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We present the experimental phase diagram of LEte_.F4, a dilution series of dipolar-coupled model
magnets.The phase diagram was determined using a conobirtdtAC susceptibility and neutron scattering.
Three unique phases in addition to the Ising ferromagnebEiHand theXY anti-ferromagnet LiErkr have
been identified. Below: = 0.86 an embedded spin-glass phase is observed, where a spsnegliats within
the ferromagnetic structure. Belaw= 0.57 an Ising spin-glass is observed consisting of frozen nelédie
clusters. For: ~ 0.3 — 0.1 an antiferromagnetically coupled spin-glass occurs. Aicédn of T (x) for the
ferromagnet is observed which disobeys the mean-field ¢tieds that worked for LiHQY 1 . Fa.

I. INTRODUCTION

When combinations of disorder and frustration are present
in a magnetic system, the so called spin-glass state can aris
In such a state, the long range order is suppressed, but spins
still exhibit spatial and temporal correlations. Over thstI30
years, much theoretical and experimental work has focused o
spin-glasses, however materials with a well defined Hamil-
tonian are to this day something of a rarity. One candidate
for a well defined spin-glass system has been LiHdifuted
with non-magnetic yttriurli*. The attractiveness of this sys-
tem stems from the well described Hamiltonian of the Ising
ferromagnet parent compound LiHoF®. Many of the inter-
esting phenomena observed in LiFo, _,F, "% are a direct
consequence of the frustrated long range dipolar intenacti
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between H&" moments. The combination of this frustrated 0 : ; %
interaction and the quenched disorder induced by the random 1 0.8 0.4 0.2 0
Ho?*t population on the rare earth site, makes this system a Holmium content x

perfect candidate for spin-glass formation. From a thézakt
point of view, the Ising anisotropy of the moments decreasesiG. 1: (Color online).  Experimental phase diagram of
the complexity, effectively to a simple anisotropic= 1/2 LiHo-Er_,F4 with the phase diagram of LiH& 1_.Fs (black
model, allowing for a large number of theoretical prediotio line) overlaid to highlight the extended glassy region obse here.
to be mad&-15, Blue circles and red diamonds show respectively ferromég(iE-)
. ) . . and antiferromagneticI(v) order. Green squares indicate a spin-

Arecenttheme in this system is the role of the off-diagonaly|ass freezing7;) from a paramagnetic state. Secondary glass-like
dipolar terms in the Hamiltonian, whose effect is tuned bytransitions from either a ferromagnetic or spin-glassestaé shows
a magnetic field transverse to the Ising a%l8. It was as light blue triangles and yellow triangles respectiv@lye ellipses
discovered that in the presence of a small transverse fieléhow the range dft in the frequency range measured for each sam-
LiHo,Y,_,F, is a perfect realization of the classical randomple (typicallyl Hz to4 kHz). Lines are guides to the eye.
field Ising magnet (RFIMY>6. One motivation for these stud-
ies was experimental non-linear AC susceptibility datehim t
presence of a transverse magnetic field, which suggestedteue spin-glass ord&46. Furthermore it has been demon-
T=0 first order spin-glass quantum phase transitténA sec-  strated®that the observed non-linear susceptibfliyconsis-
ond group found no evidence of either a classical or quanturtent with this spin-glass-like state.
spin-glass staté. A third group found very strong evidence  The key idea of this paper is that introducing Er into the
of a classical spin-gla¥%2%, but did not investigate its behav- parent compound in place of Y should increase frustration
ior in the presence a transverse field. On the theoretical siddue to theXY anisotropy observed in LIEgF*?4. The ad-
two independent groups reach the conclusion that the preslition of these off-diagonal terms in the Hamiltonian could
ence a transverse field induces random-fields which destrayrive the onset of glassy behavior up to higher temperatures



