse; in most NV experiments, however, varying only the M\iV pulsf' 
length is sufficient. An example of a typiea.l Rahi curw is shown in FigurE" 1.5(h) , 
where tht> normalized fiuorescenee intensjty is plotted as a function of M\~T pulse 
l<~ngth. Maximum fiuoresc:encf' intensity corresponds to t hf' NV spin popnlation oc
wpying thf' IO) state, wlwreas minimnm fiuorescenee intensity corresponds to the NV 
spin population or.cupying the I+ 1) state (in this f'xampl<-'). Therefore , by applying 
a series of MW pulses of specific 1<-'ngths, thf' NV spin stat<~ can be coherently ma
nipulat(Jd for a vast array of more complicated pulse sequenr.f's, as discussed in the 
following section. 

It is important to note that Rabi nntat.ions do not continuE" inclefinitely. There 
is df'cay of thf' Rabi signal clue to inhomogeneous broadening, and partir.ularly, thf're 
is often beating due to th<-' detuned driving of Ollf' or more hyperfine transitions 
associated with theN nudear spin of thf> NV (see Fignre 1.6) . An in df>pth discussion 
of thes(J effects is beyond the scop<-' of this dissf'rtation; however, NV Rabi nntations 
have been studied in great depth in other works f 48] . In general, th(-~se effec:ts can 
be mitigated by strong MW driving such that the Rabi nutation frequl"ncy is much 
larger than hyperfin<-' detunings ( I'.J 2 MI-Iz) and inhomogeneous broadening (depends 
on thf' sample and may vary from I'.J 100kHz- 10 MHz). The Rabi nutation frequf'ncy 

12 



b 1.00 

7ii 
~ 0.98 
0 
0 

~ 
5i 
~ 
0 
::J u:: 

0.96 

0.94 

0.92 

26 

ChazJter- 1: NV Bac:kgnmnrl 

3.066 3.068 3.07 3.072 3.074 

MW Frequency (GHz) 

f1 = 3.06733 GHz 

0.90 "-------'----"'-----'----"'-----'------'----'------'----'------=' 

c 1.00 

7ii 
~ 0.98 
§ 
~ 0.96 

~ 
~ 0.94 

g 0.92 
u:: 

f2 = 3.06955 GHz 

0.90 "-----'----"'----'----"'----'------'----'-----'----'----=:I 

d 1.00~--.--,.---.--,.---.--,---.--,--.--~ 

1 0.98 

fa = 3.071 n GHz 

8 
~ 

B 
! 
0 
::J u:: 

0.96 

0.94 

0.92 

0·90 o!=--200=--400~--so=o--soo=---:1-='oo=-=o---:1-='2oo==-----::1-7.400:-::-------::1-='soo:-::-----::1-='so"'o--=2-='-ooo 

MW Pulse Length (ns) 
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Figure 1.7: T2 measurement of a single NV center using a Ramsey pulse 
sequen(:e. (a) Ili:tmsf'y pul s<' seque nc:e. (b) NV fn~e induction decay curve 
from whic-:h T2 ~ 180 us can bf' extracted. 

!oral magnetic impurities or externally applied, producing random-phase tim<-' varying 
fields at eae.h NV spin. Furtllf'rmore, each NV spin has a different local environment 
of spins and subsequently experienc-:es a dif:fert>nt loeal magJH~ti<~ fielcl. For natural 
isotopic abnndan(·e of 13C (1.1%), th<-' 13C (:ontrihntion to t.h<-' NV spin d<>phasing 
rat<-' has bf'en measured experimentally hoth for single NV centers and ensemhlf's to 
be r 13C,....., 106 s-I, eorresponding to T2 rv 1 J.LS ]49, 34, 1, 50, 51]. 

In samples that have been doped with a sufficient conc:entration of nitrogen, 
dipolar interactions with nitrogen-donated Plectrons can also contribute significantly 
to NV spin dephasing. T his c:ontribu tion is dep<~ndent on the nitrogen (:oneentration 
nN by rN ~ (gsJ.Ls?nN ]52, 34] . wherf' small differenees in thf' g-fa<:t.ors associated 
with the N and NV <'~ l ectroni(· spins are ignorNi. ThereforE', a nitrogen concentration 
of rv 15 ppm ("-' 3 x 1018 cm-3) would haw a contribu tion to the NV spin d<=•phasing 
c:omparable to that of natural abundanCE' 13C. A possibility that has been pursued 
in recent years for <'~xtending T2 p:tst a microser.ond has b<~en to isotopir.ally engine<-'r 
high-pnrity (low nitrogen) diamond with below natural abundanc:e of 130 . In a sample 
w ntaiuing 99.7% 12C, a dephasing time of T2 > 10 J.LS was measmwl. ]1]. 

The T2 is typically measured experimentally in one of two ways, described in 
detail below. One method is to apply a Rams<>y pulse sequfmee and <~xtract the 
charactPristir. tim<-' of th<-' frf'e induction decay (FID) eurve. A typical HBmSt>y pulse 

15 



8 
1.00 

c;; 
g 
§ 
(.) 0.99 

g 
i 
~ 0.98 
u. 

2.712 

29 

ChazJtr:"r 1: NV Bru:kgr-onnd 

2.714 2.716 2.718 2 .72 

M\N Frequency (GHz) 

b 2.0 ,----,.---~--~-~----.--,-,1 

1.8 

~ 1.6 

:::E i 1.4 
:X: 

~ 1.2 
Y. 0.70 MHz 1.0/0 

0.8 

--------------
-60 -50 

... -·-·-
A , 

-40 - 30 

l 

I 
I 
I 
I 
I 
I 

I 
I 

; 
I 

I 
I 

I 

f 
I 

I 

-20 

Microwave Power Before Gain (dBm) 

FigurE> 1.8: T2 measurement of an NV ensemble nsing CW-ESI{,. (a) ESR 
spf'r.tra taken at different 1\ifY.l powers and non-zf'ro static magn<'~tic field. 
(b) Linear extrapolation of tht-> valut-> of the FWH J\11 1 at zero MW powf'r 
gives a df'phasing tim<' T2 >=:::l 500 ns. 

sequenr.e is df'picted in Figure 1.7(a); first, an optical excitation pnls<' initializes th<' 
NV spin state to JO). Then, a MW 1f /2 pubw ( typir.ally detmwd from rf'sonanr.e by 
6) transfers tht-> NV spin population into a superposition of. e.g .. the JO) and I + 1) 
states. After a time T during which the spin system is allowed to freely precess (and 
dephas<') , a second MW 1f/2 pulse projf'cts th<' NV spin back into the JO) , I+ 1) basis. 
and th<' NV spin-state is snbsequf'nt.ly deter.ted by measuring tlw state-dependent 
fluorescence intensity. Varying the fret-> prec:ession time yielcls an FID curve , which 
contains beating from the N hyperfine transitions (three in the (:ase of 14N, two in 
thf' case of 15N) . The T2 is extract<'d from r.haracteristic time of the der.ay enwlop<'. 
as shown in Figm<' 1.7(b). 

For an ensemble of NV centers , inhomogeneities stemming from the different 
local spin environments experienced by ear.h NV center often hroadf'n the hyperfine 
transition frequency c:ornpmwnts of tltt-> Ramsey FID to the extfmt that it becomes 
difficult to extract T2 from the c:urve. An altt>mative mt->thocl for measnring the 
dephasing time T2 is to take ESR spectra at low opti(:al power, extract the full-width 
at half maximum (FWHM) of the resonances at progressively lower MW powers, and 
nst> the values to linem·ly t>xtrapolate tht-> FWH J\11 at zero MW powt>r. In Fignre 1.8, a 
series of ESR. spectra taken at diff'erent l\11W powers art> shown, each fit with a linear 
combination of three Lorentzian functions, from which the F\~lHM 7 ~was extracted. 
Extrapolating the val ue of thr FvVHM 1 at zero MW powt>r gives the d<>phasing time, 
which is n~latecl to tht> FWHM by T2 = ;"Y J34J. 
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ChazJtpr· 1: NV Bar:kgnmnd 
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Figurf> 1.9: T 2 measurement of an NV ensemble using a spin eeho pulse 
S('qnence. (a) Spin f>dlO pulse Sf>quence. (h) Typi<·al T2 decohf>rencf> curw of 
an NV ensemble in a cornmercially availablf> standard grade CVD diamond 
sample from Element Six , showing the eharacteristic collapses and revivals 
in NV spin eoherenct-> that result from 13C La.rmor precession in tht-> presence 
of a magnetic field. Th0. NV spin cohf>rence tinw T 2 is extracted from the 
cleeay en vel ope. 

spins, sudt as ele(:tron spins associated with nitrogen donors (or possibly other NV 
(:enters and defects in the sample). TheS(' electron spins flurtuate on a timf' seale given 
by dipolf'-dipolt-> interactions with the NV spin, d<'"Strihed in thf' prt->vions sertion by 
tht-> equation f N ~ (&,JLa?nN. It iS in this way that the nitrogen f:Oll(:entratiOil has 
au enormous impact on the NV spin eolH-' rf!ll(:(~ time. Higher nitrogen concentration 
is required for higher NV conC('ntration but results in low('r NV roherence time. (For 
example, a sample with N "' 20 ppm has nitrogen-limited T2 rv 5 JLS.) Both high 
NV conet->ntrations and long NV (;oherenee times are desirable for maximizing the 
sensitivity of au NV-based magnetometer. as diseussed in Chapter 2. 

One technique common in conventional NMR for extending c:ohf'rencf' is to apply 
additionall\lf\V 1r pnlsrs to fitrther deeonple the crntral spin from magnrtic impnrities 
in its environment. Mort-> detailed discussion of these multi pulse "dynamic decoupling" 
techniques will be presented in Chapter 6. However. it is useful to notf> herf> that whilf> 
in conventional NMR the spin coherence time T 2 often refers to the intrinsic limit 
of how much the coherence can he 0.xtended using multipulse sequences. in the NV 
literaturf> tht-> T 2 time often refers specifir.ally to thf> ehara(:teristic: de(:oherence time 
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Chaptpr· 1: NV Backgnmnd 
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Figure 1.10: Tt measurement of an NV ensemble. (a) Pulse sequence for 
measuring T 1. (b) NV spin-relaxation curve. 

seale as measurrd using a single 1r pulse spin eeho (i.e., H<1lm P.<~ho) pulse sequen(:e. 
In this dissertation, we adopt the latter ("()nvention and indicate the coherence time 
measnred from n-pulse dynamic:al deconpling sequene<~s as T~n) . 

1.6.3 T 1 spin relaxation time 

NV spins also experience relaxation d ur to spin-fii ps eaused hy phononic inter
actions with tlw crystal lattice. As a result., the polari11ation of the NV spin popu
lation Pventually de(:ays back to the therm<illy mixed state that exists before optical 
pumping., with a characteristic time scalf• T 1. For NV centers in bulk diamond at 
room trmperaturr, Tt is typically "" 6 ms; however, since spin-lattice relaxation is a 
phononi(: pro<~ess , T 1 is quite sensitive to temperature, as discussed in Chapter 6. 

The pulse sequence for measuring Tt in NV spins is shown in Figurr 1.10; after 
au initial optic:i'll excitation pulse to polarize the NV spiu into the jO) ground state , 
either a MW 1r pulsf' is applied su.eh that the NV spin is transferred to the, e.g., I+ 1) 
state (mt) or no l'v:I'N puls(~ is applied and the NV spin is left in the IO) statf' (m2). 
After a time t , an optical detection pulse is applied and thf' resulting NV fiuorescencr 
is collected. Tlw subtraction of the two signals ( s = mz- m1) rejects common-mod<' 
noisf' and gives thP polari11ation of t.he NV spin population remaining after t.irrw t . 
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ChazJteT 2: NV Magnetometry 
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FigurE" 2.1: Example of an NV ESR based DC magnetic field measurement. 
(a) Diagram showing the known static field Bo, the measured net magnrtic 
field Bnet· aucl the extraeted unknown static field c5B in relation to thf' four 
NV symnwtry axf's. (h) Modf'led ESR spectra of an NV f'nSf'mhle in tlw 
presence of the known magnetic field Bo (hhw) and the net magnetic fit'ld 
Bnet (red). l3y rm~asuring thf' resonancE" shifts bf'twePn thes<' two sp<'r.tra, th<' 
unknowu rnagnd.ie field c5B r.an be extracted. 
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of thP four possible NV orientation <:lasses <:au lw r.oller.ted at onr.e (e.g. , in a bulk 
measurf'ment or when there f'l.re multipiP NV (:enters per confocal volum<~, scauning 
tip, or wid0-field magnetic field imager pixel) , the vector information of the unknown 
magnrtic field can b<' f'xtracted from a single ESR sper.trnrn. 

In addition to the CVv schemE" rlescribed in Chapter 1, ESR. spe(·troscopy may also 
1)(-' pf'rformed using pulses. In a puls<'d-ESR. measurement, a strong laser excitation 
pulse first initializes the NV into tlw IO) spin state. Then, a very low powf'r M\i\T 
pulse may rotate the NV into, e.g., the I + 1) spin state if the MW frequency is 
resonant with the IO) ++ I+ 1) spin transition. Finally a second short laser rxcitation 
pulse is applied and the resnl ting ft uoresc:rncf' in tensity detectf'd to determine the NV 
spin state. By sweeping the MW frequency, a speet.rnm similar to what is measured 
with t.hP C\i\'-ESR. scheme is <~xtra(: ted; however . since in the pnlsed-ESR sdterne. thf' 
optical excitation and M\iV radiation are not applierl simultaneously and are thf'refore 
not cornpPting, the Nf\i\T power may be lower than in the C\iV-ESR sc:hPrnP .. thus 
re(lucing MW power broadening. Also, the optical power may be stronger than in thf' 
C\i\T-ESR. scheme, thus increasing the number of photons colle<:tecl per mPasnrement 
(given eqnivalent rneasurem<~nt times for both schemes) . As rliscnssed in the next 
section, these two factors play an important role in the sensitivity achieved by an 
ESn. based magnetic field measurement. 
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ChazJter- 2: NV Magnetornetry 

a 
1.00 

b 
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t = 0.49 J..lS 
u; ~ u; 
!!! 0.95 l':! c c 
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Free Precession Tirne't (J..lS) Additional Static F1eld B (G) 

Figur<> 2.2: Example of a Ramsf'y bas<>d DC rnagn<'~tic fiPld measun~ment. 
(a) Modeled Ramsey FID emw in t.he pres(~nce of known magneti(: field Bo. 
(b) Example maguPtometry curve showing the sinusoidal response of thf' NV 
fluorf'SC:f'nce signal to an additional static field B. The Ramsey pulsf' sequf'nCf' 
free pre(:ession time is fi-xPcl at T = 0.49 J..lS) indicated by the red arrow in (a) . 

2.3.2 Sensitivity 

The Sf>nsitivity 'r/ra:msey of an NV magnf't.ornetf'r \vhic:h US('S thf' Ramsf'y pnlsf> 
sequen<:f to measurP DC magnetic fields is giwn hy (see Appendix A.2 for derivation): 

n 1 1 
'r/ramsey ;::;::: gJ..LB ..j7 a.J/3 (2.4) 

As in thf' DC magnf>tometry scheme utilizing ESR spectrosc·opy, the magnetic 
field Sf>nsitivity is d<>pendent on resonanC(' contrast a , number of photons eollected 
per measurement /3, and mel'lsurt>nwnt duration T . Also as before, these paramPters 
arf> not indt>pendent. Thf' measurement. contrast. dec·ays as a result of NV spin dephas
ing, with charactt>ristir time seale T2. Thus, in(Teasing the measurement duration T 

degrades tlw contrast a. The optimum magnrtic field sensitivity is aehil?vrd when 
'T rv T2: 

n 1 
'r/ramsey rv - ip*T* gJ..Ls ay 1-' ~ 2 

(2.5) 

2.3.3 Initial demonstrations 

This Ramsey DC magnetometry scheme has been demonstrated qul'llitatiwly by 
Balasubramanian Pt al. II I, aJl(l its rnagnt>tic field sensitivity has heen theoretically 
analyzed in depth I 52, 61, 57]; howrwr, a thorough rxprrirnrntal demonstration of 
NV magnetomf'try using tlw Ramsey pulse seqnencr has yet to lw publishf'rl . As 
with the ESR spectroscopy ])asecl magnPtomet,ry technique, however , the magnetic 
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�� �� �� ������ ����
 ���� �∗

2 �������� �� �2 ����������! '���� �� �������
�������� ���� �������	��
 �� �� "����
 ����� �������� �� ������� �
 �∗
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������ ��� �� �� ��)���� ������ �������� ���� ������ �� ���� ���� ���������� ����
���� �� ����� ��� �
 �� $% π ����� ����� ��� ��� ���� ������ �������� ������
���������! *� � ������� �� ���� ��� ����� �������� �� ���������	� �� ������ ��������
����� ��� ��� ������ ��� +, �����������
!

