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Fluctuation-induced interactions and the spin-glass transition in Fe,TiOs
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We investigate the spin-glass transition in the strongly frustrated well-known compound Fe,TiOs. A remark-
able feature of this transition, widely discussed in the literature, is its anisotropic properties: The transition

manifests itself in the magnetic susceptibly only along one axis, despite Fe

3+ d° spins having no orbital

component. We demonstrate, using neutron scattering, that below the transition temperature 7, = 55 K, Fe,TiOs
develops nanoscale surfboard-shaped antiferromagnetic regions in which the Fe** spins are aligned perpen-
dicular to the axis which exhibits freezing. We show that the glass transition may result from the freezing of
transverse fluctuations of the magnetization of these regions and we develop a mean-field replica theory of such
a transition, revealing a type of magnetic van der Waals effect.

DOLI: 10.1103/PhysRevB.103.1.220404

Magnetic materials play a central role in condensed-matter
physics due to the breadth of fundamental phenomena re-
sulting from the spin degrees of freedom and their mutual
interactions [1,2]. This allows many-body theories, in which
the spin’s size, dimensionality, anisotropy, and interaction
range are variables, to accurately describe the properties
of a wide range of different systems [3]. Of interest here
is spin glass (SG), a collective state displaying a cusp in
the temperature-dependent susceptibility [x (7 )] but lacking
long-range order [4]. As Anderson noted [5], SG arises from
the combined effects of frustration of the antiferromagnetic
(AF) interactions and quenched atomic disorder. The interplay
of these factors results in a landscape of metastable states into
which the spins fall and cease fluctuating in time, or freeze,
below a critical “glass” temperature, T,. Since the degrees
of freedom are atomic spins with conserved magnitude, a
signature of freezing in one direction is connected to a similar
response in the other directions, a connection manifested even
at the mean-field level.

It is an enduring puzzle, therefore, that Fe,TiOs, in which
all of the Fe*" spins are purely s state and thus isotropic,
exhibits a cusp in x(T) only in one direction, as shown in
Fig. 1. This feature of Fe,TiOs has puzzled physicists over
several decades and has triggered a flurry of research [6—12]
including a neutron-scattering study that confirmed the lack
of long-range order below 7, = 55 K [6]. While one theory
introduces anisotropy in a phenomenological way [8], the mi-
croscopic source of anisotropy, at the heart of the puzzle, has
not been addressed. Here we present linear x(7'), nonlinear
susceptibility x3(7"), and neutron-scattering data that show, on
cooling towards 7T, the growth of nanoscale surfboard-shaped
regions of AF-ordered spins aligned along an axis trans-
verse to the freezing direction. We argue, using the replica
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formalism, that SG freezing is induced by fluctuations in the
transverse magnetization between surfboard spins, an experi-
mental observation of a magnetic analog to the van der Waals
force.

For the present study we used single crystals of Fe,TiOs
grown by Remeika [13]. The pseudobrookite structure of
AyBOs with space group Cmcm was confirmed by x-ray
diffraction. We note that the Fe** and Ti** ions share the A
and B sites: the A site contains 0.64 Fe and 0.36 Ti while the
B site contains 0.72 Fe and 0.28 Ti. To confirm that all the
Fe ions are in the isotropic Fe’T state, electron energy-loss
spectroscopy (EELS; see Supplemental Material [14]) was
used. We find both L3 and L2 spectra that are fully consistent
with only Fe’*. Thus, the concentration of magnetic ions
(Fe*) can be taken as 2/3 on both A and B sites with random
site occupation.

Magnetization measurements were performed in two dif-
ferent magnetic property measurement systems. For x(7)
and y,(T) for T<300 K, a conventional sample holder
was used. For measurements with 300 K < T < 900 K, the
sample was mounted with Zircar cement on a rod designed
for high-temperature studies. The leading nonlinear suscepti-
bility ([(7T')] was obtained by measuring magnetization (M)
as a function of magnetic field (H) at fixed 7. The M(H)
data were fit to a sum of polynomials (xo + x1H + x:H?).
Neutron-scattering measurements were performed on the
Corelli instrument [15] at the Spallation Neutron Source at
Oak Ridge National Laboratory from 5-300 K. Corelli em-
ploys a broad band of incident neutron energies to perform
time-of-flight Laue diffraction measurements and simultane-
ously provides both the energy integrated signal, e.g., the
equal-time two-particle correlation function, as well as the
purely elastic signal, through implementing cross correlation
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FIG. 1. Inverse susceptibility of Fe,TiOs for H perpendicular
and parallel to the ¢ axis. Inset: structure of Fe,TiOs showing the
Fe/Ti sites (blue balls) and oxygen (red balls).

with a pseudorandom chopper [16]. Measured raw neutron
data were transformed and put into uniform sized bins in
momentum transfer space (h, k, [) using the MANTID software
package [17,18].

