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LiHo, Y, F,

» Tetragonal CaWO4 structure

» F ions create strong crystal field. makes the
Ho’~ ions nearly perfect Ising moments
along c-axis

* Nextexcitedstateat ~11 K

* Canreplace Ho with non-magnetic Y

e &
(dilution)
* Small NN exchange mteraction =
* Primanly dipolar coupled — angle dependent
mteraction which leads to frustration m the
System.
Li F
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LiHo Y, F,

» Tetragonal CaWO4 structure

» F 1ons create strong crystal field. makes the
Ho " ions nearly perfect Ising moments
along c-axis

* Nextexcited state at ~11 K

* Canreplace Ho with non-magnetic Y
(dilution)

* Small NN exchange mteraction

* Primanly dipolar coupled — angle dependent
mteraction which leads to frustration m the
System.
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Phase Diagram of LiHo. Y, F,

At v—4.5% unusual Reich eral PRB (1990) (general overview. initial phase diagram)

“anti-glass”. spm liquid . . f Pure material orders

state was observed. e T -5 |

g:fh ia;;:;ﬂ;xzz; ' TMennenga eral IV (1984
10+ J,

(hole burning) Z PM ‘\ ‘

Ghosh eral Nature (2003) +~ | + Lowerng x lowers

Entangled Quantum State of : transition temperature

i 3 1 (T at first)

Reich eral PRB (1990)

Magnetic Dipoles \nﬁ H..--;;"
E > Y

1 T ,

-
* ] o cs 10 Silevitch et al Nature (2007
At x=16% Spm glass transition x Transverse field provides
: ' | tinuously tunabl
obsem:d Reich et al PRB (1990) Ancona-Torres et al PRL (2008). :;dm r‘:lé e
Wueral PRL 1991 Transverse field. quantumand
(transverse field Tglass=0) classical glass transitions
Wuetal PRL 1993
| 11Pisa:09040022- Tie [ classical toguantum Page 4/47
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Phase Diagram of LiHo. Y, F,

T T T
LiHo, Yy xFg

PM

T(K)

g-i/f_:_ 1

IJS 10

Atx=16% debatc on th:thﬁr spin glass state really exists.
Reich etal PRB (1990). Wueral PRL 1991. Wuctal PRL (1993) Yes ...Spin Glass

Sniderand Yu PRB(2005) (Theory) No ....NoFinite temperature Spin Glass
Jonsson eral PRL (2007) No ... No Finite temperature Spin Glass
Ancona-Torres eral PRL (2008) ‘es ... Spin Glass
Schechterand Stamp PRB (2008) (Theory) ‘es ...Spin Glass
Tam and Gingras arxiv: 0810.085 (2008) (Theory) Yes ...Spin Glass

eiid-a debate existing over X = 16% being a spin glass. the state of the lowsz.
concentrations mavbe even more controversial




Spin Glass Phase at x=0.16

Reich er ai PRB (1990)
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At x=16% spin glass transition observed

*Broadening of 7™ as temperature decreases is consistent
with approaching glass transition.
*Specific heat characteristics consistent with what 1s expecte
above glass transition 7 \—ZV
r (F)=c |T/T -1

g o g J

5

Scaling analyses
determines:
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The ““Ant1-Glass’™ Phase at x = 0.045 Reich era/ PRB (1990)

- = - Ep—

LiHoyY;—<F4 s LiHo.Y-oFs =

-
-

Specilic Heal {(J/male Ho K)

DC Susceptibility has
1 T temperature dependence.

T. - ';‘:::;.157 5 o 150 e
Unusually sharp features -*,-ﬁiﬁ"—ﬁ. s

in the specific heat. e al s s %0
- = " \._ - '-‘.
. .

Narrowing of absorption cob= T P s
spectrum 7" (f) with lower T e _ ?
(oppostite of a spin glass). -
L AR el
300mK —¢~ of o
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The “Ant1-Glass™ Phase at x = 0.045 Ghosheral Science (2002)
*Remeasured DC susceptibility. found Ghosh er al Nature (2003)
7=T°"° insteadof 7T 1. g
*Point out how unusual 1t 1s that the specific heat has peaks
while susceptibility 1s smooth.