,������� ������� �� ����������� -*,. �������� ����! /� �� ���� ��� ����� ���
������ �� ������� ��� ��� �� $% ������ �������� ��� ���� ����� �0����� �!1-�. �
�� ��� ���� ����������� �� ��� ��� �� �� ����� �������� �� ������	� ����� ���
���������	�! *� � ������� �� ���� ��� ����� �������� �� ������ ��� ��������� *,
�������� ������ ���� �� ����� �� �� ���� ����� �������� �������� ���������� ��
*, ��������
 �� ��� �� �����������
 ����������� �� �������	�!

*����� ������������ �� *, �������� ����� ����� ��� �������� ��� �����������
�� � ������ ������� �� �� ������ �������� ��������� �� �� "����
 +, �����������
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�������� ����� �� ��������
 fac = 1/τ ! /� �� ������� �� �� *, �������� ����� ��
�� ����� �� ��� ���������� ��� ���� ������ �� ���� ���������� �����	��� ��� ���
��� ���2����� ���) ���� �� |0〉 ����� �� �� ��� �� �� ����� ��������3 �!�!� ���� ��
�� 4���������� ������ �����! /� �� �������� �� �� *, �������� ���� �� ���������
B ��� ��������
 fac� ��� �� ����� �������� ��������
 ����� ��� ��� �� $%
������ �������� ��� ����� �� �� ����� �� �� ����� ���������� ��� ���� φ = 4γBτ
������ �� ���� ���������� �����	��� -��� *������& *!1 ��� ����	�����.! ��� ����
������������� ��� ���2����� ���� �� ����������� ����� �� �� ��� �� �� �����
��������� ������� �� � 4���������� ������ �����!
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Char;teT 2: NV Magnetometry 
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Figure 2.3: Example of a spin echo based AC magnetic field measun~m(~nt. 
(a) Spin ed to pulse sequence showing the optimum timing of the MW pulses 
with respf'ct to the AC magnetic field to be measured. (b) Measurf'd spin echo 
deeoherence curve of an NV ensemble. The collapses and revivals are char
acteristic of 13C Larmor precession (discussed in Chaptf'r 3) . (c:) Measured 
magnetometry curve showing the sinusoidal response of the NV fluorescence 
signal to AC magnetic field amplitudf' B. The spin echo time corresponding 
to the magnetic field frequency !ac = 3.0825 kHz is indicated by the red 
arrow in (b). 
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 	 �!������" ��� ������� ���� 	��	���� �� � 	�� ���� #�	��  $ ���	������� 	
����� #� �2 ������ ���� �

∗
2 �	 � ��� %��	�� #�	�� &$ ���	�������
 ������ 	��

���� ��������� ���	 � ���'����� 	�����	 ��� �� ��� ����� �� ∼ 500 μ	" ������ �2

���	 �� ��� ����� �� ∼ 2�	 ���� #��� �#	����� � ���'����� 	��������� ���������
	�����	 �(�


����� �����	
 �������	����

��� ��	� �!��������� �����	������ �� ��� 	�� ���� #�	�� )* ������������
	����� ��	 ��������� #� +�,� �� ��
 �-��� �	�� � �������� ����	���� �� ���#� �
	���� )* ������ � � ���'����� #��. ������ 	�����" ���� ���	����  $ �������
����	 �� .������, ���/�����	 ��� 	��	���� 30 nT/

√
Hz
 ���� ���� ��	� �#�� ��

������ ��  $ ������� ���� 	��	���� �� 0.5 μT/
√
Hz �	�� � 	���� )* ������ �

� ������ �������	��� �� ������� ∼ 30 ��


0��� ��	 ��	� �����	������" )* ������������	 ��� ���	����  $ ����	 ����
#��� ���������� � � ���#�� �� ����� ��������	" ��� ���� ���. ��	 #��� ����
�� ������ ��� ������� ���� 	��	���� �� ��	 �����/�� #�" �
�
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� ����� � ������*���
�
�������
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����
�� �� � 200 ����� 
��� ���� ��� &' �������� ��������� ��� ������
 &*��*&'
��������� �4������ �� �'- ���� ��������� $�� &' ������
� ���� ��������
����� ��� ������� �� ��������� ��� ������ ���� ����*��������
 ��� ≈ 30 μm2

������������ �� ∼ 103 &' �����# �� ���� ����
�� 5�� ���������� ��������� �∼ 1
��#� ���� ������� ����
� ��� ����� �� ���� ������ ���� �������� ���������

,��� ��� �������� 	�
� ��

 �
����� ���� ��� &' ���� �%��� �� ������� �� ����
����
� &' ������
� �������� ����� �������
� �� ������� ����������� �� ����
�
������6 $2 > 600μs �� .���
� � ��� $2 ≈ 300μs �� .���
� 3� 5� �����������
�
�� ���	� ��� �������� 7889 ���� ������� �� &' $2 ���� ���

 ����
�������
�� ��� �������� 	�
� ��� ��� &' �%��� :%���
� ���� ���� ����������� �� ����
������������ ����
������� ���
�� θ �� ���� ����
� �� ����� �� ;���� /�<�

;���� /�1 ������ �� ��� ���
�� �� � 
��� ��� �� ���������� ����������� ��
������
� &' $2 �� � �������� �� θ� =� ���� �� ����� ������������ ��� ���� ����
�����
 ����
��� ��� 	� �� exp [− (τ/$2)

p] �� �������� ��� �������� 
������� $2 7;��*
�� /�1��#9 ��� ����� �%������ p 7;���� /�1��#9� "��� �������� �� ����� �������
�� �%��������

� ��������� ��
��� �� $2 �� � �������� �� θ ��� ���������
 �����*
����� 7��� ��
�� ���� �� ;���� /�1��#9� ����� ���
��� ��� ���������� ������������
��� ��%���
 13� ���
�� ����� ��� ��� ��� exp [−α (θ) bτ 2] 7889�-��������� ���
�� 13� >2��*2���? ��� ���
���� ���������
�����

� �� ��
���
���� ��� ����
���� &'
���� �����
 �� exp

[− (τ/$2 (θ = 0))4
]
� $�� 
�� ��
��� �� ��� ����� �%������ p

�� ������
� �%�������� �� �%�
����� �� ��� 
��� ��������� �� ��� �������� &'
13� ����
�*����
� ���������� ���� :������� /�1#� $�� ����������� �� ���� ����������

/A

49



50 

Chaz;ter- 3: NV Sz;in Coher-ence Dependence on Magnetic Field Misalignment 
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Figur<" 3.1: Example spin echo measnrements of N\T ensemble spin decoher
ence. (a) Sample A with NV density rv 5 X 1012 cm-3 ( rv 0.03 ppb) and 
N d("nsity 2: 1 x 1015 cm-3 (2: 5 pph); and (b) Sample B with NV density 
rv 1 X 1014 cm-3 ( rv 0.6 ppb) and N density ;::: 2 X 1016 cm-3 (2: 100 ppb). 
Clearly seen in this data is a sharp decrease in the ensemble NV coherence 
lifetime T 2 as the B0 field is misaligned from the NV spin axis , and as the 
paramagnetic impurity level increases. For each data plot, the left vertical 
axis indicates the measured probability for NVs in the ensemble to be in the 
IO) state at thf' end of a spin echo experinwnt, as a function of the echo tim<" 
T; the black line is a fit of exp [- ( T /T2t ] to the overall spin echo signal 
envelope, wherf' th<" exponent pis a fit parameter and tlw long term baseline 
is taken to be 0.5 (the mixed spin state); and the errors in B, T2, and pare 
given by one-standard-d<~viation confid<'nce intervals of the fit . The red line 
is a fit to the observed echo signBl modulations, which are collapses and re
vivals of NV spin <:oherence induced by precession of th<" natural abundance 
13C unclear spin bath in applird, hyp<~rfine , and dipolar rnagn<"tic fidds . 
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ChazJter· :J: NV Spin Coher-ence Dependence on Magnetic Fidrl Misalignment 
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Fignrf' 3.2: Summary of spin N:ho mf'asun-•mf'nt.s as a function of misalign
mt->nt anglt-> () between the static magnt->tic field a.ncl the NV t->lectroni(: axis: 
(a) cohf'rencP lifetime T 2 and (b) de(·ay exponent p, deterrninf!d from fits of 
the signal f'nvelope to exp [- (T /T2 )P]. Sample A (lower NV and uitrogf'n 
(;oncentration) was measured for () ranging from 90 to 180 degrees; Sample 
B (higher NV aud nitrogen (:oneentration) was measured for () from 0 t,o 
180 degrees. The solid curve in (a) is the prediction of the NV ensernhh·· 
decoheren<:f' model, as described iu the main text . 

squared, f (b), was cletermined by eakulating the effect of 13C nuclei placP<l randomly 
in thP diamond lattice at natural isotopic: abund;:mcc~ . For ti H~ dominant .. -v 13C 
dipole-dipole interaction, wf' find that this distribution sc:ales as f (b)"' b-312 for 13C 
nuclei within about 10 nrn of an NV cent.f'r. Thus, f (b) mort-> dosely resemblrs a 
Lorentzian than a Gaussian distribution , resulting in spin echo signal t->nvelopes that 
ch~cay more like a single exponrntial than a Gaussian at large times (see Figure~ 3.1) . 
Not<' that for Sample> B, the> experimentally determined dec:ay exponent is p ~ 1 rwn 
for()~ 0 IFignre ~ . 2(b)l , whic:h likely results from interactions between NV spins and 
the higher density of paramagnetic nitrogPn impurities in this samplf' . 

Spin echo measnrements were also performed on a third sample (Sampl<' C) with 
NV density "" 1 X 1014 em-2 ("' 0.6 pph) and N density rv 2 X 1017 c:m-2 ( rv 1 
ppm) , whic:h was isotopically t->ngineered to contain 99.99% 12C . In contrast to the 
two natural isotopic abtmclance samples, tltt-> Sample C spin eoherenc:e cnrves do not 
exhibit the collapses and revivals induced by the Lannor precpssion of 13C nuclear 
spins in the presence of magnetic: fields. Furthermore. long NV ensemble T 2 "' 250J.Ls 
was observed ewn at la.rge misl'llignmt->nt angles het;wef'n thP magnetic fif'ld and the NV 
axis, as illustrated by the c:omparable NV ensemble spin coherence curves m(~asured 
at misalignment angles () ~ oo and () ~ 28° shown in Fignre 3.3. Note that in the 
ahsenc:e of 13C revivals. thf' applied magnetic fielcl orientation and magnituclP ean also 
be f'Stimated from the spin transition freqnenc:ic>s of the four NV orientation classf's. 
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 �� ��	���� ��������� ���	 ��� ��� 	����������� �������� (�� ���
������� ���	 ��	'��� (�� 	����� �� ������	
 &���� ��	 �������� ����������	 ��
��� ������� �� �*��3� ��� 	��	������� �( �� �� ��	���� ��	�� +� ����������$

�� ���	 �������
 &� ��	�'		 � ����� (�� �� ������ �( ������� ����	 '	���
�� ��	���� �( �� ������	 �� � ���� ����� �� ��� 	'�(��� �( � ������ ����$ 4�
�*������ �� ������	 ������� �� � ���� 	'�(��� ����� ���� � ����� ���� �� �'�5 ������
��� ������ ��� ��	'����� 6'���	����� ���� � ��� �����
 &� ����	����� �������
��������� �( �� +� ������� ���� �������	 ���� ����� ����	 �( ���& /> 100 μm0 &���
	'������� 	������ ��	��'���� ��� ������� 	��	������� ∼ 100 nT/

√
Hz ��� ��*��$
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�

.� ����	����� ��� ������ �����������	 �( �� ��	����	 �� ������
 &� �'	��
�'��� � &�������� 6'���	����� ����	���� /	�� +������* 4$7 (�� ������	0$ 8'�� �

 "

53



������� �	 
� ������� ����� �����

��������� ��	
��	�� ������
� ��� ��� ��� ���������� �� ����� 
��������� �����
 ��
	����
�	� ��� ������ � ���
��
 ���
����	 ����� �	��������� ���� ���
 � ��
�� ���� ��
���� ���� � �	������ 	����	�� ��	
��	���

��	��
 ����������
� �� �		�������� �� 
��������� 	������ ��� ��	
������ ��
��� �� ��� ���
 ������� �� �
��������� 	������ ��� ������������ �����
��� ��� ����
����	 ���� 
���	���� ���� ��� ����
��� �� ��	��
�� ������
 ���
� �� �� ���
����
	����� �� 	������
 ���� ���
������ ����
�� �� �
��������� 	������! 
�	��� �
�� "���
��
 # ���� �� ������� ������ ���� ��� ���
���� 	������ ��� � ����
�� �������	�
�� 13" ������� �� ��� 	���
��	� �� ������� �� ��� 13" ���� ��� �� ������������
��
����� �������� �� ����� ������������� ������� ��� �����	 �������	 ���� ��� ���
�� �$��� %��� ������ �����
������ ���� ����
��� �� �
��������� 	������ ����� 
�	�
��	���� 
����
�� ����	���� ������� ����
��� �����	 �������	 ����� ��	� ������� �����
� �
��	���
 �� ������
� �$��� &� �� ���� ���
���� �� ���� ���� ����� �������� ����
� �����
 	��	���
����� �� �� 	����
� �� ����
�� ���� 	������ � �����
 	��	���
�����
�� ���
���� �
��������	 ���
����� ���	� ��
���
 ����� ��� %2 	���
��	� ���� �����
������ ���� 
���	� � ��
��
 '��
��	��	� ������ ��� �
� ���� ��������� �� ����� ����
���������� �� ��� �����	 ����� &� ��� ���������� �� � 
�	��	�� �� �������� �����
�������	 ���� �����
 ������ �
�����
� ��	� �� ��� 
����
�� �������	 ����������� 
��������� �� ��� �����	 ���� ���� ��� �� �$�� ��� 
���� �� (" ���� �
�����	��� ����
	�� �� �����
�� ���� ��	���� ��� ����
�� ����� �� ���
��� 	��	���
������

��� �����	
���� ���	���� ��� ��������	�

)�������� �������	 ���� ����
�� ���� ��
� ���
 ������	
�� ������ �	���� ��	��
���������� 	����
����� �� ��� ������� ����
��� 
��
���� ������ �����*��� ��
������� ��� 	���
��	� ����� +���� ���� ��
������� ��	��� �

��������� �� ������	��
�
����
 ���� ����
 �����
� ��*�, ���
���
� �� �
��
 �� ����� �������	 ����� �� � ����
��	
�� ������ �	��� ��� �� �����
� ���� �� 	������ �� � ���� ����
 �� ��� �������
��
��	� ��� ��	�� ������ � ������	
�� ������	� �� ��� �������	 ���� ���
	�� %���
���������
 ������
� 	�� �� �	������ �����
 �� ������� ����������� �� ���
���� ����
-#. ./0 �
 �� ����
��� ��� �
���� 	��������� �� "�1���������*�� �������� ��	� ����
���
� �� � ���� ������ ���
�	� ����
 �� ��� ��
��	� �� � ������
��� �����
����

(� ���	����� �� "����
 . �� ��� 	�

��� ����� �� ������� 
�	������ ��	������� 
������� ����������� ���
� ���
 	���
�� ���
 ��� ���	����� ��� ���
��� 	��	���
�����
�� ��� ������ ����
 ���� "�1 �
���� ����� ���	� �� �������
��� ��� ������� ��
��� �� �������� �������	 ���� �����
 �� 
������ ���� ��
������� �� ��� ��	
�� �	��� 
�� ���� � ������
��� �2�% ������� 3+���� 14 ���� ��� ���� �������� ����
N+

2 ����	���
 ���� �� .5 ��� 	
������ � ������� �� ����
 ���� ∼ 4 �� ��
��	��
��
����� ∼ 11 �� ����� ��� ��
��	� 3�� ��������� �
�� 6�����"�
�� �����������

7.