The inverse susceptibility from 5 to 900 K is shown in
Fig. 1. We find an effective moment (u.¢) for H||c and H Lc
to be 6.07 and 6.18 g, respectively, in reasonable agreement
with an s-state moment of S = 5/2 (Uesr = 5.92 up) and a g
factor of 2.06. The antiferromagnetic (AF) Weiss constant
(Bw) is found to be 893 and 948 K for H||c and H lc, re-
spectively. Since the Fe’* occupation is 2/3 of all A and B
sites, these 6y values represent 2/3 that of the structure fully
occupied with Fe3t, which is not attainable. In Fig. 2 are
shown x1(T) and x3(T'). The behavior of x;(T) is similar to
that previously reported [6], exhibiting SG freezing below T,
K for H||c, with no anomaly in the other two directions. This
conclusion is supported by measurements of x3(7) for H || ¢
where a peak is seen at T,. While there is only a weak decrease
in x3(T) below T,, the high-temperature behavior obeys the
form x3(T') =t77, Fig. 2 (inset), where t = |T — T,|/T, and
the critical exponent y = 2.72 4 0.09. This value of y is
larger than for canonical SGs, which exhibit y ~ 2.1-2.3
[4], a result that is consistent with the neutron-determined
correlation lengths discussed below. It is not unusual for SGs
to develop Ising character, but the situation in Fe, TiOs is qual-
itatively different since the response for H Lc¢ is completely
independent of the singularity observed for H || ¢. As alluded
to above, this behavior is incompatible with a mean-field
description of a SG based on atomic spins, and suggests that
the degree of freedom itself emerges from a collective effect.

To probe collective effects amongst the atomic spins, we
performed neutron-scattering measurements. The upper pan-
els of Figs. 3(a) and 3(b) show the elastic neutron-scattering
intensity measured at 7 = 5 K in the (4k0) and (!/2k/) planes,
respectively. Here, we utilize relative reciprocal lattice units
for the wave-vector transfer Q = (h x 27 /a, k x 27w /b, | X
27 /c), with orthorhombic lattice constants a = 3.732 A b=
9.8125A, and ¢ = 10.0744 A. Streaks of scattering along b*
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FIG. 2. Top: Linear susceptibility (x;) in the ¢ and a, b direc-
tions, for cooling in zero field (ZFC) and cooling in a field (FC) of
H = 0.1 T. Bottom: Nonlinear susceptibility (x3) for the a, b, and
c directions showing a peak at the freezing temperature, T, in the ¢
direction. The inset shows the power-law behavior critical behavior
above T, and the straight line corresponds to y = 2.72, as discussed

in the text.

are seen both in the (hk0) plane at half-integer values of 4, as
well as in the (1/2kl) plane at integer values of /. The presence
of these streaks, well within the SG state, indicates that the
correlation length () along b remains short, limited to one
or two nearest neighbors, while ¢, and . both have grown
to at least an order of magnitude larger than ¢,. While the
pseudobrookite structure gives rise to a rather complex spin
lattice, nearest spins are simply separated by a lattice unit a
along a. The occurrence of narrow peaks along a* at half-
integer values of & therefore immediately reveals the presence
of strong AF correlations between neighboring spins along a.
Furthermore, cuts through these diffuse streaks of scattering
along a* or c¢* are well represented by resolution-broadened
Lorentzian line shapes, from which we extract correlation
lengths of £, =42 A and ¢. = 12A at T = 5 K. Cuts along
b* [see Fig. 3(c)] however are very broad, do not peak at inte-
ger or half-integer reciprocal lattice positions, and are poorly
represented by Lorentzian profiles. This clearly indicates
that the correlations are limited to a few nearest spins only
along b.

These observations allow us to develop a model of the
spin arrangement as follows. First, we assume that both A
and B sites are fully occupied by Fe®* spins. We find that
the b* dependence is well reproduced when correlations along
b are limited to nearest neighbors within the same a-c plane
in the form of corrugated double chains, as indicated in
Fig. 4(a). Including correlations that extend further along b
to spins between different a-c planes, e.g., spins in the y = 0
and y = 1/2 planes, immediately leads to much sharper peaks
than observed, showing that the development of spin corre-
lations along b is strongly suppressed. A likely scenario is
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FIG. 3. Elastic neutron-scattering intensity in the (a) [A, k,0] and
(b) [0.5, k, [] planes at T'= 5 K. The upper panels show the measured
intensities with Bragg peaks visible in (a). The lower left panels
show the intensities for the simulations as described in the text for
the structure with both A and B sites fully occupied by Fe*" spins
(left panels) and for a random occupation of 1/3 of the positions with
s = 0 (lower right panels), (c) Neutron-scattering intensity along the
k direction for Q = (0.5, k, 1) showing the purely elastic (red dots)
as well as total scattering (blue squares) at 7 = 6 K and the much
weaker total scattering at 300 K. The green solid line is the calculated
intensity as described in the text.

