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Nonlinear susceptibilities are calculated for the Sherrington-Kirkpatrick model of
aspin glass in a transverse field with a shifted Gaussian distribution of exchange
couplings. The phase transition temperatures and the critical values of the
transverse field are found.

Spin glasses in a transverse field have recently attracted particular research inter-
est. The free energy, the temperature at which the spins “freeze” into the spin-glass
phase (7, ), and the critical value of the transverse field (I',, ), above which the phase
transition to the spin-glass state is cut off, have been calculated for the Ising model of a
spin glass in a transverse field with an infinite range (the Sherrington—Kirkpatrick
model) (Refs. 1-6, for example). Theoretical work has been stimulated on proton
glasses (a mixture of ferroelectric and antiferroelectric materials), certain solid solu-
tions, and tunnel dipole glasses (alkali halide crystals and virtual ferroelectrics activat-
ed by tunnel dipole centers).”'° In such systems, the role of the transverse field is
played by a tunneling of pseudospins. In such systems one observes “‘spin-glass” pro-
perties, and whether there is a clearly defined phase transition or a gradual freezing of
pseudospins is still an open question. We know that the divergence of the nonlinear
susceptibility in a spin glass characterizes a phase transition.'’”"* In this letter we
carry out the first calculations of the nonlinear susceptibilities of an Ising model of a
spin glass in a transverse field I" for various phase transitions. We analyze the results.
We consider an exchange interaction of infinite range, J;;, with a normal distribution
with a nonzero mean value J,/N and a variance J?/N (& is the number of spins in the
system).14 The Hamiltonian of the problem is

)(———ZJ,,a‘a —hZa _rza‘, (D
i<y =1

where of (a = x, y, z) are the Pauli matrices of spin 7, and /4 is the applied magnetic
field. The order parameters m (the magnetization per spin) and ¢ (the order para-
meter of the spin-glass phase) for this model are®®

m= —‘—/—1— / ¢~*/2RW—1tanh AW,
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where R=Jym +Jzyg+ h, W*=R?*+ T2 and 8= (kg T) ~ . According to Ref. 6,
three phases are clearly identifiable, depending on the relations among J,, J, and I': a
paramagnetic phase (P), with m =0 and ¢ =0; a ferromagnetic phase (F), with
m#0 and ¢+#0; and a spin-glass phase (SG), with m = 0 and ¢s#0. To calculate the
susceptibilities v, (y, = }Tin(l)c? "*lm/3h " ') in the case of a low field 4, we expand m

and g in Taylor series:'®
m = mg+Xxoh+x1h® + x2h® +..., 9= go+q1h+gah? +gsh+..,,
(n = 0, 1, 2,...). (3)

Using (3) in Egs. (2), we can find m,, g, ¥, and ¢, in succession, and we can express
the susceptibilities in terms of m,, and ¢,,. These quantities are in turn determined from
self-consistent equations of the type

mo =< RoWy 'tanh Wy >, go < RAW; 3tanh?pW, >, (4)
where

A(z) = (2n)"1/2 T dee"12A(z), Ro = Jomo + Jay/as, Wg = R} +T%,

We have calculated general expressions for the susceptibilities y,, y,, and y., but they
are very lengthy, and we will not reproduce them here. Let us analyze the temperature
dependence near each of the phase boundaries. For the P<-~SG phase transition, the
linear susceptibility is

xo(P—SG)=I'"'tanh AT{1 — JoI'""*tanh AT} 1, VV: = J3z23¢, + T2, (5)

B{(1 - q0) = T2 < W52 >} +TI? < Wy tanh fWp >

' z = — .(6)
1— Jo[B{(1 - g0) — T? < W2 >} + T2 < Wy *tanh W, >]

Xo (SG—»P)\ =

The nonlinear susceptibility y, for the P<>SG transition is zero. The nonlinear suscep-
tibility y, is

¥2(P-SG) = —Xg(P-»SG)%[BI‘(l — tanh? AT)

—tanh BT 127 '3~ tanh BT) %,
12(8G=P) =yt (SG-P)B ~'AB ;A =1+ 27?2 tanh’ AT,
B=1—-T"2J%tanh? ST 7

We find an equation for T, (I') by setting B =0 in (7). The result is

r

tanh —-—-1-‘———- = — (8
KTe@ T )

The same equation for T, (I") was derived in Refs. 3, 5, and 6. It follows from (5)-
(8) that at the temperature T,,(I") the susceptibility y,(P<>SG) has a change in
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slope, while the susceptibility y,(P<>SG) diverges negatively on each side of the phase
transition, with y,~ |7 — T,,(T')| ~'. We have calculated the static macroscopic sus-
ceptibilities in (5)-(7) for the first time in the case J,50. The susceptibilities y, and
Y, found in Ref. 2 for the case J, =0 (for the P<»SG phase transition) and by a
perturbation theory in the transverse field T exhibit a similar behavior near the tem-
perature of this phase transition, 7., (I"). The slope change in y,, was found for J, = 0
in Refs. 3 and 6. It follows from (8) that the transverse field reduces the phase-
transition temperature 7T\, (I') to a point below T, (k3 T, = J) in the absence of a
transverse field. The decrease depends on the relation between I' and J. The critical
value of the transverse field, "%, above which a phase transition does not occur, is,
according to (8),

[E(Ty(T)=0) = J. 9)

This value is the same as the value of ' in Refs. 3, 5, and 6, while it differs by a factor
of about 1.5 from I'% in Ref. 2.

Analysis of the susceptibilities for the P<>F phase transition shows that y, and y,

diverge. The temperature of the phase transition, T,(I'), and TS, are given by the
expressions

r

tanh _I‘_ = —
k,T.(T) ~ Jo’

I (T.(T) = 0) = Jo. (10)

In the case of the SG«»F phase transition, both the linear and nonlinear susceptibili-

9y

FIG. 1. Schematic phase diagram of an infinite-range Ising model of a spin glass in a transverse field. The
notation is explained in the text proper.
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ties diverge. The temperature of this phase transition, T} (T"), is

kB TI(I‘) HJo(l—qo). (11)

Figure 1 shows a (schematic) phase diagram of our model of a spin glass in a
transverse field (in units of J), as described by expression (1) and a Gaussian distribu-
tion of exchange couplings with a nonzero mean value. It can be seen from (8), (10),
and (11) that the critical temperatures decrease as a result of the transverse field. In
the absence of a transverse field, the phase-transition temperatures and the susceptibi-
lities are the same as in Ref. 15. The phase transition smooths out the change in slope
on the linear susceptibility, and the y,(7) curve shifts down the temperature scale.
The transverse field prevents the divergence of y,. At values of the transverse field

above T'_, phase transitions become impossible.
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