-- explain this with entanglement

*Measure 77 to be even more asymmetric at low
temperatures.

Peak frequency temperature dependence deviates from
Arrhenius behaviour indicating Quantum —Classical transition T

T =075

T X3}

1" (emu/mole Ho)
&

o

B 40022

- T
Sec Goherent spin oscillations with lifetime of 10 seconds. B o 547




- Owr first goal was to measure
the low temperature specific
heatof LiHo Y, _F,

» Moreaccurately
» [ owertemperatures

e Different Ho concentrations

=
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» Subtraction of Ho Nuclearterm is trick
 16.7% Ho sample looks like spin glass
* 4.5% Ho sample looks like “anti-glass™



Heat Capacity Measurement

» Dilution Refrigerator with 13 mK
base temperature Sample L

»  Used quasi-adiabatic method - heat K o e 1y K
pulse O is applied and AT is P |

measurad

» Careful attention was paid to
thermal leaks. decoupling of
thermometers. etc.

» Leads are 6 um diameter. Icm long
superconducting wires (conduct
very little heat).

» No substrate used (components
fastened directly to sample)

* RuO- resistance thermometer

calibratedtoa GRT and CMN
thermometer. NbTi Wires
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Typicaldata for a single heat pulse
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Total Specific Heat

10

b o 0

[~3

Specific Heat (J/ K mol Ho)

0 02 04 0.6
Temperature (X)
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08

Total specific heat 1s
dominated by nuclear term
Ho nucle1 have 7/2 spm.
strong hyperfine mteraction
with tightly bound 4f
clectrons

Non-mteracting C,-
calculated from crystal field.
hyperiine mteraction and

nuclear quadrupole
mteraction.

Very small phonon term (~T°
) present as well.
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After Subtraction of Nuclear Specific Heat

3
Non-mnteracting C,-subtracted to

give electronic part AC

Broad feature remains which is §
consistent with a spin glass for =
all 3 samples =
Spin glass C does not have a =
sharp feature at 7, 8 1}
Indicative of excitations above 2
the transition
Simplest model: 1 excited 0 :
energy level with degeneracy » e - &2
w.r.L. ground state (fits) Temperature (K)
" Pammeter L5V sample 45% sample S0 sample 16.7% sample [1]
T2 ,—Er/k "o (J/K mol Ho) 406 3.5 73 285
NC (Eq /A T) f_ . . E} ilahlxu;l i :l; ;,:tl u.l"; 0.6
(1 + ne—Er/kT)2 . “;1 1?*: n.:a} 1?3
1.9 i), 1. 012 0.1
More low-temperature data FWHMY/ , S 16 L7 L5
required to look for linear So/ R 0.31 0.21 0.00 0.18
"t&fifferature dependence B e

[I]Reicher al. PRB 42. 4631 (1990).



Residual Entropy?

@ Entropy can be determined
with numerical integral

-
S(T) = /0 dT&C_,(_T)

@ Total entropy should be
RiIn2
@ Possibility of residual

entropy So

@ Integral done here with
linear extrapolation to
an=—N

@ S is increasing with o o0z os 08 os 1
decreasing x Sp——

Entropy (/K maol Ho)
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Residual entropy agrees qualitatively with Snider and Yu,
PRB 72,214203 (2005)

@ Increase in residual entropy e Different lattice, no nuclear
with lower x is consistent moments
with Monte Carlo
simulations of Snider and
Yu : s e

e Ising spins on a :
simple-cubic lattice

e No spin glass order 2 el
below 20% filling 5
e S =0at x. =0.20 and 11
rises below e |
e Smooth S(T) = broad = oosf

bump in C
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Residual Entropy?

