View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Texas A&amp;M Repository

Novel Disordering Mechanism in Ferromagnetic Systemswith Competing I nteractions

Juan Carlos AndresénCreighton K. Thoma&{ Helmut G. Katzgrabet,® L and Moshe Schechter

Theoretische Physik, ETH Zurich, CH-8093 Zurich, Switnel
Department of Physics and Astronomy, Texas A&M UniverSibllege Station, Texas 77843-4242, USA
3Materials Science and Engineering Program, Texas A&M Ussitg College Station, TX 77843, USA
4Department of Physics, Ben Gurion University, Beer She\i0B4Israel
(Dated: May 29, 2018)

Ferromagnetic Ising systems with competing interactioescansidered in the presence of a random field.
We find that in three space dimensions the ferromagneticepbatisordered by a random field which is consid-
erably smaller than the typical interaction strength betwihe spins. This is the result of a novel disordering
mechanism triggered by an underlying spin-glass phasecul@sions for the specific case of the long-range
dipolar LiHo. Y1-xF4 compound suggest that the above mechanism is responsibtbefgeculiar depen-
dence of the critical temperature on the strength of theaanfield and the broadening of the susceptibility
peaks as temperature is decreased, as found in recentregpesiby Silevitchet al. [Nature (London)448,
567 (2007)]. Our results thus emphasize the need to go behernstandard Imry-Ma argument when studying
general random-field systems.

PACS numbers: 75.50.Lk, 75.40.Mg, 05.50.+q, 64.60.-i

Introduction.— The random-field Ising model (RFIM) mechanism of the FM phase when a RF is applied and the
plays a central role in the study of disordered systems andystem is in close proximity (e.g., via dilution) to a SG phas
has been applied to problems across disciplines rangimg fro This disordering mechanism lies between the Imry-Ma and
disordered magnets to random pinning of polymers, as well astandard disordering mechanisms: The disordering of the FM
water seepage in porous media. phase occurs at a finite RF, which is considerably smaller tha

At and below the lower critical dimensiah = 2, the fer-  the typical spin-spin interaction, and the disordered pldes-
romagnetic (FM) phase is unstable to an infinitesimal randorfioted henceforth as “quasi-SG” (QSG)] consists of not FM
field (RF) [1,[2]. At higher space dimensions the disorderingPut glassy domains. A’ = 0 we predict the existence of a
of the FM phase requires the RF strengtho be of the or- FM-t0-QSG transition and determine fbiHo, Y, . F4, an-
der of the spin-spin interaction strenglh Yet, the effect of alytically and numerl_cally, the phase boundary_a_s; a functio
the RF on the transition between the FM and paramagnetief the Ho concentration and RF strength. At finite tem-
(PM) phases—for systems with both short-range and dipolap€rature our theory agrees with expenr_ne [12], suggpst
interactions—has been source of vast experimental and the§at the existence of competing interactions and the prisxim
retical scrutiny[[825]. Over the past three decades the RFIMC the SG phase dictate the broadenlng_ of the susceptibility
has been studied experimentally via dilute antiferromégjne ~ P€aks at low temperature and the peculiar dependenge of
a field (DAFF) B], as both the RFIM and the DAFF seem to 9N h Our theoretical _analy5|s of the SG ph_ase fqllqws the
share the same universality class. More recently it has bee¥f@ling approach of Fisher and HUE‘ [14]—its validity sup-
shown that in anisotropic dipolar magnets the RFIM can bd°rted by the agreement we find with our numerical results.
realized in the FM phase: By applying a transverse field to The nature of the SG phase in a RF, however, is controversial
dilute dipolar ferromagnet, such agHo, Y;_,F,, one trans- aﬁﬁ‘@]' but of no concern here.
forms the spatial disorder to a longitudireddectiveRF ﬂ@].
This opens the doors for advancing our understanding of th
RF problem], as well as new applications, such as tunabl
domain-wall pinning@l] in magnetic materials.