the complete suppression of the exchange fields from spins
in the y = 0 and y = 1 planes seen by a spin in the y = 0.5
plane due to AF alignment along a and the centering of
the Cmcm space group [see Fig. 4(a)]. The direction of spin
alignment can be inferred by observing that in the (hk0) plane
[Fig. 3(a)], the neutron-scattering intensity vanishes along a*,
e.g., for wave vectors Q = (%4,0,0). This indicates that the
spins point parallel or antiparallel to a, since only the spin
component perpendicular to the wave vector contributes to

Correlation Length (A)

Intensity (105)

0 100 200 300
Temperature (K)

FIG. 4. (a) Illustration of the low-temperature spin order in
Fe,TiOs. Only the Fe/Ti positions are shown, assuming that all
positions are fully occupied with Fe spins with blue (red) spheres
denoting the up (down) positions along the a direction. The spheres
at right are half colored, denoting the lack of Long Range Order.
The spins are AF aligned within the triplets indicated with light
dashed lines, forming corrugated double chains (in planes at integer
x positions). Along the b direction, the next such double chain is cen-
tered at half-integer x positions, and since the spins are AF aligned
along the a axis, each spin at the half-integer positions sees a net
zero mean field. (b) Correlation lengths in the a and ¢ directions vs
temperature. (c) Temperature dependence of total (blue) and elastic
(red) neutron-scattering intensity over the wave-vector range Q =
(05+£0.1,425+0.95,0=+£0.1).

the magnetic neutron-scattering cross section [19]. In contrast,
if the spins were pointing along b, the intensity would be
maximized along Q = (4,0,0) but strongly suppressed at Q
= (0.5,k,0), which is clearly not the case [see Figs. 3(a) and
3(b), respectively]. Based on this model, we calculate the
neutron-scattering intensity according to

do A A 2 —iQ-(Rj—Ry)
3a "~ (ap — 0u0p) F(QF Y (Si-Sj) e :
o, B i,j
i#]

ey

where f(Q) is the magnetic form factor for Fe’", o, g =
x,y,z, and S; the spin at position R;. Here, we approxi-
mate the decay of the spin correlations along a and ¢ in the
Ornstein-Zernike form utilizing the correlation lengths ¢, and
¢ obtained from the Lorentzian fits to the data [20]:
G m )

S;-8;)=8-8 —————. ()
! " IR; — R

The simulated neutron intensity is then obtained by sum-
ming Eq. (1) over a box that is much larger than ¢, and ¢,
along a and ¢, respectively, but very narrow along b, spanning
only half a unit cell (e.g., only one double chain along b) as re-
quired in order to reproduce the k dependence of the observed
neutron-scattering intensity. The simulated neutron intensity
so obtained is in overall good qualitative agreement with the
observation [see lower panels of Fig. 3(a) and Fig 3(b)]. We
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then repeat the calculation with a random distribution of 33%
of each site with spin S; = 0, close to the distribution of (Fe,Ti)
in Fe,TiOs. The resulting simulated intensity [lower right
panels of Fig. 3(a) and Fig. 3(b)] is again in good qualitative
agreement with the observation, and qualitatively not different
from the results in which all sites are fully occupied with Fe**
spins.

Figure 4(c) shows the temperature dependence of both the
elastic and the energy-integrated (total) scattering intensity
integrated over one of the broad peaks along k at @ = (0.5,
3.3-5.2, 0). At high temperature, the total scattering is much
stronger than the elastic signal, reflecting the presence of
fluctuating spin correlations and an elastic signal only present
because of the quasielastic nature of the fluctuations. Upon
cooling, the elastic signal increases faster than the total signal,
with a marked sharp increase below 100 K and an inflection
point near Ty, signaling the onset of spin freezing. However,
the elastic signal remains weaker than the total signal down
to 5 K, indicating that spin fluctuations are still present at
base temperature. The correlation lengths along @ and ¢ fur-
ther show the rapid growth of spin correlations along a upon
cooling whereas along ¢, substantial correlations only become
apparent below 150 K; see Fig 4(b).

The neutron measurements describe a situation shown
schematically in Fig. 4(b), namely a low-temperature state of
elongated, surfboard-shaped correlated regions in which the
spins are aligned (anti)parallel to a. While the fraction of Fe"
spins occupying these regions is not known, the continuing
increase of x(7) along a and b on cooling below T, sug-
gests that a sizable fraction of spins are located in between
surfboards, a region we will refer to as the cloud. Assuming

J

Z:/DMexp(—%[Zg( “

i,a

where o and y is the replica index and n and J, = ['J (r)%dr.
The replicated partition function (4) may be derived from the
free energy (3) in the mean-field approximation, i.e., assuming
that products of magnetizations fluctuate weakly on top of
their average values. Going beyond the mean-field approxi-
mation will only shift the phase boundary of the glass phase
by a factor of order unity.

