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Field dependence of the transverse spin glass phase transition: Quantitative
agreement between Monte Carlo simulations and experiments
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The field dependence of the transverse spin glass phase transition temperature, T,(B), has been
determined both for a — Fe,Zr go_, (x =90, 91, 92, and 93) using muon spin relaxation and for the
bond-frustrated nearest neighbor =J Heisenberg spin glass using Monte Carlo simulations. In both
cases, we find T,(B) oc 1/B, providing direct, quantitative agreement between experiments and
simulations. © 2012 American Institute of Physics. [doi:10.1063/1.3671432]

Experiments and numerical modeling can yield comple-
mentary insights into the magnetic behavior of Heisenberg
spin glasses. While numerical models can be used to isolate
specific physics within the problem, results must be validated
by direct comparison with experimental observations. The
zero field magnetic phase diagrams derived from the two
approaches are in good agreement and show that a ferromag-
net exhibits the initial effects of exchange frustration by
developing a second transition below T, where spin compo-
nents perpendicular to the magnetization order as a spin glass
at Txy_H1 By tuning the chemistry in real materials or by tun-
ing the distribution of interactions in the numerical models,
the degree of the frustration may be increased, leading to
both a decrease in T¢ and an increase in T,, (see Fig. 1).
Eventually, the two transitions merge and only a spin glass
state remains below the spin glass transition temperature 7s,.

The topology of this magnetic phase diagram, where fer-
romagnetic and transverse spin glass order co-exist, is very
similar to that of the Heisenberg spin glass model studied in
the mean field approximation by Gabay and Toulouse (GT).’
Unfortunately, interpretations of experimental data in terms of
this mean field phase diagram have, in the past, suffered from
the long held view that spin glass phase transitions occur only
at zero temperature for realistic, three-dimensional (3D) Hei-
senberg spin glass models with short range interactions.®
However, it has recently been demonstrated that a spin glass
transition does indeed survive at finite temperatures in 3D for
vector spins.*’~'" While the qualitative similarity between
theory and experiment apparent in Fig. 1 is remarkable, there
remains no way to quantitatively map the two phase diagrams
onto one another to assess the direct applicability of the model
toward an understanding of the material, due to both the many
unknowns in the experimental systems (e.g., distributions of
exchange interactions and moments) and the overall simplicity
of the numerical model.

We found previously in a—Feq,Zrg that a simple 1/B scal-
ing law captures the field dependence of T, for B=0-7 T.'>1
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This behavior pointed to an opportunity to establish a clear
link between experimental data and the theoretical phase dia-
gram. Our comparison here between T,(B) for a—
Fe,Zrgo_x determined using muon spin relaxation (uSR) for
x=90, 91, 92, and 93 and T.(B) from large scale Monte
Carlo simulations of the *J Heisenberg spin glass model
exhibits identical 1/B scaling. This scaling is remarkably ro-
bust, holding over a large range of magnetic fields strengths,
where T,, decreases by a factor of five and clearly demon-
strates a novel, quantitative agreement between experiment
and theory.

Experimental determination of TXy(B)lz’13 yielded the
following approximate scaling form:

B
TX),(B) = Txy(o) (1 B +Axy), v

where A,, is a constant. In replica mean field theory,’ T,,
corresponds to the GT line (T57),

Tor(B) = Tor(0)(1 — AgrB?). )

Below T, mean field theory predicts a second line of tran-
sitions, the Almeida-Thouless (AT) line,s’14 where the rep-
lica symmetry of the model is spontaneously broken,

Tar(B) = Tar(0)(1 — AsrB?/). (3)

Agr and A,7 are scaling constants. The concave down form
of Eq. (2) is inconsistent with the experimental form, while
the B*” dependence of Eq. (3) differs from the observed B~
form.'>13

The field dependence of T,, was measured by uSR
experiments performed at the M20 beamline at TRIUMF.
Sample preparation, sample mounting, and other experimen-
tal details, including data analysis, are reported else-
where.*'#!3!'> A magnetic transition is observed by either
the emergence of a static local field (at T¢ or Ty,) or as an
additional contribution to the pre-existing static field due to
the magnetization (at Txy).15 Furthermore, a phase transition
(T¢, Ty, or Ty,) is also associated with a peak in the muon