Theoretical analysis.— We first studyLiHo,Y;_F4 at

= 0. For dilutionsz > x. the system is FM, whereas for
o < ¢ < z. the system is a SG. Below we show numerically
thatz. ~ 0.3. To date, it is unclear iy > 0 [@@] For

Silevitchet al. recently studied the FM-to-PM transition in ;. ;. \ve define the energy per spin of the lowest FM state of
the presence of RFs iniHo, Y, Fy [12). Remarkably, they  the system agpy(2), and the lowest energy of the SG state
found that7. depends linearly on the transverse field (and th”%tsfsg(:v). Note thatfy (z) is the ground-state energy of the
on h [7,[9]) and that the susceptibility peak diminishes andg phase wherr > z. and fsc(z) represents the ground-
broadens as temperature decreasesMin, —ac, which is  giate energy of the SG phase fay < = < z.. Atz = .
a realization of the RFIM with all FM interactions, a strong ¢ () = fs¢(z.), and forz ~ ., to first order inz — ..,
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suppression of . as a function ofi was found as Weliﬂ3], fsa(@) — frm(z) = a(z — z0) + ... We consider the FM
but with what appears to be a quite different functional depe phase forr > .. in an applied RF of mean zero and standard
dence at smak. deviationh. For smallh, the FM state in three dimensions

Here we study the interplay between FM and spin-glasgannot gain energy from the field, because domain flips are not
(SG) phases in a dipolar Ising model with competing inter-energetically favorable. However, for spin glasses theslow
actions in the presence of a RF. We find a novel disorderingritical (Imry-Ma) dimension is infinityl [14]. In particulain
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3D the energy of the system can be lowered by flipping do-
mains, creating a QSG phase with a finite correlation length.
Thus, forx ~ z. the energy of the SG state will become
lower than the energy of the FM state at a finite RF, which 01 |
is still considerably smaller than the typical spin-spitenac-

tion J. More generally, any 3D Ising system with competing =
interactions having at zero RF a FM ground state and a SG
state at a somewhat higher energy will be disordered through

a transition to the QSG phase at a finite RF whose magnitude
depends on the proximity to the SG phase and can be much

SG

0.05 |

smaller thanJ. Because in systems likeiHo,Y; ,F4 the 0 .
effective RFs are a result of quantum fluctuations [7, 33§, th 025 03 035 04 045 05 0.55 06 065 0.7 0.75
phase transition is a particular case of a quantum phase tran £

FIG. 1 (color online) Comparison of the zero-temperatummerical

sition where the quantum fluctuations of the spins are smal
q P and analytical [Eq.[{1)k-z phase diagrams for the diluted dipolar

involving only the spin’s ground and first excited sta@][34 Ising model [EQ.[R)]he () ~ (x — 20)°, with 0 ~ 0.19 [37].
bu.t where thE{:_()!Iectlve effecof all spins is strong enough to 1p,¢ analytical prediction agrees well with the numericabhda’ is
dl’lve the transition. a f|tt|ng parameter)_

The value of the critical RF can be estimated us-

ing the short-range Hamiltoniarﬂ35] in a RHgp, =

— Z@j) JijSiS; + Y, hiSi. Jij represent nearest-neighbor tween an ordered FM phase and a disordered PM phase dom-

Gaussian random bonds between sp#swith zero mean inated by FM fluctuations. However, fér > h* we obtain

and standard deviatiod, and h; are Gaussian RFs of av- T.(h) — T.(0) = A~ [B(z — z.) — h/£3/?], where the FM

erage strengthh [@]. The SG ground state is unsta- phase is disordered by a PM phase dominated by fluctuations

ble to an infinitesimal RF, creating domains of typical sizeof domains having SG correlations over distagcel hus, at

(J/R)Y/B/2=9) (9 ~ 0.19) [@]. The energy reduction per h = h*, T.(h) has a crossover from a roughly quadratic de-

spin due to the RF is thug(h) = h(J/h)(~3/2/3/2=6)  pendence on the RF (known for a ferromagnetin alRF [38]) to

The total energy reduction per spin is of the same order, bea linear dependence. This result is supported by our numeric

cause the energy cost to flip domains is much smaller. Con- Comparing to the experiments in Réﬂ[lZ], our results are

sidering now a FM system with competing interactions, e.g.consistent withl.(h) being linear wherh < J, with devia-

LiHo.Y; «F4 atz > z. where ath = 0 the system is FM tions from linearity ass — 0. Note that in Ref.@Z]Fc(h) is

with fsq > fru, the critical fieldh.(xz) can be computed linear down to the lowest RFs studied if one defifie®y the

from f(h = he) = fsa — frm, i€, f(h = he) = a(z — x.). asymptotic behavior of the susceptibility at high tempeared.

One obtains However, ifT,.(h) is defined by the peak position of the sus-
({gtibility, deviations from linearity are observed at lbalds

1.

