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Synthesis, Characterization, Tlansport and Electronic
Structure Studies of TYansition Metal Dichalcogenides

Abstract

Thansition metal dichalcogenides (TMDCs) are available with exotic physical properties such as

charge density wave (CDW), spin density wave (SDW), magnetism, superconductivity, and topo-
Iogical properties. Thus, examining the electronic band structure of these materials is crucial for
microscopic understanding of their exotic physical properties.

In this work, we performed angle-resolved photoemission spectroscopy studies (ARPES) on

ZrSe2, ZrTe2, TaTe2, and NiTe2 to understand their low-energy electronic structure. Our studies

suggest that ZrTe2 is a topological semimetal whereas ZrSe2 is semiconductor. We conclude that the
metal-chalcogen bond length plays a crucial role in tuning the electronic properties from semicon-

ductor (ZrSe) to a topological semimetal, (ZrTe2). From ARPES studies on charge density wave

(CDW) material TaTe2, we discover that the surface electronic structure of 1?/-TaTe2 has more

resemblance to the 2H-TaTe2, while bulk electronic structure has more resemblance to hypothetical
17-TaTe2. The Fermi surface topology is temperature independent up to 180 K, confirming that
the 2H phase on the surface is stable up to 180 K and the CDW order is not due to the Fermi

surface nesting. ARPES data on NiTe2 clearly show a surface Dirac point observed at a binding
energy of 1.45 eV which is consistent with an earlier theoretical prediction.

AIso, we have grown high quality single crystals of NiTe2, VTe2, VSe2, and V5Ss and studied

their electrical-transport, magnetotransport, and magnetic properties. From resistivity data on

NiTe2, we find that resistance is dominated by s-d electron-phonon scattering and estimated Debye

temperature 0p x 230 K using an extended Bloch-Griineisen (BG) formula. Magnetoresistance
(MR) shows a crossover from linear MR dependence to a quadratic MR dependence on applied

magnetic field (B) at = J.5 T. From resistance measurements we observe Kondo effect at very low

temperature region in VTe2, VSe2, and V5S3 due to magnetic exchange interactions.
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��������	
����
���
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��������	
����
���
���������������������������� �!�"�#�$��%�&'�(�������")���$��*�+��)���,�-.�/���� 0��1����2(��3��*�4�5�'����3-�-����6�/).�(.07�.)"��'��"�.(��1'.83.�)�"#89�:.)#)".$�48;-<�))..�/#=�0"0.�.("10�)=.("10)(0=#�>?@ABCDEFGHICHJK�:0��L����'�M�M����L�N�-���4�,�0�O�*��,�P�0�Q�R���-�S.����3��S��6T�)�"���1�:.����')"1�("�1��$038���"�0��(10))"�.(��1'.83.�)�"#89�:."1��)�"�0���:���3��$3�)��U3.�>?@ABCDEFV@HWCBXYAV@HWCDEF?@ABCDB�:0������0��M�==��ZZZZ[�ZZZ\��M�]����\���R.10�̂���R.4�(0���������31��R���1�0���8���_.�))0��̀ �a�.�.1�&�b011�)).�50���b0)�5���3 �̀%03�c.1.�6����1$0��()�==1.))�0�07(��1'.3.�)�"#9�:.)���d8 /-<�>?@ABCDEFGHICHJK�:0��Le�=��]]��]�+("�M�����ZM���R.10�̂�R���1�0���b0)�5���3 �̀%03�c.1.�641�(.)07(��1'.3.�)�"#9�:.)�� /-<�>?@ABCDEFGHICHJK�:0��\��$�#�M�L���Z��,�a�S��'�S�R�,�0�O���N���4�4�*���O�P�S��'�R���.��������,�R����3,�O���'�6b��3��)���"01"0�0""��)���"01"1��)�"�0����484�-<�>fEXgYHDhWWgiCDEXChiB�:0������0���==��[���M�M���Z��j�j0)���*���*����-���093��1#���a�������5�)�k�4�:�����2����"".1l..���%�*�S��5.1���3 �̀��;01��6-�01"81��'.(��1'.3.�)�"#9�:.013.1���*84�-<�>?@ABCDEFGHICHJK�:0��\\��0��m�=��m]�mm��M�\���ZZ�b�*��3./1��3�4�j�0�.����8R��0""�)�P��0��.#���b�11.".���&�P��������a�%�b09�.1���3 �̀�./��6R0(��%.��8-=�(.;�.907"�.�(��1���n84�-.<�o�o����1'.a.�)�"#S�:.�>?@ABpGHIpqHXXp�:0����M�=��ZemMm���1�M�L���Zm�k�j�a�-��:0�a�&��0�("0����3j�;�S�)�(��5�6&�.("10��(=10=.1"�.)��3)�=.1��""�(.701$�"�0���"�.).$�$."��4�-.<�>?@ABpGHIpK�:0���m�==�mZ��[mZ�L� 0:�\�e���Z]���:��&r.1.��j�b.1'.)�j�*����&�:��R00��-�!1��)���-(�0/.1"�4�S.55��'�k�*�""$����&�̀ ���1� �%0"�.�/�(��!�+��.7)�R����11�3�� �b1005.)�P�-(�s0��0r�!�!�$$.1�*�S.�3.�4�S.����'���34���(�.�#�6�7���'�=�/0:."�.k.1$��.:.�t"�.(��1'.3.�)�"#9�:.07$0�0��#.1;-<�>fEXgYHVhWWgiCDEXChiB�:0������0:�M�����Ze�j�,��'�S�S��'�,�R���*�a��S� ��'�P�O�.�'���j���,�*��� �S��'�O�,��'���4������3,�O���'�64��(5�.))3.=.�3.�(.07"�.(��1'.83.�)�"#89�:."1��)�"�0�".$=.18�"�1.��;-.<�>uvvFCHw?@ABCDBqHXXHYB�:0���M]�=�MeZ�M\���'�M�m���Z��*�!�+  &-�64�.)�=.1(0�3�("�:�"#07$.1(�1#�>VhWWp?@ABpqExpyiCIpqHCwHi�:0������==����[��m��\�����ZL�j�b�13..��R� ��00=.1���3j�%�-(�1�.r.1�64�.01#07-�=.1(0�3�("�:�"#�>?@ABpGHIp�:0���ML�==����][��Mm�a.(�\]����Z\�R�a�R��3����3;�R�P���/�1'�6+�"�."�.01#07)�=.1(0�3�("�:�"#�>z@p{|Bvp}HhYp~C�p�:0���M�=��Mem��\]M���mM�!�+��/.��� ��"0���3-�4���5��6���)0"10=#072==.1�1�"�(��k�.�3��-�=.1(0�3�("��'�d8 /-<�>�hgYiEFh�X@H?@ABCDEF�hDCHXAh��EvEi�:0��m]�==�]M[]L�l���\�L���m����-�b��1�$#�+�j����15�b�8j�,��'�j�k.�'�R�b�93.��j���%��.#�T���150:�_(�k����8�0���;�-��50�a�b�)9�)�HXEFp�62/����"0�)701$�"�0�07/��5a�1�((0�.)��3"0=0�0'�(��)�17�(.)"�".)710$�)��'�.01/�"��$���70�3��"1��)�"�0�8$."��3�(���(0'.��3.)�>fEXgYHWEXH�YCEFB�:0������0���==���[�L��M�L���m��j�P�0���*���'�*�R�0�*�,��'�R�S.��-�����,�O�0��*�O��0�N�R��,�R��!�,��'���R��̀ �-���j�R��Q�S��%�j���:����3R�-���6+/).1:�"�0�07"�1..)�=.1(0�3�("��'"1��)�"�0�)��"�.=1.))�1��.3�aS8/.�1��'(0$=0��34�4.<�>?@ABpGHIp�EXHYCEFB�:0��e�=�RM]�LM����#�M��� ��



��������	
����
���
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_̀ab���	cd�e���̀afgehi�jklehkl�bilb��fm�����egn��
��	�o�����hej��p�fq�il�nfglr�stupheg�vkrfẁgalr�x�lehuirehifa�gr�yeafgehpell��g	�i�
iegg̀ga�h�il�fgx̀i�fkifp�̀xea�fmlr������k̀gah�i�jklehẁlrekpeìeh��kfhbl̀fgfmczz{|	�n��u�ejǹ}�eilfa�exfm�����k̀gah�i�jkleh	�����~̀�wfmlr�r�yeafgeh��̀hhfb̀g�fg�ẁlrr̀arkjxx�l�jpf̀glk	�m���ekb�̀gaa�fx�l�jfmprflf�x̀kk̀fgkp�il�fkifpjvn��g̀galr��egn�upfhe�̀��nprflfgkẁlr��kp�illflr�kiell��̀gapheg��
��egnegehj����gl�egi�kh̀l��
�	�f��h�~�hprflf�x̀kk̀fgkp�il�efm�a������egn�r���
��	
g�r�vlr�kjxofhk�egn���p��k�gllr�
fǹg�̀xpb�̀ljp�e�kfm�p���egn�p���v��kp�il̀~�hj	ekk̀ag�nlflr�̀���kp�il̀~�ògǹga�g��à�kmf������	�fw�~��vmf���
��vw�gfl̀i�nk̀ag̀�iegl̀gl�gk̀ljp�e�kelògǹga�g��à�kfm����egn�z	���vpf̀gl�noj�egn�v��kp�il̀~�hjvlrele��g�ah̀àohj~̀k̀oh�̀g�����	�r�k�p�e�ke��̀n�gl̀��neklr�
fǹg��p������egn�p������klel�k	�fl�r���lrel
fǹg�wekbk�nekel�egkpf�lea�glmf�a�fẁgalr�k�i�jklehkvr�gi�vkfx�fmlr�
fǹg�elfxkxejre~�klbi�g̀o�lw��glr���
��hej��knb�̀galr�i�jkleha�fwlrp�fi�kk	�blg�~��lr�h�kkvekw�ǹkibkko�hfwp��k�gi�fm
fǹg�̀g��
��rekgfg�l�}�ilfgl̀k�h�il�fg̀ikl�bilb��	�pe�lm�fxlr̀kvw�nfgfl�gnegjflr��̀xpb�̀ljp�e�km�fxlr���
fm��
��egnekw�hhm�fx�����	_̀ab���	�krfwk����
nelefm�����	_��x̀ kb�mei�xepfm����� g̀lr������pheg�̀kkrfwg̀g_̀ab���	��e�vx�ekb��nẁlr�upfhe�̀��nh̀arlbk̀gaeprflfg�g��ajfmr��czz��	�r�_��x̀ kb�mei�rekr�yeafgehkjxx�l�jwr̀ir k̀ifgk̀kl�glẁlrlr�r�yeafgehi�jklehkl�bilb��	�kiego�fok��~�ǹg_̀a	�	��e�lr�_��x̀ kb�mei�fm�����ifgk̀klkfmw�hhǹkifgg�il�n_��x̀ pfi��lkhfiel�nellr��egn� pf̀glk	
gf�n��lfbgn��klegngelb��fmlr�k�_��x̀ pfi��lkw�re~�le��glr��g��ajǹkl�̀obl̀fgxepk����k�ehfgalr�iblk�cegn��ekkrfwgg̀_̀a	�	��e�	_�fxlr����kkrfwgg̀_̀ab���	��o�lr���rfh�h̀��oegnǹkp��k̀fgkv��v��vegn��ve��mfbgnel����egneg�h�il�fgh̀��oegnǹkp��k̀fgv�v̀kmfbgnel����r̀arkjxx�l�jpf̀glk	_�fxlr�pfhe�̀�el̀fgn�p�gn�gl���kekkrfwg̀g_̀a	�	��o�vẁlr�upfhe�̀��nh̀arl��
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̂_̀ab̂��a�cd�êYcfd�[cd[��eg�����	�b�X��hYf[�gbc�hb̀ h�bf[��i[fŶZj èab�Yk�iaYZldmYdlb l̀edê �̂��Znlo�pqq�r	�s��̂��ZniYfd�Ys[dYêhb̀f���tf�dbu�̂ baêZdl�c[dfvpb̂iv\bfflem̂ Ŷ�b�	�c�
�cêii��YwbdYw�feg�s�	
̂�c�dl���i_ibfl�ic[�w�fb���n�_Z[Yi�fflemŶZdl�sb̂iiYf̀��fYêf	�i��̂��Zn_heh�̂d[h àedeg�����cbac[abd�i[fŶZi�̂fYdng[̂cdYêbadl�e�nmYdl�sa[��b̂imYdle[d���i�Ŷca[iŶZf̀Ŷ_e�sYdce[̀aŶZ	m�̂edYc�ibaadl���lea�̀ecu�dfmYdl��i[c�iŶd�̂fYdnge�xyb̂ixzb̂ilYZlŶd�̂fYdnge�x�{ml���bfmYdlj_̀eab�Yk�iaYZldm�̂ edYc�i �̀�iehŶb̂dandmelea�̀ ecu�df�x�b̂ixz�	��sYdba��feaw�isb̂ifd�[cd[��̀ ��ge�h�isne[�dl�e��dYcbaceaabse�bde�f�f��XYZ[���	|�Ŷdl�bsf�̂c�eg
��f[ZZ�fddlbddl�lea�̀ ecu�dxyYfceh̀ ef�isn��j}{dl�lea�̀ ecu�dx�Yfceh̀ ef�isn��j~{b̂idl�lea�̀ ecu�dxzYfceh̀ ef�isn��j�clb�bcd��	�em�w��{Ŷ dl� �̀�f�̂c�eg
��dl�e�sYdbacêd�Ys[dYê dedl�lea� ècu�dfYfhe��ceh̀ a��bfcb̂ s�esf��w�iŶ XYZ	�	|	�l[f{bffYẐŶZe�sYdbaclb�bcd��fdedl���̀��Yh�̂dbasb̂ifd�[cd[��ge������Yf̂ ê_d�YwYba	���d{b̂ lYZlŶd�̂f��a�cd�ê ècu�d���lbfs��̂ ��ce�i�i[fŶZj_̀eab�Yk�iaYZldmlYclYfceh̀ ef�isndl��w�̂ b̀�Ydne�sYdba�����clb�bcd��	XYZ[���	\�i�flemfcbac[abd�isb̂ifd�[cd[��mYdlb̂imYdle[dŶca[iŶZf̀Ŷ_e�sYdce[̀aŶZ	�fm�cb̂ f��g�ehXYZ	�	\�i�{dl���lea�aYu�b̂ib̂ �a�cd�êaYu�sb̂iiYf̀��fYêfb��̀ ��iYcd�ibd����b̂i����lYZlfnhh�d�ǹ eŶdf	�l���ge��{cbac[abd�isb̂ifd�[cd[��Yf�[baYdbdYw�anŶbZ���h�̂dmYdldl���̀��Yh�̂dbaibdb	��f̀Yd�s�ŶZbabn���ifnfd�h{m�g[�dl��̀ ��ge�h�i l̀edê �̂��Zni�̀�̂i�̂d����
h�bf[��h�̂dfê �����de[̂�bw�adl�e[d_eg_̀ab̂�����sb̂ifd�[cd[��	XYZ_��
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QRSTUV IJKLJKMJKNMJKNLJKNOJKKJKNIJKNPJKWXYZ���	�[�Z\]̂_]̀abc��de��a�f\�̂cXfg\�Zf\Z��̂ _�����	�b�heW��iXgZ�_bf�ib̀i�bgZ��jZgXcYk]̀ âb�Xl�jaXYm\Xc\m�nopq àbc�	�r���s\bh�cbâcY\m�ntpmXYmguii�\�uaXc�	�f��m̂\̂c�c��Yuj�̀�cj�c\�c��YujXg\�XrZ\X̂cfZ�v�g����g��w\�bf\�j_�̂i �r�	�j��m̂\̂c�c��Yuj�̀�cj�c\î i�c\Zi jXg\�XrZ\X̂cfZ�v�g�s��g��w\�bf\�j_�̂i�b�	�����sg\bh�c_�̂inbcjpmXYmguii�\�u`̂Xc\g	�_��c��Yu]î i�c\Zi à̂\_�̂i\m�fbafZab\X̂cgbâcY\m�ntpmXYmguii�\�uaXc�	�Y�heW��iXgZ�_bf�ib̀ i�bgZ��jZgXcYk]̀ âb�Xl�jaXYm\Xc\m�oxyq àbc�	�m���s\bh�cbâcY\m�otqmXYmguii�\�uaXc�	�X��m̂\̂c�c��Yuj�̀�cj�c\���g�w\�bf\�j_�̂i�m�	�z��m̂\̂c�c��Yuj�̀�cj�c\s��g�w\�bf\�j_�̂i�Y�	�h���sg\bh�c_�̂io bcjqmXYmguii�\�ù X̂c\g	�a��c��Yu]î i�c\Zi à̂\_�̂i\m�fba]fZab\X̂cgbâcY\m�otqmXYmguii�\�uaXc�	
c�r�bcj�m�\m��W�rbcjg\�Zf\Z��bâcYntpbcjotqXĝv��ab̀ �̀j ĉ\m�����
jb\brugmX_\XcY\m�fbafZab\�jW��iXa�v�a{	��|\̂}b�jgâ}��rXcjXcY�c��Yu	�̂\�\mb\gXcf�\m�rbcj��ĉ�iba]Xlb\X̂c�~�f\gb��ĉ\f̂cgXj���̂caub�ZbaX\b\Xv�bY���i�c\Xg_̂Zcjr�\}��c\m�̂�ubcj�ẁ��Xi�c\	Z���	��b�gm̂}gW��iXgZ�_bf�ib̀ _̂�����Xc\m�noqp àbc�i�bgZ��j}X\m̀ m̂\̂c�c��YX�g�bcYXcY_�̂i��\̂�{��|Xcg\�̀ _̂��|ZgXcYk]̀ âb�Xl�jaXYm\	Ŵaâ}XcY\m���Zb\X̂c�de � ����� ������f̂g���m����Xg\m��a�f\�̂cibgg��Xg\m��abcfh�gf̂cg\bc\���Xg\m�̀ m̂\̂�a�f\�̂chXc�\Xf�c��Yu��Xg�gfb̀�bcYa�̂_\m�̀ m̂\̂�a�f\�̂c_�̂i\m�gbì a�gZ�_bf�ĉ�iba�bcj��Xg\m�Xcc��̀ \̂�c\Xbâ_\m�gbì a�}mXfmXgf̂cgXj���j\̂r����|�}�_̂Zcj\mb\\m�̀ m̂\̂c�c��YX�g�{���|bcj�����|f̂���]g̀ ĉj\̂\m�mXYmguii�\�ù X̂c\ĝ_nbcjp���g̀�f\Xv�au	WXYZ���	��r�gm̂}g��s\bh�cbâcY\m�ntpjX��f\X̂cbggm̂}cru\m�ĵ}cb��̂}XcWXY	�	��b��w\�bf\�jrubî i�c\ZiXc\�Y�b\X̂ĉ _{	{��p��	W�̂i\mXg��s ĉ�fbcfa�b�auĉ\Xf�\mb\\m���XggXYcX�fbc\dejXg̀��gX̂cXcŶXcY_�̂in\̂p_̂�\m�m̂a�̀ f̂h�\}mXfmmbgb̀ b�\Xba��
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fghijkl fghijkl fghijkl fghijklmnm ohpql
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<=>?@ >A@
>B@ >C@ :DEFFGH���%