© 2012 American Institute of Physics


http://dx.doi.org/10.1063/1.3671432
http://dx.doi.org/10.1063/1.3671432
http://dx.doi.org/10.1063/1.3671432

07E108-2 Beath et al.
depolarisation rate (1) caused by critical fluctuations.*'®
uSR is therefore unique in that it provides unambiguous
identification of the transitions through simultaneous mea-
surement of both the static and the dynamic magnetism.

To model a spin glass with coexisting ferromagnetic and
spin glass order, we studied the well known *J Heisenberg
spin glass model with the Hamiltonian

H=-> JiSi-S;—BY Sz (4)
(ij) i

Classical vector spins S; are located on the vertices of a 3D
simple cubic lattice of linear dimension L containing N = L?
spins with periodic boundary conditions. Exchange bonds
between nearest neighbor spins take the value J;==*1
with probability P(4+)=1 — x and P(-) =x, respectively. At
x=0, the model reduces to the well understood classical
Heisenberg model with T, = 1.4429(1) J.'7"'® The phase dia-
gram for the model with B =0 is shown in Fig. 1. Complete
details regarding simulation techniques and equilibration
conditions are provided in Ref. 4.

The quantities measured in order to determine the model
phase diagram are wave vector-dependent susceptibilities
%(K), from which the correlation lengths*”~"!" are calculated
using the definition

o (ONEAE
= s iy 1)

where K,,;, = (27/L, 0,0) is the smallest wavevector allowed
by the choice of boundary conditions, () represents a thermal
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FIG. 1. (Color online) x-T phase diagram of the *=J bond-frustrated Heisen-
berg model in three dimensions (where x is the fraction of antiferromagnetic
bonds, i.e., J = —1). The T line separates paramagnetic (PM) and ferromag-
netic phases. The line of spin glass transitions T, separates the PM phase
from the spin glass (SG) phase. Below the T, line, SG order develops trans-
verse to the magnetization. T~ was identified using different numerical crite-
ria (O, A, O; for details, see Ref. 4). The same topology is exhibited by the
experimental phase diagram of a—Fe, Zr;go_," (inset).
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average, and [] an average over the disorder. Above a transi-
tion & is constant, while below it, §~Ld/ 2 Ata phase transi-
tion, however, £~ L, and so plots of &/L for different L are
expected to cross at the transition temperature.*’~!!

For a vector spin glass, y(k) is determined by simulating
two real replicas of the system o and f§ and calculating the
overlap tensor ¢/ = S/**S;”?, with u, v=x, y, z the three
Cartesian components of S;. For a transverse spin glass, the
definition of the overlap tensor is altered such that only the
components of S; transverse to the magnetization m are con-
sidered, S?, =S} —S}-m”/|m*|, with m*=m{%+m}y
+m?Z and m"* =N"'X,; 5/ y(k) is then given by

1) =N N "qliqler, 6)

Wy

where r is the vector connecting sites i and j.

¢ has been determined for the transverse spin glass
phase at x=0.15 for L=4, 6, 8, 10, and 12 with B=0, 0.01,
0.03, 0.1, 0.3 0.6, and 1.0, each averaged over 500 configura-
tions of disorder. For each (L,T,B) data point, 10* over-
relaxed Monte Carlo updates (OR-MCSs) were used prior to
and during the thermal (time) average that has been shown
previously* to yield results that are well equilibrated (each
update consists of N Metropolis updates and 5 N over-relax-
ation'’ updates). The ¢ curves for all the (L,T,B) data points
studied are shown in Fig. 2, and all show clear crossings. T,
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FIG. 2. Crossing of the éXy/L data for simulation system sizes of L= 4, 6, 8,
10, and 12 at a concentration x= 0.15, with magnetic fields B= 0, 0.01,
0.03, 0.1, 0.3, 0.6, and 1 (data have been shifted vertically for clarity). Solid
lines through L > 6 data show clear crossings, while the dashed line through
the L= 4 and L = 6 data cross at slightly higher 7. Where error bars are not
apparent, they are smaller than the symbol size.
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FIG. 3. (Color online) A comparison of 7',(B) obtained from Monte Carlo
simulations with 7',(B) obtained from experiments on a—Fe,Zroo_x. The
solid line is a fit to Eq. (1).