54



55 

Chapter 4: NV Magrwtir; Field Imaging 

high pUrity 
diamond 
substrate 

implanted 
NV layer 

Figur<' 4.1: Diagram of tlw notchNi wirf' strnctnn-' with respect to the four 
NV symmetry axes. Thf' magnetic field measnn~rrH~nts were performed ou 
the NV A orif'nta.tion dass. 

using SRi l\11 [211). From thf' implant dosf' and the approximate N- to-NV <:onversion 
efficiency, wf' estimate that the 2D NV layer has an NV surface density of "' 8 x 
1010 cm-2 and anN density of"' 1 x 1012 cm-2, resulting in a paramag1H~tic nitrogen
limited T2 rv 30 J-lS. 

The magnetic field pattern to lw imaged was prodncerl by a copper microwire 
eontaining segments of alternating width sneh that the <:urrent density through thE-> 
wirP is inereased in thf' constricted sections, resulting in rnicron-s<:ale magneti<: field 
'hotspots'. This notched wire pattrrn was fabricated on a glass (·overs lip using pho
tolithography and securerl fiat against tlw shallow implant NV layer of the rliamond 
sample with a separation distanee of >=::J 1 J-liD (Figure 4.1). Th~~ proximity of the 
<:Opper mic:rowire to thf' NV sensors introduces a complication, howf'wr: whrn thf' 
microwavr pulses arE-> applied to cohf'rf'ntly manipulatr the NV spin statrs, the pres
ence of the metal wire pattern modifies the microwave field profile, resulting in B1 
field inhomogeneity over the plane of NV sensors. This microwavE" piekup is not Px
pe<:ted to be an issue in the propos<~d bio-applicat.ions for tlw NV ensemble magHetic 
fielrl imager, where the sources of t.he magnf'tic field are , for Pxample, firing neurons 
ratl!Pr than metal. 

Vve nserl a permanent magnet to apply a static field along one of the NV l'lxes 
perpendicular to t.hP direction of cnrrent flow (Figure 4.1) and ran 109.5 kHz AC 
current through the notched wirP pattern. The Hnores(:en<:e as a fun<:tion of AC 
magnetic: field amplit.uclP was calibrated on a pixel-by-pi_xel basis by sweeping the AC 
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Cha]Jter 4: NV Magnetic Field Inwging 

a 

- - -

. . ~ 

Modeled !!!.:, Measured !!!!!!. 

FigurE> 4.2: (a) ModPled and (b) measured map of tht-> magnetic fipld proje('
tion along thP NV axis produced hy running an AC c:nrrent of frequency 109.5 
kHz and amplitudr 50 j.tA through the notched wire pattern at a stand-off 
distanc:e ~ 1 f.-LID. 

cnrrent in order to ac('ount for spatial vadations in the laser intensity and number of 
NV centers probed. In prirH~iple , such a calibration can also he accomplished using a 
homogeneous <>xtemal AC field JwforP measming tht-> field source of interest. 

Applying microwaw pulses resonant with only mw NV orit->ntation class, wr 
extracted from the NV fiuorescen<:r intensity au image of the AC rnagnt->tie field 
projection along tht-> dwsen NV axis. Fmthermore, the measmecl magnetic field map 
agreE's very clos<' ly with our rnodrled field map (Fignrr 4.2). Diserrpancif's can he 
attributed to the position and orit->ntation of tlw wire pattern with respe<:t to the 
nystl'lllographie strncture of thE' diamond sample being sli ghtly differPut from the 
estimated values used in the rnodf'l. V-lf' snsprct that a small drift of tlw sampl<" 
mount position owr thr eomse of the measnrf'rnent is tf'sponsible for the slight excrss 
hlmring in thP mf'asured magnetic field image. 

Tht-> magnt->tic sensitivity can lw rneasnred exp<>rimentally as '!} - 6B../T = 
oSVT/g~ , wher<" oS is the standard error in a set of fluorescence signal rneasme
meuts, and g~ is the sJope of the tluoreseenee signal S as a fun<:tiou of th<-' AC 
magnetic fiPld arnplitud<-' B 1651. To deterrninf' the sensitivity of the NV magnetic 
field imager under the measmf'rnent conditions given above , w<" applied a uniform 
109.5 kHz AC field across tlw region of interest and rneasmed the standard error 
6S of thf' fiuoreSCf'IH~e sigHal at eadt pixel. The measurements werf' <:onducted at an 
applied AC field ampli t.ude corresponding to a point of maximum slope g~ in order to 
optimize the sensitivity, and the awrage-best sensitivity was calculated as the mean 
single-pi..'<el sensitivity in a 25 J.LID x 25 f.-LID area at the center of the gaussian laser 
ex<~itation profile. Taking into a(:tount the time T required to mak<-' a magnetic field 
measurement, thf' resulting l'lWrag<"-lwst. sensitivity per 614 nrn x 614 urn pixel was 
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Chapter 4: NV Magnetir: Field Imaging 
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Fignrt> 4.3: Diagram of zigzag wire pat.tPm orientation with reSlH~(:t to thr 
fonr NV axes. 

~ 9 fl,T / JHz. Substituting <'Xp<~rirn~ntal paranwt<>rs t>nch as rn~asuremt>nt rontrast, 
average number of photons f·ollected per measurement, and measurement time , we 
eakulated the Pxpected shot-noise limitecl sensHivity per pixel to he ~ 6 f.LT /VHz. 
The measnred sensitivity is t.hen~fore in re;:tsonahle agreement with thP shot-noise 
limited experted val uP 152]. VVe attribute the discrepancy to technical noise from the 
last>r, which can be actively stabilized for fntnrt> work. 

4 .4 Wide-field magnetic field patterns 

The NV magnetic field imager is also eapablt> of measnring magnetic field varia
tions owr a wide field of view simultaneously. For this demonstration, the magnetic 
field pattern was generated by counter-propagating AC currents through a pair of 
eoppf>r wires in a zigzag pattern with rv 100 f.LID features. Tht> field was measnred 
by an <'~nsemble of NV sensors occupying a thin layer near the snrface of a diamond 
sample held fiat against the copper strips (Figure 4.3) . 

SineP the magnetic field pattern in this demonstration cloes not exhihit large 
variations in field at a sub-micron level, it ~was not necessary to use the nitrogen 
ion-implanted diamond sample as above. Instead, we employed a CVD-grown sample 
(Sl'lmple B) in whieh tiH~ lmlk of the chip was grown in a low-nitrogen environment 
to produce a high-pnrit.y suhstrat<>. Additional nitrogen impurities were introduc:ed 
near the t>nd of the growth process. producing a rv 3 fl·ID thick layer of N-doped, 
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Chapte1· 4: NV Magnetic Field hnaging 

a 

NV A axis NV B axis - 201.1m 

c 

200 300 400 500 

Figure 4.4: Map of the field projection along (b) NV A and (c) NV B axes 
measured when an AC current of frequency 4.75 kHz and amplitude 50 t-tA is 
run through the zigzag wire pattern. (d) A vector field map of the magnetic: 
field reconstructed from field projections measured along two NV axes . 

NV-rich diamond at the surfaee of the otherwise pure substrate. This layered sample 
geometry was confirmed by measuring the NV fluorescence as a function of depth 
using a scanning confocal microscope (see Appendix B.2 for details) . Recall from 
Chapter 3 that the N-doped layer of Sample B has an estimated NV density of 
rv 1 X 1014 cm-3 (rv 0.6 ppb) and anN density of ,2: 2 X 1016 cm-3 (,2': 100 ppb) , 
resulting in a paramagnetic nitrogen limited T2 ~ 280 f..LS. The order of magnitude 
improvement in coherence time allows for more sensitive magnetometry; hence , such 
a CVD-grown sample is preferable in situations where the magnetic field varies on 
the scale of several microns. 

The wire pattern was positioned with respect to the diamond chip such that its 
plane of symmetry coincided with the plane containing the NV axes 'NV B' and 'NV 
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������� ����������! "	 �����	� � ���-��� 
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Chnpte1· 5: Pn':fer·ential NV ()y·ientrdion 

NV II [11"1] NV II [111] 

Figure 5.1: Four orientations ofthe NV center in diamond. Carbon atoms are 
df'picted in black, nitrogen (N) atoms in blue , and vacanci<-'s (V) in whit<". 
The NV eler.tronir: spin is indicated by green arrows. Four adclitional ori
f'ntations ar<-' possible hy flipping the nitrogen atoms and vacanr.ies in ear:h 
configuration ahov(~; however, orientations with equivalPnt symmetry axes 
are spectrally indistinguishable and may tlH'refore be considered in thf' same 
NV orientation class. 

{100}-oriPnt.ed substrates, whieh are more conunonly availablE> and more compatible 
with increaS('d area bulk produr.tion ]87], making them more suitable for applications 
such as bulk magnet.om<-'try. V•/(' desc:ri be the growth n~gime and likely mechanism 
leadiug to prPierential NV orientation. Wr theu present experimental demonstrations 
that diamond with 1m~ ferential NV orientation (~xhibits higll<-'r measurem(~llt contrast 
and as a result provides improved AC magnetic field sensitivity. 

5.2 Preferential NV orientation in { 100} samples 

5.2 .1 Results 

Vve employed a wide-field fi norescenc:e microscope (see Appendix B.l for details) 
to perform ESR. measurements on E-nsembles of NV CE'ntt>rs in two {100}-oriented 
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 �� ������� ���� ������ �������� ���� �B0 = 80 �� ����� ����
�� ���� ������� ���������������� � �� ��� ��� ������ !" ����� � ��#��� ��
������������ $% �����������" ��� �#� ������ �" ����� � ��#��� � ���� ��&��
�∼ 94%� �� ������������ $% ������������

'%()����� #��* ������� �������
 ��� ���� $% ������� ���������� ��� ���� �����)
������ ������� �+����� ������� !� ��� ��� ���� ������������ $% ����������� ����� ���
���������������� � �� ������� ��� ,�� ��� ������� ��&� ������� ��������� �� $% ���)
���� -$% ∼ 5×1012cm−3 �∼ 0.03 ��#� ��� ������ !" $% ∼ 3×1012cm−3 �∼ 0.02 ��#�
��� ������ �. ��� ���� ��������� ��������� �,2 ≈ 480μ� ��� ������ !" ,2 ≈ 530μ� ���
������ ��� ������ ! �������� � ������� �������� �#������� �� 13' �/�/0� �������
������ � �� ������������ ���� �1�1/0 13'�� $��� ���� ������ ������ $% ���� ���������
����� ��&� #��� �������� �� ����)������ �������� ���� ������� �������� ���������)
����� �� 13' -/." ������������ ���������� ��� �� ��#����������� �������� ����� ���
��������� �� ������ � �� � �������� ���� �� �������#�� �� ���� �� ������ !� ���
���� ������" $% ������� ������ � 10 μ�)�������� �����)��������� ���� ���� ���������
� ����� ��� ��#��+���� $% 2���������� ��� ��������� ���� � 6 μm × 6 μm × 50 μm
��������� &�����3 ��� $% ����� ���� ���&�� �� �#� ���+����� � 10 456�

,� ��������� ��� ������&� ���������� �� ��� ���� $% ����������� ������� �� ���
��� �������" �� ������� � ������ ���� �B0 = 80 �� ����� ���� �� ��� ���� �������
���������������� � �� �����" $% � ��� ��� �������� ��� ��������� �� �������� ���
���� �������� ���� �������������" ���� $% �� ���������� ��� �#���&��
 ��� ����
�� ���������� ����������� �� ��� |0〉 ↔ | ± 1〉 ����������� ��� ��� ����� �� ��)� �� $%
������� ���� ��� �������� �������� �� B0 ��� 	�78 �56 ��� 9�/1 �56 ��� B0 = 80 ��3
������� ���� �� $% �� ���������� ����������� �� ��� ����� ������� �� �:)� �� $%
������� ���� ��� ��� ������� ���� B0 ��� 	�;	 �56 ��� 	�<= �56 ��� B0 = 80 ��� >�
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ChazJter· 5: Pn'~fer·ential NV Orientation 
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Figun' 5.3: (a) Atomic- lf'wl model of NV incorporation in (100) st.f'p-fiow 
growth, indieating meehanism for preferential NV occupation of only two 
ori(~ntations. (b) Diagram of {100} step-flow growth surface and fiuorescenc:e 
striations. (c) Confocal cross-sf'c:tion of a sample which exhibits fiuorpscencf' 
striations eharacteristic of {100} step-flow growth. 

Sample A, th<> observed amplitudes of the NV resonances in the ESR spec:tra were 
very similar for each of the four static magnetie field eonfignrations, indic:ating equal 
population of NV centers in the four orientation elasses ]Figure 5 .2(a)] . In Sample 
E, however, the pair of on-axis NV ESR resonanc:es were found to be wry w<>ak ( i.P. , 
small amplitude) for the static magnetic field configurations Eo II [Ill] and Eo II [Ill]., 
indicating a high fraetion of NV centers with preferential orientation ]Figure 5.2(h)] . 
From the measured relative amplitudes of th<-' two pairs of NV ESH resonanees , we 
estimate that rv 94% of the NV c:entf'rs in the Sample E detection volnme are oriented 
along either the [111] or [111] directions. Similar ESR spf'ctra measured across Sam
ple E indicate a comparable fraction of preferential NV orientation (within several 
pereent) over th<' whole sampl<' snrfac:(~ . 
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ChazJter· 5: Pn~fer·ential NV 01·ientation 

Figun> 5.4: Microseope images of the surfar.f' morphologies of (a) Sample A 
(scanning confocal) and (b) Samplf' E (differential interference contrast). 

5.2.2 Discussion 

In the ideali11ed pieture of CVD growth on the (100) surfaee (or any of the sym
metrically equivah>nt {100} faces) , a substitutional nitrogen atom can be incorporated 
at a lattiC(' sitf' in two configurations: (i) thf' two remaining bonds above thf' nitrogen 
allow a vaeaney to form an NV eenter with a [II1) or [Ili] orientation with equal 
probability or ( ii) thf' two remaining bonds a bow thf' nitrogen allow a vacancy to 
form an NV centf'r with a [Ill] or [III) orientation with equal probability. Thus 
in the ideali11ed pieture of CVD growth on a {100} surfaee, the four possible NV 
orientation classes form with equal probability ]Figure 5.3(a)l. However, for certain 
conditions of substrate temperature and flow of nitrogen gas through the CVD cham
ber, growth on a {100} snrface may occur via a step-flow rnodf' ]121 . In this growth 
mode , the snrfac:e morphology is stepped ((:omprising low angle risers and horiwntal 
terraees) , as shown in Fignre 5.3(b), whieh potentially allows the formation of higher 
angle facets , such as the {110}, to form. Furthermore, in the step-flow growth regime 
NV centers are incorporated more readily into thf' risers rather than the terraces ]88], 
which results in visible striations in the fluoreseenee image of the diamond, as shown 
in Fignre 5.3(c) . Vve hypothesize that the preferential ineorporation of NV centers in 
{110} fac(~ts on thf' risers can allow for preferential NV orientation to be realized in 
{100}-oriented CVD diamond via thf' samf' mechanism that allows preferf'ntial NV 
orientation in {110}-oriented CVD diamond ]8]. 