@ Entropy can be determined
with numerical integral

<
S(T) =f0 dTACT(T)

@ Total entropy should be
RIn2
@ Possibility of residual

entropy So

@ Integral done here with
linear extrapolation to
=i

@ S is increasing with o o0z os o8 os 1
decreasing x ——

Entropy (/K maol Ho)
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Residual entropy agrees qualitatively with Snider and Yu,
PRB 72,214203 (2005)

@ Increase in residual entropy e Different lattice, no nuclear
with lower x is consistent moments
with Monte Carlo
simulations of Snider and
Yu
e Ising spins on a
simple-cubic lattice
e No spin glass order
below 20% filling
e So=0at x. =0.20 and
rises below
e Smooth S(T) = broad
bump in C

Entropy per pariicle / &,
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Residual Entropy?

@ Entropy can be determined
with numerical integral

g
S(T) = /0 dTAC_,(_T)

@ Total entropy should be
Rin2
@ Possibility of residual

entropy So
@ Integral done here with

linear extrapolation to
T =0

@ S is increasing with o oz s

Entropy (J /K mol Ho)

G-E G‘I 1
decreasing x S—
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After Subtraction of Nuclear Specific Heat

3
Non-interacting C,-subtracted to

give electronic part AC

Broad feature remains which is =
consistent with a spin glass for e =
all 3 samples =
Spin glass C does not have a E
sharp feature at 7, a tf
Indicative of excitations above fg»
the transition
Simplest model: 1 excited 0 :
energy level with degeneracy » it ot <
w.r.t. ground state (fits) Temperature (K)
o 2,—Exr/RT E:ﬂ.fl;iul Ho) -llf: — ::i;; e ;I:I -— 'Eh';.:i —
AC‘ X (El/ ) fi = E,/ks (K) n:26 u::r: u:r} \‘-I'_ih
(1 + ne —E.l,-’kf)i n : 0.85 1.43 ﬂ_ih; .59
1.9 i) 1. 012 bl
More low-temperature data -l s e = = o
requﬂ'ed to look for linear So/R .31 021 (.06 0.18
"t&iiferature dependence .

[1]Reicher al. PRB 42. 4631 (1990).



Residual Entropy?

@ Entropy can be determined
with numerical integral

i,
S(T) = /0 dTACT(T)

e Total entropy should be
RlIn2
@ Possibility of residual

entropy So

@ Integral done here with
linear extrapolation to
an=A

@ Sg is increasing with o o2 8 08
decreasing x Sup——

Entropy (J /K mol Ho)

s |
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Residual entropy agrees qualitatively with Snider and Yu,
PRB 72,214203 (2005)

@ Increase in residual entropy @ Different lattice, no nuclear
with lower x is consistent moments
with Monte Carlo
simulations of Snider and
Yl.l . 0.25-_;' e oy

e Ising spins on a :
simple-cubic lattice

e No spin glass order
below 20% filling

e So=0at x. =0.20 and
rises below :

e Smooth S(T) = broad 005}
bump in C :

s
—
L

o
—

Entropy per paricle / &,
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Comparison with Previous Results

* Our results do not reproduce

the unusually sharp features X
observed by Ghosh er al. in r o 4.5% (Ghosh)
45%Ho:YLF 16 7% (Reich)
» Thermal conductivity of 4% 9 e f g"f’
sample also saw no sharp T L} L e ,
features (Nikkel & Ellman o
CondMat 0504269) =
« Data is qualitatively consistent  §
with the 16.7% sample - o
measured by Reich er al. z
-  We account for much more of @
the expected entropy n the
system (RIn2) 0

* Heat capacity does not give us
a measure of the dynamics of
the system so cannot say
whether “anti-glass™ or not. Reicher al. PRB 42, 4631 (1990)

Pirsa: 09040022 Ghosh er al. Science 296. 2195 (208023~



Specific heat at temperatures below 100 mk

 We find a decoupling of the lattice and phonons from the
main source of specific heat.
e Atlow temperatureitis as if we were using the substrate
configuration.
85

80t

75 |

[ (mK)

70 t

65 /

0/20(]40060()

Heat applied
irsa: 09040022 Heat turned off Page 23/47



Preliminary temperature dependence of the
decoupling at low temperatures

10
nE
»E - S3mK 1
: o | s S6mK |
=z 60 mK
7 ! = o 1o 63mK
"51 ‘:*._; 0t 68 mK
- 5 % T2mK
¥ i1 % \ e "
= ok 3 o o0 w0 e ¢ 6 mK |
: ‘;5‘,_ ris)
< -+
I F
|
.l
15 N
1 B
—
. —
0 S0 100 150 200 250 300 350
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Tume (s)