and extend the range of concentrations where they are visglassy carbon Bridgman ampule at a temperature of &3t
ble. Moreover the resulting compounds are in the class oén inert gas atmosphere. The melt was subsequently slowly
mixed anisotropy systems, where rich phase diagrams incluctooled over 7 days. The purity of the resulting polycrys-
ing co-existing magnetic phases have been both theoigticaltals was checked by powder X-ray diffraction and the Ho to
predicted®?” and experimentally observ&d°. This paper Er ratio verified by EDX measurements with an accuracy of
presents AC susceptibility and neutron diffraction stadda  +0.5%.
LiHo,Er, _,F, for 15 concentrations from = 1 tox = 0. Small polycrystals of LiIHgEr, _,.F, were ground to pow-
We establish a phase diagram with several striking featureder and then mixed with Stycast W19 to ensure good thermal
compared both to LiHgY;_,F, and to simple mean-field contact. The resulting paste was pressed into a 20 mm long
(MF) expectations for LiHpEr _,F4: a) The spin-glass re- 2 mm diameter mold and four 2p@. diameter copper wires
gion is greatly extended, both in termsofaind in tempera- were inserted into the mixture which was then baked to cure
ture, up to a maximurfi; > 0.5 K; b) T for ferromagnetic  the Stycast. The copper wires were attached directly to the
order decreases faster than for Y-dilution and in contrast tthermometer housing on the mixing chamber, to ensure the
MF predictions; c) the antiferromagnetic order found ineur best possible thermalization. Complex AC susceptibiligam
LiErF, is destroyed by just 10% of Ho. surements were carried out in an Oxford Kelvinox 25 dilution
The experimentally determined phase diagram forefrigerator, using coaxially compensated mutual inducta
LiHo,Er;_.F4 is shown in Fig.1l. Blue circles indicate the coils. The primary coils are supplied with an AC current us-
ferromagneticlc, green squares the spin-glagsat 1 kHz  ing a Keithley 6221 AC current source and the signal induced
and red diamonds the antiferromagnefig. Additional in the secondary coils is measured using a Signal Recovery
freezing transitions which occur within a ferromagnetic or 7265 lock-in amplifier. The measurements used an AC exci-
spin-glass state are indicated by the light blue and yellowation current ofl 0. A, corresponding to a field of 42 mQOe, in
triangles respectively. The light blue and green ellip$ess  the range of 1 Hz - 4 kHz.
the range of7; observed in the frequency range measured Before looking at the results in detail, some concepts re-
for each sample. Moving from large to smallthree phases lated to spin-glasses must be introduced. The spin-glats st
in addition to the Ising ferromagnet for LiHgFand XY is typically characterized by a sharp cusp in the real signal
antiferromagnet in the case of LiEfRre observed. Already of the AC susceptibility, around the freezing temperafiie
atz = 0.86 at very low temperatures there are indicationswhich is rounded out by the smallest fielélsIn the case of
of some form of spin-glass behavior. The temperature of thénsulating spin-glasses the imaginary susceptibility asné
onset of the glassy state increases steadily with deciggasin nated by the spin-glass dynamicg!’ begins to increase at
Oncex falls below a critical value, of around = 0.57, the T > T, has an inflection point which coincides with the peak
long range ferromagnetic order is completely suppressdd arin x’ and peaks shortly afterwards before dropping down to
replaced by a spin-glass phase. The maximum obsefyved zero at low temperatures. The temperature at whichythe
is found forz = 0.57 and gradually decreases until antifer- cusp occurs depends on the frequency of the AC driving field,
romagnetic order occurs for LIEfF The phase diagram for as correlated spins in different local environments wiffedi
LiHo,Y;_.F4 is shown in black and highlights the extended ent relaxation times will freeze out at different temperasu
glassy region observed here. The frequency dependence’fifis logarithmic for almost all
One challenge in experimental studies of Liffq_,F, is  experimentally accessible frequenci¢s(* — 10'° Hz) and
the low temperatures of the spin-glass phasE gt 150 mK.  can be well described by an Arrhenius law:
This is compounded by the poor thermal conductivity and
large specific heat of the samples, which make it difficult at
best to be certain of thermal equilibrium. From the details e f=1/7char= foexp(—Ea/kpT), (1)
pounded below, it can be seen that extraordinary steps were
taken to ensure the thermal equilibrium of our LiHiy, _,F4 where E, and f, are the energy barrier and characteristic
samples. frequency in the case of a superparamagnet. One way of sep-
The layout of this paper is as follows. Sectibroutlines ~arating a superparamagnet, where spins form non-intaacti
the AC susceptibility experiment and describes the resultsclusters, from a spin-glass, which contains long rangeeeorr
Sectionlll discusses neutron diffraction results obtained orfations is by looking at the frequency sensitivity B f)%-%*
samples withe = 0.79,0.5 and0.25. Both sets of results

are interpreted in the framework of mean-field calculations AT
SectionlV. The final section is dedicated to discussion of the = T Alon (7 (2)
results in a more general context and conclusions. 1A logyo(f)

Generally metallic canonical spin-glasses have values of
K < 0.01, insulating spin-glasses have values in the region
Il. AC SUSCEPTIBILITY 0.01 < K < 0.1 and shifts higher than this are typical of
superparamagnets.
LiHo.Er _.F, samples were prepared from mixtures of An alternate explanation of the frequency dependence of
LiF and MFs in a 53:47 (LiM) molar ratio withx the ra- T} is that of a critical scaling law associated with a spin-glas
tio of HoF; to Erk;. The mixture of salts was melted in a phase transition at finite temperatdige This explanation was



introduced when a divergence from Arrhenius law was ob-
served afl; — T, in some spin-glass systefis The critical
scaling is usually expressed4s

T=1(T/Ty—1)"%", 3)

wherer is the characteristic spin relaxation time at tem-
peratureT’, T, is the glass temperature and the produet
is the dynamical exponent. This form of dynamical scaling
is supported by calculation on Ising spin-glass models reshe
Monte Carlo simulatior’$26 find critical scaling withzv ~ 7.
Care should be taken when referring to the different freez-
ing temperatured; andT,; 7; is the frequency dependent
temperature at which the spin-glass transition is observed
whereasI, is the zero-frequency spin-glass transition tem-
perature. As will be demonstrated, it can be difficult toidist
guish between these two dynamical situations in the range of
experimentally accessible frequencies. A final complarati
inLiHoEr, . F, is the large anisotropy of the Ising moments
which can prevent the system reaching equilibrium, resgilti
in a thermally activated spin-gla¥s

