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4.1 FOEESK
Metropolis B3E FI% CAHS Fr B :

for  in range(thermalization steps):
i, j = random.randint(0, L—1), random.randint(0, L-1)
spin = spins[i][]]
# 6N AT ALK M (=& D
neighbor sum = spins[i,(j+1)%L] + spins[i,(j—1)%L] + \
spins [(1i+1)%L,j] + spins[(i—1)%L,j] + \
spins [(1—1)%L,(j+1)%L] +
spins [(1+1)%L,(j—1)%L]

P =N

dE = 2 % J % spin % neighbor sum # ft & &1k

if dE <= 0 or random.random () < np.exp(—dE/T):
spins[i][j] = -1 # ®# 5k
total energy += dE # B H L AL =
total magnetization —= 2 % spin # 5B Wifb 98 E
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def variableThermalization (T):
return 10%xx%x7 if T <= 4.0 else 10xx6

4. BHECF: REEHBOLN gl &

energy sum += total energy

mag_abs sum += abs(total magnetization)

PLR 2 A EB AR AR
Code Listing 1: 582055
import numpy as np

import matplotlib.pyplot as plt

import random

# =

L = 40

J =1.0

thermalization = 50000

sampling = 1000000

T min, T max, dT = 0.1, 6.0, 0.1

results = []
spins = np.random.choice([—-1, 1], size=(L, L))
def variableThermalization (T):
if T<=4.0:
return 10000000
else:
return 1000000

for T in np.arange(T min, T max + dT, dT):

spins = np.random.choice([—-1, 1], size=(L, L))

total energy = 0.0



total magnetization = np.sum(spins)

for 1 in range(L):
for j in range(L):
total energy —= Jxspins[i,]j]*(spins[i,(]j+1)%(L)]
+spins[i,(j—1)%(L)]+spins[(i+1)%(L),j]
+spins [(1—1)%(L) ,j]tspins [(i—1)%(L) ,(j+1)%(L)]
tspins [(1+1)%(L) ,(j —1)%(L) ])

total energy = 0.5

print(f”’Initial energy per spin at T={T}: {total energy
/(L % L):.4f}7)

for _ in range(variableThermalization(T)):
1, j = random.randint(0, L — 1), random.randint(0, L
spin = spins[1i][]]

neighbor sum = spins[i,(j+1)%(L)]+spins[1,(]—1)%(L)]
+spins [(1+1)%(L),j]+spins[(1i—1)%(L),j]

+spins [(1=1)%(L) ,(j+1)%(L)]

+spins [(1+1)%(L) ,(J —1)%(L) ]

dE = 2 % J % spin % neighbor sum

# Metropolis ff

if dE <= 0 or random.random () < np.exp(—dE / T):
spins[1][j] %= —1
total energy += dE
total magnetization —= 2 x spin # & B3 & AL w5 E

# ORI R B

energy sum = 0.0



mag _abs sum = 0.0

for _ in range(sampling):
1, j = random.randint(0, L — 1), random.randint(0, L
spin = spins[1i][]]

neighbor sum = spins[i,(j+1)%(L)]+spins[1,(j—1)%(L)]
+spins [(1+1)%(L),j]+spins[(1i—1)%(L),j]

+spins [(1—1)%(L) ,(j+1)%(L)]

+spins [(1+1)%(L) ,(J —1)%(L) ]

dE = 2 % J % spin % neighbor sum

# Metropolis ff

if dE <= 0 or random.random () < np.exp(—dE / T):
spins[1][j] %= —1
total energy += dE
total magnetization —= 2 x spin # & B3 & AL 9 E

energy sum += total energy
mag abs sum += abs(total magnetization)

# it H P E
avg energy = energy sum / sampling / (L % L)
avg magnetization = mag abs sum / sampling / (L % L)

results .append ((T, avg energy, avg magnetization))
print (£f’T={T:.2f}, E={avg energy:.4f},
M={avg magnetization:.4f}"”)

results = np.array(results)

plt. figure(figsize=(12, 5))



plt.subplot(121)

plt.plot(results[:, 0], results[:, 1], ‘o=, color="blue’)
plt.xlabel( 'Temperature (T)’)

plt.ylabel( "Energy per spin’)

plt.title ( "Energy vs Temperature’)

plt.grid(True, alpha=0.3)

plt.axhline(y=—-3.0, color="gray’, linestyle="——", alpha=0.5)
plt.text(1.5, —-2.9, "Theoretical min energy = —3.07,

fontsize=9, color="gray’)

plt.subplot(122)

plt.plot(results[:, 0], results[:, 2], ‘o=, color="red’)
plt.xlabel( 'Temperature (T)’)

plt.ylabel( "Magnetization per spin’)

plt.title ( 'Magnetization vs Temperature ')

plt.grid(True, alpha=0.3)

plt.axvline(x=3.64, color="gray’, linestyle="——", alpha=0.5)
plt.text(3.7, 0.9, r”8T ¢ \approx 3.64%”, fontsize=9,

color="gray’)

plt.tight layout ()
plt.savefig( 'ising results var.png’)
plt.show ()

magnetization = results[:, 2]
drop point = np.argmax(np.abs(np.diff(magnetization)))
curie _temp = results[drop point, 0]

print(f Estimated Curie temperature: {curie temp:.2f}")



T list = results[:, 0]

energy per_spin = results[:, 1]

energy sq_per_spin = np.zeros_ like(energy per_ spin)

dm dT = np.gradient(magnetization ,

plt.
plt.
plt.
plt.
plt.
plt.

figure ()

plot(T list[:—1], dm dT[:-1],

xlabel ( "Temperature (T) )
ylabel ( 'd|M|/dT ")

T list)

‘'o— ", color="purple’)

title ( 'Magnetization Derivative vs Temperature’)

axvline (x=curie_temp, color="r

", linestyle="—",

label=f "Estimated Tc={curie temp :.2f}")

plt.
plt.
plt.
plt.

5.
5.1

1 R AT 2 W) B B R TR AR G AR

1.0

~1.54

Energy per spin

25

3.0

—-2.0

grid (True, alpha=0.3)
legend ()

savefig( 'magnetization derivative var.png’)

show ()
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