As seen in Figure 5.4(a) , the surface morphology of Sample A is not stepp('d, 
indicating that it was not grown under step-flow conditions , which is eonsistent with 
the observed lack of preferential NV orientation in this sample. In contrast, the 
surfacf' morphology of Sarnplf' E is stepped ]Fignre 5.4(b)], indieating that it was 
grown under step-flow eonditions , which is consistent with the observed preferential 
NV orientation of this sample. VVe have also observed varying levels of preferential 
NV orientation in several additional {100}-oriented CVD samples exhibiting stepped 
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ChnzJte1· 5: P1·ejer·ential NV Or-ientntion 
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Figurt> 5.6: Comparison of NV magnetic sen~it.ivity for Sl'lmples A and E. (aJ 
NV magnt>tomt>try signal (i .e., fluorescence contrast) dnt> to an AC magnetic 
field of frequency lac. = 3.08 kHz l'lJ> a fundi on of t.ht> magnetic field amplitude 
B , a(:qnirt>d using same method as desrrib0d in Chapter 4. (b) Uncertainty 
fJB in the me!'l.snred AC rnagnt>t.ic fielcl amplitucle as a function of measure
ment tim(-' T. As discnSSf'd previously, thf' rnagnt>t.ic sensitivity 'f/se - oB n. 
Note that the measurement contrast of Sample E is ~ 2 times larw~r than of 
Samplf' A, leading to similarly improved magnetic field sensitivity. 

netie fit>ld Tac.. Note that. the nu~asur<"'nent contrast is modified by NV spin dec:oht>r
enc:e owr the measurf'ment time T:::::: T ac· 

I n Fignre 5.6(a) , wf' plot thf' rneasnred NV rnagnetornetry signal (i .<" ., fluores
eenet> eontrast) as a function of applied AC magnetic field amplitude for both the 
preferentially oriented Sampl<~ E and the standard (non-oriented) Sample A, using 
the spin er.ho S<"quenc:e with an AC magnetir fi<-'ld of frecpwnry lac = 3.08 kHz. The 
enhanced measurement. contrast from the prPferentil'llly oriented samplE" improws tll<-' 
magnetic field sensitivity by a factor ~ 2. As shown in Figure 5.6(h), we find that 
the AC magnetir field sensitivity in the detection volum<-' ( 6 p,m x 6p, m x 50 p,m) for 
the preft>rentially ori<"ntf'd Sample E is 2.6 ± 0.1 nT I JHZ, whereas the sensitivity for 
the standard Sample A is 6.1 ± 0.2 nT I JHz. 

5.3.2 Discussion 

Other contributions t o AC magnetic field sensitivity 

Samples A and E w<~n-· chosen for this ~work because tlwy art> similar in most 
asp<-'rts exc:epting thP pn~sence or absenc:e of pr<-'ferential NV orientation. However, 
thP two Sl'lmples are not identical: they differ slightly in isotopic composition. NV 
density, and spin r.oht>rt>nce time. Therefore, in order to propt>rly compare the effect 
of pn'ferential NV orientation on AC magnetic field sensitivity, we must perform a 
detai l<~cl analysis of t.h<-' eon tribu ti ons from these other differenees. 
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Figmf' 5.7: Cohf'renc:e-norrnalir.ed NV spin roherf'nrf' df'cay of Samples A 
and E , where the thi<:ker lines denote fits to deeoherenee envelopes of thf' 
form exp [- (T / T2)P]. Tlw AC rnagnetir field period Tac is indirated with an 
arrow. 

N V d en sity The NV densities of Samples A and E were determined from thf' NV 
ftuoreseenee me;::tsmed using a sc:anning (:onfoeal mieroseop<" (see Appendix B .2 for 
details) . The NV densities ·wf'rf' found to be NV "'5 x 1012 cm-3 

("' 0.03 ppb) for 
Sample A, and NV"' 3x 1012cm-3 ( rv 0.02 ppb) for Sample E. However, the sensitivity 
is dependent on the number of NV spins eontributing to the measmement nNV; thus 
only one quarter of thf' NV eenters in Sample A c:ontd bute ( nNV "' 1.25 x 1012 cm-3

) 

whereas roughly one half of thf' NV centers in Sarnplf' E contributf' ( nNV rv 1.5 x 
1012 cm-3 ) . As a result, we exper.t that the difff'rence in NV density between the two 
samples will (:ontribute to a factor 1.095 improvement in t.he sensitivity of SamplP E 
compared to that of Sample A. 

Combined effect We measured AC magneti<: field sensitivity (in a 6 J.Lm x 6 J.Llll x 
50 pm detN:tion volnrnf') to be 6.1 ± 0.2nT / JHZ for Sample A and 2.6±0.1 nT /VRZ 
for Sarnplf' E, corresponding to a factor 2.3 ± 0.1 difference in mNtsured sensitivity. 
The eombim~d efl:e<:t of the small difrerenees in spin eoherencf' time and NV density 
between the two samples gives a factor 1.07 improvemf'nt in the sensitivity of Sample 
E romparNi to that of Sample A. Removing thesf' contr ibutions from tlw rneasnrf'd 
sensitivity still yields a fa.etor > 2 improvement in the sensitivity of the preferentially 
oriente<i Sample E (:ompared to the standard Sample A. 

55 



������� �	 
���������� �� ���������

����������� �	 
��	������� �� �����������

������ ���	
�� ��� 	���������
 �� ��������� 	����� � ��	
� ��� �� ��
	���� �� ������
� ������������ �������� �� � ������ �� � 2� ����� ��� ����
������� �� ���	 � ���� ����� ���� ������� ��
� 	��������� � ����� �������� ���
��������� ��� � ��

 ������ �������������� ���	
�� � ���� �� ������� ��� 	��������
��

� ������� �
��� ��
� ��� ������

����	�� � �� ��� 
��� ���	���
� ��� ������
������������� !������ � ����
� �� ����� ���� ��� ���	�"�� ������ ���� ��� ����
���	����� "���������� �������� ������ ����������� � �� ��������� ����
∼ 10μ�� #������� ��� �$��� � 
��� �	������ ��� ������������ ���� ��
� ������
��� ��� �� ������� ������� ������
 ��
������ � ���	
�� ��� ������ �� 
������
���

�� 	���������
 ��������� �� �� ������� ��� ���� ��� ��
� ���� �������� �
%�&������ ���	
��� �� � ��	������ �� ��� ������ 	������� '����������
�� ��	��

������� ��������� ������� � �������� %�& ������� � ��	��

� < 0.5%� ���
�������� 	�������� �����(��� �� ������� ��� �� ������������ )����� ������� ��
�	
�������� ��������� ��� �����
��* �
�� ������� ��� 	���������
 �� ����������
��� 
������ ��� 	����
� �� �������� �� ��������� � �����
 ����� �� ��� �����
��
 ����� �����
�� �� ����� ��� �� ������� �� �������� �
��� � 	�������� ��������
!��� � �����(�� ��� ���� ������������ ��� ������
 ������ +,--.��	
� ��������

������� � ������ /0123 �������� ��� ���� ��� ��� �� �� �����	��� �� �� ��������

��� ������	

4� �������� �� ������������ ���� %�& ������ ����� �� ��� {100} ������
�

����	�� ���� ��� ��
� �� ������� ���� ��� 	���������

� ������� �
��� ��� �� ���
���� 	����
� ������

����	�� � ��� 5� �������� ��� �$��� �� ��� ������� �� ��������
��� ����� � ��� ���	�"�� ������ ���	��
��� ���� ���� �� ������� ��� ����	������
���
� ��� ��� ������ ���� ��� ������ ����� ���
� ������ ���� �� {110} ��� ����
����������� ��
� ��� �� ����������� 5� ������ ���� ��� 	���������
 ���������
�������� ��� �� ������
� ����������� �������� �� ����� � ������ �� ��� ��� ����
��
� ��
�� ����������� � 6% ������������ ��������� ��� �������� �� 	���������

��������� � ������ ����� �� ��� {100} �������� ���� � ��� ���� ���
� ���
��
�
��� ���(����
� ���� ��	� �� %�& ������� ���
� ����� ������ �������� � ������

������ ��� �

�� ��� ����� ��� ������ �� �	��7�� ������ ���	
�� ��� ��
����
�� ���������� �� ������ � ��� ������ �� �		
������ � 	������ ������������
��� (������ �������

89

69



������� �

	
������ 	��������

�������� �	�
 �
������
 � ����
�	�
�
�� �� ��	���� � ����
 ����
� 	� �
�
��
�� �	 ����
��
 ��	�
��
��
 ������ �� 	�
 	� ��
 ���	� �	���
� 	� ���� ����
�����	��
�	�
�
� �� �������
� �� ��
��	�� �����
��� ���� � 
��
���
 ����
�	�
��� ����	���
��� ����
�	�� �	� 
!����
� �� 
��
���
 �
����
�
��� ��	�
��
��
 ��	� �	���
�	����
� 	��
�����	� �����
� ��� �	�������
 �	 ��
 ���"��	��� ������� �
������ �
����
�
��
�	������ ��� ����
#�
���� ����
��� $
�� �
���������� %� &����
� '� �
 �������
� ��

��
 	� �����
� ���� ��
�
�
������� 	��
��
� � �
��
�� �� 	��
� �	 �
�	�� ���� �	�� ��
�
����
�
�� �	�������

(�	��
� ����
 �	�
� ��	� ��
 ����
� � �	��
������	�� ��������� �
���
� �	�

��
���
 �
����
�
��� �	����
� �	 ��	�
 �
��	��
� 	� �����
 � �
��
��� %�
	��
� �	 ����
�
 ����
� � �	��
������	��� ����
� �	��
������	�� 	� ����	�
� ����
�
 ���	��	���
� ���	 ��
 ����	�� �����
� )�
 �	��
��	����� ����
� �	��
������	�
	� ��������
��� ��������
� �
���
� ��
 � ���� �	�
�
��
 ���
 ��� ����
#�
����
� ����
��� $
�� �
���������� *�
� �� �����
� ���� �	� ����	�
� �	��
������	��
��
 13& ����
�� ����� �� ������� ��������
 �����
� ����� ��
 � �	�
�
��
 ���

�	 ∼ 600 μ� +,'� '-� .,/� 0
�
����� �	�
�
�� ��������� �
�	������ �
����#�
� ���

�

� 
���	�
� �	 �
���
 ��
 
�
����
 ���
�����	� 	� �����
 � ����� ���� 	��
� ����
��������
� �� ��
 
����	��
��� ��
��$����� �� �������� 
����	��
��� �	�����
� 
��
��
� 
����
�� �� ����	�
� 
�
���	��� ����� 1∼ 100 ���2 +34� ,5/ 	� 
����
�� �� 13&
����
�� ����� +3-� 6-/� ��
�
�� 
������� �����$���� ����	�
�
��� �� ��
 � �����

���� �	�
�
��
 ���
���
 +34� 3-� 6-/ ��� (& ����
��� $
�� �
��������� +,5� 6-/�

%� ���� �����
�� �
 �
�	������
 ��
 
#����� ����
����� ���������	� 	� ���������
�
�	������ �	 ����
 ����
�� 	� � ����� 1> 1032� �
����
 ��
 ��
��
� ���	�	�
�
���
�
�� �	��� �������� 
����	��
�� ��� ����
#�
���� �
�� 	������ ��
���
 �	���	� ����
 $�
�
���� �� �	����
� �	 ����
����� �����
 � ������ *���	���� ���������
 &��������
���
7
��		��8��� 1&�782 �	���	� �
#�
��
� +39� 3:/� �
 �
���;
 �� 	��
� 	� ��������


!�
���	� 	� ��
 � 
��
���
 ���� �	�
�
��
 ���
 �� �		� �
��
�����
 �� ���

 ���

'6

70



������� �	 
������� 
���������

����� �����	� 
�� 
��	�� ���	���� �� �	�����	� ��� ���� �������� ����	����������
��������� �
� �������� 	�������	�� �	���	� ��� 
�� �� ��������� �	�������� ��
��� ��	������� �		� �	��������	�� �	 ���� ��
 ��� �	 ������� �� �	 �� ���� ���
	�	��	 ���	 
�� �	 ����	� �� ����	� �� �	 ������� �	��	��	 �	�	��� �������������
�� �	 ����	�������� �� � ��� 13� ��������	� ��� ��� ���	� ���� �	 ������� ������	�
�� ��	����� �����	 �� �	����	�	��� � !�  "� #"$� %�� ���	 �����	�� �	 �� 	��	���	
���� ��	�	��	 ���	 �� ����	��	� �� > 2 ��� 
	�	 �� �	���� �� �	 �����	� �� ��
�����������	 �	��&����� '(1 ≈ 6 �� �� ���� �	��	�����	)�

�	 �	� ����� �	�	 ��������� �	�������� �	�����	� �� � ����� ������� ����
��	 ��	� � ����	 �� �	��	�����	� '77 K − 300 K) �� ���	� �� �����	�� ��� �	��	��
	��	 �*$ ��� ������� ���� �	��&����� � +$� �	 �	��������	 �� 	&�	����� �� �	 ��
���� ��	�	��	 ���	 �� ∼ 0.6 � �� ## ,� 
�� ����	������ �� �� ���������� ������	�
�	�� �� ���	 ��� �
� ���	�� �� ��������	 ������	� �� ��	����� �� �	����	�	���
�"� *$ ��� �� �� ��� 
�� �	 ����	�� ��	�	��	 ���	� ���	�	� ��� 	�	������� ����� ��
��� ����������	 ����	� � -$� .�	� � 
��	 ����	 �� �	��	�����	� 
	 ���� /�� ��� �	
�� ���� ��	�	��	 ���	 �� �����	� �� �����&����	�� ��� �� �	 ������������ ���� �	�
��&����� ���	� � /����� ��� ����� �	 �	�	���� �� ��	� ����������	 ���� �	�	��� '	���� 0
������ �� 1�)� %������� 
	 �	��������	 � �	������ 	����	�	�� �� �� 	��	���	 �	���
��� �� 2� ����	��� /	��� �� ���� �	��	�����	� 
�� ��	��	� �� ����	��� �	���������
	����	�	�� 	&�	��	� �� ��
	� �	��	�����	��

��� �����	
��

2� �������	� ��	�������� �	 �� ���� 	�������	�� '��	�� ���� ���) �� ���������
�������	� �� 13� ��� � ��������	�� �������� ���������	� �� �	 ������� ��������
(	�	 ���� ��������	� ��	��	 ���	�������� ����� ����	��� /	��� �� 	�� �� ����� 
��
��� �	 �����&����	� �� �� ��	���	 /	�� ��� 3������	� �� � ���	 ����	 �	� �� �	
�	�� ���	������� �	�
		� ����� �� �	 ���� �	�	�� �������� ����� �	������ �� ��		��
��	�	����� �� ����� �� � ���	 ����	 (∗

2 ∼ 1 μs ��� ������� ���� �������� ����	����������
4� �������� � �����	 �	������ 5� π ����	 �� �	����� �	 �	������� �	 ���� 	��
�	��	��	 �%����	 6�"'�)$ �	�����	� �� ����� ���� ��� /	�� 3���������� ��� ��	 ���

������	� �� �	 ��		 ��	�	����� ���	� 2���������� �� ���������� ������� ����	�� ���
�� n�����	 �057 ��� 89 �	��	��	�� ��	 �	�	���� �		� ��
� �� �	�����	 �����	
�� ����� ���� ��	� ��	��	��� ��� 3���������� � !�  "� #"$�

����� (	 �057 ����	 �	��	��	� 
��	�� ��	� �� �	 /	�� �� �5: � ;�  *$�
�� � �����	 	&�	����� �� �	 ���� 	�� �	��	��	 �� 
�� �	 �����	 �	�������� π
����	 �� �	����	� 
�� n �	���������� ����	� �	�������� π ����	�� %���	����	� ��
���������� �	 ���	 �� �	 5� �����	� ������� �	 ���� �������� �&�� �� �	 π ����	

-<

71



72 

Chapter 6: Dynamical Der:on]Jling 

a spin echo 

b 

c XY-n 

d Uhrig-8 ___._l ____ l __..l-----'l._______.l._______.l.___ __ l _ __ l ____ I -L--1 

(~)}n)y (11)>' (n)y (n)y (n)y (11)y (n)y (n)y (I).. 