<=IJK�<=IJL� >M@>N@

OPQRS��	TU�PVWXSW�YTZ[\�V�]TẐ_XSW\�̀ XaXbcPaPbbSdVW�cVWSRbWRS�Xe������W\PQ\W�̀[�S�WRS�]�_�aY�WcXfW�̀[�S�WRS�]g_	]b_�d[XW\�WPb�cTZ[\�V�bSdVW�cVWSRbWRS�Xe�����[SXh�bW�YXaWXW\�ijk[c�a�	]Y_
b�aaPaQ�c�bWSXà PbSXVbX[�P̀�Q�XeW\�TẐk�����VPaQc�bSdVW�c	]�_lkS�dYPmS�bWXQS�̀ XeTẐk�����VPaQc�bSdVW�c	]e_l�
 �̀�VRS�YfPW\�[\XWXa�a�SQdXeTnn�o	�aW\�l�
��ccbXS�c�p�cV�S�PY�aWPq�Y�PW\�SWX��XS���WX̀ 	PaOPQRS��	TY	OSX̀ W\���l �̀�VRS�̀�aWV�f�Y�SPp�YW\�b\�̀Pb�cbX̀ [XVPWPXa�V��rstu���	�\PVVRQQ�VWVW\�WW\�S��vPVWV�wxXe�vb�VV��[�SRaPWb�cc	
Rb\�a�vb�VV�̀ XRaWXeWS�aVPWPXa �̀W�cXSb\�cbXQ�aY�qbP�abdPaW\�V�VdVW�̀VQ�a�S�ccdc��YVWX�vb�VV�c�bWSXab�SSP�SY�aVPWd	�W\�SfPV��eSX̀ W\���l�aY
�yY�W�W\�V�̀ [c�PVaXWPb�Y�V\X̀ XQ�a�XRV	OPQRS��	T�V\XfVl��[�WW�Sa�̀ ��VRS�Y�WSXX̀W�̀[�S�WRS��PaYPb�WPaQW\�W�����VPaQc�bSdVW�cPVbSdVW�ccPz�YPaW\�V[�b�QSXR[Xe{|}~]T|_�fPW\c�WWPb�[�S�̀ �W�SV�Vi�T���w���j���w���������|����aY��TTn����	�\�bSdVW�cVRSe�b�aXS̀�cPV[�S�cc�cWXW\��k�vPV��a�cXQXRVWXW\���ScP�SS�[XSWV�|n�|��	�cVX�f�[�SeXS̀�Yl�
 �̀�VRS�̀�aWVXaW\�bc��p�Y�����WXb\�b�W\�[RSPWdXeW\�V�̀ [c��g�eXS�[�SeXS̀PaQW\�����
 �̀�VRS�̀�aWV�VV\XfaPaOPQRS��	Te	�ccXgV�Sp�YbXS�c�p�cVeSX̀ l�
�S�S�e�SS�YWXS�V[�bWPp�gPaYPaQ�a�SQP�VXe���aY���WX̀ V�aYaXXW\�SP̀[RSPWd[���V�S�Y�W�bW�Y	O�S̀PVRSe�b�WX[XcXQdXe�����PaW\���k��[c�a�PVV\XfaPaOPQRS��	|��̀ ��kVRS�YfPW\�[\XWXa�a�SQdXeTnn�oRVPaQ�k[Xc�SPz�YcPQ\W�W�V�̀ [c�W�̀[�S�WRS�XeT��aYbXSS�V[XaYPaQbXaVW�aW�a�SQdbXaWXRSW���a�W�gPaYPaQ�a�SQdXeTnǹ �og�cXfW\�O�S̀Pc�p�cPVV\XfaPaOPQRS��	��	�Vb�ag�V��aeSX̀ W\�V�̀ �[V�W\���
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=> ?>@> �A"�7B�� �C� 3D01�123
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�I�
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=> ?>@> => ?>@>JKLMN��	OPQ�R�ST�NKU�VW�XJ�NUKYMNZ�[�U�TU��YMN�\]KŴ �T̂_W_V�V�NL̀ âbcdd�e	QfR�Q[R�V\Q\R
̂_]Ŵ�[�X[MX�W�\YT�[WN�XZMV[WK_V\KYWNKfMWK_V�WŴ�J�NUKX�g�XTX_WW�\Z_NY�UKhKViVKW�YX�fY_Zcj�Ok��V\OkhU_V_X�̀�NTX�[�\_VW_T_ZŴ�Y�UKhKViVKW�cjh�����YX�f�N�YT�[WKg�X̀	J�NUKT_[l�WYZ_XX_]Ŵ�̂ �S�L_V�XỲUU�WǸŴ�WKYKV[_VWN�YWW_KWYU_V_[XKVK[[ǸYhW�XYWNM[WMN��Y_fY�Ng�\ZN_UŴ�m��U��YMN�U�VWYQJKLMN��	c�R	�̂�ỲUU�WǸ\Kn�N�V[�f�W]��VŴ�[ǸYW�X�V\�X�[WN_VK[YWNM[WMN�Y[_MX\f�N�X�W�\W_Ŵ�Z_NU�hWK_V_ZfMXlQopcpoRYMT�N[�XXYWNM[WMN��YN�T_NW�\��NXK�NKVŴ�[�Y�_ZKY_YWNM[WMN�Xcjqh�f���rOOs	JMNŴ�N�_VŴ�J�NUKYMNZ�[�U�T�]�[_MX\K\�VWKZ̀g�NK_MYJ�NUKT_[l�WY_Z[KN[MX�NhŶ�T�\�̂�S�L_V�XhŶ�T�\�T�W�XhŶ�T�\�̂�XZh[KN[MX�NhŶ�T�\��V\WNK�VLMX�NhŶ�T�\	
V\�W�KX��WŴ�tT_KVW]�Y���X�NL�[KN[MX�NhŶ�T�\J�NUKT_[l�W	�̂_ML̂ ]�K\�VWKZ̀�V_Ŵ�NX�NL�̂ �S�L_V�XhŶ�T�\J�NUKT_[l�W�WŴ�tT_KVW�\M�W_Ŵ�U�WNKS�X�U�VW�n�[WYKWKYV_Wg�Ǹ [X��N	uMWŴKŶ �S�L_V�XhŶ�T�\J�NUKT_[l�WKY[X��NX̀gKYKfX��Y]�U_g�W_Ŵ�tqT_KVW	JMNŴ�N��WŴ�tT_KVW]�\_iV\YKST�W�XhŶ�T�\�ŴN��̂�XZh[KN[X�hŶ�T�\�V\_V�WNK�VLMX�NhŶ�T�\J�NUKT_[l�WY	
VhW�N�YWKVLX̀��Y]�U_g��]�̀ ZN_UtW_Ŵ�tqT_KVW]�iV\�X�NL�̂ �S�L_V�XhŶ�T�\J�NUKT_[l�WŴ�WKYV_W[X��N�WŴ�tT_KVW	�XY_��Wtq�Ŵ�YKv�_ZŴ�T�W�XhŶ�T�\J�NUKT_[l�WYKYYKLVKi[�VWX̀�V̂�V[�\[_UT�N�\W_Ŵ�KNYKv��Wt	��\K\V_W_fhY�Ng��V̀ �̂XZh[KN[X�hŶ�T�\J�NUKT_[l�WY�Wtq	��SW��Wtqq�]�[_MX\N��\KX̀_fY�Ng�_V�[KN[MX�NhŶ�T�\J�NUKT_[l�W_ZŴ�Y�U�YKv�W_Ŵ�_V��Wt�V\]KŴ �[�N�ZMX_fY�Ng�WK_V]�[_MX\�XY_iV\Ŵ�̂ �XZh[KN[MX�NhŶ�T�\J�NUKT_[l�WY	�WŴ�w T_KVW�]�_fY�Ng�T��VMWhŶ�T�\J�NUKT_[l�W	�M�W_Ŵ�U�WNKS�X�U�VW�n�[WY_MW_ZYKST��VMWhŶ�T�\J�NUKT_[l�WY�_VX̀ ŴN���N�N��\KX̀gKYKfX�\M�W_Ŵ�KN̂ KL̂ YT�[hWN�XKVW�VYKẀ�V\Ŵ�_Ŵ�NŴN��T��VMWhŶ�T�\T_[l�WY�SKYW]KŴ N�\M[�\YT�[WN�XKVW�VYKẀ	
KV[�Ŵ�����
KY�YMNZ�[�Y�VYKWKg�W�[̂VKxM��KV�gKW�fX̀�KWTN_f�YŴ�YMNZ�[��X�[WN_VK[YWNM[WMN�KV�\\KWK_VW_Ŵ�fMXl�X�[WN_VK[YWNM[WMN�	�̂�N�Z_N��KWKY[NM[K�XW_\KY�VW�VLX�Ŵ�YMNZ�[��X�[WN_VK[YWNM[WMN�ZN_U Ŵ�fMXlN�YMXW�\ZN_U Ŵ�YMNhZ�[�N�[_VYWNM[WK_V\M�W_[ǸYW�X[X��g�L�MV\�NMXWN�ĥKL̂ [̂�Uf�Ng�[MMU	J_NŴKYTMNT_Y��YX�f[�X[MX�WK_VY_Z�����KVKWYcjhT̂�Y��OkhT̂�Y���V\OkhT̂�Y�U_V_hX�̀�N_VW_T_ZŴ�fMXlcjhT̂�Y�Q̂ f̀NK\hT̂�Y�R����� �̂g�f��VT�NZ_NU�\MYKVLŴ�\�VYKẀ ZMV[WK_V�XŴ�_Ǹ f̀ _MNŴ�_N�WK[�X[_XX�f_N�W_N	�̂MY�JKLMN�Y�	Of��	O[�y�
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89:;<=>?@ A= ABACDEFGHIJFK>LMNOPQRDEFGHIJFKL MNOPQ R S TU VHGWXYKVZV [NG\R DEFGHIJFK>LMNOPQR
]̂_ S UU S TT A= AB AC
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Chapter 6

Electrical-transport,
Magnetotransport, and Magnetic
Properties Studies of VX2 (X = Se
& Te) Single Crystals

6.1 Introduction

For more than six decades, the TMDCs are widely discussed in the verge of the ground

state properties like CDW and superconductivity [1–9]. Among them, from the group

V TMDCs, the ditelluride-based compounds are isostructural to each other having the

monoclinic crystal structure with 1T ′ phase below 300 K [10–15], while the diselenide-

and the disulfur-based compounds are available in the trigonal crystal structure with

1T or 2H phase [16–21]. Despite being isostructural, these compounds show differing

electronic and magnetic properties. For instance, VTe2 shows a normal to C-CDW

transition at 474 K [13, 22, 23], while NbTe2 shows an IC-CDW transition at 550 K

and IC-CDW to C-CDW transition at room temperature [11, 24], in addition to a

superconducting transition (Tc) at ≈ 0.5 K [25, 26]. On the other hand, TaTe2 shows

a normal to IC-CDW transition at 170 K [27–29]. Similarly, VSe2 shows an IC-CDW

transition at around 110 K and an IC-CDW to C-CDW at 70 K [30–33]. NbSe2 shows

an IC-CDW transition at 33 K and superconductivity at 7.2 K [34]. TaSe2 shows an

IC-CDW transition at 600 K and a C-CDW transition at 473 K in the 1T phase [35],

while an IC-CDW transition at 122 K and a C-CDW transition at 90 K is found in the

2H phase [16, 36]. VS2 is reported to show a CDW transition below 304 K [21, 37, 38].

Though NbS2 is not found to show a clear CDW order, recently it was suggested to

be at the verge of a CDW order following the diverse electronic properties in NbS2 [20,

39]. On the other hand, TaS2 shows an IC-CDW phase below 550 K and a NC-

Most of this chapter is communicated for publication.
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CDW phase below 350 K and a C-CDW phase was found below 180 K in the 1T

phase [40], while a short range CDW transition is found below 75 K in the 2H phase [41].

Magnetotransport studies on TaTe2 and NbTe2 suggest a linear dependence of the

MR [11, 27], while a quadratic MR is found for VTe2 [42]. In contrast to TaTe2 and

NbTe2, VTe2 shows a weak ferromagnetic ordering at low temperature. As a result,

VTe2 is found to show a resistivity upturn due to the Kondo effect [33, 42–44]. However,

the resistivity upturn found in VSe2 is still under debate. Some reports interpreted

the resistivity upturn to the Kondo effect in the paramagnetic regime [43], while the

other reports interpreted it to a WL [42]. TaSe2 in 2H phase is reported to show

antiferromagnetic ordering [45]. TaS2 in the 1T phase shows ferromagnetic ordering

due to localized spins [46]. As a matter of fact, Kondo effect was not observed in TaTe2

and NbTe2 systems.

In this contribution, we report a comprehensive comparison study between VSe2

and its isovalent compound VTe2 on their electrical transport, magnetotransport, and

magnetic properties. We observe a low temperature resistivity upturn in both systems

due to the Kondo effect induced by the exchange interaction between localized moments

and conduction electrons at low temperature. The electrical transport data of VSe2

measured under various applied magnetic fields can be explained well with the modified

Hamann equation following the Brillouin function in the quantum limit [47]. From a

similar transport study on VTe2 we find that the data can be fitted well with modified

Hamann equation following the Langevin function in the classical limit [42]. Foremost

these observations confirm the presence of Kondo effect in both systems, specifically

for VSe2 in which the mechanism of resistivity upturn is elusive [33, 42, 43]. Further,

we find a negative MR for both systems in the Kondo state, while the MR behaves

differently in the normal state.

