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We measured the energy efficiency of information erasure using silicon DRAM cells capable of counting
charges on capacitors at the single-electron level. Our measurements revealed that the efficiency decreased as
the erasure error probability decreased, and notably, the Landauer limit was not achieved, even under
effectively infinite-time bit erasure. By comparing the measured efficiency with the Landauer limit, we
identified a thermodynamic constraint that prevents DRAM from reaching this limit: the inability to prepare
the initial state in thermal equilibrium, which in turn, prohibits quasistatic operations. This finding has broad
implications for DRAM cells and for many electronic circuits sharing similar structures. Furthermore, it
validates our experimental approach to discovering thermodynamic constraints that impose tighter, practically
relevant limits, opening a new direction in information thermodynamics research.
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Introduction—Information thermodynamics provides a
framework for quantifying the energetic cost of information
processing and clarifying its fundamental limits [1–6].
A cornerstone is the Landauer limit, which ties the
minimum heat dissipated for erasure to the entropy change
of a memory, achievable through quasistatic operations
[1,2,7–10]. Recent research has moved beyond quasistatic
operations to explore the efficiency limits of finite-time
information processing [11–16].
While early studies focused on device-independent

limits, there is growing interest in exploring tighter
and practically relevant limits that incorporate specific
constraints of concrete devices [17]. Thermodynamic
descriptions applicable to electronic circuits have recently
been developed [18–29], enabling discussions on the
thermodynamic efficiency of practical devices such as
SRAM and inverters. The resulting constraints are expected
to guide the design of more efficient devices [30], yet many
remain unexplored.
Experiments are essential for identifying unknown con-

straints, and the first step is to compare new experimental
results with established limits, followed by considering the
differences. Applying these methodologies to devices used
in practical applications is crucial to finding the constraints
relevant to real devices. However, previous experiments
have mainly verified known theoretical limits, such as the

Landauer limit, using systems like colloidal particles, ion
traps, and nanomagnetic bits [7–10], which are not repre-
sentative ofmainstreammemory technologies.Consequently,
the vast efficiency gap between practical devices and the
Landauer limit [31] remains poorly understood.
Dynamic random access memory (DRAM) dominates

modern memory systems [32], but its thermodynamic
performance has not been quantified. A DRAM cell stores
1 bit in a transistor-capacitor pair [Fig. 1(a)]. Prior research
has evaluated the power of an entire DRAM [33,34] or the
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FIG. 1. Experimental scheme. (a) Circuit diagram of a DRAM
cell. (b) Conceptual diagram for the erasure of a 1-bit memory.
(c) Operational sequence of VBL used in experiments. (d) Calcu-
lated pn and Ψn during the erasure process, with parameters
Ec ¼ 8.2 meV, T ¼ 300 K, and ΔnBL ¼ 2.5.
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heat dissipation of a DRAM cell during writing [35,36] or
erasure [37,38] but has not measured the entropy change of
the memory; therefore, the efficiency remains unexplored.
The primary challenge lies in the technical difficulties of
simultaneously measuring entropy change of the memory
and heat dissipation.
Here, we measure the erasure efficiency of a silicon

DRAM cell with single-electron charge sensitivity [39]
under effectively infinite-time bit erasure. We find that
efficiency degrades as the erasure error is reduced, and
notably, the Landauer limit is not achieved. Our analysis
shows that nonequilibrium initial states prevent quasistatic
operation, imposing a device-specific constraint. Since the
circuit structure of DRAM cells commonly appears in
electronic circuits, such constraints provide general insight
into the energy efficiency of electronic information-
processing devices. In addition, our experimental method-
ology, which compares measured efficiencies with
theoretical limits, provides a general approach to uncover
practically relevant thermodynamic constraints and opens a
new research direction in information thermodynamics.
Method—As in typical tests of Landauer’s principle

[Fig. 1(b)], we assume a scenario where logical states
“0” and “1” are written into a DRAM cell with equal
probability (50% each), and we evaluate the energy
efficiency