Numerical details.— LiHo,Y;_F4 at low temperatures

wherea'(J) = 04(3/2_(_9)((3_9)J(S/_z)/(g__e)_; see Figlll. For  and in an external transverse magnetic field is well destribe
h > h.(x) there are finite domains within which glassy or- by [9,[40]

der persists. The domain size decreases with increasidg fiel
where ath J the system resembles a paramagnet. ASH:Z % e, Z
2
i#]

he(w) = o (J)(x — ae) O/270/E=0) 1)

. A S8 + =
x — ., the disordering field approaches zero. For large it 2 £
x — z. andh ~ J there is a crossover to the standard be- (@.d)

havior where the disordering is a result of single-spin gner Heree; = {0, 1} is the occupation of the magnefio®+ ions
minimization; i.e., the intermediate QSG regime disappear o, 5 tetragonal lattice (lattice constants= b = 5.175A and

We now consider finite temperatures and analyze the de: _ 10.75A) with four ions per unit celll[41, 42]S; € {£1},
pendence of the FM. (atx > x.) on the effective RF. Let . yepresent Gaussian RFs with zero mean and standard de-

us denote the lowest free energies per spin of the FM phasgation 1, whereh is measured irfK]. The magnetostatic
(ordered forl” < Ty, disordered fofl” > Ti\r) and a com-  gingjar couplingJ;; between twoHo** ions is given by:

peting disordered QSG phase&sy (x,T) andFgsc (2, T'), Jij = D(r2, — 322) /v, wherery; = |r; — 1;], 1; is the
. . ) ij ij E (%] ) gl L
respectlvely._Because the entropy of the QSG phase is domﬂ)’osition of theith Ho?* ion andz;; = (r; —r;) - £ is the
nated by regions at the boundaries between domaihs [14], th@omponent parallel to the easy axi3/a? = 0.214K [@] and
main effect of the RFs is to lower the QSG energy. Thusthe nearest-neighbor exchangelis — 0.12K [@ 4], We
Fng;g:v, T) = Fem(z,T) = —A(T = Tem) + Bz —ae) = g0 periodic boundary conditions with Ewald sué [42, 45].
h/&Gsc [here, forh = 0, Fosc(we,Te) = Frm(ze,Tc)l. At zero field and no dilution, we find,, = 1.5316(2)K, in
Forh < h* = B(x — xc)§3/2 andT = Tpy We ob-  agreement with experimental results whéfe= 1.530(5)K
tain Fosa(z,T) > Fem(z,T), and the transition occurs be- [IE].

eiEjSiSj + Z hleZSl . (2)



0.6 ‘ ‘ 0.4 w 0.4
L= 6 e L=6 e o L= 6 &
0.5 L= 8 rer 0.35 L= 8 rer 0.35 L=28 o 1
L=10 r& ’ L=10 r&n 3 L=10 ra
0.4 b L=12 v 0 L=12 w 0.3 L=12 v
. L=14 o | O L=14 o L 025
0.3 L =16 = ~ L=16 &= =
wr 4 '
(@) 0.25 (b 0.2
02 b a) ] v =0.83(3) 0.15
z =0.32 0o L7 =032 i 32
0.1 Fh =0.00 . h =0.00 0.1 .06
T, =0.339(3) T. =0.339(3) .00
0 1 1 1 1 1 015 1 E 005 ! ! 1 1 1 1
02 025 03 035 04 045 -1 —05 0 0.5 1 0.15 0.2 025 0.3 0.35 0.4 0.45
T LYY(T - T¢) T

FIG. 2: (color online) Correlation lengty. /L as a function of” for x = 0.32. (a)h = 0. There is a clear crossing f@t. = 0.340(3) [44] for
different system sizes. (b) Scaling of the data fdt = 0. The solid line represents the optimal scaling functioryipomial approximation).
(c) h = 0.06. There is no transition.
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FIG. 3: (color online)T-h phase diagram of.iHoxY1_xF4 for different concentrationg. Circles represent data from finite-temperature
simulations, squares data from zero-temperature sirnktisee Fid.]1). (@ = 0.32. (b) x = 0.44 (dilution used in the experiments of
Ref. [12]). Horizontal lines denote lines of constant terapere and varying., as done experimentally [12] in susceptibility measuretsien
The top line has a direct FM-PM transition. The bottom twasinmepresent paths crossing the QSG phase where a broadémiregsus-
ceptibility peak and its diminishing with the enhancemeinthe RF at the crossover to the PM phase as temperature isadect occur. (c)

x = 0.65. In all panels, dotted line segments represent the comggtithase boundary.