6.2 Experimental Details

Single crystal of VTe2 was grown by the CVT technique using iodine (crystalline,

99.99%, metals basis, Alfa Aesar) (2 mg/cm3) as a transport agent[48]. In the first

step, stoichiometric amounts of V (powder, 99.5%, metals basis, Alfa Aesar) and Te

(powder, 99.99%, metals basis, Alfa Aesar) were mixed thoroughly and sealed in a

quartz ampoule under vacuum. The ampoule was then slowly heated to 1000◦C at

a rate of 2.5◦C/min and kept there for 8 h before quenching into the normal water.

The powder was regrinded, sealed into a quartz ampoule under vacuum together with

pieces of crystallized iodine (crystalline, 99.99%, metals basis, Alfa Aesar) (2 mg/cm3).

The ampoule was loaded into a three-zone tube furnace where the temperatures were

set at 900◦C at the hot-zone and 810◦C was set at the cold-zone. After 5 days of
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reaction, we obtained shiny single crystals with a typical dimension of 5 mm×5 mm

at the cold-zone. Similarly, single crystals of VSe2 were grown by the above method

my mixing the stoichiometric amounts of V (powder, 99.5%, metals basis, Alfa Aesar)

and Se (shot, 99.999%, metals basis, Alfa Aesar), except that 1000◦C was set at the

hot-zone and 950◦C was set at the cold-zone. After 5 days of reaction, we obtained

shiny single crystals of typical dimension 15 mm×6 mm at the cold-zone.

The chemical composition of the single crystals were determined by an EDX equipped

with a scanning electron microscope (Quanta 250 FEG) and the phase purity was

checked by XRD patterns measured using Cu-kα-radiation (Rigaku MiniFlex II and

Rigaku SmartLab 9KW). DSC (Q2000 of TA Instruments) was performed to measure

the heat flow curve of the sample in both heating and cooling modes.

Electrical transport measurements were done in a PPMS (Quantum Design PPMS-

9T) using a standard four-probe method, with the electrical current applied along the

plane of sample (ab-plane). For magnetotransport measurements the magnetic field

was applied at different polar angles with respect to the ab-plane. Copper (Cu) leads

were connected to the sample by vacuum compatible silver epoxy Epo-Tek H2OE. The

sample temperature was varied between 2 K and 330 K during the transport measure-

ments. DC magnetization measurements were performed using the MPMS (Quantum

Design MPMS-7T) equipped with a vibrating sample magnetometer superconducting

quantum interference device (VSM-SQUID). The temperature dependence of the mag-

netization in ZFC and FC modes has been carried out under different applied magnetic

fields up to 7 T in the temperature range of 5-300 K. Field dependent magnetization

[M(H)] has also been carried out at different temperatures.

6.3 Results and Discussion

Single crystals of VTe2 and VSe2 were structurally analyzed using the powder XRD at

room temperature. High intense diffraction peaks corresponding to the (001) plane of

VTe2 are shown in Fig. 6.1(a). For the (001) plane of VSe2, similar data are shown

in Fig. 6.1(b). VTe2 crystallizes into the monoclinic structure with the space group

C2/m (12) in the 1T ′ phase at room temperature, while VSe2 crystalizes into the

trigonal structure with space group of P 3̄m1 (164) in the 1T phase [13, 49]. From

EDX measurements as shown in Figs. 6.1(c) and 6.1(d) we identify that the studied

samples have actual compositions of V1.08Te2 and V0.86Se2, respectively. Thus, we

obtained 8% vanadium excess VTe2 and 14% vanadium deficient VSe2 single crystals.

Herein, for the convenience, we represent these crystals by their nominal compositions

of VSe2 and VTe2.

Fig. 6.2(a) shows temperature dependent in-plane electrical resistance of VTe2. The
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Figure 6.1: (a) and (b) Powder X-ray diffraction (XRD) pattern of VTe2 and VSe2
single crystals. Insets in (a) and (b) are the optical images of the single crystals. (c)
and (d) Energy dispersive X-ray spectroscopy (EDX) data of VTe2 and VSe2 single
crystals, respectively.

resistance curve shows a metallic nature, in principle, except that an upturn is noticed

at low temperature with a resistance minima at Tm=17 K as can be seen from the

inset of Fig. 6.2(a). To explore further on the resistance upturn mechanism, it was

measured at various magnetic fields within the temperature range of 2-40 K as plotted

in Fig. 6.2(b). We observe a decrease in resistance upturn with increasing magnetic

field of up to 9 T. Further, the field dependent resistance curves are perfectly fitted

with the Eq. 6.1 and Eq. 6.2 without and with applied magnetic field, respectively.

R(T ) = R0 + qT 2 +RKO[1−
ln (

Teff

TK
)√

ln2 (
Teff

TK
) + S(S + 1)π2

] (6.1)

R(T ) = R0 + qT 2 +RKO[1−
ln (

Teff

TK
)√

ln2 (
Teff

TK
) + S(S + 1)π2

][1− L2(
µB

kBTeff
)] (6.2)

In Eq. 6.1, the first term (R0) is residual resistance, the second term (qT 2) represents
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Figure 6.2: (a) In-plane electrical resistance of VTe2 plotted as a function of temper-
ature. Inset in (a) shows low-temperature resistance upturn at a temperature minima
Tm=17 K. (b) Temperature dependent electrical resistance plotted for various magnetic
fields applied parallel to c-axis. Solid lines in (b) are fittings to Eq. 6.1 and Eq. 6.2.
(c) Magnetoresistance, MR (%), plotted as a function of field applied parallel to the
c-axis (θ = 0◦). (d) MR (%) plotted as function of applied field angle. Measuring
geometry is shown in the inset of (d). (e) Symmetrized MR (%) of (d) is plotted in the
polar graph. (f) Differential scanning calorimetry (DSC) data is plotted as function
of temperature for both cooling and heating cycle. In (f), the charge density wave
ordering temperature (TCDW ) is marked from both heating and cooling cycles.

the electron-electron interaction, and the third term is the Hamann expression [50] due

to s − d exchange interaction [42, 51]. Hamann expression is an empirical equation

used to calculate the exchange interaction between localized magnetic moments and

conduction electrons. In the third term, RKO is the temperature-independent Kondo

resistance, TK is the Kondo temperature, and S is the total spin of the magnetic impuri-

ties. Teff =
√

T 2 + TW
2, where kBTW is the effective Ruderman-Kittel-Kasuya-Yosida

(RKKY) interaction strength. From the fitting, we obtained a Kondo temperature

TK=12 K and S=0.5. These values are in good agreement with previous report on

VTe2 single crystal [42]. In Eq. 6.2, the Hamann term is multiplied by [1−L2( µB
kBTeff

)]

where L(x) is Langevin function L(x) = coth(x) − 1/x (see Table 6.1 for the fitting

parameters). Primarily, Hamann equation involves Brillouin function [47] to describe

the quantum mechanical behavior of magnetic moments and provides a more accurate

description of their statistical distribution. In quantum theory, the magnetic moments

are quantized and the orientations of magnetic moment with respect to applied mag-
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netic field are specified by some possible components of magnetic moment along field

direction [52]. On the other hand, the Langevin function [42] is a simplified model de-

rived from classical statistical mechanics. In Langevin’s classical theory, it is assumed

that the mutual interaction between the magnetic dipoles is negligible and magnetic

moments can possess any orientation with respect to applied magnetic field [52].

B(T)
R0 (mΩ) q (µΩ/K2) RKO (mΩ) TW (K) µ (µB)

0 16.6140(4) 0.5719(4) 1.0782(4) 3.900(3)
1 16.6530(4) 0.5645(4) 1.0316(4) 2.423(3) 4.042(3)
2 16.6563(4) 0.5641(4) 1.0295(4) 2.665(3) 2.569(3)
3 16.6786(4) 0.5596(4) 1.0028(4) 2.823(3) 2.045(3)
4 16.7015(4) 0.5561(4) 0.9740(4) 3.147(3) 1.789(3)
5 16.7343(4) 0.5508(4) 0.9331(4) 3.396(3) 1.631(3)
6 16.7778(4) 0.5435(4) 0.8780(4) 3.632(3) 1.510(3)
7 16.8104(4) 0.5398(4) 0.8334(4) 3.916(3) 1.445(3)
8 16.8592(4) 0.5320(4) 0.7692(4) 4.135(3) 1.379(3)
9 16.9061(4) 0.5263(4) 0.7054(4) 4.332(3) 1.329(3)

Table 6.1: Kondo fitting parameters of VTe2

Fig. 6.2(c) depicts MR%, MR% = R(H)−R(0)
R(0)

× 100, plotted as a function of applied

field measured at below (2 K) and above (25 K & 50 K) the Kondo temperatures. We

notice that at 2 K, below the Kondo temperature, VTe2 shows a negative MR and

above the Kondo temperature, the MR is negligible. This is because the magnetic

field reduces fluctuations of localized impurity magnetic moments and spin dependent

exchange scattering [53]. Hence, below a critical magnetic field (Bc), the MR is negative

and above Bc, the Kondo effect vanishes. In case of VTe2 the value of Bc is very

high [42] which is beyond our experimental scope. Fig. 6.2(d) shows MR (%) plotted

as a function of field angle with respect to the sample surface normal (c-axis) at an

applied field of 6 T. The measuring geometry is shown in the inset of Fig. 6.2(d). Red

solid-lines in Fig. 6.2(d) are fittings to the Eq. 6.3.

MR(θ) = MR0 + αcos(2θ) (6.3)

In Eq. 6.3, the first tern is a constant and α is an amplitude. Fig. 6.2 (e) shows

symmetrized angular dependent MR plotted in the polar graph for the temperatures 2

K, 8 K, and 50 K. As can be seen from Fig. 6.2 (e), MR shows in-plane small anisotropy

in the Kondo state (2 K) but becomes completely isotropic in the normal state (8 and

50 K). Ideally, Kondo systems show an isotropic MR but a small anisotropy could be

there due to the presence of a crystal anisotropy [53]. DSC measurements are performed
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in both heating and cooling modes with a ramp rate of dT/dt=10 K/min as depicted

in Fig. 6.2(f). During cooling and heating cycles of DSC measurements we noticed a

hump and a dip, respectively, at a sample temperature of 470±5 K that is originated

from the CDW [22].
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Figure 6.3: (a) Magnetic susceptibility of VTe2 plotted as a function of temperature
with a field of 1 T applied parallel to c-axis measured in the FC and ZFC modes. (b)
Same as (a) but measured for different magnetic fields in the FC mode. (c) Magneti-
zation isotherms M(H) measured at 5 K and 300 K.

Fig. 6.3 shows magnetic measurements on VTe2 with field applied parallel to the

c-axis. Fig. 6.3(a) shows temperature dependent magnetic susceptibility measured

with a field of 1 T within the temperature range of 3-300 K in the FC and ZFC

modes. Here, it can be seen that ZFC and FC are identical. Further, we measured the

temperature dependent magnetic susceptibility by varying the field in the FC mode

as shown in Fig. 6.3(b). A broad hump-like structure with a maximum at around 17

K has been noticed in the susceptibility data when measured with a magnetic field

of 1 T, which then eventually disappears above 3 T due to the crossover from high

temperature localized moments of Kondo impurities to fully compensated moments at

low temperature [42, 54]. However, at higher magnetic fields this crossover gets weaker

as a result the resistance upturn decreases. Fig. 6.3(c) shows magnetization isotherms,

M(H), measured at 5 and 300 K. From the M(H) data we notice a soft ferromagnetic-

like ordering at the room temperature which is in agreement with previous reports on

VTe2 [47, 55, 56].