η ¼ −kBTΔS
−Q

ð1Þ

by erasing the state to 1 and comparing the results with the
Landauer limit of η ¼ 1. Here,ΔS is the change in Shannon
entropy of the logical states due to erasing, −Q is the
average total heat released from the system to the thermal
bath for the erasure process, kB is Boltzmann’s constant,
and T is the temperature.
A DRAM cell consists of a bitline (BL), storage

capacitor (SC), and wordline transistor (WT) [Fig. 1(a)].
A 1-bit logical state is determined by the charge q ¼ ne (e:
electron charge) on the SC (capacitance: C), assigned as
[0∶n ≤ 0, 1∶n ≥ 1]. Here, n represents the excess number
of electrons on the capacitor and is an integer. The bitline
voltage VBL controls the charging and discharging of the
SC, while the WT voltage VWT regulates the electron
hopping rate between the BL and SC.
We repeat the experimental cycle M times and obtain

the probability distribution pn of n at each time point.
Specifically, the following steps constitute a single cycle:
“initial state preparation → erasure operation.” Figure 1(c)
shows the sequence of VBL operations involved. For initial
state preparation, half of the cycles follow the green
trajectory and the other half the purple one. The erasure
operation is shown in red. We measure ΔS and Q for the
erasure operation and evaluate η.
Before detailing the experimental cycle, we define the

“erasure-to-0” and “erasure-to-1” operations. Each consists

of three steps: “discharge → charge → quench.” During
discharge, VBL ¼ V i is held until equilibrium. Here,
V i ¼ Ec=e denotes the BL voltage at which hni, the
average value of n, takes the value 0.5 under equilibrium.
Ec ¼ e2=ð2CÞ is the charging energy. For the erasure-to-1
operation, during the charge step, VBL is swept slowly from
V i to V i − ΔVBL (ΔVBL > 0) and then held for equilibra-
tion. The quench step rapidly returns VBL to V i, so that the
system is effectively erased [14]. The erasure-to-0 oper-
ation is defined similarly, except that VBL is swept to
ΔVBL þ Vi in the charge step.
First, we prepare the initial state in which 0 and 1 are

equally occupied. Assuming repeated memory use, the
initial ensemble is formed from the outcomes of both
erasure-to-0 and erasure-to-1 operations (see also the
Supplemental Material (SM) [40]). Practically, this is
achieved by applying VBL ¼ �ΔVBL þ V i and waiting
for equilibration, which corresponds to preparing the
postcharge condition, and then, quenching VBL to V i.
The resulting VBL trajectories are shown as the purple
and green curves in Fig. 1(c). In each branch, we attempt to
write 0 and 1 M=2 times each. Because of thermal
fluctuations, some trials are miswritten, with error proba-
bility εinit. If the error probabilities for the two operations
are equal, the probabilities of obtaining 0 and 1 are 1 − εinit
and εinit for erasure-to-0 and the opposite for erasure-to-1.
Averaging the two branches yields equal occupation of 0
and 1 regardless of εinit.
Next, we perform the erasure-to-1 operation. In practice,

only the discharge and charge steps are executed, as the
quench step neither changes pn nor generates heat. The
corresponding VBL evolution is shown as the red curve in
Fig. 1(c). This protocol is state independent. We denote the
erasure error probability by εerasure, which is expected to
satisfy εerasure ¼ εinit.
We indirectly measure the heat associated with electron

hoppings between the BL and SC based on the theory
proposed by Freitas et al. [20]. In the equivalent circuit of a
DRAM cell, the state function ΨnðnBLÞ of the system is
expressed as [40]

ΨnðnBLÞ ¼
q2

2C
− VBLq ¼ Ecðn − nBLÞ2 − Ecn2BL; ð2Þ

assuming that the junction capacitance of WT is negligibly
small compared to C. Here, nBL ¼ eVBL=ð2EcÞ is the
normalized BL voltage. The stochastic heat associated
with electron hoppings ðn ¼ N → N � 1Þ is given by
the change in the state function:

δQN→N�1ðnBLÞ ¼ ΨNðnBLÞ −ΨN�1ðnBLÞ: ð3Þ

By substituting Eq. (2) into Eq. (3), we obtain

δQN→Nþ1 ¼ eVBL − μNþ1; δQN→N−1 ¼ μN − eVBL; ð4Þ
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where μN ¼ EcN2 − EcðN − 1Þ2 ¼ 2EcðN − 1=2Þ is the
chemical potential of the capacitor, which corresponds to
the energy change of the capacitor when n increases from
N − 1 to N. Therefore, Eq. (4) represents the difference
between the BL potential and the chemical potential at
the moment of electron hopping—namely, the heat
absorbed (or dissipated) by the electron from the heat
bath during the hopping process. Thus, by measuring n
and Ec, the heat associated with electron hoppings can be
indirectly measured.
Theory—We calculate ΔS and Q for the erasure process

and later compare the calculation results with experimental
results. Considering only thermal fluctuations, the proba-
bility distribution of n at equilibrium is given by

peq
n ðnBLÞ ¼

exp½−ΨnðnBLÞ=ðkBTÞ�P
n exp½−ΨnðnBLÞ=ðkBTÞ�

ð5Þ

¼ exp½−Ecðn − nBLÞ2=ðkBTÞ�P
n exp½−Ecðn − nBLÞ2=ðkBTÞ�

: ð6Þ

This is a discrete distribution following the Gaussian shape
centered around nBL. Using peq

n ðnBLÞ, the probability
distributions immediately after quenching (initial state),
after discharging, and after charging (final state) are,
respectively,

pinitial
n ðΔnBLÞ ¼

h
peq
n ð−ΔnBL þ niÞ þ peq

n ðΔnBL þ niÞ
i
=2;

ð7Þ

pdischarged
n ¼ peq

n ðniÞ; ð8Þ

pfinal
n ðΔnBLÞ ¼ peq

n ðΔnBL þ niÞ; ð9Þ

as plotted in Fig. 1(d), where ΔnBL ¼ eΔVBL=ð2EcÞ.
Thus, the initial distribution pinitial

n is a nonequilibrium
state composed of two overlapping Gaussian shape dis-
tributions centered around n ¼ �ΔnBL þ ni, with
ni ¼ eV i=ð2EcÞ ¼ 0.5. As discussed later, this initial state
precludes quasistatic operation in DRAM cells. Now, the
entropy change is calculated as ΔS ¼ Sðpfinal

n Þ − Sðpinitial
n Þ,

where S is the Shannon entropy of the logical states.
Let the average heat for the discharge and charge

processes be Qdischarge and Qcharge, respectively. The aver-
age total heat Q is given by Q ¼ Qdischarge þQcharge, with
each component calculated as

QdischargeðΔnBLÞ ¼
X
n

h
pdischarged
n − pinitial

n

i
ΨnðniÞ; ð10Þ

QchargeðΔnBLÞ ¼ kBT
h
sðpfinalÞ − sðpdischargedÞ

i
; ð11Þ

where sðpÞ≡ −
P

n pn lnpn is the Shannon entropy with
respect to n. In Eq. (10), since the discharge process occurs

at fixed nBL ¼ ni, the heat is calculated from the state
function differences weighted by probability changes.
As for Eq. (11), the charging process is assumed to be
quasistatic, resulting in heat that equals the change in
entropy.
Setup and measurement of Ec and T—To accurately

measure Q and ΔS, we used a silicon DRAM cell device
capable of measuring the time evolution of n from the
current Id of a sensor transistor adjacent to the SC, as
shown in Fig. 2(a) [39]. We focus on the DRAM cell in
Fig. 1(a) and do not consider the readout cost of the sensor
[40,41]. All measurements were conducted with the sample
fixed on a stage thermally controlled at 300 K. Throughout
the experiment, VWT was kept constant at a value that
ensured the hopping rate was sufficiently slow to allow
individual electron hopping events to be measured. We
modeled the system using the equivalent DRAM circuit in
Fig. 1(a) and evaluated Q using Eq. (3). In practice, the SC
is also capacitively coupled to the WT, upper gate, back
gate, and sensor transistor, but these voltages were held
constant and result in an offset in VBL only, leaving our
circuit assumption valid [40].
First, we conducted experiments to determine Ec and T.

