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Abstract: Very recently, it has been recognized that excitations out of the ground state of materials known as spin ice can be viewed as magnetic
monopoles, the magnetic analog to electric charges. Like electrons and positrons,

these particles possess a charge of +Q or -Q and therefore attract or repel each other. Magnetic monopoles, however, can be accelerated using a
magnetic field instead of an electric field. In thistalk, | will report on

experiments deep into the frozen state of the spin ice material holmium titanate where monopoles are few and far between and the material responds
very slowly to a changing magnetic field. Taking advantage of the

extremely sensitive magnetic field detector known as a superconducting quantum interference device (SQUID), we measure the rate at which the
monopoles are created, move about and are eventually annihilated. A surprisingly simple law emerges at low temperatures, known as an Arrhenius
law, suggesting that the generation of these magnetic charges requires an energy that does not change in temperature and for a yet unknown reason,
is precisely 3 times the energy required to make a single, bare monopole.
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Motivation

» Recent work by Jaubert and Holdsworth interpret
measurements by Snyder et al. to have evidence of
monopole-like excitations in spin ices.

» Two-in two-out maps to a vacuum

* Three-in one-out (three-out one-in) maps to a quasi-
particle (monopole)

« Dipolar interaction between spins maps to Coulomb
interactions between monopoles

» Magnetic charges behave as a Coulomb gas of
monopoles.
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Conventional Susceptometer

Advantage: Easy to put together and use.

Disadvantages:

Loses sensitivity at low frequencies since signal is dé

due to induced EMF. VE} o T —— X @D
dt

Too many turns reduces highest useable frequency
due to intercoil resonance.

-—Phase shifis and non-flat frequency response.

Pnmary Excitanon Conl

To Crvostat
+ —
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SQUID Magnetometer Measurement

Use a SQUID with a
superconducting flux
transformer to make a
magnetometer.

The current sent to the
feedback coil produces
an equal and opposite
field to that provided by

the flux transformer.

This device directly
measures flux_ as
opposed to induced
EME. Flat Frequency
response. No problems

el phase shifts.

SQUID Magnetometer

S
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Fabricating our own customized Nb SQUIDS
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= A spm ice — orders to degenerate ground state analogous to that of water ice
* Spm ices found so far: Dy, Ti,0, (DTO). Ho,T1,0, (HTO). Ho,Sn,O-. Pr.Sn. O,
 Axial moments —ice rules, two-in two-out

« Well deseribed by Dipolar Spin Ice Model
* J=11Kfor DTO
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Temperature Regimes

Three general relaxation regimes found in all measurements
High T (—>15K)
= Arrhenms with activation energy ~300K
* On the order of separation to the next excited crvstal field level
Intermediate T (2K < T ~< 15K)
» Almost temperature independent quantum tunnelling regime
= High defect population (four in or four out. three in (out) three out {(m))
= At low end. monopole population becomes smaller.
« Important energy scale: 2J .
Low T (—<2K)
= Spins freezing out, drastic increase in relaxation time Dy, T1i,0;
« Two in two out, difficult to form monopoles

Jaubert and Holdsworth all k = :

Snyder et al. E a
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Demagnetization Correction

» Not used by all groups
* Our method:
* Measure two sample geometries.
« To find N, usmg analytical form for rectangular prism, given n
Aharom (J. Appl. Phys., 1998).
1 1
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— 1 7
£ X X v 7.

- X —NE X, )
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X r
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* Scale data sets by a calibration factor to find agreement
between sets.
» Shifts peak absorption frequency lower, especially at low T.

11 11 il ans crioranttht it



\ (emu/em® /Oe)

"' (emu/em? /Qe)

Pirsa: 11040096

Demagnetization Correction

lll: r ]
k -
o \\"\: 1
E oy ]
B 3
] p- 3 3
0" A |
0. 2 Lo 7
LT (K™Y :

800 mK

0.6mm x 0.6mm X 3mm

1.Immx . Imm x 2 6mm

: [110] along length

Page 15/38



Ho,T1,0- Results

» COITeCted fFOI. EIp _""'-'.;: . ~_ 0.30. 0.60.0.65.
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Absorption Spectra and Temperature Scans
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Ho,T1,0- Results

* Arhenmus law fits well for lower temperatures
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Absorption Spectra and Temperature Scans
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Ho,T1,0, Results

* Arhenmus law fits well for lower temperatures
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requency (Hz)
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Summary

* Low temperature limit seems follow Arrhenius behaviour
with activation energy 6J_— 10.7K. Why?

Next:

* Measure DTO to lower temperatures and frequencies, check
if this really has 6J_ activation energy.

« Work to get accurate measurements at lower and higher
frequencies.
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Ho,T1,0- Results

* Arhenmus law fits well for lower temperatures
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Absorption Spectra and Temperature Scans
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Ho,T1,0, Results

* Arhenmus law fits well for lower temperatures
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Spin Ice
» A spm ice —orders to degenerate ground state analogous to that of water ice
* Spm ices found so far: Dy, T1,0, (DTO). Ho,T1,0, (HTO). Ho,Sn,O-. Pr,.Sn. O,
» Axial moments —ice rules, two-in two-out
« Well desenibed by Dipolar Spin Ice Model
* J=11Kfor DTO

E

« J_.=18K forHTO

e

H=—JY S-S+ D2y |72

H — —’_}.ka E ':3.- E‘ — -In*“f Y‘ O 0, J

w oA | —

g1 Ebﬁ, Y

J =l 3
D Dnn / -’Tn.ﬂ. Jeer

I

Dy[20] |141| 235 | 372 | —1.24 |

HoTi [21] | 1.41 | 235 | —165 | —052 | =18
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Absorption Spectra and Temperature Scans
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Comparison with other works
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