Next, Fig. 6.4(a) shows temperature dependent zero-field in-plane electrical resis-

tance of VSe2. Overall, the resistance curve suggests a metallic behaviour except a

hump at around 100 K and a resistance upturn at low temperature is observed. The

hump at 100 K is due to the IC-CDW as noticed in the previous reports from this

system [30, 33, 43, 44, 57–61]. The inset in Fig. 6.4(a) shows a resistance minima (Tm)

at 6 K. To understand the resistance upturn mechanism, we performed field dependent

resistance measurements within the temperature range of 2 K to 12 K by varying the

magnetic fields up to 9 T as plotted in Fig. 6.4(b). As can be seen from Fig. 6.4(b), re-
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Figure 6.4: (a) In-plane electrical resistance of VSe2 plotted as a function of tempera-
ture. A hump at the CDW transition temperature of 100 K is noticed on the resistance
curve. The inset in (a) shows the resistance upturn at a temperature minima Tm=6
K. (b) Temperature dependent electrical resistance plotted for various magnetic fields
applied parallel to the c-axis. Solid lines in (b) are fittings to Eq. 6.4 and Eq. 6.5.
(c) Magnetoresistance, MR (%), plotted as a function of field applied parallel to the
c-axis (θ = 0◦) is in the left panel and for the field applied perpendicular to the c-axis
(θ = 90◦) is shown in the right panel. (d) The MR (%) is plotted as function of the
field angle with applied field of 9 T (left panel)and 3 T (right panel). (e) Symmetrized
MR (%) of (d) is plotted in the polar graph with an applied of 9 T. (f) Symmetrized
MR (%) of (d) is plotted in the polar graph with an applied field of 3 T.

sistance upturn decreases with increasing field and disappears at 7 T, suggesting Kondo

effect as the possible origin of the resistance upturn. Solid-lines in Fig. 6.4(b) are the

fittings to Eq. 6.4 in absence of an applied magnetic field and Eq. 6.5 in presence of

applied magnetic field with a modified Hamann term [43, 44, 47, 62].

R(T ) = R0 + qT 3 +RKO[1− ln (
Teff

TK

){ln2 (
Teff

TK

) + S(S + 1)π2}−1/2] (6.4)

R(T ) = R0 + qT 3 +RKO[1− ln (
Teff

TK

){ln2 (
Teff

TK

) + S(S + 1)π2}−1/2][1−B2(
gµBSB

kBTeff

)]

(6.5)

Eq. 6.4 is almost similar to Eq. 6.1, except that the second term (qT3) in Eq. 6.4

represents the interband (s − d) e − ph scattering while it is e − e scattering (qT2)

contribution in Eq. 6.1. From the fitting, we estimated a Kondo temperature (TK) of
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about 6 K and the spin component S=0.5, which are in good agreement with previous

report on VSe2 [43]. In Eq. 6.5, the Hamann expression is modified using the Brillouin

function, B(x) = (2S+1
2S

)coth 2S+1
2S

x − 1
2S
coth 1

2S
x in the quantum limit. See Table 6.2

for the fitting parameters.

Left panel in Fig. 6.4(c) depicts the field dependent MR(%), measured at various

temperatures for the field applied parallel to c-axis (θ = 0◦). The right panel in

Fig. 6.4(c) depicts MR(%) measured perpendicular to c-axis (θ = 90◦). We can see

from Fig. 6.4(c) that for both field orientations the MR is negative (positive) below

(above) the Kondo temperature (6 K). Fig. 6.4(d) depicts the angle dependent MR(%)

measured at various temperatures with a magnetic field of 9 T (left panel) and 3 T

(right panel). From Fig. 6.4(d) we can see that the MR(%) has a maximum for H∥c
and minimum for H⊥c under the magnetic field of 9 T. On the other hand it is reversed

when the applied field is 3 T, which means that the MR(%) is minimum for H∥c and

maximum for H⊥c. Nevertheless, MR (%) sinusoidally depends on the field angle in

going from H∥c to H⊥c. The Red solid lines are the fits to Eq. 6.3. Figs. 6.4 (e) and

6.4 (f) represents the polar maps of the symmetrized data shown left and right panels

of Fig. 6.4 (d), respectively. Figs. 6.4 (e) and 6.4 (f) clearly show the out-of-plane

anisotropic MR(%) in VSe2. Interestingly, the anisotropy is rotated by 90◦ between

3 T and 9 T. Anisotropic MR at 9 T is in good agreement with previous study [59].

Also, note here that the anisotropic MR is significant above the Kondo state, i.e. at

higher magnetic fields (9 T) irrespective of the temperature. In the Kondo state (3 T),

a small anisotropic behaviour is observed which is negligible.

B(T)
R0 (mΩ) q (µΩ/K3) RKO (mΩ) TW (K)

0 9.4223(4) 0.0483(4) 0.1121(4) 2.455(3)
1 9.3600(4) 0.0485(4) 0.1751(4) 2.023(3)
2 9.4211(4) 0.0480(4) 0.1124(4) 1.452(3)
3 9.4017(4) 0.0497(4) 0.1367(4) 2.160(3)
4 9.4301(4) 0.0497(4) 0.1061(4) 1.832(3)
5 9.4508(4) 0.0480(4) 0.0843(4) 1.385(3)
6 9.4440(4) 0.0506(4) 0.0965(4) 1.694(3)

Table 6.2: Kondo fitting parameters of VSe2

Figure 6.5 shows magnetic properties studies on the VSe2 single crystals. Fig.

6.5(a) shows temperature dependent magnetic susceptibility measured with a magnetic

field of 1 T applied parallel to the c-axis within the temperature range of 3-300 K in the

ZFC and FC modes. Here, it can be seen that ZFC and FC are identical. To observe the

effect of Kondo screening on the magnetic properties, we measured the susceptibility by

varying the magnetic field of up to 7 T within the temperature range of 3-30 K in FC

mode as shown in Fig. 6.5(b). Unlike in VTe2, we do not find a significant change in
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the susceptibility of VSe2 as a function of applied field, probably due to the low Kondo

temperature (6 K) found in VSe2. Fig. 6.5(b) shows the magnetization isotherm M(H)

measured at 5 and 300 K. We clearly notice a sigmoid like M(H) curve at 5 K due to

soft ferromagnetic ordering. This observation is different from previous reports where

VSe2 is found in bulk to be paramagnetic at all temperatures [60, 61, 63]. However, a

strong ferromagnetic ordering is reported in monolayer VSe2 grown on HOPG or MoS2

substrate at the room temperature [63]. Another recent report also demonstrated a

small ferromagnetic signal in stoichiometric bulk VSe2, which they suggest to arise

from vanadium impurities intercalated between the van der Waals layers.
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Figure 6.5: (a) Magnetic susceptibility of VSe2 plotted as a function of temperature
measured with a field of 1 T applied parallel to the c-axis in the FC and ZFC modes.
(b) Same as (a) but measured for different magnetic fields in the FC mode. A hump in
the magnetic susceptibility is noticed both in FC and ZFC modes at a CDW transition
temperature of 100 K. (c) Magnetization isotherms M(H) measured at 5 K and 300
K.

Finally, on comparing the electrical resistivity, magnetotransport, and magnetic

properties between VTe2 and VSe2, we find that both systems show low temperature

resistivity upturn due to the Kondo effect with a Kondo temperature of 12 K for

the former and 6 K for the later, suggesting stronger magnetic correlations in VTe2

compared to VSe2. Both systems show negative MR in the Kondo state. VSe2 shows

negative to positive MR switching across the Kondo temperature of 6 K, while VTe2

shows negligible MR above the Kondo temperature of 12 K. Moreover, above the

Kondo state, a strong anisotropic MR is observed in the case of VSe2, while it is

almost negligible in VTe2. In case of VTe2 a weak anisotropic MR in the Kondo

state is observed, whereas above the Kondo state the MR is negligible. Interestingly,

though both systems show a low-temperature resistivity upturn due to the Kondo

effect, under the magnetic field it behaves differently for different compounds. That

means, VTe2 follows the Hamann law modified with the classical Langevin function

with dominant contribution from the e− e scattering, while VSe2 follows the Hamann

law modified with the quantum Brillouin function (see Eq. 6.5) with the dominant

114



CHAPTER 6. ELECTRICAL-TRANSPORT, MAGNETOTRANSPORT, AND
MAGNETIC PROPERTIES STUDIES OF VX2 (X = Se & Te) SINGLE CRYSTALS

contribution from the interband (s−d) e−ph scattering. Different functions applicable

to the same Kondo effect observed in different compounds can be understood from their

differing Kondo temperatures. That means, the Kondo temperature of VTe2 (12 K)

is almost two times higher than the Kondo temperature of VSe2 (6 K). On the other

hand, a previous study on the single-crystalline nanoplates of VTe2 reported a Kondo

temperature of 6 K and the resistivity data was best fitted following the Brillouin

function [47]. These observations suggest that the Kondo temperature of these systems

is thickness sensitive [64]

6.4 Conclusions

In conclusion, we have drawn a comprehensive comparison between the transition-

metal dichalcogenides VSe2 and VTe2 on their electrical transport, magnetotransport,

and magnetic properties. We observe the Kondo effect in both systems induced by the

exchange interaction between localized moments and conduction electrons at low tem-

perature, resulting into resistance upturn at Kondo temperature of 6 K for VSe2 and 12

K for VTe2. From the field dependent resistance measurements we find that the data is

fitted best with modified Hamann equation corrected by the quantum Brillouin func-

tion for VSe2, while the data is best fitted with modified Hamann equation corrected

by the classical Langevin function for VSe2. Interestingly, we observe a contrasting

MR properties between these systems across the Kondo temperature. In both systems

examined, there is a manifestation of weak ferromagnetism at low temperatures. This

phenomenon can be attributed to the presence of intercalated V atoms in both sys-

tems. While the chemical composition of VSe2 displays a deficiency of V or excess of

Se, previous studies have established that V4+ ions (3d1) carry the localized magnetic

moment in these systems [33, 42, 43]. In the case of VSe2, some vanadium atoms are

intercalated between the layers of VSe2, similar to VTe2, but there is also an excess

of Se occupying the interstitial spaces within the crystal structure. Consequently, the

overall chemical formula exhibits an excess of Se, which is p-Block element. As a result,

this excess Se does not influence the Kondo effect or magnetic ordering. The Kondo

effect in V deficient VSe2 system was reported earlier [43].
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[48] H. SCHÄFER, “Chemical Transport Processes as an Aid in Preparative Chemistry. Combination
of Transport Reactions with Other Processes,” in Chemical Transport Reactions, pp. 115–131,
Elsevier, 1964.