An overview of the realy’(T"), and the imaginary” (T'),
components of the complex AC susceptibility is presented fo
selected compositions in Fig. Starting from larger, a fre-
guency independent peak it and concomitant onset gf’
is seen just below 1 K, which we will later show to be ferro-
magnetic order. At lower temperatures there is a frequency
dependent drop iy’ which appears to correspond to a peak
in x”. As x decreases J decreases linearly with down to
x = 0.57, where long range order is no longer observed. The
peak iny’ broadens and the temperature of the peak now de-
pends on frequency, indicating a slowing down process con-
sistent with a spin-glass state. This frequency dependsit p
continues all the way down to = 0.1, with the features in
the susceptibility constantly evolving with

A. Ferromagnetic region

We illustrate the analysis of the ferromagnetic region in de
tail for x = 0.675 in Fig. 3, which shows susceptibility curves
taken at7.7, 77 and770 Hz. At T = 0.815 K there is simul-
taneously a peak iy’ (top panel) and a kink of” (bottom
panel). This is a clear indication of a ferromagnetic traosi
wherey’ diverges and domain wall motion causes a sudden
increase iny”’. This high temperature behavior is essentially
the same behavior as observed for LiH&Fwith the excep-
tion that 7 has now decreased to lower temperatures. At
lower temperatures, there is a clear frequency dependent b
havior in bothx/(T") andx”(T). The frequency dependent
peak observed iny” just belowT, is probably due to do-

freezing out of moments not in the ferromagnetic state.
To better determine the behavior of the frequency depen-

dent features we note that the presence and dynamics of do-

main walls in the sample, inferred from the pegkjust be-
low T¢, will give rise to a signal iny’. The observed/’ is
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EIG. 2: (Color online). AC susceptibility data for LiH&r —,Fa.
Moving from high to lowz, the ferromagnetic peak is suppressed
! 2 by the additional Er content, disappearing completely at 0.57.
main wall motion in the ferromagnet. The lower temperaturerrequency dependent behavior is seen in all samples, irothedf
peak iny" at temperatures around 250 mK is likely due to thean embedded spin-glass 68 < = < 0.9 and more typical spin-
glasses forr < 0.57.
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FIG. 3: (Color online). Temperature scans of LiH@sEro.s2sFs  FiG. 4: (Color online). [left] Frequency dependence f for
taken at 7.7, 77 and 770 Hz. The peakihat 0.815 K isTc of ;. — (675 with a fit to the Arrhenius law. Comparison of the fre-
the ferromagnetic long range order, and the frequency dEpe®  q,ency dependence @F if determined by the inflection point before

seen atT" = 0.2K—0.4K corresponds to a spin glass transition. e peak iny” or the peak iny’ after subtraction of the background

Tt is determined by subtracting a ferromagnetic backgrougdai  sjgna| from the ferromagnet. To demonstrate the frequemgien-
(dashed line) from the measured curve, leaving the usuélipgae  gence off = 0.815 K, 2/Tc is also plotted. [right] Scaling law for

susceptibility (middle panel). the same data sets assuming a zero frequency glass transitiper-
atureT,. The inset shows the temperature dependence of the
peak amplitude.
therefore considered to be the superposition of two phifgica
distinct phenomena, a high temperature signal from the{ferr
magnet and a low temperature signal from a spin-glass. Thgion. The extracted value of the attempt frequenfy,=
ferromagnetic component of the susceptibility is estiddtg 4 x 10'° Hz, gives an indication that the dynamics could be
fitting the data with an exponential function in the tempera-well described by an Arrhenius law. At lower temperatures
ture range where the signal from the freezing is assumed t@nd longer time-scales, the Arrhenius behavior is lost &nd i
be negligible (in this case.03 K < 7' < 0.075 K and 0.6 appears that the system crosses over into a different sgt of d
K < T < 0.86 K). Subtracting the fitted component from the namics, which can be explained with a new Arrhenius law
measured susceptibility reveals a signal believed to bérapm with K = 0.04. An examination of the peak in the real sus-
from the spin-glass (middle panel), which peaks at roudidy t ceptibility (inset of Fig4) also points towards an underlying
same position as the inflection pointgf, as is expected for change in behavior; the peak amplitude becomes tempera-
a typical spin-glass. ture independent at the same temperature of the crossfover i
The frequency dependenceHfis traditionally compared slopg. Thg dynamics can be equally well explained by cfitica
to either an Arrhenius law or a scaling B Avoiding prej- ~ Scaling, with7, = 0.13 & 0.002 K, o = 3.5+ 0.5 s and
udice between these two paradigms for spin-glasses, we show/ = 19 =+ 0.5. The very large values af, and 2 coupled
in the left panel of Fig4 an Arrhenius type plot and in the with the low temperature deviation from t_he fit seem to imply
right panel a scaling law plot. In order to carry out the sggli  that the system does not follow a dynamic scaling law.
law analysis in a reproducible fashion, the valuelpfmust
be determined and fixed. As there is no clear indication of
a low frequency saturation i#, 7, is determined by fitting B. Largez Spin Glass Region
eq.3 for the entire possible range &f, (0 < T, < T'#(min)).
The trial temperature which gives the best fit to this equatio  As z is decreased further, the ferromagnetic order disap-
is assumed to be the zero frequerigy The figure shows pears completely, and the system shows very broad frequency
the dynamics off; as extracted from the inflection point in dependent features. Given the relatively similar amoufts o
x" (blue circles) and from peak ig’ (red triangles) revealed Ho and Er, and the behavior of the largephase, it seems
by subtracting the ferromagnetic component. To illusttaée  plausible that there are in fact two transitions which cituntst
frequency independence®f, the green squares shawlc.  the broad signal.
Focusing first on the Arrhenius plot, a value/of= 0.02 is In the case ofc = 0.50, the susceptibility has been mea-
extracted for the high temperature (and high frequency) resured on single crystals in addition to the powder samples.
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FIG. 5: (Color online). Temperature scans of single crgstsl
LiHoo.50Er0.50F4 comparingy.. andx... In order to better com-
pare the two data sets,,, has been scaled by a factor of 20 ayif,
by a factor of 50.