1.8%°0Ho

The relaxation time
mavybe goes as:
T i B sants
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Conclusions for Specific Heat NMeasurement

Measured specific heat of x =0.018. 0.045 and 0.080 Ho samples
Do not reproduce sharp features in specific heat seen by Ghosh et al. in the

x=0.045 sample.
All have qualitative behavior of the x =0.0167 sample measured by Reich er al.

Aresidual entropy may exist for the x=0.018 and 0.045 concentrations. that or the
temperature dependence of the low temperature specific heat 1s sub-linearm
temperature.

Unusual that peak in specific heat does not move to lower temperatures as
concentration is reduced (problem with estimation and subtraction of the nuclear term?)

Observe significant decoupling of the lattice specific heat from the electrons and 'or
nuclear components below 100 mK.
Our specific heat work has been published:

“Specific Heat of the Dilute Ising Magnet LiHo Y, F,”
J.A. Quilliam. C.G.A. Mugford. A. Gomez. S.W. Kvcia. and ].B. Kvcia
Phys Rev Lett. 98, 037203 (2007).

Pirsa: 09040022 Page 25/47




Motivation for More Susceptibility
Measurementson LiHo_ Y, F,

» Use SQUID for improved performance

at low frequencies.

» Confirm that x=0.045 sample has anti-glass characteristics.
Check connection of specific heat characteristics with
susceptibility characteristics for antiglass.

Study different Ho concentrationsx =0.018. x=0.08

p— uva
< . 1Y |
0.6 4%
2 ] %
oar - .ﬁ‘ -
04 }-- Y .
_ oef ._p ‘ a :af-;':; -3."‘.1:_
s S R -
E ! "~ o4 % i
% 0.2 0.4 " _-.'.'_-.-'. . ‘ : e 4
: -: --"',. - e 008X
HO COHCEHH'HHOH (I) o 2 .."'....‘ \I 00osSK
_'-..ﬁh.-- . -
0
Pirsa: 09040022+ ~vn-s irydicate samplcs that we hav c. 001 a1 1 . " Ppage 26/47"
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Conventional Susceptometer

Advantage: Easy to put together and use.

Disadvantages:

Loses sensitivity at low frequencies since signal 1s do

dIIeto .“[hIEEdM‘ "‘EMF aor d or &)
r

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

-—Phase shifts and non-flat frequency response.

Pnmary Excitanon Conl

Immm\mnmmmmnmmmnmm@|
To Cryostat E A 111401 O 1))

-

Pisa: 09040022 Co—

Secondary (Graciometer)

Page 27/47



The DC SQUID 1s the most

o . D21+
sensitive detector of /I B/
magnetic flux 1 2 |/ 3

V1

Pirsa: 09040022

Sensitivity ~ Lug, /~Hz Optimal operating pont

Current. I
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While our experiment was in progress. Jonnson er a/ remeasured 7; and 7; forx=0.045

and x = 0.165 using a micro-SQUID. Theyv swept the field at rates from 1 to 50 Oe’s.

l'hu_‘meF‘ mﬂﬂ‘rﬂﬂj‘ﬁl
0.5 1025
-as \ =

PN N
L ]
§'ﬂ'3 “11 g M‘ﬂfﬁ ¢ ar ax a3
5
=02 1 0.1
T

0.1 0.05

Ir. 10~ ¢ X ll.'l'ii =

e

1 (emwem®/0e®)
e p P
28
hogl=ay
g &
o &
(.
ol
2 &

"U?
a
.1 02 03 04 0S5 0 01 02 03
T(K)

FIG. 4 (color online). Main frames: Temperature dependence
of the lincar and nonlinear susceptiblities y, and y, for (left)
LiHoy ygs YosaeF: and (nght) LiHoy 45 Yq gesFs without trans-
verse ficld. The continuous lines represent expd—7T/T,) fits
(seec main text). obtuned from the T-lincar fits of log( y, ) and
PR3t 111 2hown in the insets of cach panel.