FigurP 6.1: Pulse diagrams of several clynamir.al decoupling sequen(:es: (a) 
spin echo, (b) n-pnlsf' CPMG, (c) n-pulsf' XY, and (d) example Uhrig with 
n = 8 pulses. For thf> dynamical deeoupling sdtemes with periodic pulfw 
spacing, the optimal timing of the control pulses with respect to an AC 
magnetie field of frequrney fac = nj(2T) (green) is shown. 

trl-lill is chosen to he perpendicular to that of the first and last 1r /2 pulses for the 
prrparation and detection, respectiwly, of the NV spin snp<-'rposition state. For 
example, Fignr<-' 6.1 (b) shows a CPMG control sequenr<'' in which the 1r /2 pulses are 
rotated about the x axis and tht> 1r pulses are rotated about tlH~ y 1-lxis. Rotating 
thP NV spin about two different 1-lxes ill this manner alJows CPMG pulse sequenees 
(:ontaining an ewn nurnlwr of pulses to (·ompensate for pulse errors along on<" spin 
rotation axis [they axis in the Figure 6.1(b) example]. As a result. th<-' CPl\IIG pulsf' 
sequener is one of the most robust., given a known initial spill state. However , in 
many proposed NV applications including preeision magnetometry 1-lnd quaut.um 
information proeessing the initial spin state is unknown and two-dimensional pulse 
f'rror correction is ner.essary. 

XY. As shown in Figure 6.1(<} the XY family of pulse sequenc:rs E'xtf'nds upon tlw 
CPMG sequence by altf>rnating the spin rotation axes of tht> refo<:using 1r pulses in 
order to compensate for pulse errors along both th<~ x 1-lnd y l'lxes, then~hy aehieving 
pulse error correction along all dirf'r.tions 1961. As a result, the XY family of pnlsf' 
sequenc<~s is ideal for NV applications such as precision magnetometry and quantum 
information proeessing, wherE" the initial spin stat.e is unknown. Howewr, in practieal 



������� �	 
������� 
���������

������������	 �
� ��� �������� ����� �������� ���������� ������ �� ����������
�
��� �
� ������� ���� ����� �� ������

������ �� �� ���� ����
�
��� �� ������� �
��� ��������� ���������� ��������� � !"	
�
��
 
�#� ��������� � ���� ������ �� ��������� �������� � $	  %	 &'" �� � �����������
���������#� �� �
� ��� ��� () ����� ��������� �*����� &�%+�,"� -���#��	 �
� �
���
��������� ��� ���� �.����#� �� ���������� ���� ����� ���
 � �
��� 
��
/��������� ���/
�. � 0"	 ������ �
�� ���� �������� ��� 12 �������	 �
��
 �3�������� � �����
�� ����
���
 ��������� *���
������	 �
� �������� ���� ��� ���������� ��� ����� ������	 ���
�
� ����������� ����� ������� �� ������������ ���
 ���������� 12 ���� ���
����� ���
�� 13� 4����� ����������� 5� � ������	 �
�� �
����� ��������� ���� �
� �������� ���
��� () ����� ����������

��� �����	
�� �
����	�� �� ���� ��������

*�� ������������ �� ���� �����������	 �� ���� � ������/����� ����/6��� 7��/
�������� ���������� +��� 5������3 8�% ��� �������, �� ������� ��������� ����������
�� 12 ��������� �� �
��� ������� ������� ���
 ��.����� 12 ��������� ��� ���� ����/
���� ��#���������� 5������� � ������ 6��� ����� ��� �� �
� ������� �������������
��
�3�� �������� �����3������� ��� ������� �� �
� 12 ������� �� �
� 10 μm/��������
��������� �����/������� �� �� �������� ���
 �
� 9 ������� :��
 ������� ������
��������� �� �� 12/���
 ����� �2;/����� �� � ���/7��������� ������� ���������	
���
 �
�� ��� ��������� 7���������� �� ���������� �� �
� 12/���
 ������

����� ����	
�

<
� 12/���
 ����� �� =����� * ��� %& μ� �
��� ��� ��������� 12 ���������/
���� ∼ 1 × 1016 cm−3 +∼ 60 ���, ��3������� ���� 12 7���������� ������������
��������� ���
 � �������� ���������� +��� 5������3 8�> ��� �������,"	 1 ���������/
���� ∼ 2× 1019 cm−3 +∼ 100 ���, ��������� ����� ��������� ��� ���� ������������
+=�=,"	 ��� %�%? ������� ��������� 13C �������������� <
� 
��
 1 �������������
��������� 12 ����
������ �� �
�� ������	 �������� �
� �������� ���� ��
� ��������
��
������ ���� �� <2 ≈ 2 μs� 9� ������� ���/n ��������� ��� �������� �
�
12 �������� ���� ��
������ �� � �������� �� �
� ���� ���� �#������� ���� τ @ ��#����
������������#� 12 �������� ���� ��
������ ����� ���#�� ��� �
��� �� *����� &�>� 5�
�����	 �� �3������� <

(n)
2 ���� ���
 ����
������ ���#� �� 6����� �
� ���� �� � ������
��

�3��������� �������� exp [−(τ/T2
(n))p] ��� �����#�� �� �3������� �� <

(n)
2 �� � ������

> 10 ��� n = 128� *���
������	 �� ����� �
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Figurf' 6.2: Example NV ensemhlf' eoherf'nee decay curves measured using 
CPMG-n puiS(' sequf'nces in Samplf' F . Thf' solid lines denote fits to thf' 

decoherencf' envelope of t.he form exp [- ( T JT 2 (n)) P]. 

on n: T~n) ex n 8
, with s = 0.65 ± 0.02, which is c:onsistent with the value s ~ 0.67 

found rec:ently for single NV c:entf'rs in similarly nitrogen-rich diamond samples f 90]. 
These results demonstrate that inhomogeneities in the spin hath and MW field do not 
limit the effectiwness of dynamical dec:oupling for extending NV ensemble eoherene:f' 
times by at least an order of magnitude. 

The NV-rid:t layers of Samples Band C had mud:t lower NV and N eoneentrations 
than found in Sample F: NV rv 1 X 1014 cm-3 ( "-' 0.6 ppb) , N ~ 2 X 1016 cm-3 (~ 100 
ppb) for Sample Band l\f\T ""' 1 x 1014 cm-2 ("' 0.6 ppb), N "' 2 x 1017 cm-2 ("' 1 ppm) 
for Sample C. Samplf' B contained 1.1% natural abundanc:e 13C such that both Nand 
13 C c:ontributed to NV decoherence, resulting in periodic c:ollapses and revivals in thf' 
NV spin c:oherenc:e associated with 13C Larmor prec:ession [41] . In eontrast, Sample 
C was isotopic:ally engineered with 0.01% 13C such that N impurities dominated NV 
decolwrenee. Despite these differences in spin impnrity environmf'nt.s, we measured 
simila.r spin echo NV ensemblf' spin cohereue:e times ( T 2 "-' 300 J.LS) for the two samples. 
By applying n-pulse CPMG dynarni(:al deeoupling sequences, Wf' extended thf' NV 
ensemble spin coherenc:e time [Fignres 6.3 and 6.4], aehieving T~n) ""' 2 ms for both 
samples, comparable to the longest coherence time n'ported for dynamical decoupling 
applied to single NV centers [711. 
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SampleS 

11"'4 

n= 16 

Full Spin Evolution Time 1: (Jls) 

Figure 6.3: Example NV ensemblr cohen' nre decay curw~s measured using 
C P MG-n pulse sequenc:es in Sample B. Note that the time axis is plotted with 
a linear scale due to the periorlic eo II apses and revivals in thr NV spin c:o
heren(:e assoc:iated with 13 0 Larmor precession. These coll apses and revivals 
occ:nr in samples where the 13C abundance is high enough to contributr sig
nificantly to NV deeoherence. The solid lines denote fits to the dec:oherenc:e 

enve lope of the form exp [- (T/T2(n)YJ. 
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Figure 6.4: Example NV ensemble eoherencf> de<~ay curves measured using 
C PMG-n puis<~ sequenc:es in Sarnplr C . The solid lines denote fits to thf> 

rlrc:oherenrf> envelope of thf> form exp [- ( T / T 2 (n)) 1· 
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101 

Number of Pulses n 

0 SampleF 

v SampleB 

• SampleC 

Figure 6.5: Sealing of measnren N\T Pnsemble coherence tinw T ~n) with man

her of CPlVIG pulses n. The solid lines are fit functions from which the 
scaling power were extrarted: T~n) oc n8

, wherf' s = 0.65 ± 0.02 for Sample 
F , s = 0.42 ± 0.02 for Sample R and s = 0.35 ± 0.01 for Sample C . 

Discussion 

Not<" that th<" spin impurity Pnvironrnents of Samples B ann C diftf>r significantly 
froru any diamond samples prPvionsly studied with N:' n~namical <:eeoupli~g . ~or 
thr.se samph~s, we observed a power-law dependence of T~n) oc ns (F1gnre G.o), w1th 
lower scaling powers than for the nitrogen-ric:h Sample F: s = 0.42 ± 0.02 for Sample 
B an<l s = 0.35 ± 0.01 for Sample C. These sample-dependent scaling powers ann 
tht> demonstration of similar bPhavior for NV single-spin and NV ensemble spin dew
hf'rence in samples with comparable impurity f'nvironrnents snggf'st that mult.ipnlse 
dynamical d<'Coupling control Sf'qn<"nces ean serve as spectral decomposition probes 
of spin bath dynamics (e.g .. thf-' intf-'raetions between thP 13C and N spin baths 121) . 
In particular. such stucli<~S c:an provide substantial insight into t.ht> effects of envi
romnental inhomogenf'ity for sampiPs with high NV densities ann rorrespondingly 
high wncf•ntrations of N spin impurities. Such information rannot be extra(ted front 
singl<-' NV m<~asurements , whieh require low NV densities to resolve individna.l NV 
centers optic:ally. More detail on this spectral clecompnsition tedmiqnP as wt>ll as 
some preliminary analysis arf' presented in Chapt<"r 7. 
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Full Spin Evolution Time"' (j.IS) 
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0 

Figur<" 6.6: Sample E CPMG-n NV spin coherenC(' dN:ay curves (colored 
data points and solid line fits to data) and longitudinal spin relaxation curves 
(blaek data points and dashed line fits to data) at (a) 300 K and (b) 160 K. 

K and find T2ax = (0.53 ± 0.02)T l , which differs starkly from the pr<"viously ex

per.ted T~n) limit of 2T 1 ]71]. Under th<" assumption that spin-phonon coupling only 
c:anses spin-lattice relaxation (T!) , one cannot recover th<-' measured T2ax ~ 0.5T 1 

limit, even taking into ac:eonnt the possibility of unequal relaxation rates between 
th<" three ground-state NV spin snblewls. This can be S(~en by assuming that only 
state-c:hanging r<" laxation processes exist and then~forf' the dec:oherenr.e rate b('tween 
two states ]a) and lb), 12b, is giwn by ]101]: 

(6.1) 

65 



79 

Chapter· 6: Dynarnical Deconpling 

40 60 

T1 (ms) 
80 

50 

40 

ti) 
30 g_ 

,.. T2max 580 ms 
20 e 
~ 

0 300K 

.4 240K 
¢ 190K 

e 160K 

0 120K o ____ .!.! __ ~o_s_~ 77K 
10 

0 

/ c D ---~-----!L_~:_~-
~ ~-y--t-----f_ j_ _______ !.L_~~~ 

9 Tt 12ms ---------------------------------_______________________ !1--~~ 

0 

Number of Pulses n 

Figurf' 6.7: NV f'nsemblf' spin <~oherencf' timf' as a function of number of 
CPMG pnlsf's measured from Sampl<" E over a rang<" of tempf'raturf'S from 
77- 300 K. For temperatures ahove 77 K. the corresponding measured lon
gitudinal rehtxation time T1 is plotted as a dashf'd lin<-'. Thf' blar.k cirdP. 
indieates the longest T~n) = 580 ± 210 m.s measured for n = 8192 at 77 K. 
Inset: scaling of the maximum mherc,•nr.f' time T2ax as a function of T 1. 

where rt"-+k is thf' transition ratf' from stat<" lj) to stat<" ik). Solving rate Pqnations 
allows OM to r.ak ulatf' tlw measured relaxation rate (11 = 1/T1) as a funr.t.ion of these 
tnmsition rates , and thus cornparf' it to th<-' de<:oherene<-' rate ( /2 = 1/ T2) given by 
Equation 6.1. (Note that in this diseussion, T2 refers to the general deeoherencf' time 
rathPr than thP decoherence time associated with a spin ec:ho measuremPnt as is the 
convention els<'where in this dissertation.) Through this approach one can show that 
for a two-level system, at temperatures ranging from zero to infinite t<-'mperature, 
th<-' relation is always T2 = 2T1. For three or morf' l<-'vels th<" eoeffieient changes, hut 
thP general statemPnt T2 > T1 holds (se<' Appendix C for further details). Therefor<' 
we eondnde that in our r.ase , since we measure T2ax < T1, spin-phonon (:Oupling 
contributes din~dly and signifi(:antly to NV spin deeoherPnce 11021. Such phonon
induced de<:oherence is generally relevant. to any quantum system in whieh transitions 
between two levels can be driwn by a two-phonon (Raman) process 194], and could 
play a role in the coherence properties of many other solid-state defects. At lower 
temperatures, to be stmlied iu future vvork, spin-spin intera<:tious should dominate 
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Fignrf' 6.8: "Pur<"" spin <-'nvironment indurf'd NV df'coherence tim<' as a func
tion of tlw number of pulses in thf' CPMG pulst> sequence. The rlata are 
fit to a powf'r-law function (black linf') from wbic:h a scaling behavior of 

Tt~ure <X n(0·67±0·03) is extracted. 

both T1 and Tz(n) . aud t.hns we e...-xpt>d T2 will deviate from the ::::::: 0.5T 1 limit 
demonstrated hf'rf'. 

6.3 .2 Discussion 

T~n) vs n scaling 

It is evident from Figure 6.7 that the sealing of thf' cohPrenee time with tht> 
nmnl)(-'r of CPMG puls<-'s vari<~s with t<-'rnperatnre. In orrler to study t.hf' scaling 
behavior of the "pure" spin environment indncerl decoherencP, wf' snbtractf'd from 
thf' measurf'd rlf'<~oherence rate the temperature dependent phononic rate 1/(0.53T1) 

(see inset of Fignre 6. 7). The eorrecterl eoht>rence time Tt~ure is plotted against the 
nurnb<~ r of CPMG pnlses n in Figure 6.8, exhibiting striking universal behavior for 
all temperatures . V-Ie fit thr correcterl rlata t.o a power law sealing, and find T ~~ure <X 

n<0·67±0·03). This value is consistent with the expectf'rl scaling power of 2/ 3 for a 
Lorent11ian noise sper.t.rum of an electronic spin bath 12. 103]. It is worthwhile to note 
that thf' s::lrne analysis may be performed on the previous room temperaturf' CPMG 
measnrf'mf'nts of Samplf's B anrl C. which werf' likely lirniterl by T 1. Extrac:ting t.hf' 
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Fignre 6.9: Measurerl nonnalized signal contrast as a function of the number 
of CPMG pulses n for <liffP.rent temperatnres. 