FIG. 6: (Color online). Frequency dependence of in
LiHoo.50Er.50F4 expressed in terms of [left] Arrhenius behavior
and [right] a dynamic scaling law. The inset shows the freqye
dependence of the low temperature peakin in the range of fre-
guencies where the peak was extractable.

Given the very high anisotropy of both Ho and Er moments
and their different nature, it is possible to partially sepa
their contributions, ag .. is predominantly sensitive to the
Ising moments of Ho ang,., predominantly sensitive to the
XY Er moments. A comparison of these two susceptibilities C. Small z Spin-Glass Region
is shown in Fig5. The susceptibilities measured along differ-
ent crystallographic directions show strikingly diffetere-
havior. At T=0.450 £ 0.02 K, x’ peaks in both measurements, i ,
with the peak position depending on the frequency of the mea- AS  decreases further, the spin-glass freezing temperature
surement, indicating the freezing of the moments. Below thi Continues to slowly decrease and the features in the siscept
temperaturey.. decreases relatively quickly, as expected forPility sharpen. Atz = 0.25 the susceptibility has sharpened
; . : ; to the point that both’ andy” resemble those found in typ-

an Ising spin-glass, wheregs, remains relatively broad and P X d Intyp
does not decrease significantly. The imaginary component d¢&! spin-glasse8. The frequency dependence of this sample
the susceptibility shows similar differences, where twe-fr 1S Shown in Fig.7, which plots the dependence &f taken
quency dependent peaks are clearly visiblg/n. for temperature scans when ramping either low to high tem-

As was the case for — 0.675, the frequency dependence peratures (blue C|rcle§) or from high temperatures to Iow;on
of Tz is fitted both by Arrhenius activated dynamics and crit- _(red triangles). T he difference bet\_/veen _th_e two scans give a
ical scaling, as shown in Fig. There is a low temperature idea of the maximum offset due to insufficient thermalizatio

deviation from Arrhenius dynamics in the opposite direttio which is foulnd to be on the orqler of 5 mK. In this Sa"?p'e’
to thex = 0.675 sample; in this case the freezing tempera-bOth Arrhenius and critical scaling dynamics produce fits of

ture tends towards a zero-frequency value. This is reflented equal qu_ahty, with no clgar variation from either law imnied
the critical scaling dynamics, where there is no visibleiaev ately V'S'bl.e' A comparison O.f the_ relevant parameters from
tion from the expected fit. The large value fif ~ 1020 Hz Fhe_ Arrhemus and critical scaling ﬂt.s dpes not shed any more
would be a further argument that the system undergoes a trd@s'gh.t Into the nature of the dynamics in this cpmpound both
spin-glass phase transition and is therefore describeditby c are within the expected ranges for the respective fit type.

cal scaling dynamics. The lowest temperature peaK/inis

believed to be due to a second glass transition, whose frgezi  All of the samples measured have been analyzed in a sim-
temperature is taken as the peak in susceptibility. As tla& pe ilar manner to these three examples, with the data being used
is small compared to the background signal it is only possibl to build up the phase diagram shown in Hig The parame-

to extractl; between 10 and 1000 Hz. In this frequency rangeters relating to the phase transitio$;, 7t(1x -, andTy and

the dynamics are well explained by an Arrhenius law, as canlynamics/C, zv, andr,, have been extracted and are summa-
be seen in the inset of Fi§. rized in Tablel.