[49] G. A. Wiegers, “Physical properties of first-row transition metal dichalcogenides and their inter-
calates,” Physica B+C, vol. 99, pp. 151–165, jan 1980.

118



CHAPTER 6. ELECTRICAL-TRANSPORT, MAGNETOTRANSPORT, AND
MAGNETIC PROPERTIES STUDIES OF VX2 (X = Se & Te) SINGLE CRYSTALS

[50] D. R. Hamann, “New Solution for Exchange Scattering in Dilute Alloys,” Phys. Rev., vol. 158,
pp. 570–580, Jun 1967.

[51] K. Yosida, “Anomalous Electrical Resistivity and Magnetoresistance Due to an s− d Interaction
in Cu-Mn Alloys,” Phys. Rev., vol. 107, pp. 396–403, Jul 1957.

[52] C. Kittel, Introduction to solid state physics. John Wiley & sons, inc, 2005.

[53] T. Sekitani, M. Naito, and N. Miura, “Kondo effect in underdoped n-type superconductors,”
Phys. Rev. B, vol. 67, p. 174503, May 2003.

[54] K. Park, L. S. Wu, Y. Janssen, M. S. Kim, C. Marques, and M. C. Aronson, “Field-tuned Fermi
liquid in quantum critical YFe2Al10,” Phys. Rev. B, vol. 84, p. 094425, Sep 2011.

[55] H. Pan, “Magnetic and Electronic Evolutions of Hydrogenated VTe2 Monolayer under Tension,”
Scientific Reports, vol. 4, dec 2014.

[56] H.-R. Fuh, C.-R. Chang, Y.-K. Wang, R. F. L. Evans, R. W. Chantrell, and H.-T. Jeng, “Newtype
single-layer magnetic semiconductor in transition-metal dichalcogenides VX2 (X=S, Se and Te),”
Scientific Reports, vol. 6, sep 2016.

[57] C. J. Sayers, L. S. Farrar, S. J. Bending, M. Cattelan, A. J. H. Jones, N. A. Fox, G. Kociok-Köhn,
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Chapter 7

Electrical-transport,
Magnetotransport, and Magnetic
Properties Studies of V5S8 Single
Crystal

7.1 Introduction

The discovery of magnetism in 2D layered systems [1–4] has attracted a great deal of

research interest for the last few years because of their versatile technological applica-

tions in spintronics [5–9]. These systems possess loosely bound 2D layers connected

by the van der Waals forces [10]. By stacking [11], twisting [12] the monolayers, or by

making the heterostructured magnetic materials [13, 14], the magnetic properties can

be tuned. Though magnetism is rare in the TMDCs in their bulk form, there exist

few TMDCs showing ferromagnetic ordering mostly in low dimensions. For instance,

monolayer 2H-NbSe2 [15, 16], monolayer/bilayer VSe2 [17, 18], monolayer VTe2 [19],

nano-2H-NbSe2 [20], and atomically thin 1T -NbS2 [21] show ferromagnetism. Nev-

ertheless, VSe2 is found to show ferromagnetism in its bulk phase [17]. In addition

to ferromagnetism, a very few TMDCs are known to show the Kondo effect such as

ZrTe2 [22], VSe2 [23, 24], and VTe2 [25], due to low temperature magnetic ordering

induced by the intercalated transition metal. Usually, the Kondo effect arises from the

exchange interaction of the localized magnetic moments with the conduction electrons,

leading to an increase in the electrical resistivity at extremely low temperatures. Thus,

the doped or intercalated magnetic impurities with unfilled d- or f -orbitals [26–29] act

as the scattering centres for this type of exchange interactions.

Since both VTe2 and VSe2 show ferromagnetism in addition to the low temperature

Kondo effect [17, 30], whether both of these rare properties do exist in VS2 is a natural

Most of this chapter is published as: I. Kar et al., Solid State Communications 369, 115209
(2023).
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question to arise. In order to address this question, we worked on V5S8, which can be

expressed as V1.25S2, having 25% excess V in the composition. Worth to mention here is

that the ferromagnetism and Kondo effect arise in VTe2 and VSe2 by the intercalated

V atoms [23–25]. Similarly, in V5S8, the V atoms are intercalated between the VS2

layers [31]. The V intercalation in V5S8 seems to be completely changing the crystal

structure and physical properties of pristine VS2. Precisely, the pristine VS2 is a

nonmagnetic metal in the 1T phase with a CDW ordering at 305 K [32, 33], while V5S8

is an antiferromagnetic metal in the 1T ′ phase without CDW ordering [31, 34–37].

In this work, we present electrical transport, magnetotransport, and magnetic prop-

erties studies on V5S8 single crystals. Magnetization [M(T )] studies suggest an antifer-

romagnetic ordering at around 27 K, in agreement with previous reports [31, 34–37].

Interestingly, down to the AFM ordering temperature (>27 K) the magnetic suscep-

tibility is found to be nearly isotropic between H ∥ c and H ⊥ c. However, below

the Néel temperature, TN (<27 K) the magnetic susceptibility instantly turns to an

anisotropic one. Magnetization isotherms [M(H)] suggest a SF transition at a critical

field of 3.5 T for H ∥ c. Most importantly, we find an upturn in the electrical resistance

at low temperature with a resistance minima at 6 K, plausibly due to the Kondo effect.

A negative MR is noticed in the antiferromagnetic state, while it is negligible in the

paramagnetic state (100 K).

7.2 Experimental Details

Single crystals of V5S8 were grown by CVT technique with iodine as a transport

agent[38]. In the first step, stoichiometric quantities of V (powder, 99.5%, metals

basis, Alfa Aesar) and S (pieces, 99.999%, metals basis, Alfa Aesar) were mixed thor-

oughly and sealed in a quartz ampoule under vacuum along with pieces of crystallized

iodine (crystalline, 99.99+%, metals basis, Alfa Aesar) (2 mg/cm3). The ampoule was

kept in a three-zone tube furnace where the temperatures were set at 1000◦C for the

hot-zone and 950◦C for the cold-zone. After 5 days of reaction, we obtained shiny

single crystals of V5S8 with a typical dimension of 2 mm×1 mm at the cold-zone.

The chemical composition of the single crystals were determined by EDX equipped

with SEM (Quanta 250 FEG). Phase purity and crystal structure were confirmed by

the XRD technique using Cu kα-radiation (Rigaku MiniFlex II and Rigaku SmartLab

9KW). Electrical transport studies were done in a PPMS (Quantum Design PPMS-

9T) using a standard four-probe method, with the electrical current applied parallel

to ab-plane. A magnetic field up to 9 T was applied at different polar angles with re-

spect to the c-axis for magnetotransport measurements. Four copper (Cu) leads were

connected to the sample by vacuum compatible silver epoxy (Epo-Tek H20E). The
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sample temperature was varied between 2 K and 380 K during the transport measure-

ments. DC magnetization measurements were performed using VSM (Quantum Design

PPMS-9T). The temperature dependence of the magnetization in ZFC and FC modes

was studied for different magnetic fields within the temperature range of 2-300 K.

7.3 Results and Discussions
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Figure 7.1: (a) Powder X-ray diffractogram (XRD) of V5S8 single crystals. Inset is a
photographic optical image of the single crystal. The top panel in (b) is the crystal
structure of V5S8 spanned over two unit cells. Blue color atoms are intercalated vana-
dium atoms in the van der Waals gap between two layers of VS2. Bottom panel in (b)
shows the V5S8 crystal structure projected onto the ac-plane. (c) Energy dispersive
X-ray analysis (EDX) of V5S8 single crystals. Inset in (c) shows atomic and weight
percentages of the elements present in the compound.

In Fig. 7.1(a) sharp Bragg peaks are observed in the XRD pattern of V5S8 single

crystal corresponding to the (00l) plane, suggesting that the crystal growth is along

the c-axis. The single crystals were in platelike shape with metallic luster as illustrated

in the inset of Fig. 7.1(a). The top panel in Fig. 7.1(b) shows the crystal structure

of V5S8 in which the S atoms form covalent bonding with the intercalated V atoms in

the octahedral coordination in between two VS2 layers. These intercalated V atoms

are responsible for the distortion in the octahedral coordination of VS2, leading to

antiferromagnetism with spins aligned at an angle of 10.4◦ from the c-axis as demon-

strated in the bottom panel of Fig. 7.1(b) [39–41]. Further, V5S8 crystallizes into the
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monoclinic structure of the space group F12/m1(12) with distorted 1T (1T ′) phase.

From the EDX measurements, shown in Fig. 7.1(c), we estimate the actual chemical

composition of the obtained single crystals to V4.6S8 which is very close to the nominal

composition of V5S8.
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Figure 7.2: (a) Magnetic susceptibility plotted as a function of temperature measured
with a field of 0.5 T in the FC and ZFC modes for H ∥ c. (b) Same as (a) but measured
for H ⊥ c. (c) Magnetization isotherms M(H) measured at different temperatures for
H ∥ c. (d) Same as (c) but measured for H ⊥ c.

Figs. 7.2(a) and 7.2(b) show the magnetic susceptibility (χ) plotted as a function

of temperature for H=0.5T applied parallel (H ∥ c) and perpendicular (H ⊥ c) to

the c-axis, respectively. From Figs. 7.2(a) and 7.2(b) we notice similar trends of

susceptibility with respect to the temperature in going from 300 K down to 27±1 K

for both H ∥ c and H ⊥ c, suggesting isotropic magnetic properties between 300

and 27±1 K. But below 27±1 K, we see a sudden drop in χ for H ∥ c similar to

an antiferromagnetic system. This observation is consistent with previous reports on

these systems where an AFM order is demonstrated below TN=27 K [31, 34–37, 40–

42]. On the other hand, for H ⊥ c, though we find a slight drop in χ below 27±1 K,

the susceptibility gets saturated upon decreasing the temperature down to 2 K. Thus,

the system shows clear anisotropic magnetic properties below the Néel temperature.

Fig. 7.2(c) depicts magnetization isotherms [M(H)] measured at different temperatures

with field applied parallel to the c-axis. While the data largely resembles the AFM
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type ordering at all the measured temperatures , at low temperatures (2 and 10 K)

we observe SF like transitions at a critical field of 3.5 T, in agreement with previous

reports [35, 40, 42]. Fig. 7.2(d) shows M(H) data measured at different temperatures

with a field applied perpendicular to the c-axis. Similar to the H ∥ c data, from H ⊥ c

we also observe AFM type ordering except that SF-transition is not observed down to

the lowest possible measured temperature. This indicates that c-axis is the easy-axis

of magnetization in V5S8 [39–41].
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Figure 7.3: (a) In-plane electrical resistance and first derivative of resistance (dR/dT)
plotted as a function of temperature. (b) Temperature dependent electrical resistance
plotted for various magnetic fields applied parallel to the c-axis. Left inset in (b) is
the zoomed-in image of the dash marked rectangular region. Solid lines are fitting
to Eq. 7.1 at 0 T and Eq. 7.2 in presence of field. Right inset in (b) shows Néel
temperature TN plotted as a function of applied field.