For the zero-temperature simulations (fig. 1) we use jadedo not meet, no transition occurs [FId. 2(c)]. To determine
extremal optimizatior@‘DLS]. Here,= 1.6, 1.8 and2 with  T.(h) we scale the data [Fidll 2(b)]. Using a bootstrapped
an aging parametdr = 0.05 for at least2?® steps. Ground Levenberg-Marquardt minimization [52] allows us to deter-
states are found with high confidence for< 10 andh = 0, mine the critical parameters with statistical errors; sabld
andL < 8 with smalli # 0. The phase boundary is identified [V]of the Supplemental Materia[[_hg]. Note that for a given
via the Binder ratiay = (1/2)(3 — [m4] aV/ [m2]jv), where the critical exponent increases witth.

m = (1/N)Y., Si (N = 42L? is the number of spins and  Figurell shows thé-x phase diagram dfiHo, Y- «F, at
-], represents a disorder average~ G[L'/” (z —z,)] ~ Z€ro temperature. We find excellent agreement with [Hg. (1),
is a dimensionless function, allowing for the extractionzpf ~ Usingd ~ 0.19 [37), i.e..he(z) ~ (x — 2,)*4%, anda a fit-
andw for a fixedh. Parameters are listed in the Supplementaryling parameter (quality of fi) = 0.89) [53]. Note, however,
Material, Tabldll @b]_ that good fits are also possible ford2 < z < 0.5 with an

At finite temperatures we use parallel tempering Monteoptimal value of: = 0.43(4) (Q = 0.82).

Carlo @]. Parameters are listed in Talilé&Tl, Il IVhe t Figure[3 shows finite-temperature data for differenFig-
Supplementary Material [49]. To determine the transitifons ~ ure[3(a) showd.(h) for z = 0.32, i.e.,z — 2. = 0.02 small.
a givenh andxz we measure [51] Our results at finitd” corroborate our theoretical model with
h* =~ 0.01, where forh < h*, T, is roughly independent af

1 [(m?2(0))..] (at such small fields the numerical resolution does not allow

=g \/ e 1 G adistinction bet tant and bolic d
sin(kmin/2) | [(m2 (Kmin))] a distinction between a constant and a parabolic depenfience
and forh > h*, T.(h) decreases linearly. The FM phase

wherem(k) = (1/N)>",_, Siexp(ik-R;). Here(---) .rep-  fully disorders, at all temperatures, for~ 0.055(5), a value
resents a thermal average, dRdis the spatial location of the slightly larger than found from th& = 0 simulations, yet
spinS;, andkpin = (27/L,0,0). £, /L ~ X[LY*(T—T.)];  much smaller than the interaction energy. Both the diserder
i.e., at the transition{ = T,) the argument of{ is zero (up  ing of the FM phase at small fields and the linearityrpfh)
to scaling corrections) and hence independent lines of  seem to persist up to= 0.44 [Fig.[3(b)], the dilution used in
different system sizes cross [Fig. 2(a)]]. If, however,lihes  Ref. [ﬂ], albeit with a less pronounced crossovei at h*.
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TABLE Ill: Simulation parameters at finite temperature and= TABLE V: Critical parameters estimated using a finite-sizal®g
0.44. For details see Tablg Il. technique: For each concentratieand field strengtth we compute
z D T b Tooin oo Nt N the critical temperatur&. and critical exponent.

0.44 0.000 6 10 0.500 1.000 30 1000 z D T )