10 10 TABLE I: Summary of transition temperatures and spin-gfzmsm-
eters related to dynamics in Lil&r;—.F4. All temperatures are in
Kelvin.
10° {10’ e | T. |T;(kH2) folHZ) K | T, =v  70ls]
1 |153| N/A N/A N/A |NJA NJA  N/A
T ) 0.860( 1.20| 0.083 4 x 10° 0.077 - - -
=10 110 0790/ 1.04| 0.191 4 x 10° 0.0440.043 12.9 1.3 x 10°
£ 0.765/ 0.95| 0.197 2 x 10** 0.0800.174 2.2 1.6 x 1075
glol |16 0.700| 0.85| 0.280 2 x 10'° 0.0250.156 10 1.3 x 10~°
v 0.675(0.815 0.347 4 x 10'° 0.027/0.130 19 35
0.570| N/A | 0.510 5 x 10** 0.024/0.430 9.0 6.2 x 10™*!
1 11 0.540| N/A | 0.474 3 x 10%° 0.046(0.396 6.4 4.3 x 10°°
0.500 N/A | 0.471 4 x 10'® 0.0490.405 4.1 1.5 x 1077
¢ 2222 ok 0.500/ N/A | 0.437 1 x10** 0.0420.369 7.0 1.0 x 10~°
10+ 10t 0.470| N/A | 0.434 2 x10* 0.0540.299 6.2 6.4 x 107

3.2 343638 4 4202 0.3 0.4 0.50.6

0.250| N/A 0.288 3 x 10*® 0.0690.199 8.2 3.7 x 1077
1le K *1] Tf/Tg -1

0.200| N/A | 0.286 3 x 10** 0.0700.196 7.5 4.2 x 10~ 7
0.100[ N/A | 0.138 3 x 10'' 0.0800.079 8.6 1.3 x 10~°
FIG. 7: (Color online). Frequency dependence of in 0.060|0.342 (0.15)
LiHoo.25Ery.75F4 expressed in terms of [left] Arrhenius behavior
and [right] critical scaling. The data compargs extracted from

0.375 N/A N/A N/A | N/A N/A N/A

scans ramping both up and down in temperature, which aretddfs ! Single crystal measurementspf..
5 mK, probably due to thermalization issues. 2 Single crystal measurements-pf..
I1l. NEUTRON SCATTERING than the rest, and the split coil susceptometer was placed on

either side of this protrusion to measure the AC suscejtyibil

Neutron scattering measures the correlation function of
the moments, therefore complementing the AC suscepyibilit
measurements which measure the spatially averaged dynam-
ics of the system. In particular, neutron scattering allfovs
the determination of spatial correlations and the diretiof Measurements on = 0.79 were carried out on the E4 ther-
the magnetic moments involved in the spin-glass state. Fumal neutron diffractometer at HZB in Germany on five blades
thermore, neutron scattering can be used to discern whetheut from a single crystal with total dimensionsiofk 5 x 30
the correlations between moments are ferromagnetic or antmm. The sample was placed inside a dilution fridge and
ferromagnetic in nature. vertical-axis superconducting magnet, allowing for terape

Neutron scattering measurements have been carried out §dréS down to 50 mK and fields up to 5 T. The field direc-
three samples, with: = 0.79,0.5 and 0.25. Due to the ton was perpendicular to the c-axis along fi.0) direc-
poor thermal conductivity of the DifF, compounds, particu- tion in order to study the poss_lt_)le transverse f|e_ld Ising ehod
lar care has been taken in ensuring the best possible thermfdIF!M) quantum phase transition. The scattering plane was
conductivity. Large single crystals were cut into thin etic the (220) — (00/) plane and the incoming bean: ff neutrons
roughly 1.5 mm thick and individually gold sputtered creat-was monochromated to a wavevectokpt= 2.59 A .
ing a layer 2-3um thick. These blades were then placed in- The long range ferromagnetic order has been confirmed by
side a solid walled box made from a single piece of oxygemrmeasuring the temperature dependence of(thé,0) and
free high conductivity (OFHC) copper, with a thin coppet foi (1,1, 2) nuclear Bragg peaks, shown in the left panel of Big.
strip placed between each blade. The copper foil strips aréhe scan up is measured after having been at high field, so
attached to the sample holder and a lid is screwed on to thean therefore be thought of as a high field-cooled (HFC) state
box, pressing the blades together and thus ensuring a goachereas the scan down is a zero field-cooled (ZFC) state. As
thermal contact. In the case of= 0.25 AC susceptibility 7" drops belowl- the intensity of the Bragg peak begins to
was measureth — situ during the neutron scattering exper- increase, indicating the build up of ferromagnetic ordere T
iment using a homemade split coil AC susceptometer. &ig. Bragg peak could be fitted using a resolution limited Gaussia
shows a picture of the mounted sample holder for this experilineshape, which indicates that the ferromagnetic caticgla
ment (right) and a preliminary sample holder (left), whére t are long ranged. There is also a hysteresis between the HFC
configuration of the blades of crystal is clearly visible.r Fo and ZFC states and the ordered moment in the ferromagnet is
the measured sample, the central blade was cut 10 mm longpermanently reduced by being at large transverse fields.