Out look 

Achi(~v i ng long NV svin eohPn~n<:e times in rliamoucl samples wit.h high impurity 
roncen trat ion ( rv 1 ppm) is a crucial st.ep toward rreating nondassical states of NV 
ensembles. Such non-classical states c:onld form the basis for high-sensitivity quantum 
metrology, potentially ::Jllowing significantly improved sensitivity and bandwidth 1105. 
1061, ::Jnd could also serve as a resourc(~ for quantum information vrotocols. To obsf'rve 
significant entanglement between neighboring NV centPrs, their decoherence ratE-> must 
lw small compared to the frequf'ncy associated with their interaction. For a realistic 
diamond samplE" with N rv 1 ppm and NV rv 10 ppb. coherPnCf' times larger thau"' 50 
ms an' nePded for significant entanglPmt·mt, whidt is within reaeh given the results 
presented her<'. For examplE", collective spin squeP7.ing using L; one-axis squee7.ing 
techniques 1107] could he CrPated through application of pulse sequences that average 
out thE-> x, y eomponE->nts of thE-> spin-spin dipolar coupling II 081. Such pulsE" sequences 
can he straightforw::JTrlly applied in conjundion with the CP iviG pulse sequf'nces used 
hen~ for extenrling th(-' NV spin coh(~rencP time. 

6.4 Multipulse tnagnetometry 

Now we take advantage of the extension in NV ensemble spin coherence time 
aehif'ved by nmltipulsP dynamical deeoupling srquenc:es to demonst.rate up to iUl or-
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Field Amplitude B (nT) 

FigurE" 6.10: Examples of measured normalized finoresc:enc:e signals BS fnn('
tions of AC field magnitude Busing a spin echo Sf'quence (green) (wider am
plitude range shown in the inset) and multipulse XY sequenees with 28 (red) 
and 54 (blue) control pulses) illustrating how the uncf'rtainty in the measunJd 
signal ( 6S) limits the nncertai nty in the extracted magneti(' field magnitude 
(6B). Tht> sine behavior of tht> signal with respect to bac is achieved by 
shifting the phaS(' of tht> last microwave pulsf' by goo from what is shown in 
FigurE" 6.l(c) . 

Over a wide rangf' of AC magnetic: field frequeneies our NV ensemble magnetom
etry measmements c:onfirmed that. multi pulse dynamical decoupling outperformed thP 
spin echo scht>m<". in agrf'ement with theorf'tical expectations (Figme 6.12) . The en
hancement in magneti(· field sensitivity provid(>d by rnultipulst> dynamical de('onpling 
was espPc:ially pronounced at frequt>nc:ies higher than thP spin edw liT2 cohererH~f'. 
For example. at a frequency of 220 kHz ) we measmed a fa(:tor of 10 improvement in 
magnetic fif'ld sensitivity: from 'f/se = 67.7 ± 3.5nT I JHZ using a spin echo sequence, 
to 'f/(n ) = 6.8 ± 0.4 nT I v'HZ using a 240-pulse XY sequence. 

6. 5 S urnmary 

In summary) we experirnentBlly demonstrated that multi pulse dynamical deeou
pling c:ontrol sequences ean significantly improve NV ensemble spin coherence times 
and enhance NV magnetic sensitivity to AC fif'lds . At room ternperatnre, we ob
served order of magnitud~~ coherener time extension in samples with widely differing 
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lac= 84.5 kHz 

16 
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Number of Pulses n 

Figure 6.11: Me::~.c;nred multipulse magnetic: field sensitivity as a fun(:tiou 
of number of pulses for an 84 .5 kHz AC field ((·irrh·:s). The solid lim• is 
r.akulated using Equation 6.3 with experimental paramP.ters ao = 0.055, 
f3 = 3.4 photons per measurement, T2 = 250 p,s, p = 1, and s = 0.37. 

NV dP.nsitiP-s ancl spin impurity t->nvironnwnt.s. For thP.se spin environments that differ 
from thost-> studied previously, we found significantly different scaling of thf' NV Pn
semblt-> spin coherence time with the number of pulses in the rontrol sequence. These 
results provide insight into spin bath dynamics and could guide f11t11r<'' applications 
in multi -spin quantum information processing and metrology. 

By measuring at lower temperatures, we demonstrated more than two orders 
of magnitude further improvement in the NV coherencE-' time: np to T 2 rv 0.6 s by 
combining dynamkal clecoupling (:ont.rol sequt->nces with <·ryogt>nic: cooling to 77 K; 
::Jnd T2 "' 40 ms for temper::ttun~s achievable via thermoelt><:trir. cooling ( > 160 K). 

By studying tht-> clepP.nclenct-> of coherenct> time T~n) ::~nd spin n~laxation timf' T 1 on 
temperature , we idf•ntified an etfec-tiw limit of T2ax ~ 0.5Tl, whirh we attrihutf' to 
phonon-induced df'cohf'renc·e. Given this limit, we f'xpt->ct. that for low NV df'nsitif's 
T2 on the order of a few se<·o11ds should he achievable at liquiclnitrogen temperatnres. 

Wf' ::~lso showP.d that multipulse dynamical clecoupliug improves NV e11semble AC 
magnetic tit->ld st>nsitivity rf'latiw to tlw spin echo schf•rne, with a ten-fold enhance
ment for highf•r frequenty fields at room t.emperatnrf's , with great-Pr Pnhancerneut Px
pe<~ted at lower temperatures. Using samples with higher NV df'nsities could fnrther 
improw this sensitivity: however, at high NV r.on(:entrations (,2: 1 pph) . tht-> (:oherence 
time may be limited by NV NV intPrar.tions, since CPMG pnlse seq11ences aH:·er.t both 
the NV spin and its NV spin hath at the same time, which canePls the decoupling 
effect . Other techniqn~s. such ::~.c; \~'AHUHA ancl MREV pulse sequell(~es 1109, 1101, 
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Figurf' 7.1: CPMG filter functions. Caknlated filter funet.ion F:2PMG (w) for 
t.hrf'e examples of CPMG-n pniR<' sequPn<·es (for n = 1, 64, 128) . 

7.1.2 Spectral decomposition deconvolution procedure 

The roherenre of a two-level quantum system <·an he related to the magnitude 
of the off-diagonal elements of the system's d<=msity rna.trL'<. Sperific:ally, we deal here 
with NV elec:tronic spins in a finite external magnetic field , which can he treated as 
etrectivf' two-level spin systems with quantization (z) axis aligned with the NV axis. 
Vlhen the NV spins are plared into a roherent superposition of spin eigenstates (e.g., 
aligned with the x axis of the Bloch sphere) the measurable spin c:oherenre is given 
by O(t) = Tr[p(t)Sx). 

The filter function for the n-pnlse CPMG eontrol sequenre F:2PMG(w) covers a 
narrow frequency region (with a width given by wjt, where tis total length of the 
sequence) whidt is <:entered at Wo = wnft, and is given by II 20]: 

(7.5) 

VVe note that th<-> narrow-baud feature of the CPMG filter essrntially defines th<~ 

effectiveness of this sequence for dynamical deconpling. 

The filter function F.;;PMG(wt) associated with the CPl\IIG-n pulse sequence de
viates from a 8-fmwtion by the finite width of thf' main spectral peak and hy the 
presenc:e of higher harmonics (see Figure 7.1) . In addition, thf' central frequency of 
the filtf~r function changes with the duration of thP experiment and with thf! number 
of pu lses. Therefore, reconstructing thP spin bath spectral function S(w) from the 
decoherenee data requires a solution of a Fredholm type equation to extract S(w) 
(Eqnation 7.1) : 

x(t) = ~ l oo dwS(w) Ft(w) . 
w o w2 

(7.6) 
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Figurr 7.2: Examples of NV ensemblr spin colwrrnc:e as a function of timr 
Cn(t) measmed at 77 K for CPJVIG pulse sequences with different numbers 
of pulses n. 

of pulse sequenc:e dmation t for CPiviG pulse sequenc:es with different numbers of 1r 

pulses n. Thr measun~d On ( t) are well desc:ri bed by a stretc:hed exponPntial e-(t/T2 (n ))P. 

where the value of p varies hetwern 1 and 3 related to dynamics of the spin environ
ment and ensemble inhomogeneous broadening. This behavior is consistent with a 
Lorent;;;ian spin bath spectrum and indicates that N spin impurities arr the dominant 
sourc:e of NV spin deeoherence. Note that the sec:ond most important electronic spin 
imparities are NVH defects, whieh are an order of magnitude less abundant than N 
impurities [81. Thr contribution of instantaneous spin diffusion due to interactions 
between neighboring NV spins and l\lfW-induc:ed spin fiips 1122] is also negligible , as 
thr NV Rabi frequency for typic:al tviW power ( rv 10 IviHz) is large c:ompared to thf> 
NV electronic: spin transition linewidth ( rv 3 l\IIHz) , and the NV dipolar coupling time 
seale (proportional to the inverse of thr dipolar coupling energy) is at least an order 
of magnitude longrr than the longest measurrd NV spin coherence time. 

Using the measured Gn(t) data we derive values for the spin hath spec:tral func
tion Sn(w) for each CPMG pulsr sequence by deconvolving Xn(w) with thr filter 
funr.tion F~PMG(wt) . The resulting values for the spe<:tral functions Sn(w) for all 
CPMG pulse sequenees (i .r ., all values of n) are plotted together in Figme 7.3. Note 
that the average data (red crosses) in Figure 7.3 are calculated by binning the full 
data set for Sn(w) into 100 frequrncy valnrs between 0 and 1 l\IIH;;;. 

We then extrar.ted t.hP best-fit Lorent;;;ian spin hath spe<:trum (fit to the averag<-' 
of all data points) , y ielding a coupling strength of b. = 12 ± 1 kHz and c:orrelation 
time 'Tc = 52 ± 11 j.hs, whic:h agrers reasonably with the rang<' of values we find for thr 
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Char;ter· 1: Spectml Decomposition 
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6=(12±1}kHz 
""tc = (52 ± 11 } JlS 
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Frequency ro (10S rad/s) 
5 6 

FigurE> 7.3: Applieation of the spectrHJ decomposition tec:hnique to Sample 
F. Derived values for the spin bath spf'r.tral functions Sn(w) for all CPfVIG 
pulsf' sequen<:es (blue dots) and binned average values (red <:rosses). Eaeh 
hluf' dot reprf'sents a pulse seqnf'nCf' with a spf'cific duration t and number of 
pulses n , such that the probed frequency is w = 1rnjt. Also shown is the best 
fit Lorentr.ian for the rnf'<U1 spectral funr.tion (Sn(w))n (solid black line), and 
a range of best-fit Lorentzians for the individual spectral func:t.ious Sn(w) for 
eac:h CPMG pulse sequen<:E> (light. blue hand) . 

Lorent.zian spin bath spe(:tra Sn(w) fit to eadt CPMG pulse sequen(:e individually, 
6. ~ 8 - 30 kHz and Tc "' 20 - 45 f..LS. ThesE> values an• in reasonahl<~ agreement with 
thf' f'xpected "N dominatf'd bath" values for 6. and Tc for this sample's f'StimatNi 
con(:ent.rations of 13C and N spins (see Table 7.1) , indicating that. N electroni(· spin 
impurities are the dominant sourer. of I\TV de(:Oh<~renee. In Figure 7.4 we plot. the 
NV ensemble spin coherenc:e lif<"tirnt> T 2(n) as a funr.tion of the numbf'r n of CPfVIG 
1r pulses . V·le found that th0 scaling lwhavior extracted from measurernf'nts of the 
(·oherence decay Cn(t) and syntlwsized from th<~ average-fit Lorent.zii-ln spin hath 
speetmm with 6. = 12kHz, Tc = 52 J.LS are in reasonable agreement.. 

7.2.2 Samples F and G 

VVf' repf'at.ed tlw sper.tral df'composition analysis for the two other diamond sam
ples , with the results for all thre<~ samples summarized in Figure 7.5 and Table 7 .1. 
VVe find reasonable agreement between t.hP measured and expe(:t.ed values for the 
NV spin bath coupling strf'ngth 6. in all three diamond samples, with .D. sealing ap
proximately linf'arJy with the N conr~ntration. As mPntioned before , the mNtsured 
i-lnd expected values for the spin hath correlation time Tc agree reasonably well (within 
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 ������ �� T2
(n) ���� ��� ������ n �� ���� ������
 �������

���� � ���� ��������� ���! �� Cn(t) "����#$ %� �� ���� ��  �����
�� T2

(n) = (0.54± 0.02 ms)n(0.54±0.01) "����� ����#$ �� �!������&�� ���� ���
�����'%� (�����&�� ���� ��� �������� ���� Δ = 12 )*&+ τc = 52 μ� "����
�,����#+ ����� !�����  ���������� %� T2

(n) = (0.54± 0.08 ms)n(0.59±0.03)�

 ����� �� ∼ 3# ��� ����� �� *������+ �� %��  ����)��� ���������! ������� ���
������� �� �-������ ����� �� τc ��� ��� ��� ������ ���� 1.1% 13� ������������
"������ � �� �#
 ���� ������ ��� ������� ���� ��� ���������� ����� ��� ��
���� ��� � ����� �� �������� ������ ��� ��� ����� �! ��� ������ ���������� ����
��� �����+ ������ ��� ������� ����� �� τc ��� ����� ��� ������ ���� ��������! ����
� ������������+ � �-�������

��� ��������	


����� ���� 	
�� ��������

.� �-���� ��� �������� ����������� �� ���� ��� �!����� �  ������ �� �����+
������� �������� �� ���������� ���� �����! ������ ��� �� ����������� ������� ���-���
���������� "�# �� ������ "13�# ���� ���������� "������ �� ��������� ������%�� �!
/���������� 01234 �� ������ 012	4 ��� ����� �����'���� ���� �!�����#� 5�� ��������
����� �6��� �� ���� ����� ����������'������ ���� ����������� �� �� ������ �
������������� ��������� ΔE �� ��� ������� ���������� ���� ���������� �� ��� ���+
����� ������� ��� ���������� ���� 7��'7�� ��� R "∼ 1/τc# ����� �! 0128+ 1294
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Chapter- 7: Spec:tr·al Decomposition 

Frequency ro (rad/s) 

1if 
Number of Pulses n 

• Sample C 

• Sample F 
• Sample G 

Figure 7.5: Comparison of speetral deeomposition results from Samples C 
(blue) , F (green) and G (reo) . (a) Spin bath spectral functions data for 
all CPMG pulse sequenees (dots), and assoeiated Lorent11ian fits using the 
averagr-fit method (solid lines) and the individual-fit method (color bands). 
(b) Sealing of T 2(n) with the number of CPMG pulses n as extraeted from 
NV spin coherence rlec:ay data Cn(t) (clots) anrl as synthesi11erl from the 
averag('-fit Lorentzian spin bath spectrum (oprn squares) . The solirl lines 
are power- law fits to the data with sealing powers: T 2(n) oc n<0·54±0.0l) for 
Sample C, T 2(n) oc n(O.BS±o.os) for Sample F , T2(n) oc n<0·7+0.l) for Sampl(' G. 
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����� ���	 
�������� �� ��� ��������������� ��� ��������� ������������
 �����!��� ��� ���� ��������� ��� ��� ������ ��"���� �� ���� #����

������ � ������ � ������ 	

$���� ������%"� �������� &��'( �������� ������ )*

) ������������� ∼ 1 � ∼ 100 � ∼ 50 �

)* ������� ∼ 0.6 � ∼ 0.1 � ∼ 0.01 �
13
 ������������� 0.01% 1.1% 1.1%

+�� ���� T2 (520± 20) μ� (2± 1) μ� (5± 1) μ�

T2
(n) ������� n(0.54±0.01) n(0.65±0.05) n(0.7±0.1)

Δ &�������( ∼ 60 �,! ∼ 6 $,! ∼ 3 $,!

Δ &����"���( (12± 1) �,! (7± 3) $,! (1± 1) $,!