0.44 0.000 8 12 0.500 1.000 30 1300 032 0.000 0.340(3) 0.83(3)
0.44 0.000 10 13 0.500 1.000 30 2500 0.32 0.005 0.335(3) 0.89(3)
0.44 0.000 12 14 0.500 1.000 30 550 0.32 0.010 0.340(3) 0.81(3)
0.44 0.000 14 14 0.560 1.000 47 650 0.32 0.020 0.314(5) 1.04(7)
0.44 0.020 6 10 0.525 0.800 30 2000 0.32 0.030 0.281(13) 1.23(17)
0.44 0.020 8 12 0.525 0.800 30 2000 0.32 0.035 0.269(14) 1.31(19)
0.44 0.020 10 13 0.525 0.800 30 1000 0.32 0.040 0.247(14) 1.41(15)
0.44 0.020 12 14 0.525 0.800 30 1000 0.4 0.000 0.584(1) 0.75(1)
0.44 0.020 14 14 0.550 0.800 30 900 0.44 0.020 0.581(1) 0.70(1)
0.44 0.040 6 1 0.525 0.750 22 2000 0.44 0.040 0.563(3) 0.77(2)
0.44 0.040 8 12 0.525 0.750 22 2000 0.44 0.060 0.548(5) 0.86(3)
0.44 0.040 10 14 0.540 0.750 20 1000 0.44 0.080 0.522(5) 0.99(4)
0.44 0.040 12 15 0.550 0.750 20 1000 0.44 0.100 0.506(5) 1.01(4)
0.44 0.060 6 11 0.500 0.750 25 2000 0.44 0.120 0.466(9) 1.39(12)
0.44 0.060 8 13 0.500 0.750 25 2000 0.65 0.000 0.9597(8) 0.79(2)
0.44 0.060 10 13 0.519 0.730 19 2000 0.65 0.050 0.9531(10) 0.76(2)
0.44 0.060 12 14 0.519 0.730 19 1300 0.65 0.100 0.9264(14) 0.84(3)
0.44 0.080 6 12 0.475 0.725 20 2000 0.65 0.150 0.8832(21) 0.91(4)
0.44 0.080 8 13 0.475 0.725 20 2000 0.65 0.200 0.8312(41) 1.06(10)
0.44 0.080 10 13 0.500 0.725 20 1200 0.65 0.300 0.6905(113) 1.11(12)
0.44 0.080 12 14 0.509 0.725 19 1300

0.44 0.100 6 13 0.445 0.725 23 2000

0.44 0.100 8 14 0.445 0.725 23 2300

0.44 0.100 10 13 0.445 0.725 23 2200

0.44 0.100 12 15 0.475 0.725 20 880

0.44 0.120 6 13 0.425 0.725 30 2500

0.44 0.120 8 14 0.425 0.725 30 2200

0.44 0.120 10 15 0.425 0.725 30 1000

0.44 0.120 12 16 0.445 0.725 25 1000

0.44 0.130 6 13 0.375 0.750 20 2000

0.44 0.130 8 15 0.375 0.750 20 1000

0.44 0.130 10 16 0.375 0.750 20 1000

0.44 0.180 6 14 0.270 0.750 45 3000

0.44 0.180 8 16 0.270 0.750 45 1500

0.44 0.180 10 19 0.270 0.750 45 512

0.44 0.200 6 14 0.270 0.750 15 3000

0.44 0.200 8 16 0.270 0.750 45 2000

0.44 0.200 10 19 0.270 0.750 45 512

TABLE IV: Simulation parameters at finite temperature and=

0.65. For details see Tab[g Il.

g h L b Tmin Tmax Nt Nsa
0.65 0.000 6 10 0.500 1.400 20 1000
0.65 0.000 8 12 0.500 1.400 20 500
0.65 0.000 10 12 0.500 1.400 20 450
0.65 0.000 12 11 0.500 1.400 20 500
0.65 0.000 14 10 0.850 1.400 15 490
0.65 0.000 16 11 0.850 1.400 15 470
0.65 0.050 6 8 0.697 1.400 15 1000
0.65 0.050 8 10 0.697 1.400 15 500
0.65 0.050 10 9 0.800 1.400 20 500
0.65 0.050 12 11 0.697 1.400 15 300
0.65 0.050 14 10 0.900 1.400 15 500
0.65 0.050 16 11 0.920 1.400 16 280
0.65 0.100 6 8 0.820 1.400 20 750
0.65 0.100 8 9 0.820 1.400 20 500
0.65 0.100 10 10 0.820 1.400 20 500
0.65 0.100 12 11 0.820 1.400 20 800
0.65 0.100 14 12 0.820 1.400 20 380
0.65 0.150 6 8 0.820 1.400 20 1000
0.65 0.150 8 10 0.820 1.400 20 500
0.65 0.150 10 11 0.820 1.400 20 500
0.65 0.150 12 12 0.820 1.400 20 500
0.65 0.150 14 13 0.820 1.400 20 500
0.65 0.200 6 10 0.661 1.400 15 500
0.65 0.200 8 11 0.661 1.400 15 400
0.65 0.200 10 14 0.756 1.400 13 1300
0.65 0.200 12 15 0.756 1.400 13 1000
0.65 0.200 14 16 0.756 1.400 13 990
0.65 0.300 6 10 0.600 1.400 20 750
0.65 0.300 8 15 0.600 1.400 20 1000
0.65 0.300 10 17 0.600 1.400 20 550
0.65 0.300 12 19 0.600 1.400 20 530