A. Ferromagnetic region
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FIG. 8: (Color online). Photo of the sample holder used ferrifea- 1l ’h I Y
surements on LiH®25Er 75F4. (left) Preliminary sample holder . . ‘ﬂf . . i
showing the configuration of the individual blades in the pkm 0 0.5 1 0 1 2 3
holder. (right) Sample holder used for experiments mada &in- Temperature [K] Field [T]

gle piece of OFHC copper. Each blade has been sputtered alith g

and thermalized to the sample holder via a 12 mmulbcopper k1. 9: (Color online). [left] Temperature and [right] fiettepen-

fonl: The central .blade was cut 10 mm longer than Fhe othedss#8  jance of the (2,2,0) and (1,1,2) Bragg peaks in LikHpEr 21 Fu,

inside a split coils susceptometer to allow for in-situ meaments  jygicating the presence of long range ferromagnetic ortlee data

of AC susceptibility. has been normalized to the nuclear Bragg peak intensityrenuiag-
netic scattering from the (1,1,2) Bragg peak been scaledhdona

factor of 5 relative the the (2,2,0) Bragg peak.
The field dependence of the ferromagnetic signal has also

been measured for these two Bragg peaks and is shown in the
right panel of Fig9. For the (2,2,0) Bragg peak the picture is is seen to have a butterfly shape distribution, as is expected
relatively simple, the application of the transverse figlaly-  for the critical scattering of dipolar coupled Ising monssht
ally destroys the long-range ferromagnetic order. The,2),1 When a transverse field of 1 T is applied, the pattern narrows
peak intensity first increases, then decreases and finally irand increases in intensity near the center, indicating an in
creases abov8 . This behavior is likely a combination of crease in the spin-spin correlation length. The lower anel
the spins being polarized by the field (increasing intefsity show@), scans taken at selectéy.
and destruction of the c-axis correlations (decreasingnint  An analytical expression for the magnetic cross-section of
sity). Such behavior is not seen in the (2,2,0) Bragg peak aging moments in the quasi-elastic limifis
the moments are polarized parallel to the scattering vectdr
2
- (&) ] Pl

do

as such have a vanishing cross-section.
ao Q X (1)

B. Largex Spin Glass Region

where z indicates the Ising directionf(Q) is the mag-

Measurements on both the= 0.50 andz = 0.25 sam-  netic form factor of H&*, x (Q,T) is the wave vector and
ples were carried out on the cold neutron triple axis spectemperature-dependent susceptibility aiidT') is the single
trometer RITA-Il at PSI in Switzerland. Far = 0.50 the  jon susceptibility of the system. If we considgr= Q — 7, the

o142

sample had total dimensions o2 x 12 x 40 mm and was  deviation of@Q from the (2,0,0) reciprocal lattice vector, then

mounted in a vertical field superconducting magnet and dilurenormalization-group theory for a uniaxial, dipolar-pted

tion fridge. The scattering plane was tfig)0) — (007) plane,  system give$:

the magnetic field was aligned along the b-axis. The incom-

ing neutrons along with the analyzer blades were tuned to a )

wavevectork; = 1.97 A™". The measurements were carried 1 2, (&) (5)

out using all analyzer blades in the so-caltadnochromatic x(Q,T) T3 q ’

imaging modewhere each analyzer detects a slightly differ-

ent Q-vector® to measure out a region @@-space centered where ¢ is the in-plane correlation length angis an

around the (2,0,0) Bragg peak. This region has been mappexthisotropy factor. Th&), scans shown in FiglO have been

out at base temperature, both in zero field and in a 1 T trandit to this form of scattering while allowing both and g to

verse field as shown in Fib0. vary. Before the fit was carried out, powder lines from the
In the top two panels, th€-dependent scattered intensity copper sample holder and aluminum cryostat (these are the
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FIG. 11: (Color Online). Neutron scattering data on

LiHoo.25Er.75F4. () Q, scans around the (100) forbidden

: . reflection, showing a broad Lorentzian component, cornegdipg to
Q,[r1.u] Q,[r1-u] a spin-spin correlation af = 44+ 2 A along the c-axis. (biQ space
intensity distribution of this scattering indicating agit anisotropy
FIG. 10: (Color online).[ToplR-dependent scattered intensity cen- with an a-axis correlation length gf= 13 + 1 A along the a-axis.
tered around the (2,0,0) Bragg peak at 50 mK and [left] O Ghfi (c) Q, scans around the (2,0,0) Bragg peak clearly indicating an
1 T. The scans show a butterfly shape scattering typical fovlali absence of ferromagnetic correlations.
coupled Ising moments, with the spin-spin correlation tarigcreas-
ing at 1 T. [Lower panelsf), scans across the diffuse scattering for
selectedQ, after subtraction of 3 T background to remove copper T, and finally 180 mK and O T.
and aluminum powder lines (these are the origin of the strexdk The scans centered around tf%e0,0) Bragg peak posi-
Qfa; 2.6 in the top panels). The data is subsequently fitt0 84'S. oy remain both temperature and field independent, indigat
anas. that there is no ferromagnetic order in the system. Centered
around thg(1, 0, 0) position on the other hand is a very broad
origin of the streaks af);, ~ 2.6 in the top panels) were re- and re]ilanvel?/ 'tf‘tens.e Lorentmgnﬂ?lgn?rll. Ifan elxripnélnlm thi
moved from the measured signal. This was done by subtract®Y ? fﬁrrﬁ allflor_‘ldsﬂ;shalsfsumg enftﬁ. clc_)rre athn .eng !
ing aQ,, scan centered arouldd = (2,0,0) takenat 3 T from simply the haftwi al maximum ot this Lorentzian:
the data. In zero field a correlation lengthtof 16 +1A and