We develop a mean-field theory of the transition [14] with
the glass order parameter [22,23] Q%Y = %ZI M#M! . In the
replica-symmetric approximation (Q%” = g for all a # y),
the free energy of the system of surfboards is given by

F(g)=q

2 VI(T) [ Jo(Tno(T)
4T T2

(M*)? — 1} +0(gh, )

where (M?) is the average square of the fluctuation of the
magnetization M of one surfboard and ny is the spatial density
of the surfboard. The free energy (5) signals a phase transition
at (Jong/T?)(M?)? = 1.

We can write x(T) = no(M?)/T, and the condition for the
transition becomes 1 = (x2/ng) f J(r)*dr. If we assume also

)~ w7

that all of the anisotropy in spin space is associated with
surfboard formation, a natural source of such anisotropy is
the spin orientation in the surfboards. As is well known, x (')
of a Heisenberg antiferromagnet becomes anisotropic below
the Néel temperature Ty—along the ordered-spin direction,
x(T) approaches zero as T — 0, whereas transverse to this
direction, x (T') remains finite. Absent crystal-field anisotropy,
the spin direction is fixed to the crystal structure by the
dipole-dipole energy, usually very small—e.g., in MnF, this
energy is only a few K whereas Ty = 67 K [21]. Here, the
intrasurfboard spins order with an AF pattern in registry with
the lattice, along a, but should retain a near-constant suscep-
tibility transverse to a, suggesting a scenario in which the
c-direction fluctuations in magnetization induce an interaction
with other surfboards—a type of magnetic van der Waals
interaction.

In order to assess the feasibility that such a van der Waals-
type interaction can lead to SG freezing, we consider a model
of the surfboard free energy, given by

1
FM) =3 M) = = > JyMiM,;. 3)
i i,j

where the indices i and j label the surfboards, g(M) is a
large positive definite function with a minimum at M = 0; the
interaction J;; = J(r; — r;) between the surfboards at random
positions r is weak and vanishes when averaging over the
direction of the vector r; — r;, which is obeyed, for example,
by dipole-dipole interactions [14].

To study the glass transition, we consider the disorder-
averaged partition function of the system in the replica
representation [22] in the form

1
> MM M;‘M}’:|>, (4)

i,j#i,a,y

(

that the interactions between the surfboards are dipole-dipole
interactions [J(r) ~ 1/(ur?)], the transition occurs at

wrnorg ~ x2, ©)

where r( is the average cluster size and w is the magnetic
permeability. We consider x in Eq. (6) to be the difference
between H || ¢ and H Lc at T, namely the surfboard contribu-
tion to the susceptibility, which yields a value of 1.7 x 10~*in
dimensionless units. Thus, for 4 = 1, appropriate for a cloud
spin medium with a similarly small susceptibility, this implies
that the ratio of the average surfboard size to the average sep-
aration between surfboards is n(])/ ro =7.0 x 1073 = 1/320.
This estimated value of n(l)/ o implies an extremely long-
range interaction among surfboards but such a large disparity
between the size and separation of surfboards is likely a re-
sult of the mean-field approximation used to derive Eq. (6).
Specifically, in 3D it is known that mean-field treatments can
overestimate the freezing temperature by more than a factor
of 2 [24,25]. In addition, the absence of correlation length
growth along b suggests that the effective dimensionality of
our system is between 3D and 2D, the latter of which is
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thought to exhibit a SG transition only at 7 = 0. Thus, a more
exact confrontation of our model with experimental data will
likely come from computational studies. While higher Fe den-
sity is not possible without compromising charge neutrality,
compounds with lower Fe density will be studied in order to
further test the theoretical prediction in Eq. (6).

In conclusion, we have shown that the anomalous spin-
glass freezing in Fe,TiOs is associated with the growth of
nanoscale surfboard-shaped regions of ordered spins. Lacking
a well-defined moment themselves, the surfboards will pos-
sess strong transverse spin fluctuations that we have shown,
using a mean-field formalism, can lead to spin-glass freezing
in only one direction. This is the first experimental example
of a purely magnetic analog of the van der Waals interaction,
but such an interaction might be relevant in other systems of
nanoscale magnets such as possible anti-ferro fluids and arti-
ficial spin ice [26]. Furthermore, the well-known connection
between the van der Waals force and the Casimir effect [27],
in conjunction with the AF version of the former as discussed
here, suggests a possible attractive force between plates of
AF-ordered spins lying in the plane of the plate. Experiments
to measure this force may be possible using microelectrome-
chanical systems.

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable request
[28].
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