τc &�������( ∼ 15 μ� ∼ 0.17 μ� ∼ 0.34 μ�

τc &����"���( (52± 11) μ� (3± 2) μ� (10± 5) μ�

#���� ΔN �� ��� ������ ����������� ���#��� ) ���������� ����� -� ���� �������
���"��. ΔE �� ���������� �� ��� ������������� �� 13
 ��"������ ��� �� ��� ) 13

������� ����������� ������. #������ ΔN �� ���������� �� ��� ) ��������������

-� +����� 0 ��� 1. ��� ) 13
 ������� ����������� �� ��������� �� ��� ������
������� ���� &������� �� ��� #����� ������ �������"����. ��� 2�3�. �345(� ������
����. ��� �����������"� ���������� ������ ΔE ���� ��� ����� ����� #��� ��� ����
���������� �� 13
� �� ���� � ��������� �������� �� ΔE. #� ������� �"� � $�����
����
���"������ �� �666 ���� �� ) ��� ��"������. ���� #��� � ��7����� ������ �������"�
���� �� 13
 ��� ��"������ �� � ������� ������� �� ����� ���"��� ��"������ �� 1.1%�
��� ����"����� �������� ���������� ��� ��������� ���%"���� ����� ��� ���� ) ��� ��
������ �� 0��"�� ��8� 9� ��� ��� ������� ���"� �� ���� ���"���� ≈ 9.5 $,! ��� ���
�������� ��������� ≈ 30 $,!. #��� � ��# ���� ������ �� #���� � 13
 ���"��� ���
������� ������� �� ��� ). ���"���� � ���%"���� ����� ∼ 300 $,!� ��"�. #� ��������
ΔE ∼ 10 $,! ��� ΔN ∼ 1 $,! ��� +����� 0 ��� 1� ����� ���"�� ���� �� ���
��� �� ������"�� �"������� �� R ������� �� ��� ���� ���������� ��� :��:� ����
�������� ) 13
 ������������ &Rbare ∼ ΔN(. #���� �� ���������� #��� �"� �����������
���"��� ��� τc ∼ 1/R &��� ����� ���(� 0�� +���� 
. ��� ��# ������������� �� 13

���� ������� ���"��� ��� ������"�� �� ΔE. ��� ����� ��� ��� ���� �"������� ��
�����������

����� ����	
�� ��������

-��������� ����"������� �� ) ��� )* ������������� #��� �������� �� ����
����� �� ������ ���� ����� ��������������� ��� #����� ��������� ������ ���

4;
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������ ��	
 ���� ����� ��������� �� ��� �������� �������� ����� ������
���� ����� �� � ��������� ���� � ��� �� �����!� ���������� ���� 13�
������ ��� ���������� ���� ��� �� ����  ��������� � �  ���� �������
�� ��� ������ ��� ��� ���������� �� 1.1%�

���������  � �� ������� �"��� ��� ������� �� ��� ��������  ����������� ��������
#����� � ��� � ��� � ���������� ���� �� ����� ���  ������� �������� �� ��� ���$
 �� ���� ��� �� ���� ������������ %#&�#' ��������( �� � ������) �� �������� 
������� ���� � ��� ������ �� ������� ��� �������  ���������� �� �* ������ %���
������ ���'� +�� ������ ������� �� � ���� �� ,-,+ ��������� ���� ������� ���� �
� ��� �* ���������� %�������� �� �� ��� 160 − 260 μ� ���� � ������ ���'
����� ��� �������� ���� � �*. ����� ∼ 160 μ� ����/� +�� ��0����� �� ��� �*
1��������� ����� ���� � ∼ 60μ� ����/ ����� ����� ��� �*. ����� %�������� ��
�� ��� 75− 135 μ� ���� � ������ ���'� ����������) ��� ����������� �������� 
� ���� ������ �2��������� ����� ���� �����) ����� ����� ���� ��� � ������ �� ���
�������� � �* ���������� ���������� ���  ����� 3��� ��� ��������� ���������
���� � � �* ����������� ��� ����������� �� ���� �����) �� ����� � ���� ���
� ���������� ����� � ���� ������ �� ��������� ���������� �� ����� ����� �
������ �� ����

3� �������� #&�# ����������� � #����� � �� ����������4� �����������
� ��� � ���������� %��� ������ ��5'� 6��� ������� ��� � � �* �������$
���� ��� ������� ����������� �� ���� �����) ��  ������� ��� ��� � ����������
����� �� �* 1��������� �����������) nN) ���� � ������� ������� ���� ��� �����
� ���������� nN(z)


nN =

∫ Z

0
dzn2

N(z)∫ Z

0
dznN(z)

. %��7'

8��� ��� #&�#  ��� �� ! nN 	 (2.6±1.7)×1019 cm−3(	 150±100 ���') ����� ��
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ChazJiwr 7: Spectm.l Der;omposition 
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Figur<" 7. 7: Confo(·al scan of NV ftuoresc:enc<-' and hencf' conc:f'ntration ( rPd) 
as a func:t,ion of dept.h in SamplP C. ThP green lin<-' inrli<:ates the surfac:es of 
thf' samplP as measur<'~d by Pnhancerl rf'fiertion of thP green excitation light. 

consistent with the coupling strength D. extracted using the SJ:H~ctral decomposition 
tec:hniquP aml with Montf' Carlo simulations of the spin tmvironnwnt. In addition, 
onr measurements were carrierl 011t on a (·onfinerl lateral region rv 10 p.m x 10 p.m to 

suppress the effects of inhomogeneities on a larger scale. The SIMS measurements 
::Jlso indic:ate that within the drtect.ion limits (1 ppm) there arP no otl'H~r extrinsic 
defects 1m~srnt, such as Boron or Si. 

As is typical of type lb HPHT diamonds , Sample G contains a high concf'ntra
tion of N impurities (rv 50 ppm) and wry low concentration of NV centers, allowing 
for single NV measnrements using a confocal avparatus. As a result., possible in
hornogeneiti<~s of the N concentration do not. affect the rneasnred datn.. The sample 
was charact.Prizecl by SIMS to haw an N concentration of approxirnat<~ly 50 - 150 
ppm, wnsistent with the valuP for coupling stnmgth D. extrac:tecl using t.h<-' spe<:t.ral 
decomposition tec:lmique. 

For all three samples. the spectral dec:omposit.ion t.echniquP yielded values for 
coupling strength D. which a.re consistent with independent rneasnrernents and <''s
timates of ul(~ N <:oncentrat.ion, suggesting that samplP inhomogPneities arP within 
P.xpeeterl ranges and unclPrstoocl to within a factor of 2-3. As a result, W<-' have confi
dence that thP values for the N spin bath correlation time 'fc provided by the sp<'rtral 
dtK:ornposition t<-~chniq1w are, for Samples F and G. an order of magnitude longer than 
the expec:t.ed values given hy a simple model of t.hP N spin bath that ignores N 13C 
interac:tions. FnrthermorP, the results wP obtainerl via spect.r::~l decomposition roulrl 
not lw recreated with any combination of D. and 'fc that follow the expected scaling 
with N concentration, regardlPss of the actual valn<' of the assumed c:oncentrat.ion 
::Jnci even when iuhomogenPous effects are taken into account.. Therefore. t.ht> eom-
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 ������������ �� � ������������� �� ������ � �� �������� �����
��������� ��� ���� �������������

����� ������� ���� �� ���� �������� ����� ��� �� ����������� ������������ �� �
������������� ��� �� ����������� �� �� ��������� ������ ��� Δ� �������� ������� ��
�������� �� �� ������������ ���� ����������� ���� τc �������� �� ������� � ���  �

��� ������	

�� �������� �� ������� �� �������� ������������� �����!�� �� ���� �������
������� ��� ��"����� ��������� ���� ������������ �� ����� �� ���������#� ���� ����
��� ��������� ��� ������� ��� � $���� ������������� �� 13% ������� ���� �����������
��� �����!�� �������� �� ����� �� ��������� ����������� �� �� � ���������� ���� ���
��������� ��� ��� �� ��������� �� ������ ������������ ������� �������� ����������
��� 13% ������� ���� ����������� &�� ���� ��� ����������� ������� �� �'���� ��
��������� ���������� �� ������� ��� �� � �������� ������������� ��� ��������
�� ��������� ������������ �� �������� ������#�� �( �������� �������������

)����� ��� �( �������� ����������� �� ��������� �� �� ������� �� �( ���� ��*
������ ���� ��� �� ������ �� ������ ��������� ��� ������������ ���� �� ��*
���� ��������� �� ��������� ������������ �� �� ������ �� �( ������� ������� ���
�� �� ���� ������������ �� �� � �������������� �� ��� ���+� �� �����#�� � �������
�� �( ���� ������� ��� �������� ���� �� ∼ 3 × 1014 ms/cm3 �� ������ � �� ����
����������� ��� �� ���� ��� ������������ &�� ���� �������*�������� ���� �������
�� ����� �� ����� �� ��������� �� �� �����*��*��*��� ������� ������� �� ������
������� ,-./0� ������ ������#����� ��� �� �������� �� ����������� �� ���� ���
������������ ����� ��� 13% ������������� ���� ��� �� ������� ������ ��� ����*
��#������ ����� ��� �������� ������������� ������� �� ������� ��� ������� 13% ���
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�� �������� �� ��	 �	
�����	 ��
�	� �� ��� ��	�������� ��	�	 ���	 �		� �
����	� �� 	���� �� �	
	�� �	�� �� ������	 ��	 	�������� �� �� ��	� ����	�
���	�	�� �	
��� ���� �����	� � ���� �� 	�������� � �	�	��	�� �� ���		 ����
��
��� �	���	�	�� 
������ α� ����	� �� ������ 
���	
�	� �	� �	���	�	�� β�
��� �	���	�	�� ���	 T !�����	� �� ��	 �� ��� �	������ ���	 T∗

2 ��� "� �	��
��	�	�� ��� 
��	�	�
	 ���	 T2

(n) ��� #� �	���	�	��$ ���	� �� ��	 �����%���
	�������&

η ∝ 1

α
√
βT

. !'�($

)	 ������*	 �	
	�� ������	�	�� �� 	�
� �� ��		 ��
��� �������������

����� �����	�
��� ���	���

�� �����	� +� %	 ��
�	� ���� ������� ���� ���	 �		� ��"����%� �
�
���� ��	 �� 
	��	� ��	 ��	�	�	������� ���	��	� ����� �%� �,	 �� ���	� �� ��
�	�	
��	 
������ �� �� 	�	���	 �	���	�	�� �� � ��
��� �� ∼ 2� # ��
�	� ��	������
��%	�	�� ���� ��		 ������� �� 	�	��� ����������	� -���� ��		 ����	 ����
����% ��� ��	 �	���	�	�� �� ����	��
 .	�� ���/	
���� ����� �%� ���	�	��	�� �,	
%�	�	� ���		 ��	 �	
	��� ��� � ���� �	
��� �	
�����
����� #��� �	
��	 ��	�	�	��
���� �� ���	������� �� ��� ��� ���� �		� ��	��	� �� ��"����%� ����	� ��	�	
��	 
�������� �� ��	 ���������� ���	���� ���
	��� ���� 
�� �	 �	�����	� �� ��	
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ChazJteT 8: Outlook 

Figurr 8.1.: Rrd-filtererl. photograph of NV ftnoresc:enc:e from a planar rl.ia
moncl sampl<~ containing a relatively high NV c:oncentration (NV rv 1 ppm). 
Gnirl.ing of NV flnoresrrnrr light is evident as a bdght glow around the (iia
mond's perinwtPr. while a 532-nm lasPr lwam passE's through its eenter 170]. 

various optical 0lrrnrnts in the experirnrntal apparatus, and t.hP detection efficiency 
of the CCD , a typical wide-fidd sf>t,np collects,....., 3-8% of the NV fiuorescf>n(:e photons 
ernitted cim·ing a measurement. 

In order to improve photon colledion effieiency, there hav~~ heen WlTions rec:ent 
eH:'orts to fabricatr rliamond mic:rostrnc-tures designed to c:onple NV fluorescence more 
strongly to a rletector. For examplr, a rl.iamond solirl immersion lens (SIL) of rarlins 
,....., 500 J.Lm demonstrated a (:ollt>ction effieieney of slightly less th;:m 20% 167], whereas 
;:mother diamond SIL of radius ,....., 2.5 f.Lm gave a ( caknlat.ed) eolleetion efficiency 
of rv 30% 1681 . Another geometry that. has been n>(·ent.ly reported is a rl.iarnond 
nanowire; such a waw•guirling rnierost.rnct.ure of rarlius ,....., 100 nrn anrl. height ,....., 2 J.l.m 
demonstrated a wlle(:tion e fficienc:y of ,....., 40% 169]. 

An alternative to fabri(:at.ing rni<~rostrn(:tures in diamond, which can be quite 
a difficult materi::~l to eteh, is to simply eol l<~et the t.otllily internally reftect~'u NV 
ftnorescenre as it f•sc:apes out of the erl.ges of a typical planar rl.iamonrl. sampl(> (see 
Figme 8.1 ). A prototype device in whieh four photon detectors are positioned at the 
edges a di::~mond samplt> has demonstratc~d a (·olleet.ion efficiency of ,....., 47%, with np 

to ,....., 90% theoretic:::Jlly a<:hievablf' 1701. 

8.1.3 Coherence Titne 

In ultra-purE" diamonds engineered with low N ele(:tronie spin impurities and 
low 13C nndear spin impurities, single NV center spin coherence times as long as 
,....., 2 rns h<'lve been observed at room temperature 111 . By applying dynamical rleron
pling teehniq ues as dis(:nssed in C hapter 6, (:Om parable eo here nee times have been 
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Chapter 8: Ov.Uook 
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Spatial Resolution (m) 

FigurE> 8.2: Plot of t.he spati<'!l resolution versus magnetic sensitivity of a 
variPty of rect>ntly dPmonstratPd magn<~tir s<~nsing technologif1s: snpercon
cluc:ting quantum interferen~P devices (SQUIDs) ]132, 133, 134, 135, 13G, 
137, 138, 1391, scanning Hall probes ]140, 141, 142, 143, 1441, magnetometers 
employing Bose-Einstein (:ondensates (BECs) ]145, 146] , magnetic resonance 
fore<-' mi~ros~opes (MRFl\!Js) ]147, 148] . atomic vapor cells and spin exchange 
relaxation-fre<~ (SER F) nul.gnetometf'rs ]149. 150. 151 , 1521, ancl NV magn<.>
tometers ]65, 59, 85, 153, 70, 154. 155]. 

the NV spin coherence and consequently magn<'~ti(· sensitivity. The NV center often 
<'!lso expPrienees surfaef' effects which (:;m shorten the coheren(:f t.ime. vVe \ViJl diS(:USS 

these trade-offs in more detail in thP next section. 