was determined by averaging the three crossing temperatures
for L > 6. The same range of system sizes (L < 12) yields a
crossing,” which agrees with L < 32 (Refs. 8 and 11) in the
case of the pure spin glass with Gaussian J;;; similar results
are expected from these calculations.?® The crossing at T,
clearly moves to lower temperatures with increasing B. As
Fig. 3 clearly shows, we obtain the same 1/B scaling for
T,,(B) in the numerical models as we did for the uSR
experiments.

The scaling behavior of T, shown in Fig. 3 is remarkably
consistent both across all samples, reinforcing the assertion
that the 1/B scaling is not unique to a specific composition,
and for the simulation data. In the plot, the data have been col-
lapsed by normalizing each curve to the zero field T, value
obtained from a fit to Eq. (1) and by scaling the magnetic field
using Bicqe ~ 10 T (except for a—FeggZr;o, where a By, ~ 3
T was used — see below), such that the x and y axes of the
plot are dimensionless. A simple estimate of the expected
scale factor between experiment and simulation can be made
by first noting that, in the model, T, drops by a factor of five
from B=0 to B=1 (Fig. 3) and that the thermal energy/spin
of the T',(B = 0) state is roughly equal to the Zeeman energy
of the T,,(B=1) state, where the spins are almost fully
aligned with the field. Equating the thermal energy at B =0 in
a real material (~kgT,) to the Zeeman energy (~pBcqe)
gives a simple estimate of By, ~50 T (using T, ~ 50 K and
1=1.56 ug*"), demonstrating the close accord between our
model and experiments.

This consistency across experiments and simulation raises
the question of whether the functional form given in Eq. (1) is
exact. We emphasize here that we do not believe this to be the
case, but rather that Eq. (1) is likely an approximation to a
more complex form. Indeed, inspection of Fig. 3 reveals that
T,,(B) found in the simulations lies slightly below the fitted
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curve at small B and slightly above it at larger B. Were we to
restrict the analysis to small B only, the fitted curve would be
steeper than it is in Fig. 3 and would then pass well below the
high field observations. Such a low-field biased fit would yield
a much smaller scaling field (By.q.), as Ty, decreased more
rapidly with field. Indeed, it is this very mis-fit that leads to
the low scaling field noted above for a—FeqyZr(: because of
the much lower value of T,,(0) for x=90, we could only fol-
low T\,(B) as far as B=1 T and not to 5.5 T, as was possible
for the other materials. This limitation places us firmly in the
low-field regime and yields a fit that is too steep and, thus,
yields a smaller value for By -

The consistency between experiment and simulations in
both the topology of the phase diagram, the nature of the
phases, and the field shift in T,, is further reinforced by the
deviations from the 1/B form for T,,(B) being the same in
both cases, confirming that the model captures the essential
physics of the experimental system.

Particular thanks are due to all those in the TRIUMF
uSR group, whose assistance made this work possible. This
work was supported by grants from the Natural Sciences and
Engineering Research Council of Canada, Fonds Québécois
de la Recherche sur la Nature et les Technologies, and the
Australian Nuclear Science and Technology Organisation.
J.M.C. is supported by the Canada Research Chairs program.

'K. Binder and A. P. Young, Rev. Mod. Phys. 58, 801 (1986).

’D. H. Ryan, in Recent Progress in Random Magnets, edited by D. H. Ryan
World Scientific, Singapore, 1992 Chap. 1.

’D. H. Ryan, J. M. Cadogan, and J. van Lierop, Phys. Rev. B 61, 6816
(2000).

“A. D. Beath and D. H. Ryan, Phys. Rev. B 76, 064410 (2007).