H.=0

10.01

0.02

b

(80/ Ww/nwe)

50

H (Oe)

100 0

1000 2000 3000
H (0e?)

Conclude absence of spin glass transition

for both x=0.045 and x = 0.165.

Since both compositions are qualitatively
similar. they question the existence of an
antiglass phase for x = 0.045.

Ancona Torres ef al disagree and claim

Jonnsen er al swept to their field to quacklv at
low temperatures.

Jonnson er al PRL (2

e . S e oy . . o

753

Pl FaTa T &t



SQUID Magnetometer Measurement

Usea 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
with phase shifts.

Pirsa: 09040022

JUO00000000000000000000(

|
et il

SQUID Magnetometer
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e
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P Sappiure Rod

Page 30/47

SQUID and controller from ez-SQUID



While our experiment was in progress. Jonnson er a/ remeasured 7; and 7; forx=0.045
and x = 0.165 using a micro-SQUID. Thev swept the field at rates from 1 to 50 Oe’s.

50 0.02
40 3
d'-" —
E [+ ]
30} -
§ um§~
220 (%1
- o
10} e =

0 50

100

0

3000

Ho, 1.'IIGI.EJ'F
R -1 4
0.5 —0.25
=3
= ‘-—1
AN
E o
g 03 ' e 1015
$
.02 1 0.1
=
0.1 0.05
x 10

—
—y

e “.-
cost N} 3 08
Q fﬁ L %
Eﬂﬁr: e 0.6¢
3 . e
=04 & 0.4:
2 -

-
:I-?U 0.2

ot
1 02 03 04 05 0 0.1 02 03
TIK) TIK)

FIG. 4 (color onfine). Main frames: Temperature dependence
of the lincar and nonlincar suscepuliies y, and y; for (lefl)
LiHoy s YosaeF: and (nght) LiHoy 145 Yq aF: without trans-
verse ficld The continuwous lines represemt expd—7T/T,) fits
(seec maun text), obtmned from the T-lincar fits of log( y, )) and
PiBtT11] thown in the insets of each panel.

1000 2000
H (0e?)

Conclude absence of spin glass transition
forboth x=0.045 and x =0.165.

Since both compositions are qualitatively
similar. thev question the existence of an
antiglass phase for x = 0.045.

H (Oe)

Ancona Torres ef al disagree and claim
Jonnsen er al swept to their field to quickly at
low temperatures.

Jonnson er al PRL (260
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ac Susceptibility for Various Temperatures. x = 0.045

10m - =
1
Our Result: s oo ., ot
-
i L b Y 1. ‘ﬂi (ol :E_ ==
. e e -
A = ot i % 1 a— .
— uj P . I‘-\- 3 1 N 1 - - ﬁ-‘ ) "T-" 1
2 LD 7% 8.55.87.90,55 Y, RT A, L=
ERANNY i T B s o,
P 02 F Wy N 00, 230, 260, 300, 350 mK - — t v T WLYS
E 01s w NN -
W O
= o} N
s I e
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e e
= &l b RN
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(= , .
'E:"--. 008 x - w N
S oost S,
B X O
= 004 w %
& N
I~ ooz .
-
u -
L - -
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T=120 mK S B e

{apodaza shows slower response than Ghosh er a/

Reich et al. PRB (15507
for a orven temnerature Aorees hetter with Reich or A/ . { '
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Width of 77 for Various Temperatures

T
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FWIHM (Decados)
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5 9
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Our 7™ broadens as temperature decreases.

Consistent with a spin glass.

Not consistent with antiglass.
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300mK  Raichetal. PRB (1990)



Fit to Arthenius Law

Ty 1S the determined from the
frequency of the peak in 3 7(f) for a 10° } 4
given temperature. T. "
i -Eﬂ ';.kET - = §
e, (F)=1_c —~rd .
T— =
- - .
E,=157K %
- e
— 3 10 | ~ e
., =032 *‘ o Shee
" Arrhenius fit
e - Reicheral
# < Ghosh er al.
2 I 6 s 10 12 14
T-'(K™)

Arrhenius behavior can be attributed to a superparamagnet.