Fig. 7.3(a) depicts temperature dependent zero-field in-plane electrical resistance of

V5S8. The resistance data suggest a metallic behaviour at low temperature, consistent

with previous studies [42]. We further observe a hump in the resistance at around 27 K

due to antiferromagnetic ordering [42]. To better understand the electrical resistance,

we derived the first derivative of the resistance with respect to temperature (dR/dT )

as shown in Fig. 7.3(a). Again, we clearly see a drastic change in the slope (dR/dT ) at

around 27 K corresponding to the resistance hump. However from a careful observa-

tion of dR/dT , we find that below 6 K it becomes negative as the resistance increases

with decreasing temperature (resistance upturn). To understand the mechanism of

resistance upturn, we measured it at various applied magnetic fields within the tem-

perature range of 2-35 K as shown in Fig. 7.3(b). Foremost, we observe in Fig. 7.3(b)

that the peak temperature of hump-like structure decreases with increasing applied

field from 27 K at 0 T to 21 K at 9 T (R(T ) at 9 T is not shown) as shown in the

right inset of Fig. 7.3(b). This observation reaffirms the AFM ordering in this system.

Secondly, as shown in the left inset of Fig. 7.3(b), the resistance upturn with a minima
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(Tm) at 6 K disappears above 2.5 T.

In principle, there are mainly three reasons behind the resistance upturn. They

are i) EEI [43], ii) WL [44], and iii) Kondo effect [45]. Among these three, EEI shows

positive MR [46] whereas negative MR is observed due to the Kondo effect [22, 23, 25]

and WL [22, 47]. In addition, by increasing the applied magnetic field, the resistance

minima can be suppressed in the Kondo effect and WL whereas applied field strength

has no effect in the case of EEI. Thus, as can be seen from inset of Fig. 7.3(b), the

resistance minima is suppressed at 2.5 T. Further, we demonstrate below a negative

magnetoresistance in V5S8. Thus, we can rule out EEI as the origin of resistance

upturn. Traditionally, WL and weak antilocalization (WAL) are present in low dimen-

sional systems [48] such as thin films [49], nanowires [50] due to the higher probability

of scattering rates resulting into quantum interference [51]. Moreover, it is a well known

phenomenon that a small amount of magnetic field can destroy the quantum interfer-

ence and lead to a cusp-like positive or negative magnetoresistance around zero-field as

a result of WL or WAL [22, 47, 49, 51, 52]. On the other hand, the Kondo effect exhibits

negative MR having quadratic dependence on B in low field region [22, 23, 25, 30, 53].

As we show below, the MR of V5S8 depends quadratically on the field. Importantly,

the cusp-like feature is not observed from our MR measurements of V5S8. Also, the

conductivity (σ(T )) is not fitted well (not shown) with the WL equation σ = σ0+kT p/2

where k = 2e2

ahπ2 and the factor a is defined as LTh = aT−p/2 for p=2, 3, and 3/2 [43, 50].

Thus, the WL effect also can be excluded from the discussion. Finally, we conclude

that the Kondo effect is mainly causing the low temperature resistance upturn in V5S8.

R(T ) = R0 + aT 2 + bT 5 +RKO[1−
ln ( T

TK
)√

ln2 ( T
TK

) + S(S + 1)π2
] (7.1)

R(T ) = R0+aT 2+bT 5+RKO[1−
ln ( T

TK
)√

ln2 ( T
TK

) + S(S + 1)π2
][1−B2(

gµBSH

kB(T + TK)
)] (7.2)

Having confirmed the Kondo effect in V5S8, the resistance data measured without

and with magnetic fields (up to H=2.5 T) are fitted using the Eqs. 7.1 and 7.2,

respectively, as shown in the inset of Fig. 7.3(b) [30]. In Eq. 7.1, the first term (R0) is

the residual resistance, the second term (aT 2) represents the Fermi-liquid contribution,

third term (bT 5) represents the electron-phonon contribution, and the fourth term is

the Kondo resistance described by the Hamann expression [30, 54]. In the fourth term,
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H (T) R0 (Ω) a (µΩ−K−2) b (nΩ−K−5) RKO (Ω)
0 0.1598 0.926 1.996 0.000536
1 0.1596 1.248 1.863 0.000616
1.5 0.1597 1.209 1.890 0.000510
2 0.1597 1.621 1.679 0.000438
2.5 0.1596 2.223 1.453 0.000359

Table 7.1: Kondo fitting parameters

RKO is the temperature-independent Kondo resistance, TK is the Kondo temperature,

and S is the total spin of the magnetic impurity. The resistance curves are best fitted

with TK = 6 K and S=1 since V3+ (3d2) ions carry the localized magnetic moment

in this system as reported earlier [31, 34, 36, 41]. In Eq. 7.2, the Hamann term is

modified using quantum Brillouin function, B(x) = (2S+1
2S

)coth 2S+1
2S

x − 1
2S
coth 1

2S
x .

Here, g is the Landè g-factor, µB is the Bohr magneton, and kB is the Boltzmann

constant [23, 30, 55, 56]. See Table 7.1 for the fitting parameters.

Figs. 7.4(a) and 7.4(b) depict magnetoresistance, MR(%) = R(H)−R(0)
R(0)

× 100%,

plotted as a function of field applied parallel (θ = 0◦) and perpendicular (θ = 90◦) to

the c-axis, respectively. We notice negative MR at low temperatures (2, 10, and 50

K), but it is negligible at 100 K. Mostly, the negative MR is observed in the Kondo

state of the Kondo systems such as in La1−xPrxNiO3−δ [57] and VTe2 [25], and in the

AFM state of the AFM systems such as in EuTe2 [58] and FeNbTe2 [59, 60]. However

in the studied system of V5S8, a negative MR is noticed above and below the Kondo

temperature (6 K) and above and below the Néel temperature (27±1 K). Also, in

agreement with a previous study on this system [35, 40, 42], we observe a change in

MR(%) below the Néel temperature when measured with the field parallel to the c-

axis(θ = 0◦) due to SF transition at a critical field of 3.5 T. However, the same is not

observed in MR(%) when measured with field perpendicular to the c-axis(θ = 90◦).

Overall, the field dependence of MR is found to be quadratic.

To explore further on the MR anisotropy, we performed angle dependent (θ) magne-

toresistance (AMR) measurements, AMR(%) = R(θ◦)−R(0◦)
R(0◦)

×100%, at various tempera-

tures under 1T and 9T applied fields as shown in Fig. 7.4(c) by varying θ between 0◦ and

360◦. Solid lines in Fig. 7.4(c) are the fits with equation AMR(θ) = C +αcos2(θ + ϕ),

where C, α are constants and ϕ is the phase [61–63]. From the AMR data, we observe

that the oscillations exhibit large amplitudes under the magnetic field of 9 T measured

at 2 K and 10 K with a twofold symmetry having maximal MR values for H ⊥ c and

minimal MR values for H ∥ c [59, 64]. On the other hand, under the magnetic field of

1 T, measured at 2 K and 10 K, the twofold symmetry still survives, but the oscillation

magnitude gets significantly reduced. For a better representation, the AMR data of

Fig. 7.4(c) are plotted into the polar graphs as shown in Figs. 7.4(d) and 7.4(e) for

the fields of 9T and 1T, respectively. Thus, the two-fold asymmetry of MR measured
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Figure 7.4: (a) Magnetoresistance, MR (%), plotted as a function of field applied
parallel to the c-axis (θ = 0◦). (b) Same as (a) but measured for the field applied
perpendicular to the c-axis (θ = 90◦). (c) Angle-dependent MR (%) plotted as function
of field-angle under the applied fields of 1 T and 9 T. (d) and (e) AMR (%) of (c) plotted
in the polar graph with an applied of 9T and 1T respectively.

at both 1 T and 9 T is clearly visible from Fig. 7.4(c).

7.4 Conclusions

In conclusion, we have systematically studied the electrical transport, magnetotrans-

port, and magnetic properties of the V intercalated transition metal dichalcogenide

V5S8. In this study, we show the Kondo effect in V5S8 originated from the exchange

interaction between localized moments and conduction electrons. We find isotropic

magnetic properties above TN , while a strong magnetic anisotropy is noticed below

TN . In addition, below TN we find an out-of-plane (H ∥ c) SF transition triggered at

a critical field of 3.5 T that is absent for H ⊥ c. Negative MR is noticed in the anti-

ferromagnetic state, while it is negligible in the paramagnetic state. Angle-dependent

MR is found to be highly anisotropic in the antiferromagnetic state (<27 K).
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Chapter 8

Summary

We have systematically studied the low-energy electronic structure of ZrTe2 and ZrSe2

using ARPES. ARPES data of ZrTe2 suggest several well disconnected hole and electron

pockets at Γ(A) and M(L) points, respectively. From the ARPES data of ZrTe2, we

realize three holelike non-degenerate band dispersions near the Γ(A) point and an

electronlike band dispersion at the M(L) point. The experimental observations are

in good agreement with the DFT calculations. An equal number of hole and electron

carrier density as estimated from our ARPES data suggest ZrTe2 to be a semimetal. In

addition, the DFT calculations of ZrTe2 in the presence of spin-orbit coupling suggest

a band inversion between Te p and Zr d bands near Γ point, hinting ZrTe2 to be a

topological semimetal. On the other hand, from the Fermi surface topology of ZrSe2

we observe only the electron pockets located at M(L) point, while the hole pockets

are noticed well below the Fermi level. Our studies on ZrSe2 further suggest it to be

a semiconductor with an indirect band gap of 0.9 eV between the Γ(A) and M(L)

high symmetry points. Also, our calculations demonstrate that the metal-chalcogen

bond-length plays a vital role on the electronic structure changes of ZrX2 ( X = Se and

Te) in such a way that an electronic phase transition takes place from a semiconductor

to a topological semimetal in going from ZrSe2 to ZrTe2.

We have systematically studied the low-energy electronic structure of layered Tan-

talum ditelluride (1T ′-TaTe2) using ARPES. We find that the Fermi surface topology

of TaTe2 is rather different when compared to the isovalant compounds of TaTe2 such

as TaS2, TaSe2, and the isostructural compound like NbTe2. Interestingly, we real-

ize that the surface electronic structure of 1T ′-TaTe2 has more resemblance to the

2H-TaTe2, while the bulk electronic structure 1T ′-TaTe2 has more resemblance to 1T -

TaTe2. These experimental observations are systematically compared with DFT cal-

culations performed on 1T -, 2H- and 2H (monolayer)/1T - TaTe2. We further notice

that the Fermi surface topology is temperature independent up to 180 K, confirming

that 2H phase on the top layer is very stable and the CDW order is not due to the

Fermi surface nesting.
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CHAPTER 8. SUMMARY

We have performed an electronic structure study on NiTe2 using ARPES with a

photon energy of 21.2 eV. Our ARPES data reveal a surface Dirac point in NiTe2 at a

biding energy of 1.45 eV. This observation is in good agreement with earlier predictions

of surface Dirac states in TMDCs. Therefore, using ARPES we provide an experimental

evidence that NiTe2 is a topological TMDC. Also, we have grown single crystals of

NiTe2 and performed electrical transport and magnetotransport measurements. The

Debye temperature obtained from our resistivity data using BG fitting is in good

agreement with previous reports. Our BG fitting suggests this system is dominated by

s-d interband electron scattering. From magnetoresistance measurements we observe

a crossover from linear to quadratic dependence of the MR on B.