SM. Gabay and G. Toulouse, Phys. Rev. Lett. 47, 201 (1981).

6J. R. Banavar and M. Cieplak, Phys. Rev. Lett. 48, 832 (1982); W. L.
McMillan, Phys. Rev. B 31, 342 (1985); J. A. Olive, A. P. Young, and
D. Sherrington, ibid. 34, 6341 (1986).

L. W. Lee and A. P. Young, Phys. Rev. Lett. 90, 227203 (2003).

81, Campos, M. Cotallo-Aban, V. Martin-Mayor, S. Perez-Gaviro, and
A. Tarancon, Phys. Rev. Lett. 97, 217204 (2006).

°A. D. Beath and D. H. Ryan, J. Appl. Phys. 101, 09D506 (2007).

10p, Campos, M. Cotallo-Aban, V. Martin-Mayor, S. Perez-Gaviro, and
A. Tarancon, Phys. Rev. Lett. 99, 019702 (2007).

""L. W. Lee and A. P. Young, Phys. Rev. B 76, 024405 (2007).

2p H. Ryan, J. van Lierop, M. E. Pumarol, M. Roseman, and J. M. Cadogan,
Phys. Rev. B 63, 140405 (2001).

3p. H. Ryan, J. M. Cadogan, and J. van Lierop, Phys. Rev. B 65, 176402
(2002).

143 R. L. de Almeida and D. J. Thouless, J. Phys. A 11, 983 (1978).

5D, H. Ryan, J. van Lierop, and J. M. Cadogan, J. Phys.: Condens. Matter
16, S4619 (2004).

1°p. H. Ryan, A. D. Beath, E. McCalla, J. van Lierop, and J. M. Cadogan,
Phys. Rev. B 67, 104404 (2003).

7K. Chen, A. M. Ferrenberg, and D. P. Landau, Phys. Rev. B 48, 3249
(1993).

18ML Campostrini, M. Hasenbusch, A. Pelissetto, P. Rossi, and E. Vicari,
Phys. Rev. B 65, 144520 (2002).

"YM. Creutz, Phys. Rev. D 36, 515 (1987).

?OThe lower critical dimension (d)) of the Heisenberg spin glass may be at or
just below 3 (Refs. 8, 10, and 11). If d,=3, then there will be a finite tem-
perature Kosterlitz-Thouless transition and 1/ =0, while, if d; is just
below 3, then we expect an ordinary second order phase transition and 1/v
will be small. Both cases imply vanishingly small scaling corrections,
explaining why the observed crossing is apparently insensitive to increas-
ing L.

2'H. Ren and D. H. Ryan, Phys. Rev. B 51, 15885 (1995)


http://dx.doi.org/10.1103/RevModPhys.58.801
http://dx.doi.org/10.1103/PhysRevB.61.6816
http://dx.doi.org/10.1103/PhysRevB.76.064410
http://dx.doi.org/10.1103/PhysRevLett.47.201
http://dx.doi.org/10.1103/PhysRevLett.48.832
http://dx.doi.org/10.1103/PhysRevLett.48.832
http://dx.doi.org/10.1103/PhysRevLett.48.832
http://dx.doi.org/10.1103/PhysRevLett.90.227203
http://dx.doi.org/10.1103/PhysRevLett.97.217204
http://dx.doi.org/10.1063/1.2670270
http://dx.doi.org/10.1103/PhysRevLett.99.019702
http://dx.doi.org/10.1103/PhysRevB.76.024405
http://dx.doi.org/10.1103/PhysRevB.63.140405
http://dx.doi.org/10.1103/PhysRevB.65.176402
http://dx.doi.org/10.1088/0305-4470/11/5/028
http://dx.doi.org/10.1088/0953-8984/16/40/012
http://dx.doi.org/10.1103/PhysRevB.67.104404
http://dx.doi.org/10.1103/PhysRevB.48.3249
http://dx.doi.org/10.1103/PhysRevB.65.144520
http://dx.doi.org/10.1103/PhysRevD.36.515
http://dx.doi.org/10.1103/PhysRevB.51.15885