Deviation from Arrhenius behavior at lower temperature may indicate that
Pirsa: 09040022 _ " . Page 34/47
this is a spin glass with T > j



Width of 7™ for Various Temperatures

x"/xrhr*'lux

24
I I --:-L .' - -"-‘
-:l' * L] -‘-'
= — Ti_-ﬁ‘-'n
= » T ) 7
| & O 78 =
0% r é Zi ] 1 - 0T
E Y - 0TS
- 15 e Q1K
» - :
ﬂﬁ I g ] - - Q08 x
= |6t * s 0OSK
! 0 . 0.0 o 1 w0 00
14~ L2
04 - / $ 9 10 11
%

£/ Fytax

Our 77 broadens as temperature decreases.
Consistent with a spin glass.
Not consistent with antiglass.

Pirsa: 09040022
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Fit to Arthenius Law

Tamy 1S the determined from the
frequency of the peak in y7(f) fora o :
given temperature. T. ="
Yy —-E, /kgT /. )
r,..\T)=1_e —~rd LA
e
o S - -
E,=157K 3
- <
) 10 | % >
T =032 t'- o e
" Arrhenius fit
ll]-" * « Rexcheral
¢ < Ghosh er al.
2 1 6 3 0 12 14
T-' (K™

Arrhenius behavior can be attributed to a superparamagnet.

Deviation from Arrhenius behavior at lower temperature may indicate that
Pirsa: 09040022 _ e . Page 36/47
this is a spin glass with T > i



Dvnamical Scaling Law for Spin Glass

7 (T ¥ l)_zv

T, =43+ 2mK
zv=78+02
r,=16+7s

10

10

T Max (b)

10

0

.s.
-.
¢  Our data R &
— Scaling law
e 2 X
(T -T,)/T,

Dynamic scaling analysis points to the X = 0.045 system being a spin glass
with a transition temperature of 43 mK and an mftrinsic time constant of 16 seconds.

Page 37/47

“SIX orders of magnitude slower than for example Eu, .Sr, .S.



Temperature Dependence of 7~

*At higher temperatures.our 7' vs. T
agrees with Jonsson er al. Reich er a/
and Biltmo and Henelius.

ZI{I T—l

*At low temperature. even 7 * measured
with £=0.001 Hz is not in the static
limat.

x' (emu/em®/Qe)
=

oIt appears that Jonsson et a/ swept too
quickly below 200 mK.

They swept the field at a rates between
1to 50 Oe/s from H =0 to H = 150 Oe.
-—-Sweep time was between 3 and 150
seconds.

irsa: 09040022 . P 38/47
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In a recent meeting in Toronto. Aeppli proposed that the difference between his group’s
results and ours and Jonnson et al’s could be due to the geometrv.
We have thin slivers and they have a fat chunk.

We just recently measured a sample with a sitmilar aspect ratio to Ghosh et al

and and found no difference
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Temperature Dependence of 7~

:
*At higher temperatures.our " vs. T b, ﬁ
agrees with Jonsson er al, Reich er al R 2 3
and Biltmo and Henelius. 3 < E
o ) i o By
Z'{x T 1 Qh.. = “\.
£ oaf- . e
*At low temperature. even ¥ measured E ki
with £=0.001 Hz is not in the static =3 0.000 3a
S = 001 Hz
limat. | il
I Hz
oIt appears that Jonsson et a/ swept too h IR =g
quickly below 200 mK. - Biltmo & Henelius
They swept the field at a rates between T T R
1t0 50 Oe/sfromH=0toH =150 Oe. s

01

_.Sweept]mE‘Wﬂ.S between 3 and 150 Temperature (K)

seconds.
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In a recent meeting in Toronto. Aeppli proposed that the difference between his group’s
results and ours and Jonnson et al’s could be due to the geometrv.
We have thin slivers and they have a fat chunk.