We have drawn a comprehensive comparison between the transition-metal dichalco-

genides VSe2 and VTe2 on their electrical transport, magnetotransport, and magnetic

properties. We observe the Kondo effect in both systems due to exchange interaction

between localized moments and conduction electrons at low temperatures, resulting

into a resistance upturn at a Kondo temperature of 6 K for VSe2 and 12 K for VTe2.

From the field dependent resistance measurements we find that the data is fitted best

with a modified Hamann equation corrected by the quantum Brillouin function for

VSe2, while the data is best fitted with a modified Hamann equation corrected by the

classical Langevin function for VTe2. Interestingly, we observe contrasting MR prop-

erties between these systems across the Kondo temperature. Both systems show weak

ferromagnetism at low temperature due to intercalated V atoms.

We have systematically studied the electrical transport, magnetotransport, and

magnetic properties of the V intercalated transition metal dichalcogenide V5S8. In

this study, we show the Kondo effect in V5S8 originated from the exchange interaction

between localized moments and conduction electrons. We find isotropic magnetic prop-

erties above TN , while a strong magnetic anisotropy is noticed below TN . In addition,

below TN we find an out-of-plane (H ∥ c) SF transition triggered at a critical field of

3.5 T that is absent for H ⊥ c. Negative MR is noticed in the antiferromagnetic state,

while it is negligible in the paramagnetic state. Angle-dependent magnetoresistance is

found to be highly anisotropic in the antiferromagnetic state (<27 K).
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List of abbreviations

2D 2-Dimensional

AMR Angle Dependent (θ) Magnetoresistance

ARPES Angle Resolved Photoemission Spectroscopy

BG Bloch-Grüneisen

C-CDW Commensurate CDW

CDW Charge Density Wave

CVT Chemical Vapor Transport

DFT Density Functional Theory

DSC Differential Scanning Calorimeter

EDC Energy Distribution Curve

EDM Energy Distribution Map

EDX Energy Dispersive X-ray Analysis

EEI Electron-electron Interaction

FC Field-cooled

FS Fermi Surface

IC-CDW Incommensurate CDW

LEED Low Energy Electron Diffraction

MDC Momentum Distribution Curve

MPMS Magnetic Property Measurement System

MR Magnetoresistance
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PL Photoluminescence

PPMS Physical Property Measurement System

SDW Spin Density Wave

SEM Scanning Electron Microscope

SF Spin-flop

SQUID Superconducting Quantum Interference Device

TMDC Transition Metal Dichalcogenide

VSM Vibrating Sample Magnetometer

WAL Weak Antilocalization

WL Weak Localization

XPS X-ray Photoemission Spectroscopy

XRD X-ray Diffraction Analysis

ZFC Zero-field-cooled



List of corrections

1. The publication’s status has been changed from “under review” to “published”,

and its title has been revised to “Observation of Weak Kondo Effect and Angle-

Dependent Magnetoresistance in Layered Antiferromagnetic V5S8 Single Crys-

tal.” Consequently, the list of publications has been rearranged to reflect these

updates.

2. Footnote in page number 120 (page number 115 before) of the chapter: Electrical-

transport, Magnetotransport, and Magnetic Properties Studies of V5S8 Single

Crystal is modified as “most of this chapter is published as: I. Kar et al., Solid

State Communications 369, 115209 (2023).”

Corrections recommended by the first examiner:

1. Figure numbers referred in the text are corrected in page numbers 13, 14 of the

chapter: Introduction.

2. The heading “topological semimetal” is changed to “topological properties” in

page number 15 of the chapter: Introduction.

3. In the chapter: Introduction, descriptions on Dirac fermions, Weyl fermions, Ma-

jorana fermions, Dirac semimetal, Weyl semimetal, topological insulator, topo-

logical superconductor are added in pages 15-16; descriptions on diamagnetism,

paramagnetism, ferromagnetism, antiferromagnetism, ferrimagnetism are added

in pages 19-21; descriptions on Kondo effect and Mott insulator are added in

page number 23.

4. The misprints are corrected in the thesis.

5. The following sentence is removed from page number 24 (page number 20 before)

in the chapter: Introduction, “also, a linear band crossing point is observed from

ARPES measurements, indicating a topological nature of VTe2.”

6. The value of vacuum order is corrected in page number 43 (page number 38

before) of the chapter: Experimental details.
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7. The following sentence in page number 52 (page number 47 before) of the chapter:

Experimental details, “when the current flows through the junction in the absence

of applied field, is proportional to the phase difference of the wave functions,

is called dc Josephson effect. When the Josephson junction oscillates with a

characteristic frequency proportional to the voltage applied across the junction, is

called ac Josephson effect” is modified as “a current flows through the Josephson

junction even in the absence of applied voltage which is proportional to the sine

of the Josephson phase(phase difference accross the junction), it is called DC

Josephson effect. When a DC voltage is applied accross the Josephson junction,

the current passing through the junction oscillates with a characteristic frequency

proportional to the voltage applied across the junction. This phenomenon is

known as AC Josephson effect.”

8. The difference between s and p polarized light is explained in page number 64 of

the chapter: ARPES studies on ZrX2 (X= Se and Te).

9. The following sentence is added in the caption of Figure 3.5 in page number 70

(page number 65 before) of the chapter: ARPES studies on ZrX2 (X= Se and

Te), “The blue color represents the strength of contributions.”.

10. Luttinger’s theorem is explained in page number 73 of the chapter: ARPES

studies on ZrX2 (X= Se and Te).

11. The temperature value of sink zone is corrected in page number 82 (page number

77 before) of the chapter: ARPES studies on CDW candidate, TaTe2.

12. Figure number referred in the text is corrected in page number 83 (page number

78 before) of the chapter: ARPES studies on CDW candidate, TaTe2.

13. Figure 4.5 is discussed in page number 87 of the chapter: ARPES studies on

CDW candidate, TaTe2.

14. The caption of Figure 5.2 is corrected in page number 97 (page number 92 be-

fore) of the chapter: Magneto-transport and ARPES Studies on type-II Dirac

semimetal, NiTe2.

15. The equations are rearranged according to the text in page numbers 108, 110,

112 of chapter: Electrical-transport, Magnetotransport, and Magnetic Properties

Studies of VX2 (X = Se & Te) Single Crystals.

16. The equations 6.1, 6.2 are explained in pages 109, 110.



17. The following sentence is added in pages 111 and 113 of the chapter: Electrical-

transport, Magnetotransport, and Magnetic Properties Studies of VX2 (X = Se

& Te) Single Crystals, “here, it can be seen that ZFC and FC are identical.”

18. The value of q is corrected in page number 113 (page number 108 before) of

the chapter: Electrical-transport, Magnetotransport, and Magnetic Properties

Studies of VX2 (X = Se & Te) Single Crystals.

19. The following sentence is added in page number 115 of the chapter: Electrical-

transport, Magnetotransport, and Magnetic Properties Studies of VX2 (X = Se &

Te) Single Crystals, “in both systems examined, there is a manifestation of weak

ferromagnetism at low temperatures. This phenomenon can be attributed to the

presence of intercalated V in both systems. While the chemical composition of

VSe2 displays a deficiency of V or excess of Se, previous studies have established

that V4+ ions (3d1) carry the localized magnetic moment in these system. In the

case of VSe2, some vanadium atoms are intercalated between the layers of VSe2,

similar to VTe2, but there is also an excess of Se occupying the interstitial spaces

within the crystal structure. Consequently, the overall chemical formula exhibits

an excess of Se, which is p-Block element. As a result, this excess Se does not

influence the The Kondo effect or magnetic ordering. Kondo effect in V deficient

VSe2 system was reported earlier”

20. The equations are rearranged according to the text in page number 125 of chapter:

Electrical-transport, Magnetotransport, and Magnetic Properties Studies of V5S8

Single Crystal.

21. List of abbreviations are added to the thesis in page numbers 134, 135.

Corrections recommended by the second examiner:

1. The misprints are corrected in the thesis.

2. The following sentence in page number 25 (page number 22 before) of the chapter:

Introduction, “we observe Kondo effect in both systems due to weak ferromag-

netic ordering at low temperature...” is modified as “we observe the Kondo effect

in both systems due to exchange interaction between localized moments and con-

duction electrons at low temperature...”.

3. The following sentence in page number 26 (page number 22 before) of the chap-

ter: Introduction, “in this study, for the first time, we show Kondo effect in V5S8

originated from the antiferromagnetic exchange interactions among the interca-

lated V atoms below the Néel (TN) temperature of 27 K” is modified as “in this



study, we show the Kondo effect in V5S8 due to exchange interaction between

localized moments and conduction electrons.”

4. The following sentence in page number 43 (page number 38 before) of the chapter:

Experimental details, “...by emitting X-ray of equivalent to the energy difference

between the two states” is modified as “...by emitting X-ray, the energy of which

is equivalent to the energy difference between the two states.”

5. The following sentence in page number 106 (page number 101 before) of the chap-

ter: Electrical-transport, Magnetotransport, and Magnetic Properties Studies of

VX2 (X = Se & Te) Single Crystals, “...Kondo effect induced by the weak fer-

romagnetism at low temperature” is modified as “...the Kondo effect induced by

the exchange interaction between localized moments and conduction electrons at

low temperature.”

6. The following sentence in page number 115 (page number 110 before) of the chap-

ter: Electrical-transport, Magnetotransport, and Magnetic Properties Studies of

VX2 (X = Se & Te) Single Crystals, “we observe the Kondo effect in both systems

due to weak ferromagnetic ordering at low temperatures...” is modified as “we

observe the Kondo effect in both systems induced by the exchange interaction

between localized moments and conduction electrons at low temperature...”.

7. The following sentence in page number 127 (page numbers 122 and 123 before) of

chapter: Electrical-transport, Magnetotransport, and Magnetic Properties Stud-

ies of V5S8 Single Crystal, “in this study, for the first time, we show the Kondo

effect in V5S8 originated from the antiferromagnetic exchange interactions among

the intercalated V atoms below the Néel temperature” is modified as “in this

study, we show the Kondo effect in V5S8 originated from the exchange interac-

tion between localized moments and conduction electrons.”

8. The following sentence in page number 133 (page numbers 129 before) of chapter:

Summary of Works, “we observe the Kondo effect in both systems due to weak

ferromagnetic ordering...” is modified as “we observe the Kondo effect in both

systems due to exchange interaction between localized moments and conduction

electrons...”.

9. The following sentence in page number 133 (page numbers 129 before) of chapter:

Summary of Works, “in this study, for the first time, we show Kondo effect in

V5S8 originated from the antiferromagnetic exchange interactions among the in-

tercalated V atoms below the Néel temperature” is modified as “in this study, we

show the Kondo effect in V5S8 originated from the exchange interaction between

localized moments and conduction electrons.”
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