an anisotropy factor of = 3.3 £ 0.5 A~? are found. When I 1
the transverse field is applied, the in-plane correlatiogtle 1+ Q%2

increases tg = 49+ 4A and the anisotropy factor increases o ] ) S )
tog=32+ 5A 7. This implies that not only are the clusters The fitis made by_ first subtrac_tlng the h!gh_ field slgnal and
growing in size in the field, but their geometry is changind an secondl_y by assuming that th_e Increase in mtensﬂ@_ai:
they are becoming relatively wider. (1,0,2) is due to thg same antllferromagnetllc correlations and
therefore a Lorentzian with a different amplitude but thesa
width. Applying this fit yields a c-axis correlation length o
. ] & = 44 + 2 A. The pseudo-color map in panel (b) shows the
C. Small z Spin-GlassRegion Q dependence of this scattering and similar analysis reisults
an a-axis correlation length ¢f= 13 & 1 A. Taken together,
Measurements on the = 0.25 composition were carried these two pieces of information indicate elliptical regaf
out in a dilution fridge and a 1.8 T horizontal magnet alongcorrelated moments containing around 30 rare earth sites.
the a-axis and scattering neutrons in th6é0) — (00!) plane. The field and temperature dependences of the spin glass
Scans were performed around the nuclear extinct (1,0,0) pawere determined by measuring the scattered intensity at
sition along with the (2,0,0) Bragg peak to search for re-(1,0,0) while ramping the field and temperature, respectively.
spectively antiferromagnetic and ferromagnetic orderamed AC susceptibility measurements were carried iodsitu Si-
shown in Figll. The scans were taken at the following fields multaneously during the field and temperature scans. For the
and temperatures: 1 Kand 0 T, 180 mK and 0 T, 180 mK andemperature scans the temperature was ramped with the fol-

(6)



= = are discussed in detail in the following paragraphs.
5 600 H=0T \ T=0.18K 600
5, 0 =(1,0,0) 0 =(1,0,0) 3,
> 500 ‘\. 500 > : .
2 " 2 A. Ferromagnetic Region
£ 400 \ 400 2
Upon first inspection, for large the system appearsto be a
- 35 25 good example of a re-entrant spin-glass, where the spis glas
s a0 20 ; state is entered not from a paramagnet but from a ferr_omag-
S, \ = netic phase. The neutron scattering results:ea 0.79 indi-
= 2 \ 15 cate that the ferromagnetic state persists down to 50 mK, im-
10 plying the system is perhaps better described amnalmedded
spin-glasswhere the spin-glass co-exists with the ferromag-
— 15 \ 5 = netic order.
; 1 ° ; In general the frequency dependence of this spin-glass like
3, % 1 S, state does not seem to be well described by either Arrhenius
< 05 % \ < or Critical scaling dynamics. In both cases the extracted pa
0 [ . 0 rameters seem to vary dramatically from one concentration t
02 04 06 08 1 0 05 1 the next. In the case of critical scaling, the parameterseme
Temperature [K] Field [T] far from those expected from a typical spin-glass. For the Ar

rhenius fits, the low values ofy, appear to indicate that the
FIG. 12: (Color online). Zero-field temperature dependefhet) entities freezing out are clusters rather than individpas
and field dependence at 180 mK (right) of tBe = (100) scat-  This seems somewhat unlikely as cluster size seemingly in-
tered intensity and simultaneously measured AC suscéfptilof creases as Er content decreases, but could be due to the spins
LiHoo.25Er0.75F4. existing with a long-range ordered matrix.

This embedded spin-glass state shares some similarities

with the anti-glassstate observed in LiHosY 0.055F4%2.
lowing ramping rates17 pK/s for 50 mK < 7" < 500 MK More specifically in both compounds there is a clear devia-
and42 p K/s for 500 mK< T' < 1 K. The temperature scan tjon from Arrhenius law behavior of the spin-glass freezing
is presented in the left side of Figj2 and the field scan on the  temperature, but with no evidence of a zero-frequency freez
right side. ing temperature.

Temperature scans show a continuous decrease in spin-spinThe ferromagnetic Curie temperatdfe decreases linearly
correlations which fall off quickly up te- 0.4 K after which  3nd more rapidly than in LiHgY ;_,F,. Virtual crystal mean-
they decrease more slowly (top panel). The cross-over ge|d (VCMF) calculations fail to capture this effect, gigra
0:4 K coincides with the onset of’, and the peak i/, Which Te(z) larger than in LiHo, Y _,F4, as can be seen in Fig3,
givesT;, occurs at a lower temperature. The rather high temgiyen the success of mean-field theory to explain the phase di
perature_where spin-spin correlations increase suddemly c agram of LiHo,Y1_,F4, this failing is somewhat surprising.
be explained by the THz frequency scale of the neutrons anghhomogeneous mean-field (iMF) calculations on a lattice of
the logarithmic frequency dependencel@f A quick calcula- 100 x 100 x 100 unit cells gives identical results to the VCMF,
tion assuming an Arrhenius dependence up to the THz ranggnplying the effect is not simply due to the disorder in the lo
and using/; andk from Tablel finds aZ;(1THz) ~ 0.5 K. In cation of magnetic moments and confirming the system is no
the field scan, the intensity once again drops off continlyous |onger mean-field. In investigating this reduction®f (),