We just recently measured a sample with a stmilar aspect ratio to Ghosh et al

and and found no difference
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Conclusions for ac Susceptibility NMeasurement

Measured ac susceptibility of x=10.045 sample. No exotic anti-glass behaviorseen.

Mcamdz'm o T! inagreement with Jonsson er al and Reich et al. disagreement with Ghosh
etal.

The broadening of the absorption spectrum as temperature is lowered is consistent withbehavior
of a spin glass.

The temperature dependence of ¥ follows a near Arrhenius behavior indicating that thesvstem is
either a spin glass or superparamagnet.

Dvnamic scaling analvsis points to a spin glass transition temperature of 43 mK—2mK.
This is close to prediction made by simulations of Tam and Gingras which predict a spin glass

transition for x=0.065 to occurat a temperature of 43 mK and 95 mK for x=0.125.
(arXiv:0810.0854).

Our work has been published:
“Evidence of Spin Glass Dyvnamics in Dilute LiHo, Y F.™
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T A Quilliam. S. Meng. C.G.A. Mugford. and J.B. Kycia. Phys Rev Lett. (2008).



Fit to Arthenius Law

Tamy 1S the determined from the
frequency of the peak in 3 7(f) for a 10° } :
given temperature, T. ‘="
() — X T «
| i = —~ 0} A
 — 5l
— S i =
E,=157K X
= e
WY | i 10 | ~ii
raA i 0‘3"‘&‘“’8 . i = Ouwr data
“' Arrhenmus fit
Wy 3 « Rewcheral
« Ghosh er al.
2 1 6 3 0 12 14
T-' (K1)

Arrhenius behavior can be attributed to a superparamagnet.

Deviation from Arrhenius behavior at lower temperature may indicate that
Pirsa: 09040022 _ " _ Page 43/47
this is a spin glass with T > ;%



Width of ¥ for Various Temperatures
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Our 77 broadens as temperature decreases.
Consistent with a spin glass.
Not consistent with antiglass.
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300mK  Rajchetal. PRB (1990)




Comparison with Previous Results

* Our results do not reproduce
the unusually sharp features X
observed by Ghosh er al. n ' o 4.5% (Ghosh)
4.5%Ho:YLF 16 7% (Reich) |

 Thermal conductivity of 4% — ﬁ g’j‘
sample also saw no sharp P
features (Nikkel & Ellman
CondMat 0504269)

* Data 1s qualitatively consistent
with the 16.7% sample
measured by Reich er ai.

* We account for much more of
the expected entropy in the
system (RIn2) 0

* Heat capacity does not give us
a measure of the dynamics of
the system so cannot say
whether “anti-glass™ or not. Reicher al. PRB 42, 4631 (1990)

e Ghosh er al. Science 296. 2195 (2082~

Specific Heat (T / K mol Ho)




Residual Entropy?

@ Entropy can be determined
with numerical integral

:
S(T) = /0 dTACT(T)

@ Total entropy should be
Rin2
@ Possibility of residual

entropy So

@ Integral done here with
linear extrapolation to
=

@ Sg is increasing with o 0z o0s o8 os 1
decreasing x A———

Entropy (1 /K maol Ho)
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After Subtraction of Nuclear Specific Heat

3
Non-interacting C,-subtracted to

give electronic part AC

Broad feature remains which is =
consistent with a spin glass for c %
all 3 samples 5‘3
Spin glass C does not have a =
sharp feature at 7, g 1}
Indicative of excitations above f-;-
the transition
Simplest model: 1 excited 0 :
energy level with degeneracy » . i
w.r.t. ground state (fits)
E A'T 2 —E/kT 5 miul Ho) -ll:‘: —— ;iil — ;:I':I' — ib\? -
N (E1/kT) alabl E./ks (K} 0.26 0.32 0.20 0.46
(I ok ”g—ﬁu’kf)i ; . ”E 1::: n_:ﬁ: 1-:3
1% i 0.1 | 0.1
More low-temperature data FWHM Ra. 13 16 I 15
required to look for linear So/R 031 021 &0 0.1
"“t&ftifferature dependence _ e i

[I11Reicher al. PRB 42. 4631 (1990).