Figure 2(b) shows an example of the time evolution of Id
under equilibrium conditions. The discrete changes in Id
correspond to changes in n. Figure 2(c) presents pn at
nBL ¼ 0, which is well fitted by a Gaussian function.
Figure 2(d) shows the mean value of n (nmean) obtained

(a) (b)

(c) (d)
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VBL

Vd
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SC

FIG. 2. Experimental setup and characterization. (a) Scanning
electron micrograph of a device with measurement setup. (b) The
sensor transistor current (Id) under equilibrium conditions. (c) pn
at nBL ¼ 0, with a Gaussian fit (red line). (d) The mean value of n
(nmean) obtained from Gaussian fit of the distribution of n at
various VBL. The error bars for nmean indicate the standard error of
the mean.
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from Gaussian fit of pn at various VBL. According to
Eq. (6), nmean equals nBL at equilibrium. Thus, the Ec
necessary to determine Ψn can be extracted from the slope
dnmean=dVBL:

Ec ¼
e
2

�
dnmean

dVBL

�
−1

¼ 8.20� 0.08 meV: ð12Þ

The reference point VBL ¼ 0 was chosen such that
nmean ¼ 0. The temperature derived from the variance of
the Gaussian fit in Fig. 2(c) was calculated to be
T ¼ 305� 5 K, only 1.7% higher than the stage temper-
ature of 300 K. This consistency confirms the assumed
equilibrium state, indicates that external noise and sensor-
current-induced Joule heating [42] are negligible, and
supports the validity of the measurement. The assumption
that the junction capacitance is negligible compared with C
is also verified [40]. For subsequent analysis, we used
T ¼ 305 K.
Time evolution during erasure—We repeated the erasure

cycle M ¼ 1998 times, and here, we demonstrate the
system behavior during the erasure process with
ΔnBL ¼ 3.7. Figure 3(a) shows pn before erasure (dark
blue), where 0 and 1 are nearly equally occupied, con-
firming the initial state preparation in Fig. 1(d). Figure 3(b)
(top) presents the time evolution of pn during discharge.
The green dashed and purple solid lines represent hni after
quenches from VBL ¼ V i � ΔVBL. nmean is not shown here
because the distribution is not necessarily a Gaussian
shape. Both trajectories relax toward hni ¼ 0.5, with the
faster purple relaxation reflecting the asymmetry of the
hopping rates with respect to n [43]. The bottom panel
shows ensemble-averaged cumulative heat dissipation
−Qcum during discharge, obtained from Eq. (4).
Although the initial rise differs due to energy-dependent
discharge speed, the final values converge, indicating that
total heat generated during discharge is independent of
discharge speed, consistent with Eq. (10). In Fig. 3(c) (top),
the gray plot shows pn during charging, with hni (blue)
closely following nBL (red), indicating thermal equilibrium
and a quasistatic process. The bottom panel shows that
−Qcum during charging is minimal, owing to the small
change in the distribution and, thus, in the entropy of the
system. The final-state histogram in Fig. 3(a) (light blue)
confirms that the erasure operation has been performed.
Erasure results—Figure 4(a) shows that −ΔS increases

monotonically with ΔnBL and approaches ln 2, reflecting
that S of the initial state is always ln 2, while S of the final
state decreases and approaches zero once ΔnBL exceeds the
thermal fluctuations of n. Figure 4(b) shows that −Q also
increases with ΔnBL, and Fig. 4(c) indicates that −Q
diverges as −ΔS → ln 2. The Landauer limit Q=kBT ¼ ΔS
(blue line) lies below all measured values, demonstrating
that the heat dissipation always exceeds the Landauer limit.
Figure 4(d) shows η, which remains below unity for all

εerasure and decreases as εerasure decreases. The solid curves
in Figs. 4(a)–4(d) show theoretical predictions that agree
well with the experiment, confirming the validity of the
model in Fig. 1(d). Overall, the results show that this
DRAM cell cannot reach the Landauer limit.
Discussion—The DRAM cell did not reach the Landauer

limit because its initial state was nonequilibrium. Systems
that can achieve the Landauer limit, like double-well
potentials or two-level systems, start in equilibrium, and
thus, allow quasistatic operation. In contrast, the DRAM’s
nonequilibrium initial state makes the discharge process
nonquasistatic, leading to substantial heat dissipation
[Fig. 3(b)].
Regardless of microscopic details, the DRAM circuit in