A kink in neutron intensity appears at the same field as thgue came across an interesting result. If #ig(z) obtained
peak iny”. from mean-field is multiplied with an additiona) then there
is a remarkably good agreement with the experimental phase
diagram as seen in Fid.3. For the time being we have no
IV.  DISCUSSION theoretical argument that this is more than a coinciderlee, a
though it could prove a useful starting point for additiottne-

The rich phase diagram of LiH&r;_,F, is an ideal oretical work.
playground for the study of spin-glass materials. Like in Further calculations to explain the rapidly decreasiig
LiHo,Y_.F4, by substituting holmium, first the Curie tem- have been carried out. First, the Hamiltonian containinlg on
perature of the ferromagnet is decreased. At lower temperdhe two lowest crystal field levels was diagonalized for alsma
tures a spin-glass state emerges, effectively inside ofra-fe cluster of 8 Ho ions surrounding a central Er ion (4 nearest
magnetic matrix. A is decreased further, at around-= 0.6 neighbors, 4 next nearest neighbors) in the presence of the
the ferromagnetism is completely suppressed and replaced lbemperature dependent mean-field generated in pure LiHoF
a spin-glass state showing broad features in the AC suscefhese calculations gave identical results to the mean-field
tibility. As x decreases towards zero, the features in the Anes - the Er becomes polarized by the Ho ions, increasing
susceptibility sharpen and have the allure of a canonikal-l 7. Similar calculations using the full Hamiltonian were car-
spin glass. Each of these distinct regions of the phaseatiagr ried out for an Er ion with 4 nearest-neighbor Ho ions, giving
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cally distinct transitions. Indeed the large differencetie

1.57 3 _ form of x,, andy.. indicate that at high temperatures an
\ % v T - LiHO Er F) Ising spin-glass forms and at lower temperatureXanspin-
2 \ T - LiHOY. E glass forms within this glass. The neutron scattering data o
— N N c X 14 2 = 0.50 confirms the presence of the Ising spin-glass, which
<, N\ N, =T k- LiHoEr, _F, consists of elongated needle-like clusters. This kind af-sp
% 11 \\ glass where at high temperatures the Ising moments freé¢ze ou
3 \ \ then at lower temperatures the XY moments freeze has been
‘é. L \\ theoretically predicted for mixed anisotropy spin-gladse
.| . \\ C. Small z Spin Glass Region
5 7 N }
ON FR Moving to even lower, the susceptibility evolves contin-
[% [%[% \.\ uously towards that of a canonical spin glass, where the fea-
[% $ = tures in both real and imaginary susceptibility are analsgo
0 ) ) $\ . to those seen in the canonical spin gladdseutron scatter-
1 0.8 0.6 0.4 0.2 0 ing measurements confirm the presence of short-range corre-
Holmium Contenk lations as are present in spin glasses. Surprisingly, th@se
relations are anti-ferromagnetic in nature, not ferronegign
FIG. 13: (Color Online). Experimental phase diagram of &5 could be expected for Ho ions. Mapping the correlations

LiHo.En_.F. compared with VCMF calculations (blue dotted N the scattering plane reveals an ellipsoidal correlatioi

line). As a reference the VCMF result for Lib¥; .F4, whichis ~ Ume with major radius of4 -+ 2 A along the c-axis and minor

in good agreement with experiments is shown (green dashirggt ~ radius of13 & 1 A along the a-axis. The field and tempera-

It appears that multiplying= found by VCMF additionally by the  ture dependence of the correlations is consistent withipuev

Ho contentz yields good agreement with the experimental phase di-studies on spin glasses, where there is a monotonic decrease
agram (red dashed line). in intensity as a function of temperature and field.

the same result. As there is a slight change in lattice param-

eters for LiHoR and LiErF;, on the order of 0.5 %, another

possibility is that the distorted lattice could influence tnys-

tal field levels. To investigate this hypothesis, point cfear - e _ ' _

crystal field calculations were carried out for a varietyyhs ~ @gram of LiHo.En_.Fy, finding a rich phase diagram with

metrical lattice distortions and the resulting crystaldigsed &t least three distinct regions. At largethe system is a fer-

in VCMF calculations. The net effect of the distortions was afomagnet with a low-temperature embedded spin glass. For

change il far too small to explain the experimental data. © ~ 0-5 the system likely consists of two coexisting spin-
More theoretical work must be carried out in order to un-9/2sses, one of which freezes at around 0.5 K and the other at

derstand the dependencelf as a function of Er content. It around 0.2 K. At Iowelzz the featu_res of the spin-glass §harpen

is clear from the calculations already carried out thatitas ~ @nd by = 0.25 there is only evidence of a single spin-glass

a local quantum or classical effect and therefore probably &tate showing antiferromagnetic spin-spin correlations.

long range effect. Given the success of Classical MonteoCarl

simulationg344 in explaining the non-MF behavior observed

in LiHo,Y;,_,.F, for x < 0.5, these calculations may shed

more light on the situation.

V. CONCLUSION

To conclude, we have measured the experimental phase di-
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