Stimulated emiss ion depletion microscopy 

Another approarh for ac:hiPvi ng snb-optical-diftraction-limitNl spatial resolution 
is to employ supPr-resolution opt.ie<'!J sehemes. For example , Rittwege·r- P.t al. were 
ahle to us<-' a stimulatecl t>mission dPplPt.ioH (STED) microsc:opP to resolve singlE" NV 
(·<~nt<~rs with 5.8 nm spatial resolution [156] . This techniqu<-' has s<~veral advantages 
over a seauniug tip geometry in that diamoncl fabrication is not n<~cessary and higher 
NV cow:entrations arP more E'asily prohecl. Thns far , simultaneous STED mi<:roscopy 
and DC magnetometry has achieved ~ 1 j..t.T / VHz sensitivity and "" 30 nrn spatial 
resolution ]153], with further irnprowm<~nts in progress. 
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Figure 8.3: Vlide-field optical and magnetic images of magnetotaetie bacte
ria. (a) Bright-field optical images of MTB adhered to the diamond surface 
while immersed in phosphate buffer solution. Several out-of-focus bacteria 
are also visible ftoating above the diamond surface. (b) Image of magnetic 
field projection along the [111] crystallographic axis in the diamond for the 
same region shown in (a) determined from NV ESR spectra. Outlines are su
perimposed on the magnetic field image to indicate the locations of the MTB 
determined from bright-field images, and the colour of the outlines indicate 
the results of a bacterial live-dead assay performed after measuring the mag
netic field (black for living, red for dead, and grey for indeterminate) . (e) 
Bright-field image of several dried MTB on the surface of the diamond chip. 
(d) Image of magnetic field projection along the [111] axis for the same region 
shown in (e) determined from NV ESR spectra, with outlines to indicate the 
locations of MTB determined from (c) I 54] . 
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���������� ��� �����
��	 ��� ���	��� ������ � ���������� �����	� �����	�� �� ��� ���
���	� ��	���� �� �
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�������	����� �� �������� ��� �	������ ��� ��	����� �� ��	������� �����	�� �� �����
��� ������ ���������
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I(νm) = R
[
1− αF

(
νm − ν0
Δν

)]
 "#$%

�	��� R � �	� ���� �� �������� 
	���� 
�� ������ α � �	� ������� �� �	� ��������
��
� F � � �������� �����'��� �	� ����	�
� �� �	� ��������� Δν � �	� ��������	
 ���������	 �� 	������(����% �� �	� ��������� ��� ν0 � �	� �������� ���)�����#
������ �	�� �	� �������� ���)����� � ������� �� �	� �������� ���� '� �	� ��
��
*����� �)������ ν0 = γB0� �	��� B0 � �	� 
��+������ �� �	� �������� ���� ����� �	�
�� ������� �(� ��� �	� �� ������������ ����� � γ = gμB

h
≈ 2.8 ,-./0#

�	� ��������	 Δν � ������������� ������� '� �	� �	����������� ��
	���� ����
�∗

2� �	��	 � ��
������ �� ��	����������� �� �	� �������� ����������� �� �	� ��
������ %� � ������ �� �	�
��� $# �	� ����	�
� F �� �	� �������� ��� '�
�����'�� '� � 0����� ��������  �#�#� �	�� � ����� ���'�� �� ������� 13� 
��
�������� �	� ��
	����%� � *�����.��� ��������  �#�#� �	�� 
����������� 
�� ����
��
������ �� �������� ������ �������� �	� ��
	���� �� �	�� �	� �������� �

�����'�������� ��� �� ��������� ���� �� ��������� �(��������%� �� 
��'�� � ����
�������� �� '��	  �#�#� � ����� ��������%#

�	� 1��������� �������� I � ��� ������� �� ���� �	���� �� �	� ��������
���� �� �	� 
���� �� ��(���� ��
�&

max

∣∣∣∣ ∂I∂νm

∣∣∣∣ = αR
ΔνPF

 "#2%
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Appendix A: NV Magnetic Sensitivity 

MW Frequency Ym 

Figun-• A.l: Int.ensjty profile of an NV resonall(:e in t.h<~ ESR Sp!-!ct.rum ilhJfl
trat.ing thl-' senRitivity of an ESR baRed DC magnetir fil-'ld measurement. 

We define the numerical parameter PF. whidt is related to the speeific profile :F of 
NV reRonanrr . For a Gaussian lineshape, PF = J e/8ln2 ~ 0. 70; for a Lorrntzian 
linrshape , PF = 4/3VJ:::::::; 0.771 57]. 

ConRider a measurement of duration tm. AsRuming low rontrast a , the nmnher of 
photons eolle<~tecl per measurement f3 = Itm r.an be approximated by f3 :::::::; Rtm, and 
thl-' corresponding photon shot noise can be approxjmated by 8{3 :::::::; ../Rtm. The shot
noisr- limitrd minimum detrctable firld o.Bmin for this measurement can be calculated 
from the photon shot noise at the point of maximum slope (Figure A.l): 

(A.3) 

Substituting in Equation A.2, Equation A .3 b<"Comes: 

(A.4) 

The sensitivity 'T]esr of the measnrrrnent iR thrn given by the following relation 160, 52] : 

(A.5) 

The magneti(: fielcl sensitivity is dependent on resonanee eontrast a , number of pho
tons collertrd per measurement {3 , resonance linewidth !::1v., and meaRnremrnt dura
tion tm . These parameters are not indrp<~ndrnt of each other: tlw rrsonance (:ontrast 
a may be increased by inen~asing thl-' power of t.hl-' microwave exeitation at the expense 
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 ��� �������� Δν ��� �� ����� ���������
� ������	�� ��� �������� Δν
��� �� ������	�� ��� �� � ���� ������ �� ��� �� 	��� ����������	��� �����	��

���� �∗

2� �� ������
 ��� �	�� ���������� ����� �� ������ ����� ���������
 ���!
�"�� ����
 	� ������	�	 ������ �� ������	 ������� ��� ���	������� β� #�����$��

���	� ���������	 �� �����"� ��	� %& ��
����� ��� 	��	���"��� �	��
 ��� '() ������
����	 *+,-.

η��� ∼ PF
2�

gμB

1

α
√

βT∗
2

�/�0�

��� �� ���	
���
��� ����
� �
��
	�


�� ����"� ��� ������� 	��	���"��� �� �� �� ��
��������� ���� �	�	 ��� )��	��
��	� 	�1����� �� ���	��� %& ��
����� ���	� ��	� ���	���� ��� 	�
�� S� ������
���"���	� �	 ��� ������ �� ������	 ������� �� ��� ���	������� ��� ���������
�� ��� ��
������ B �� ��� 	����� ��
����� ��� �� �� ���	����� ����� ���� B �	
�� ��������� 	����� ��� 	������� ���� ��� ����� 	����� ��� B0� ����� ��	 ������
�� 	������� ��	���
��	� ��� ���� �� ����������� ��		�	�� /	 � ��	��� ��� �������
��
����� ��� ��
������ B ��� �� ��������� ���� ��� 	�
�� S� ��� ��� �����������
�� ��� 	�
�� δS �	 ������ �� � �����	������
 ����������� �� ��� ���	���� ��� δB
�� ��� 	���.

δS =
∂S
∂B

δB �/�,�

��� 	�
�� �	 ��	� 	��	���"� �� 	�� ����
�	 �� ��� ��
����� ��� �� ��� ����� ��
������� 	���� /	 � ��	��� ��� ������� ��	�"��� ��
����� ��� δBmin �	 
�"��
��.

δBmin =
δS

���
∣∣ ∂S
∂B

∣∣ �/�2�

����� ��� ������� 	��� ��� �� ���������� ���� ��� )��	�� ��
��������� ���"�

�"�� �� ��� ���� ���� �� '1������ 3�4.

���

∣∣∣∣ ∂S∂B
∣∣∣∣ = ���

∣∣∣∣−2πγτ
(a− b)

2
sin (2πγBτ)

∣∣∣∣ = 2πγτ
(a− b)

2
�/�5�

'1������ /�5 ��� �� ������� �� ����	 �� ��� �"���
� ������ �� ������	 �������
��� ���	������� β = (a+ b)/2 ��� ��� ���	������� ������	� α = (a− b)/(a+ b).

���

∣∣∣∣ ∂S∂B
∣∣∣∣ = 2πγτ

(a− b)

(a+ b)

(a+ b)

2
= 2πγταβ �/�67�

8� ������ �� ���	�������	� ��� ������ �� ������	 ������� ���� ���� �� �	 1����
	��� /	 � ��	��� ��� ����������� �� ��� 	�
�� �	 ��������� �� ������ 	��� ���	�
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Appendix A: NV Magnetic Sensitivity 

a .---~~--~----~-----. b .---~~--~----~-----. 
·r = 0.49 f.IS 

~ 

0 2 3 4 

Free Precession Time-r (J.IS) 

II) 
---(ij 

c 
.2' 
(/) 

Cll 
(J 
c 
:!l e 
0 
::J 

u: 

0 0.5 15 2 

Static Magnetic Field B (G) 

Figurr A. 2: Srnsitivity of a Ramsry based DC magnrtic field measurement. 
(a) l\!Iodeled Ramsey F ID cmw, with the free pre<~ession time T = 0.49 f-£P. 
used for tlw magn<"tir measurement indicated by a red arrow. (b) Exampl<" 
magnetometry curv<~ illustrating the uneertainty fJB in the measmed mag
netic field dn<" to fturtuations r5S in tlw ftuorescenc<" signal. 

and c:an be approximated by fJS ~ .j73: 

(A.ll) 

In more advanc:ed measurement sch<>mes with higher photon collection and measure
ment contrast (e.g. , single-shot read-out) , spin projection noise must also lw incorpo
rated into th<~ uncertainty oS l52j. Nott> that other noise sour(:es, such as electronic 
noise, may also limit tlw magnetic sensitivity. 

The sensitivity 'TJrarnsey of thr mt>asurement is then given hy the following rela.tion: 

n 1 1 
'T}ramsey = 8Bmm 0m ~ - r,:;: /Q{3 

gf-£B yT ay p 
(A.12) 

where the time tm of a measurement is approximated by the free precession timf' T . 

As in thf' DC magn<':tometry schem<" utilizing ESR spectroscopy. the magnetic 
field sensitivity is dependent on resonance contrast a , number of photons c:ollected 
per measurement {3 , 1md mel'lsureuwnt duration T . Also as before, these parameters 
are not indPpendent. The measurement contrast dpcays as a result of NV spin dPphas
ing, with c:haracteristic time scale T2. Thus, inc:reasing tlw measurement duration 
T <it'grades the eontrast a: the optimum magnetic field sensitivity is adtif'ved when 
'T rv T2: 

n 1 
'TJramsey ""' l(fi'*T* gj..£s ay p .L 2 

(A.13) 
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Appendix A: NV Magnetic Sensitivity 

a ~~~----~----~----~ 
't = 324.4 J.lS 

0 200 400 600 800 0 W 100 1W 200 2W 

Spin Echo Time-r (J.IS) AC Magnetic Field Amplitude B (nT) 

Figurr A.3: Sensitivity of a spin ed10 based AC magnetic field measnrem<=mt. 
(a) Measnred spin echo dewherenee curve of an NV t->nsemble , with the spiu 
eeho time T = 324.4J.Ls used for the magnetic measurrment indicatrd by a rrd 
arrow. (b) Examplt-> magnetornetry eurw illustrating the un(:ertainty oB iu 
the measured magnetic firld dur to fluctuations oS in th<" fiuorrsr.rncr signal. 

A.3 AC magnetornetry 

In this ser.tion, wr rlerive the sensitivity of an NV magnetonwter whieh employs 
a spin rr.ho pulse sequence to measnrr an AC magM~tic firld along the NV axis , 
desrribrd by b(t) = B sin (27r !act - <po). The MW ed10 pulsr of thr srquence occnrs 
at t = T /2, where the full pulse duration T is rrlaterl to thr magnt->tic fielrl frequency 
fac as stated in Chaptt->r 2. 

The phase <P accmnulatecl by the NV spins owr the pulse sequence duration is 
given hy: 

<P = 1"f 21r!b(t)dt - 1.,. 21r!b(t)dt 
2 

<P = 41r!B 1~ sin (27rfact - <po)dt 

</J = 4ryBTCOS (<po) 

(A.l4) 

(A.l5) 

(A.l6) 

For simplieity, let us fo(:ns on the optimal situation wherr the MW pulses r.oiucide 
with tlw nodes of the AC tirld !see Figurr 2.3(a)]. In this east->, <po = 0 and the phase 
accumulated by the NV spins and subsequently tlw sensitivity to magnetic fields is 
maximized. As mentioned previously, AC magnetic fields with randomly fluctuating 
pha.ses may also be measured using a variant of thr spin echo pulse sequen(:e; however, 
the sensitivity is poorer, as discussed elsrwhere 163, 641. 
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S =
(a+ b)

2
+

(a− b)

2
cos (φ) �� !"�

S =
(a+ b)

2
+

(a− b)

2
cos (4γBτ) �� !#�
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∣∣∣∣ ∂S∂B
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∣∣∣∣−4γτ
(a− b)

2
sin (4γBτ)

∣∣∣∣ �� *+�


	&

∣∣∣∣ ∂S∂B
∣∣∣∣ = 4γτ

(a− b)
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∣∣∣∣ ∂S∂B
∣∣∣∣ = 4γτ

(a− b)

(a+ b)

(a+ b)

2
= 4γταβ �� **�
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√
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√
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1√
τ
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ηse ∼ π�
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Appendix B: E:tpeTimento,l Apposntus 
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Figure B.l: CCD based wirle-fielrl fiuorescence microseope (a) photograph 
and (h) schematic. 
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Appendi:J: B: E:tper-imental Appamtns 
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Figure B.2: NV scanning confocal mic:rosc:ope (a) photograph and (h) 
schematic. 
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ṗ0 = −2γp0 + γp+1 + γp−1
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ṗ+1 = γ − 3γp+1, �!�'( 

��� ����
�� �� ��
�� 
� �
��� ��

pi = Ae−3γt +
1

3
, �!�'' 

���	� i = {0,+1} ��� A 
� � ��	���
#��
�� ���)�
���� *� ���	���	� ����
� � 	�����
��
�� 	��� �� γ1 = 3γ� +���	�
�� �� %���
�� !�'� ��� ������	���� 	��� 
� γ2 = 2γ�
��� ��� γ2 =

2
3
γ1� �
���
�� T2 =

3
2
T1�

+ ��	� 	���
��
� �����	
� ��	 ��� �� ������ ������ �� �
	��� �	���
�
��� �������
��� | ± 1〉 ������� ,� ��
� ���� ��� 	��� ����
��� �	�
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����	
 ��	�����)�
 �� !�������
&������� *	
�������� +�
� *	 ��
�� �� �	���
��� �� ��	���� �	�� ���� ����������� 
���
��	
� ��� ������ ��� �����	��
 ���� ",���� N+

2 ��������� ��	� ����� ��� ���������
��� �����
 �� ��-��
 	������	 ������������ .��� /�	��� ���� ���������	� ��������

�� ��� !0*/ �������� 1("2� ��� ���	 
���� �� �����	��
 	������	 ����� �� ��������

�� �� ∼ 11 	�� ���� ∼ 4 	� �������� ��������� !���	 �����	� �� ��� ������ ���� ���
���	��
 ���� 
�3���	� 
������4 ������� �	 ���� 
����������	 ����� �� �	�� �������

�	� �����	� �����	� ���� ���	 �������� ��	��	������	� ����	 ���

�� ��	��	������	 ≈ 8× 1010 cm−2

� ��	��	������	 ≈ 1× 1012 cm−2

13 ��	��	������	 ≈ 1.1%
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	 �
� ������� 	 �!�� ���������� ��!��� ����	��
� �
� �������	 
����� ���
����� ���!���
���� �� ����
�����
 �	 ��	 		�� �
 ������� "� ��� �
�
������
	 �!
	��
 ��� �����	 �
 ��� 	����� ���#

�� �
�
������
 ∼ 3× 1012 cm−3 $∼ 0.02 ���%
� �
�
������
 � 1× 1015 cm−3 $� 6 ���%

13� �
�
������
 ≈ 0.01%

������ �

������ & �	 � 	�
������	��� �����
� 	����� ��������
 �� '����� �����
�
(
� ��� 	����� �
	�	�	 �! � � �� �����
� 	 �	����� ���� ��� �����
� 
������

�
� �� ��� ���� �
�
������
	) ���� ��	 ��������
 ���� � 
������
������ �����
∼ 10 μm ���*� � � �� ��� 
��������� �� �
�
������
 �
 ��� ������ ���� 	 �	�����)
��� �� ���	 ����
�	 ���!����� �
 ���	 	����� ��� ����
���� �� ��� �� �
���	 �

��� 
������
������ �����) ���	� �
�
������
	 �! 	��
 ��� �����	 ���#

�� �
�
������
 ∼ 2× 1016 cm−3 $∼ 0.1 ���%
� �
�
������
 ∼ 2× 1019 cm−3 $∼ 100 ���%

13� �
�
������
 ≈ 1.1%

������ 	

������ + �	 � 	�
������	��� ���� ,� -.-� �����
� 	�
���	�/�� �� �����
�
���� 0��� 
� ! ����� ����		�
� ���!����� �
 ��� 	�����) ��� �
�
������
	 �! 	��

��� �����	 ���#

�� �
�
������
 ∼ 2× 1012 cm−3 $∼ 0.01 ���%
� �
�
������
 ∼ 1× 1019 cm−3 $∼ 50 ���%

13� �
�
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 ≈ 1.1%
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