Fig. 1(a) cannot perform quasistatic 1-bit erasure. No
choice of the controllable parameters VBL and VWT yields
a state function whose equilibrium distribution matches
pinit. Such a distribution would require a double-well state
function with minima at 0.5� ΔnBL. However, Eq. (2)
shows that changing VBL shifts only a single-well parabola,
and VWT affects only hopping rates, not the state function.
Thus, DRAM cells cannot prepare their initial state in
equilibrium, preventing the quasistatic operations required
to reach the Landauer limit. This thermodynamic constraint
highlights a fundamental difference from two-level or
double-well potential systems [40], offering a thermody-
namic interpretation of volatile memory.

(b) (c)

(a)

49.8% 50.2%

99.3%“0” “1”

cu
m

cu
m

FIG. 3. Erasure process at ΔnBL ¼ 3.7. (a) pn before (dark
blue) and after (light blue) erasure, with logical-state occupations.
(b) Top: hni during discharge. The green dashed and purple
solid lines represent cases starting immediately after the initial
state preparation with the quench from VBL ¼ V i ∓ ΔVBL,
respectively. The grayscale background indicates pn. Bottom:
Ensemble-averaged cumulative heat dissipation −Qcum during
discharge. (c) Top: pn during charging, with hni (blue) and nBL
(red). Bottom: −Qcum during charging.
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Finite-time operations during the evolution of the prob-
ability distribution are often regarded as a primary reason
for failing to reach the Landauer limit. However, here we
show that the Landauer limit is not reached even under
effectively infinite-time operations of the discharge and
charge processes governing this evolution. Note that the
final quench erases only the writing history, marking the
completion of the operation. Since the probability distri-
bution is unchanged, it does not contribute to heat dis-
sipation during the erasure itself.
However, the quench can cause heat dissipation in the

subsequent erasure cycle. When restricted to the DRAM
cell, attributing the extra heat above the Landauer limit to the
initial nonequilibrium distribution is effectively equivalent to
attributing it to the preceding quench, which generates that
nonequilibrium state. Heat generation associated with such
quenches has been qualitatively discussed in Refs. [35–38].
By contrast, in a two-level system, equilibrium can still be
established after the quench [40]. Thus, from a thermody-
namically universal perspective beyond the DRAM cell, the
quench is only a possible contributing factor, whereas the
initial nonequilibrium distribution is sufficient to prevent
reaching the Landauer limit.
The initial nonequilibrium distribution arises not from a

single operation but from the ensemble of outcomes of both
“erase-to-0” and “erase-to-1” operations during informa-
tion processing—a characteristic feature of information

thermodynamics. Its origin likely lies in the system being a
multilevel system (three or more states) with a single
potential well; however, a detailed investigation of this
aspect is left for future studies.
Conclusion and outlook—We measured the energy

efficiency of information erasure in DRAM cells and found
that they do not reach the Landauer limit even under
effectively infinite-time bit erasure. The key constraint is
that the initial state cannot be prepared in thermal equi-
librium, a distinctive property of DRAM cell. As most
information-processing circuits are built from transistors
and capacitors, and DRAM cell represents a minimal such
unit, this constraint likely applies broadly across modern
electronics.
This study suggests several directions for future research.

First, exploring the dependence of erasure efficiency
on Ec and kBT is intriguing, particularly in regimes
Ec=ðkBTÞ ≫ 1, where the system may approach two-level
behavior. Second, the efficiency of finite-time operations
[11–16] and multibit DRAM cell architectures [44] should
be investigated. Third, studying the reliability of the read-
out process, where sense amplifiers in actual DRAM
extract free energy from nonequilibrium states to determine
stored bits, is intriguing, especially for studying Maxwell’s
demonlike, more efficient memory operation. Fourth, this
methodology can be applied to other electronic circuits, such
as SRAM cells [20], by integrating the sensor transistor
adjacent to the free conductors. Finally, this workmotivates a
new classification framework for information-processing
devices based on the thermodynamic constraints that deter-
mine their fundamental efficiency limits.
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